

[image: image]




FRONTIERS COPYRIGHT STATEMENT

© Copyright 2007-2012 Frontiers Media SA. All rights reserved.

All content included on this site, such as text, graphics, logos, button icons, images, video/audio clips, downloads, data compilations and software, is the property of or is licensed to Frontiers Media SA (“Frontiers”) or its licensees and/or subcontractors. The copyright in the text of individual articles is the property of their respective authors, subject to a license granted to Frontiers.

The compilation of articles constituting this e-book, as well as all content on this site is the exclusive property of Frontiers. Images and graphics not forming part of user-contributed materials may not be downloaded or copied without permission.

Articles and other user-contributed materials may be downloaded and reproduced subject to any copyright or other notices. No financial payment or reward may be given for any such reproduction except to the author(s) of the article concerned.

As author or other contributor you grant permission to others to reproduce your articles, including any graphics and third-party materials supplied by you, in accordance with the Conditions for Website Use and subject to any copyright notices which you include in connection with your articles and materials.

All copyright, and all rights therein, are protected by national and international copyright laws.

The above represents a summary only. For the full conditions see the Conditions for Authors and the Conditions for Website Use.

Cover image provided by Ibbl sarl, Lausanne CH



ISSN 1664-8714
ISBN 978-2-88919-039-3
DOI 10.3389/978-2-88919-039-3

ABOUT FRONTIERS

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

FRONTIERS JOURNAL SERIES

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing.

All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

DEDICATION TO QUALITY

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

WHAT ARE FRONTIERS RESEARCH TOPICS?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area!

Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: researchtopics@frontiersin.org


RINGING EARS: THE NEUROSCIENCE OF TINNITUS

Hosted By

Jos J. Eggermont

Larry Roberts, McMaster University, Canada

Tinnitus (ringing in the ears) is a prevalent and often debilitating disorder with approximately 10% of people (incorporating ages from children to the elderly) perceiving it continuously, and in 1-3% of the population it seriously affects the quality of life. The most common cause of tinnitus is hearing loss, and its prevalence has surged as a result from the various large-scale military actions in the Middle East in the last decade.

Recent advances have been made in the area of behavioral animal models, in the understanding of human brain imaging aspects of tinnitus, and in addressing the long-range changes in human brain connectivity. Furthermore continued exploration of the three major animal models of tinnitus: salicylate-induced, noise trauma induced, and resulting from somatic interactions with the auditory system has further delineated the relative roles of cochlear activity vs. central auditory system changes. Evidence for the role of neural synchrony changes in tinnitus originates both from human EEG and MEG studies as well as from neuron pair-correlation studies in animals.
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Tinnitus (chronic ringing of the ears in the absence of a sound source) is a major public health challenge affecting quality of life for millions of individuals around the world. Its principal cause (damage to the cochlea, which may be hidden and detected years after injury) appears to be increasing among youthful populations owing to exposure to recreational and occupational sounds for which current protective standards may be inadequate. And at present, there are no curative treatments for tinnitus. These facts alone, and the looming public health challenge they portend, are sufficient to spark its study. But research into the neural basis of tinnitus also addresses a fundamental question in neuroscience. If we can understand how the brain generates the sound of tinnitus, we may gain insight into the question of how the brain generates the sensation of other sounds. The papers published in this special issue (indicated in italics) address topics related to the neural basis of tinnitus, their implications for hearing, and the health challenge.

MECHANISMS UNDERLYING TINNITUS

Deafferentation of central auditory structures by cochlear injury leads to several neural changes in auditory pathways that appear to underlie the sensation of tinnitus (discussed by Brozoski et al., 2012; Diesch et al., 2012b; Langers et al., 2012; Middleton and Tzounopoulos, 2012; Schaette and Kempter, 2012; Stolzberg et al., 2012 and other papers). Included among the neural changes are tonotopic map reorganization in auditory cortical and thalamic structures, hyperactivity in these structures (but typically not in auditory nerve fibers), increased burst firing in subcortical auditory nuclei, and increased synchronous neural activity particularly in tonotopic regions affected by hearing loss where tinnitus percepts also localize (Noreña and Eggermont, 2006; Roberts et al., 2010). Reduced input from the auditory periphery appears to trigger adaptive compensatory shifts in the balance of excitation and inhibition that may preserve neuron firing rates within a prescribed range; however an unwanted side effect reviewed by Schaette and Kempter (2012) may be an increase spontaneous neural activity that when phase locked into synchronous patterns leads to the experience of tinnitus percepts. Neural changes underlying tinnitus appear to modify the expression of training-induced neural plasticity in the primary (A1) but not secondary (A2) auditory cortex of human tinnitus sufferers, reflecting diminished inhibition and enhanced neural synchrony in regions of A1 affected by hearing loss (Roberts et al., 2012). Attentional effects on the auditory steady state response in tinnitus patients were deemed unlikely (Diesch et al., 2012a). Although cortical map reorganization cannot itself generate a tinnitus sound (only the activity of the affected neurons can do this), map reorganization is widely believed to play an enabling role in the generation of tinnitus. However, Langers et al. (2012) were unable to detect macroscopic map reorganization below 8 kHz in functional imaging data in human tinnitus patients with normal audiometric thresholds. Whether map reorganization can be detected at higher frequencies in such patients is not known but may be the case. Map reorganization assessed by neuromagnetic imaging has been reported in tinnitus patients for whom hearing loss was present (Wienbruch et al., 2006). Genetic aspects of tinnitus have so far not been conclusively demonstrated and the paper by Sand et al. (2012) follows that trend. An important mechanism in the induction of neural plasticity is stress. Stress may have protective effects against noise trauma, but a combination of stress and hearing loss could enhance the likelihood of tinnitus (Mazurek et al., 2012). The involvement of stress networks in tinnitus is reviewed in Vanneste and De Ridder (2012).

Other papers in the special issue describe animal models and computational approaches to understand mechanisms of tinnitus. Animal models are important, because such models permit measurements and interventions that cannot be performed on human tinnitus subjects. In one animal model the presence of tinnitus is signaled by making tinnitus a cue for a behaviorally relevant event. Brozoski et al. (2012) combined this method with magnetic resonance spectroscopy to uncover alterations in GABAergic and glutaminergic neurotransmission in specific subcortical auditory nuclei in rats showing behavioral evidence of tinnitus after traumatic noise exposure. A second and more widely used approach introduced by Turner et al. (2006), cautioned by Eggermont (2012), and evaluated by Dehmel et al. (2012) determines whether a tinnitus sound (in this case induced by noise exposure in guinea pigs) fills a silent gap in a background sound that would otherwise suppress an evoked startle response. Stolzberg et al. (2012) and Guitton (2012) discuss in depth how neural changes induced by salicylate in animal preparations are both congruent and in some respects different from those observed when tinnitus and hearing loss are induced by noise exposure. Middleton and Tzounopoulos (2012) call for detailed investigations of network neural activity in animal models of tinnitus, looking specifically at communication between thalamic nuclei and brain regions known to be active in tinnitus. Taking a different tack, Schaette and Kempter (2012) discuss how computational studies can reveal (or refute) whether neural network models of tinnitus are able to generate properties of tinnitus revealed in physiological and psychoacoustic studies. They emphasize that incorporating forms of neural plasticity in the models determines whether the models are able to simulate measured attributes of tinnitus.

TINNITUS AND HEARING

An important fact about tinnitus revealed by functional brain imaging studies is that the brain regions affected by tinnitus extend beyond auditory structures to include brain areas that are involved in higher level cognitive processing. Langguth et al. (2012) give a concise description of the brain areas that distinguish between individuals with and without tinnitus. Strikingly, the affected structures (which include subdivisions of prefrontal cortex, parietal cortex, the cingulate gyrus, and the insula) are similar to brain regions that show augmented BOLD responses during performance on attention-demanding cognitive tasks in normal hearing individuals. Evidence from neurocognitive research reviewed elsewhere by Dehaene and Changeux (2011) supports the view that activation of this network (called the Global Neuronal Workspace by Dehaene and Changeux, 2011, adapted from Baars, 1989) is closely correlated with the experience of conscious awareness. Because tinnitus is a persisting conscious percept it is perhaps not surprising that functional imaging of tinnitus has revealed similar global network activity. Correspondingly, it has been suggested by many researchers that aberrant neural activity restricted to auditory pathways is not sufficient for the experience of tinnitus, but that global network activity must be engaged (Schlee et al., 2009; De Ridder et al., 2011). It has also been proposed that different tinnitus attributes may reflect the activity of specialized nodes within this network (see Leaver et al., 2012; Vanneste and De Ridder, 2012) and that communication within and among the nodes may explain documented oscillatory correlates of tinnitus in the delta, alpha, and gamma bands (Middleton and Tzounopoulos, 2012). Building on the network concept, Elgoyhen et al. (2012) propose that drugs that have multiple low level effects on synaptic processes in highly specialized pathways (therapeutic “shotguns”) may prove to be more effective at disrupting network behavior and reducing tinnitus than drugs aimed at specific triggering mechanisms. Brozoski et al. (2012) similarly suggest in this issue that drugs targeting GABAergic as well as glutaminergic function may be more effective in reducing tinnitus than pharmaceuticals that have more specific action profiles.

One omission in the tinnitus literature (current papers not excepted) is a discussion of the possible role of the basal forebrain cholinergic system in the triggering and maintaining network behavior in chronic tinnitus. Cholinergic efferents originating from several nuclei in the basal forebrain project to all regions of the neocortical mantle in a coarse regional topography (Jiménez-Capdeville et al., 1997; Sarter et al., 2009), including prefrontal, parietal, and allocortical structures comprising the Global Neuronal Workspace of Dehaene and Changeux (2011). These projections make the targeted pyramidal neurons more sensitive to their afferent inputs by promoting the extrasynaptic release of acetylcholine or by acting on heteroreceptors to achieve function-specific effects (Sarter et al., 2009). A parallel GABAergic innervation has been described (Freund and Meskenaite, 1992) targeting inhibitory cortical interneurons suggesting a synergistic effect. The basal forebrain system is known to gate neural plasticity in the cortex of mature animals induced by sounds that signal behaviorally important goals (Ramanathan et al., 2009). In tinnitus the disparity that exists between what the brain thinks it is hearing (this expectation coded by synchronous activity in cortical regions affected by hearing loss) and thalamocortical input arriving from the damaged ear could engage the basal forebrain system as the brain attempts (unsuccessfully) to construct a more accurate central representation of the auditory scene.

THE HEALTH CHALLENGE

Several papers in the current issue underscore the difficulty of effectively treating chronic tinnitus sounds. Adamchic et al. (2012) present evidence suggesting a long-lasting and cumulative benefit for tinnitus of coordinated-reset sound therapy and a possible long-lasting desynchronizing effect on pathological, tinnitus-related neuronal synchrony. Kreuzer et al. (2011) investigated whether disrupting both auditory and non-auditory hubs in the tinnitus network with repetitive transcranial magnetic stimulation (rTMS) gave greater therapeutic benefit than disrupting auditory regions alone. A modest reduction of tinnitus handicap scores was found after rTMS treatment in a subset of patients, in agreement with previous studies of rTMS therapy. However, the combined protocol while trending toward greater improvement was not significantly more effective. Notably, handicap scores improved significantly between two baseline measurements that were taken before rTMS treatment had begun. This finding suggests that improvements after an intake assessment may be spuriously interpreted as treatment effects if baseline stability is not assessed (see Lehner et al., 2012 for further discussion). None of the studies described herein reported results from psychoacoustic measurements of tinnitus, which have been found to be more resistant to change in the treatment literature (Roberts and Bosnyak, 2010). However, decreases in tinnitus distress are often reported after sound or rTMS therapy, and the value of such decreases for individual patients should not be overlooked. Searchfield et al. (2012) propose a broad framework for understanding and managing tinnitus based on Helson’s Adaptation Level Theory (Helson, 1964). It is hoped that the framework will encourage greater empirical investigation of factors that affect tinnitus audibility (attention, context, and personality) and the outcome of sound therapies.

Taking a different approach, Pantev et al. (2012) describe their research which found that listening to music with frequencies in the tinnitus region notched out reduced electrophysiological correlates of tinnitus accompanied by a reduction in tinnitus loudness assessed by a visual analog scale. They propose that lateral inhibition distributed to the tinnitus frequencies may underlie this result. A subsequent short-term application of the sound therapy observed success only for patients with a dominant tinnitus frequency of less than 8 kHz. Cochlear implant patients provide an opportunity to assess the effect on tinnitus of restoring input to auditory pathways (Chang and Zeng, 2012). Nine of the 13 patients (69%) reported a decrease in tinnitus when the implant was switched on, and in five of these cases tinnitus suppression was complete or near complete. Whether suppression persists after CI stimulation was not systematically assessed although one patient reported a persisting benefit 24 h later. Notably, tinnitus suppression was better in this study when the implant was programmed specifically for tinnitus suppression and not for optimal speech processing.

While hearing loss measured by the audiogram is present in the majority of cases of chronic tinnitus, audiometric threshold shifts are not always seen, and such shifts can occur in the absence of tinnitus (Roberts et al., 2008). Improved measures of cochlear function beyond those dependent on threshold responses are needed to understand these disparities and characterize with greater precision the environmental conditions that pose risks for cochlear injury. The question is important. Almost 20% of American adolescents show changes in their audiograms indicative of hearing loss related to noise exposure (Shargorodsky et al., 2010), and the degree of threshold shift that sets the stage for tinnitus does not appear to be large (Wienbruch et al., 2006). Cochlear damage expressed initially in high threshold auditory nerve fibers appears to be progressive and may not express until later in life (Kujawa and Liberman, 2006, 2009) when age-related declines add to risks of tinnitus and impaired hearing function.

Research on tinnitus has also sparked a new and important interest in understanding how long term passive exposure to background sound modifies central auditory processing in the mature brain. Contrary to the view that behavioral relevance is a prerequisite for modifying neural representations in adults (Keuroghlian and Knudsen, 2007), recent research has shown that passive exposure to background sounds at low levels can have profound effects on auditory cortical processing (Noreña et al., 2006; Pienkowski and Eggermont, 2009). Sound therapies for tinnitus are based on this principle, and while these therapies may in suitable circumstances deliver beneficial results (Davis et al., 2008; Roberts and Bosnyak, 2010), foundational knowledge of the enabling conditions and the mechanisms at work is lacking. The relevance of this topic extends well beyond tinnitus. In animal studies chronic exposure to background sound that resembles many human workplace environments produces substantial changes in central auditory processing that can lead to impaired performance on auditory tasks, even when conventional threshold measures of cochlear function are in the normal range (Pienkowski and Eggermont, 2012; Zhou and Merzenich, 2012). Knowledge of the processes involved will help understand the risks for central and peripheral hearing as well as potential benefits for remediation and prevention of hearing disorder.
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Tinnitus, the phantom perception of sound, is a prevalent disorder. One in 10 adults has clinically significant subjective tinnitus, and for one in 100, tinnitus severely affects their quality of life. Despite the significant unmet clinical need for a safe and effective drug targeting tinnitus relief, there is currently not a single Food and Drug Administration (FDA)-approved drug on the market. The search for drugs that target tinnitus is hampered by the lack of a deep knowledge of the underlying neural substrates of this pathology. Recent studies are increasingly demonstrating that, as described for other central nervous system (CNS) disorders, tinnitus is a pathology of brain networks. The application of graph theoretical analysis to brain networks has recently provided new information concerning their topology, their robustness and their vulnerability to attacks. Moreover, the philosophy behind drug design and pharmacotherapy in CNS pathologies is changing from that of “magic bullets” that target individual chemoreceptors or “disease-causing genes” into that of “magic shotguns,” “promiscuous” or “dirty drugs” that target “disease-causing networks,” also known as network pharmacology. In the present work we provide some insight into how this knowledge could be applied to tinnitus pathophysiology and pharmacotherapy.
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TINNITUS PHARMACOTHERAPY: WHERE DO WE STAND?

Tinnitus, the phantom perception of sound, represents a highly prevalent and distressing condition. Although most cases of tinnitus derive from deprivation of auditory input, it goes beyond the classical definition of an otologic illness, since it encompasses a range of symptoms that are likely to place a huge burden on patients and significantly impair quality of life (Jastreboff, 1990). This can include irritability, agitation, stress, insomnia, anxiety, and depression. In fact, for one in 100 adults, tinnitus affects their ability to lead a normal day-to-day life (Vio and Holme, 2005). Estimates indicate that 13 million people in Western Europe and the USA currently seek medical advice for their tinnitus (Vio and Holme, 2005).

The quest toward finding a drug that targets tinnitus has not been that fulfilling. Although a wide variety of compounds is used off-label to treat tinnitus patients, there is still no US Food and Drug Administration (FDA) or European Medicines Agency (EMA) approved drug on the market. The list of used compounds includes anticonvulsants, anxiolytic, antidepressants, NMDA antagonists, cholinergic antagonists, antihistamines, vasodilators, antipsychotics, and calcium antagonists, to name a few (Langguth et al., 2009; Elgoyhen and Langguth, 2010). In some cases, the rationale behind the use of them is to treat the co-morbidities that come along with tinnitus, like depression and anxiety (Johnson et al., 1993; Sullivan et al., 1993; Bahmad et al., 2006). In others, it is derived from the use of drugs which are effective in disorders thought to share some commonalities with tinnitus, like anticonvulsants used in epilepsy (Hoekstra et al., 2011) and the calcium antagonist gabapentin used in neuropathic pain (Bauer and Brozoski, 2007). Even further, some drugs are used based on known underlying neuronal changes thought to be a neural correlate of tinnitus. Such is the case of NMDA receptor antagonists (Azevedo and Figueiredo, 2007; Figueiredo et al., 2008; Suckfull et al., 2011) and GABAA agonists (Johnson et al., 1993; Gananca et al., 2002; Azevedo and Figueiredo, 2007), used with the hope of reversing the increased neuronal excitability observed in several regions of the auditory pathway (Eggermont and Roberts, 2004). Some drugs have been reported to provide moderate relief of symptoms in a subset of patients. However, most drugs have not proven sufficient effectiveness in randomized controlled clinical trials in order to be approved and marketed specifically for tinnitus (Langguth et al., 2009; Elgoyhen and Langguth, 2010; Langguth and Elgoyhen, 2011).

Thus, novel pharmacological approaches for treating tinnitus are required in order to address a widely recognized, yet largely underserved, and unmet, clinical need. Although early on classified as an auditory problem, recent work is indicating that tinnitus is a central nervous system (CNS) disorder, where dynamic multiple parallel overlapping brain networks are involved (Eggermont and Roberts, 2004; Schlee et al., 2009a, b; De Ridder et al., 2011a). Thus, strategies followed in the development of drugs for other CNS pathologies might give some insight into possible avenues in the design of tinnitus pharmacotherapies. In the present work we review some recent trends in the discovery of CNS acting drugs, describe new ways of analyzing brain networks in health and disease and propose how this knowledge could be extrapolated to tinnitus.

DRUG DISCOVERY IN CNS DISORDERS

Serendipity has played a major role in the initial discovery of CNS acting compounds, like the first psychotropic drugs that led to modern pharmacological treatment of psychiatric diseases (Ban, 2006). Although a detailed understanding of the pathophysiology and etiology of CNS disorders remains elusive, the last decade has witnessed a huge leap in our understanding of the basic biological processes that contribute to many human disorders. However, this has not been paralled by an increase in the number of approved new molecular entities. From 1950 to 2008, the FDA approved 1222 new drugs including biologicals (Munos, 2009). Although the investment of pharmaceutical industries in research and development has grown from US$2 to $50 billion/year from 1980 to 2005 (Conn and Roth, 2008; Paul et al., 2010), the number of approved drugs per year, about 25, is not greater than 50 years ago. Moreover, of those 25, only two were for psychiatric diseases in 2009 (Hughes, 2010). Thus, the scale of investment has not been matched by output. In addition, there has not been much innovation (Rask-Andersen et al., 2011). For example, the most widely prescribed antipsychotics olanzapine, risperidone, and quetiapine, share mechanisms of action with clozapine, discovered in the 1950s (Conn and Roth, 2008). Clozapine was developed as a chlorpromazine analog, whose antipsychotic actions were discovered serendipitously when being used as a preanesthetic agent in psychiatric patients (Delay et al., 1952). For more modern antipsychotics (with the exceptions of aripiprazole and the substituted benzamides) a major goal has been to create clozapine-like compounds, devoid of its more serious side effects (Roth et al., 2004; Conn and Roth, 2008). A similar scenario can be seen in the case of drugs used for anxiety, depression, and epilepsy. Thus, the gold standard of drug discovery as from the 1960s has been the design of more selective drugs with ideally one specific target, with the aim of reducing side effects (Roth et al., 2004; Hopkins, 2007, 2008; Conn and Roth, 2008). However, over the past decade, there has been a significant decrease in the rate by which new drug candidates translated into effective clinical therapies. Even more striking, there has been a worrying rise in late-stage phase 2 and phase 3 attrition, that is leading to a reduction in revenues and a financial shock to the pharmaceutical industry (Kola and Landis, 2004; Hopkins, 2007, 2008). This might derive from the innermost strategy behind modern drug design: drugs selective for a single molecular target, the “one gene, one drug, one disease” paradigm best known as the Paul Ehrlich's “magic bullet” concept of chemotherapy (Kaufmann, 2008), without acknowledging the network structure of the brain and the properties and behavior of real world networks as described in the following sections.

COMPLEX REAL WORLD NETWORKS

Reductionism dominated biological research during the last century and provided a wealth of information regarding the individual cellular components and their functions. However, biological functions can rarely be attributed to an individual molecule. Instead, they are the consequence of complex interactions between the cell's numerous constituents, such as proteins, DNA, RNA, small molecules, and of intercellular interactions (Kitano, 2002; Barabasi and Oltvai, 2004). Therefore, a key challenge for biology in the twenty-first century is to understand the structure and the dynamics of the complex intra- and intercellular web of interactions that contribute to the structure and function of a living cell, organ or organism (Barabasi and Oltvai, 2004). Thus, reductionism has made its way to holism and systems biology has emerged as a scientific discipline. It is based upon the notion that all the properties, function and/or behavior of a given system cannot be determined or explained by the properties and function of its component parts alone. Instead, the system as a whole determines in an important way how the parts behave and as a result new properties emerge (Kitano, 2002). These “emergent” properties cannot be predicted a priori, based on the properties of the individual elements. Such is the case of the mind and of mind states like consciousness, emergent properties of the brain occurring between multiple physical and functional levels (Gazzaniga, 2010; Bassett and Gazzaniga, 2011).

An important milestone over the past decade has been the understanding that the structure and evolution of networks appearing in social, technological, and natural systems over time follows a number of basic and reproducible organizing principles, which can be explained by the application of graph theoretical analysis to describe network properties (Albert and Barabasi, 2002). A graph is an abstract representation of a network where nodes or vertices are connected by links or edges (Figure 1). For more than 40 years scientists treated complex networks as being random (Erdos and Renyi, 1959). In random graphs, connections between the network nodes are present with a fixed and equal likelihood (Erdos and Renyi, 1959). However, Watts and Strogatz, (1998) demonstrated that most real world networks are not random nor regular lattices, but follow the “small-world” phenomenon, where the path length between nodes (the average of the shortest distance between pairs of nodes counted in number of edges) is small, like in random networks, but the clustering coefficient (the likelihood that neighbors of a node will also be connected) is high, unlike, random networks. Watts and Strogatz described the small-world properties of networks found in the nervous system of the nematode Caenorhabditis elegans, a social network of actors and the network of power plants in the United States. A second major discovery in real world network topology was presented by Barabasi and Albert, (1999). They proposed a model for the growth of a network where the likelihood that newly added edges connect to a node depends upon the degree (number of edges) of this node, following a preferential attachment behavior. Thus, nodes that have a high degree (hubs) are more likely to get even more edges. This is the network equivalent of “the rich getting richer” (Barabasi and Bonabeau, 2003). Networks generated in this way maintain the short path length of small-world networks (Cohen and Havlin, 2003), but are characterized by a degree distribution described by a power law. These networks are called “scale-free” in the sense that some hubs have a seemingly unlimited number of links and no node is typical of the others (Figure 1). Many other small-world networks have exponential or exponentially truncated power law distributions, implying relatively reduced probabilities of huge hubs (Amaral et al., 2000; Albert and Barabasi, 2002). Determining the topology of a network is important in order to understand the system's behavior, as power laws emerge when there is a transition from disorder to order (Barabasi, 2002). The accidental failure of a number of nodes in a random network can fracture the system into non-communicating islands. In contrast, scale-free networks are resilient to change, have error tolerance and attack vulnerability: they are more robust in the face of random failures or attacks, but they are highly vulnerable to a coordinated attack against their Achilles' heel, the hubs (Albert et al., 2000). These alternate behaviors acquire utmost importance when designing pharmacotherapies for network pathologies.
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Figure 1. Network topologies. (A) An example of a random network with no high degree hubs, where nodes (red circles) are connected by edges (black lines). (B) A scale-free network with high degree hubs (gray circles). (C) A modular network where nodes within a module (i.e., red, green, and blue modules) are highly connected to each other and only sparsely connected to nodes of another module.



Since the first description of scale-free networks, most complex networks have been described to have this topology: scientific papers linked by citations, the World Wide Web (Albert et al., 1999; Barabasi and Albert, 1999), e-mail networks (Ebel et al., 2002), epidemic spreads (Pastor-Satorras and Vespignani, 2001), airline transportation networks (Newman, 2003), metabolic, protein-protein interaction and gen interaction networks (Jeong et al., 2000; Podani et al., 2001; Ravasz et al., 2002; Wuchty et al., 2003; Almaas et al., 2004; Barabasi and Oltvai, 2004; Tong et al., 2004), to name a few. But what about brain networks?

BRAIN NETWORKS

Only recently graph theoretical analysis has been applied to the study of brain networks. These has been motivated by the idea that brain functions are not solely attributable to individual regions and connections, but are emergent features of the topology of the network as a whole, the “connectome” of the brain (Sporns, 2011a). Moreover, it has been boosted by the advancement of the analysis of brain connectivity both at the structural and functional levels (Sporns, 2011a). In this section we will only highlight some important findings and conclusions derived from the application of graph analysis to the topology of brain networks. For comprehensive reviews see Reijneveld et al., (2007), Bullmore and Sporns, (2009), Bullmore and Bassett, (2011), Sporns, (2011a).

Magnetic resonance imaging (MRI) as well as diffusor tensor/spectrum/kurtosis imaging (DTI/DSI/DKI) and the application of graph analysis to some of these data are delivering increasingly detailed maps of large scale human brain structural connectivity and of its topology (Figure 2). In addition, graph analysis to functional connectivity, that is correlated activity in a network, can be applied to data derived from functional MRI (fMRI), magnetoencephalography (MEG), and electroencephalography (EEG). One important caveat to the graph-based study of functional brain organization is how to define the individual nodes that makes up a brain network. If the nodes of the graph do not accurately represent reality then the graph theoretic properties will diverge from the true properties of the system. Therefore, data acquisition and preprocessing are important issues (for review see Bullmore and Bassett, 2011). Effective connectivity of brain networks, which refers to information transfer in a network and has some directionality embedded in it, can be analyzed by transfer entropy, Granger causality, or partial directed coherence to generate a directed graph, which involves estimating the causal influence that each element of a system exerts on the behavior of other elements (Sporns, 2011b). However, so far, most graph analyses have been applied to structural and functional connectivity to generate undirected graphs. In addition, although most studies use simpler unweighted graphs, weighted network analysis also has been applied. In these graphs edges can have continuously variable weights indicating the strength or effectiveness of connections (Reijneveld et al., 2007).
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Figure 2. Graph analysis to brain networks. Structural (including either gray or white matter measurements using histological or imaging data) or functional data (including resting-state fMRI, fMRI, EEG, or MEG data) is the starting point. Nodes are defined (e.g., anatomically defined regions of histological, MRI or diffusion tensor imaging data in structural networks or EEG electrodes or MEG sensors in functional networks) and an association between nodes is established (coherence, connection probability, or correlations in cortical thickness). The pairwise association between nodes is then computed, and usually thresholded to create a binary (adjacency) matrix. A brain network is then constructed from nodes (brain regions) and edges (pairwise associations that were larger than the chosen threshold).



Graph analysis of structural and functional connectivity is consistently showing characteristic non-random properties of brain networks (Reijneveld et al., 2007; Bullmore and Sporns, 2009; Bullmore and Bassett, 2011; Sporns, 2011c). At the structural level, several studies have revealed small-world attributes (Bullmore and Sporns, 2009; Sporns, 2011c). Such is the case of the analysis of human brain networks on the basis of correlations in cortical gray matter thickness measured using MRI (He et al., 2007; Chen et al., 2008), DTI, and tractography of cortical and basal brain gray matter areas (Iturria-Medina et al., 2007, 2008; Gong et al., 2009) and diffusion spectrum imaging of cortical regions (Hagmann et al., 2007). In addition, these studies demonstrate the presence of hierarchical brain modules. Modularity refers to the existence of clusters or “network communities” whose constituent brain regions are more densely connected to each other than to regions in other modules (Figure 1). Thus, neurons and brain regions that are spatially close have a relatively high probability of being connected forming a module, whereas connections between spatially remote neurons or brain regions are less likely. Since longer axonal projections are more expensive in terms of their material and energy costs, this layout minimizes wiring costs (Chklovskii et al., 2002). Nodes of high degree, hubs, exist within modules, and also connect to hubs in other modules, thus maintaining the short path length typical of small-world networks, providing high global efficiency of parallel information transfer (Bullmore and Sporns, 2009; Sporns, 2011c). However, structural brain networks seem to lack extremely high degree nodes characteristic of a scale-free network and rather follow an exponentially truncated power law distribution (He et al., 2007).

Additional information of brain network topology has derived from functional imaging and electrophysiology. Graph analysis from fMRI data has described small-world topology of brain networks, with a truncated power law distribution (Salvador et al., 2005; Achard et al., 2006). In contrast, scale-free topology has been also described in networks derived from fMRI recordings both during task and resting state (Eguiluz et al., 2005; van den Heuvel et al., 2008). Functional connectivity also has been analyzed using a measure of generalized synchronization and then thresholded to generate functional networks, in several studies derived from MEG data sets (Stam and van Dijk, 2002; Stam, 2004). In addition, graph analysis has been applied to wavelet correlation estimates of frequency-dependent functional connectivity between MEG sensors (Bassett et al., 2006). These studies have shown small-world properties of brain networks. Graph analysis to EEG wavelet coefficients found small-world properties in the alpha and beta band networks (Jin et al., 2011). The development of time-varying graphs with fixed nodes but evolving links derived from scalp EEG recordings reported both small-world and scale-free topology of brain networks (Dimitriadis et al., 2010). Two further studies that have used alternate analysis different from graph theory to EEG recordings, have also shown scale-free properties of brain activity: the analysis of fine temporal structures of arrhythmic brain activity by using nested-frequency EEG analysis (He et al., 2010) and EEG microstates (van de Ville et al., 2010).

From the available structural and functional studies it can be concluded that large-brain networks exhibit a similar organization, with several studies demonstrating functional clusters or modules, highly connected hub nodes, short path lengths, and high global efficiency. The general picture that arises so far from structural studies is that brain networks have small-world topologies but are not scale-free. However, at the functional level it is still a matter of debate whether they are also scale-free (Reijneveld et al., 2007). Differences might derive from the fact that different methods describe different aspects of neuronal networks. From an evolutionary perspective, it can be argued that small-world brain networks have been selected to solve the economic problem of maximizing information processing efficiency, while minimizing wiring costs (Bullmore and Sporns, 2009). Structural studies have revealed important hubs within the parietal and frontal lobes of the cerebral cortex (Iturria-Medina et al., 2008; Gong et al., 2009; van den Heuvel and Sporns, 2011). Most importantly, several independent diffusion imaging data sets have reported a high centrality for the precuneus, the posterior cingulate cortex, and neighboring regions (Hagmann et al., 2007, 2008; Iturria-Medina et al., 2007, 2008). A very recent study that applied graph analysis to DTI data showed the presence of 12 strongly interconnected bihemispheric hub regions, comprising the precuneus, superior frontal, and superior parietal cortex, as well as the subcortical hippocampus, putamen, and thalamus (van den Heuvel and Sporns, 2011). Importantly, these hub regions were not only individually central but formed a “rich club” organization, since they were found to be more densely interconnected than would be expected based only on their degree. This rich club organization of the human brain connectome might optimize global brain communication efficiency for healthy cognitive brain functioning (van den Heuvel and Sporns, 2011).

The analysis of underlying structural and functional network topologies provides a powerful tool to understand the system's behavior that cannot be attained with other approaches to complex systems. Thus, if the brain had a scale-free topology, it would be very vulnerable to hub failures or attacks (Albert et al., 2000). In their analysis of discrete wavelet transform to fMRI time series, Achard and collaborators (2006) described small-world properties of cortical and subcortical regions with a truncated power law distribution, which were as resilient to random error, but more resistant to targeted attacks than scale-free networks. Moreover, up to 40% of the most connected nodes in the brain network could be eliminated before precipitating a 50% reduction in size (and twofold increase in path length) of the largest connected cluster. Therefore, the small-world architecture of the brain may confer distinctive benefits in terms of robustness to both random elimination of nodes and selective attack on hubs (Achard et al., 2006). Thus, it increases resilience and reduces vulnerability to individual hub attacks. In addition, the rich club organization described by van den Heuvel and Sporns, (2011) provides an additional level of resilience to its core, in case of malfunction of any one of its individual key hubs.

BRAIN NETWORKS IN PATHOLOGY

Only very recently graph theoretical analysis has been applied to a wide variety of CNS disorders and, therefore, the power of this approach toward understanding brain pathology is at its infancy. Changes in network topology have been analyzed in disorders such as schizophrenia, epilepsy, Alzheimer's disease, multiple sclerosis, acute depression, fronto-temporal lobe degeneration, stroke, spinal cord injury, early blindness, and attention deficit hyperactivity disorder (for reviews see Reijneveld et al., 2007; Bassett and Bullmore, 2009; Bullmore and Sporns, 2009).

Reduction in small-world properties has been described in patients with Alzheimer's disease, associated with less efficient information exchange between brain areas, supporting the disconnection hypothesis proposed for this pathology, as well as for many other neurological and psychiatric disorders (Catani and Ffytche, 2005). A loss of small-world properties has also been described in schizophrenia, again supporting the disconnection hypothesis. Network organization derived from graph analysis appears to have increased randomization (Bassett et al., 2008; Lynall et al., 2010; Rubinov and Bassett, 2011) and to be less cost-efficient (Bassett et al., 2009) when compared with healthy controls. In addition, topological abnormalities in people with schizophrenia include a reduced hierarchy of the multimodal cortex (Bassett et al., 2008) and less globally integrated brain structures, with a reduced central role for key frontal hubs, resulting in a limited structural capacity to integrate information across brain regions (Lynall et al., 2010; van den Heuvel et al., 2010). Loss of small-world organization has also been reported in depressed patients during sleep (Leistedt et al., 2009), increased randomization in frontal lobe epilepsy (van Dellen et al., 2009) and shift to more regular networks in children with attention deficit hyperactivity disorder (Wang et al., 2009).

Thus, it seems that in general, brain pathology leads to alteration in small-world network properties with a decreased global integration. Although, it is too soon to fully appreciate the power of graph analysis in CNS disorders, it undoubtedly opens new avenues toward understanding brain diseases. Changes in network topology might be used as clinically useful diagnostic markers and to monitor progression of disease states (Bullmore and Sporns, 2009). Moreover, graph theory allows identifying hubs and modeling network attacks (Albert et al., 2000), which might give hints to determine which treatment approach is the best option at the network level.

NETWORK PHARMACOLOGY

One major outcome derived from the fact that most complex biological systems are networks, either small-world and/or scale-free, very robust, and resilient to change, has been a very recent shift in the philosophy behind drug design and pharmacotherapy, which is leading to a new trend: in Andrew Hopkins' own words “network pharmacology: the next paradigm in drug discovery” (Hopkins, 2008). This means moving away from Ehrlich's “magic bullets” that target individual chemoreceptors or “disease-causing genes” (Kaufmann, 2008), into “magic shotguns”, “promiscuous” or “dirty drugs” that target “disease-causing networks” (Roth et al., 2004; Csermely et al., 2005; Sams-Dodd, 2005; Hopkins, 2008). Following systems biology principle of emergence, combinations of compounds could be more effective than the sum of the effectiveness of the individual agents themselves (Keith et al., 2005; Kung et al., 2005). Shotguns can make a dramatic impact on disease outcome, as evidenced by the success of the multidrug antiretroviral therapy in decreasing human immunodeficiency virus mortality rates (Imaz et al., 2011). Moreover, multiple attacks have been selected in nature as defense systems and communication, therefore, magic shotguns seem as an evolutionary selected feature. Thus, snake (Bohlen et al., 2011), spider (Rash and Hodgson, 2002; Siemens et al., 2006) cone snail (Olivera and Teichert, 2007) and scorpion (Rodriguez de la Vega et al., 2010) venoms comprise multi-molecules, plants employ batteries of various factors to avoid pathogenic attacks (Uma et al., 2011) and honey bee queens produce a mandibular pheromone that is a cocktail of nine interacting components required to attract worker bees, to attract drones for mating and to prevent workers from reproducing (Keeling et al., 2003).

The importance of multi-targeting pharmacology has also recently been encouraged by the observation that novel well-tolerated protein kinase drugs, such as Gleevec (Imatinib) and Sutent (SU11248), exhibit binding promiscuity for multiple kinases and therefore are less selective than initially thought (Hampton, 2004; Fabian et al., 2005). Polypharmacology is probably not a novel notion, however, what is new is the acknowledgment of its benefits for efficacy. Thus, the pleiotropic actions of clozapine are probably responsible for its exceptionally beneficial actions in schizophrenia and related disorders. Clozapine has a very complex pharmacological profile, with high affinity for a number of receptors, including dopamine (D4), serotonin (5-HT2A, 5-HT2C, 5-HT6, 5-HT7), muscarinic (M1, M2, M3, M4, M5), adrenergic (α1- and α2-subtypes), and other biogenic amine receptors (Roth et al., 2004). Moreover, many newer generation anti-psychotics might have failed in the clinics because of higher target specificity (Roth et al., 2004). Likewise, the pleiotropic actions of antidepressants on signal transduction and neuronal mitogenesis are probably required for the beneficial effects of antidepressants on mood disorders. Moreover, the “dual- and triple-action” antidepressants, which inhibit the reuptake of both 5-HT and other biogenic amines (for example, dopamine and noradrenaline), have been shown to be more effective than “single-action” antidepressants (Roth et al., 2004; Millan, 2006). In a recent study, Yildirim et al. (Yildirim et al., 2007) applied network analysis to 1178 FDA-approved drugs and drugs targets as of March 29, 2006, in order to understand drug design strategies followed by the pharmaceutical industry. To investigate the relationships between approved drugs and their targets they built a bipartite drug-target network by integrating publicly available drug data with genetic-disease associations, gene-expression information and protein-protein interaction data. If drugs acted selectively on single targets, one would expect isolated, bipartite nodes and not a network structure. Not surprisingly, the authors found a rich network of polypharmacology interactions between drugs and their targets. Moreover, drugs acting on single targets were the exception. They found a giant component, the largest connected component of the network, with 476 drugs comprising a tightly interconnected neurological drug cluster. Thus, although initially designed as magic bullets, most CNS-acting drugs are magic shotguns and this is probably the reason behind the fact that they are effective in CNS disorders.

The use of multi-targets is further supported by the work of Agoston and collaborators (Agoston et al., 2005). Most studies that have analyzed the stability of networks under failures or attacks have used a model with a complete elimination of an element from the network in order to assess network stability (Albert et al., 2000; Watts, 2002; Shargel et al., 2003; Valente et al., 2004). Agoston and collaborators (Agoston et al., 2005), however, used an alternative approach, where they studied if the partial inactivation of several targets is more efficient than the complete inactivation of a single target. This scenario most closely resembles pharmacotherapy, since at plasma concentrations attained with pharmacological doses, most drugs probably weaken targets rather completely ablate them. Moreover, if only a partial weakening of targets is needed, this could probably be attained at lower plasma concentrations, thus requiring lower doses with concomitant fewer side effects. Partial attacks also mimic other physiological scenarios and treatments, where the complete elimination of a node within a network is a rather unusual phenomenon. By analyzing the regulatory scale-free network of E. coli and S. cerevisiae Agoston and collaborators (2005) concluded that the efficacy of attenuation of targets by multi-target attacks is higher than that of a single-target knockout. In terms of pharmacology, this suggests that drugs with multiple targets or drug combinations might have a better chance to affect the complex equilibrium of the whole system than single target drugs. Moreover, it is sufficient that these multi-target drugs affect their targets only partially, which correlates with the low-affinity interactions of most drugs with several of their targets (Csermely et al., 2005).

Given that promiscuous or dirty drugs are probably more efficient than highly selective ones, can they be designed rationally? In principle, the magic shotgun approach can be attained in four ways: using a drug with multiple mechanisms of actions, prescribing a combination of drugs, the development of multicomponent drugs that contain two or more active ingredients formulated in the same delivery device, or a designer polypharmacology, e.g., a drug with two or more pharmacophores (Borisy et al., 2003; Morphy et al., 2004; Roth et al., 2004; Csermely et al., 2005; Keith et al., 2005; Hopkins, 2007, 2008). The complexity imposed by exploring dosage ranging, drug interaction, and safety studies may significantly raise the practical cost and complexity of developing combination therapies. Potential drug interactions at the pharmacokinetic and pharmacodynamic level have to be considered, since two drugs that themselves are efficient and safe when prescribed separately might not necessarily be efficient and safe when used in combination (Hopkins et al., 2006). However, these problems can be reduced with polypharmacology, since it allows combination therapies at lower doses, resulting in higher efficacy and/or reduced side-effects compared to monotherapies (Morphy et al., 2004; Keith et al., 2005). For example, low-dose combinations of calcium-channel blockers and angiotensin-receptor antagonists are effective for the treatment of hypertension (Andreadis et al., 2005) and low doses of atypical antipsychotics, such as quetiapine, olanzapine, or risperidone, can improve the antidepressant efficacy of selective serotonin reuptake inhibitors, such as fluoxetine, in the treatment of refractory depressed patients (Rasmussen, 2006). Pharmacodynamic and pharmacokinetic relationship, are substantially less complex if polypharmacological action is derived from a single agent and thus approaches to develop multifunctional drugs with more than one pharmacophore are under way (Morphy et al., 2004). An example is ladostigil (TV3326), a novel neuroprotective agent being investigated for the treatment of neurodegenerative disorders like Alzheimer's disease, Lewy body disease, and Parkinson's disease. It combines the acetylcholinesterase and monoamino oxidase (MAO)-A and -B activities in one molecule and was developed by combining the active (MAO inhibitory and neuroprotective) pharmacophore of the antiparkinsonian MAO-B inhibitor rasagiline with the carbamate cholinesterase inhibitory moiety of the anti-Alzheimer's drug rivastigmine (Weinstock et al., 2006).

Finding the right combination of targets to aim imposes a further complexity when compared to single target therapies. This is the main challenge faced at present in network pharmacology and the field is still “lost in translation” in trying to understand the meaning and the outreach of this new discipline. Following network biology principles, drug discovery approaches might involve the identification of combinations of small molecules that perturb networks in a desired fashion. Drug combinations have been used with compounds already known to be effective in the disease of interest, or where there is a clear rationale for the combination (Millan, 2006). However, such limited combination testing samples only a tiny fraction of the combinatorial pharmacological space and is unlikely to result in the selection of optimal combinations among the very large number of possibilities. A small number of compounds will provide a very large number of combinations and, therefore, efficient screening methods are needed. High-throughput based behavioral screenings which rely on the semi-automated screening of candidate drugs in broad-based behavioral assays in animals, might be used to screen libraries of compounds and find those combinations which are enriched for activity at CNS targets. These approaches that are increasingly offered by specialized companies, have the advantage that they analyze responses to drugs at the level of entire organisms and, therefore, based in their biological function, without the need of having a lead compound, as needed in in vitro assays (Roth et al., 2004; Millan, 2006). In addition, large scale multielectrode brain recordings in animals now offer unique opportunities to assay spatiotemporal patterns of neuronal assemblies in brain networks (Buzsaki, 2004; Lehew and Nicolelis, 2008). Graph analysis applied to these multielectrode array approaches might aid toward defining changes in brain topology and hubs in animal models of disease and restoration of the topology during treatment. These methods can provide insights into network-level mechanisms of action of compounds, even when synapse or receptor-level mechanisms are not understood. In addition, it is likely that graph analysis to structural and functional brain networks will further broaden our understanding of treatment effects, will aid toward the design of new therapeutical approaches and help to decipher how therapeutically effective pharmacotherapeutic treatments act on topologically sub-optimal network configurations in patients (Bullmore and Sporns, 2009). Thus, the potential use of fMRI on optimizing drug development (phMRI, pharmacological MRI) is beginning to be appreciated and promises to be part of a sequence of events that could transform drug development for disorders of the CNS (Honey and Bullmore, 2004; Borsook et al., 2006).

Although the rationale behind the use of magic shotguns, promiscuous or dirty drugs is compelling, pharmaceutical industries are being very slow in conquering these approaches. This is probably due to the fact that it is still a challenge to decipher which combinatorial assembly of targets (nodes) to aim, on the one hand, and which combination of dirty drugs is needed in order to best weaken those nodes, on the other. Moreover, the balancing act of optimizing multiple activities, while minimizing unwanted off-target side effects, is a challenge (Hopkins, 2007, 2008). However, network pharmacology will probably become an essential component of drug-development strategies. Indeed, network concepts have already been applied in drug discovery studies in anti-cancer drugs for example (Azmi et al., 2010). Moreover, drug-target networks linking approved or experimental drugs to their protein targets have helped to organize and visualize the considerable knowledge that exists concerning the interplay between diseases, drug targets and drugs (Yildirim et al., 2007; Keiser et al., 2009). The analysis of these networks have indicated that many drugs can be considered palliative, since they do not target the actual disease-associated proteins but proteins in their network neighborhood (Yildirim et al., 2007) and have aided to predict new molecular targets for known drugs (Keiser et al., 2009). Interestingly, Loging and collaborators (Loging et al., 2007) have suggested a high-throughput electronic-biology approach based on in silico data mining of existing databases and integration of this information for drug discovery. These few examples show the power of network approaches. Examples of how these approaches might be applied to tinnitus are developed in the following section.

BACK TO TINNITUS

An increasing amount of work is supporting the proposal that tinnitus is a CNS pathology where dynamic, multiple, parallel, and overlapping brain networks are at stake (Jastreboff, 1990; Eggermont and Roberts, 2004; Weisz et al., 2007; Schlee et al., 2009a, b; De Ridder et al., 2011a; Leaver et al., 2011). Thus, results obtained in research animals (Eggermont and Roberts, 2004) and humans (Muhlnickel et al., 1998) have shown cortical map plasticity and reorganization of the primary auditory cortex, which correlates with the intensity of the perceived sound (Muhlnickel et al., 1998). Moreover, increased spontaneous activity and increased neural synchrony in cortical neurons have been reported in several regions of the CNS (Norena and Eggermont, 2003; Eggermont, 2007). In addition, MEG studies have shown that tinnitus is related to gamma band activity in the auditory cortex, along with decreased alpha and increased theta or delta activity (Llinas et al., 1999; Weisz et al., 2005, 2007) and EEG studies have further shown that gamma band activity in the auditory cortex reflects the tinnitus intensity (van der Loo et al., 2009). These map changes and cortical synchronized activity are necessary but probably not sufficient for the conscious perception of the phantom sound, which needs functional connectivity to a network of higher order brain “neuronal global workspace” areas (De Ridder et al., 2011a). In accordance, an MEG study has shown a global tinnitus network of long-range cortical connections outside the central auditory system including the right parietal cortex, the right frontal lobe and the anterior cingulate cortex, which project top-down influences on the primary auditory cortex and thus amplify neuronal activity in the sensory cortex (Schlee et al., 2008, 2009a). Moreover, tinnitus has an affective component, since in some patients it is accompanied by stress, depression, and anxiety. Therefore, in addition to the perceptual network, a distress network is activated which comprises the medial temporal lobe (amygdala and hippocampus), parahippocampal areas, insula, and the anterior cingulate cortex (Vanneste et al., 2010; De Ridder et al., 2011b). Salience and mnemonic networks are also activated, evidenced by enhanced activity of the amygdala in positron emission tomography imaging (Mirz et al., 2000), by changes in the hippocampal area and by transient tinnitus diminution after suppression of the amygdalo-hippocampal complex by amytal (De Ridder et al., 2006, 2011b). Thus, there is compelling evidence for a distributed tinnitus brain network, which includes sensory auditory areas together with cortical regions involved in perceptual, emotional, mnemonic, attentional, and salience functions (De Ridder et al., 2011a).

In spite of the above existent electrophysiological and functional imaging data derived from tinnitus patients, there is no published work describing the application of graph theoretical analysis to this data. Graph analysis to the tinnitus network might complement insight derived from the study of more localized small brain areas. Moreover, it might be worth applying graph analysis to structural networks, since structural deficits in tinnitus patients have been described in limbic and auditory pathways by structural imaging approaches (Lee et al., 2007; Landgrebe et al., 2009; Crippa et al., 2010; Husain et al., 2011; Leaver et al., 2011). A clear analogy exists between phantom pain and tinnitus and the available knowledge concerning phantom pain and neuropathic pain has advanced our understanding of the underlying pathophysiological changes in tinnitus (Moller, 2007; De Ridder et al., 2011a). However, there is no published data showing the application of graph analysis to these pathologies either, therefore, the topology of brain networks in phantom perception remains unknown. Graph theory could help to refine the topology of the tinnitus network, with the identification of nodes and high degree hubs, modules and clusters. Moreover, simulation of network attacks might aid toward the design of better treatment strategies.

The global tinnitus network of long-range cortical connections outside the central auditory pathway described by Schlee and collaborators (2008, 2009a) by MEG and phase synchronization in the gamma frequencies, speaks toward functionally integrated distributed brain regions. Synchronization of oscillatory responses in the beta- and gamma-band is involved in a variety of cognitive functions, such as routing of signals across distributed cortical networks, perceptual grouping, attention-dependent stimulus selection, sensory-motor integration, working memory and perceptual awareness (Uhlhaas and Singer, 2006). Thus, synchronization plays a crucial role in the exchange of information between cortical areas and both phase and strength of neuronal oscillations in the gamma frequency band influence the amount and speed of information transfer (Buehlmann and Deco, 2010). The global tinnitus network of long-range cortical connections resembles the global neuronal workspace model, where neurons distributed in distant cortical areas need to be accessed for conscious perception (Dehaene and Naccache, 2001; Baars, 2002, 2005). Interestingly, the topology of the global neuronal workspace has been just recently analyzed by graph theoretical analysis during a cognitive effortful task (Kitzbichler et al., 2011). Emergence of a less clustered and less modular network configuration, more globally efficient, with more long-distance synchronization between brain regions, especially in functional networks oscillating at beta and gamma frequency intervals, was reported. This indicates that entrance to the global neuronal workspace breaks modularity in order to allow human brain functional networks to transiently adopt a more efficient but less economical configuration (Kitzbichler et al., 2011). Moreover, the authors propose that, as cognitive effort increases, emergent long-range synchronization provides topological short-cuts between cortical areas that are otherwise segregated from each other in the more modular configuration of the network under cognitively non-demanding conditions and, therefore, increases the global efficiency of the network to subserve transfer of parallel information. This finding is in accordance with the dynamic model of global workspace formation, in which modular subsystems with a locally synchronized community structure during unconscious processing are suddenly replaced by the ignition of a globally synchronized network of neurons with long-range axons densely distributed in prefrontal, parieto-temporal, and cingulate cortices, in response to a consciously attended stimulus (Dehaene and Changeux, 2005, 2011). Thus, following the graph analysis of the neuronal global workspace one could predict a non-random tinnitus network with more long-distance synchronization between brain regions and shorter path lengths which increase global efficiency of information transfer. Interestingly, several independent graph analysis to structural studies in normal subjects have reported a high centrality for the precuneus, the posterior cingulate cortex and neighboring regions (Hagmann et al., 2007, 2008; Iturria-Medina et al., 2007, 2008), two regions that have been shown to be part of the tinnitus network (Schlee et al., 2009b; Vanneste et al., 2010; De Ridder et al., 2011b). Since the precuneus and the posterior cingulate cortex are both pivotal for conscious information processing (Dehaene and Changeux, 2011), it might be the case that they acquire a higher degree in the phantom percept network.

Being a complex network pathology, tinnitus treatment would best benefit from a promiscuous or multi-target drug approach. This is supported by a recent report in which deanxit, the combination of the antidepressant melitracen and the antipsychotic flupentixol, has proven superior to placebo in a cross-over trial as add-on medication to clonazepam (Meeus et al., 2011). Although there is no tinnitus approved drug on the market, one serendipitous discovery in tinnitus pharmacotherapy deserves further analysis. Beginning with the accidental discovery of the tinnitus suppressing effect of the local anesthetic procaine (Bárány, 1935), intravenous administration of local anesthetics such as lidocaine have been used in the treatment of tinnitus (for review see Trellakis et al., 2007). Available data indicate that lidocaine is able to reduce tinnitus in 60% of patients in a dose-dependent manner (Haginomori et al., 1995; Otsuka et al., 2003; Baguley et al., 2005). Because of poor biological availability after oral administration, lidocaine is not effective when taken orally. Thus, other anti-arrythmics or local anesthetics have been used without much success. This includes tocainide, flecainide, and mexiletine (Blayney et al., 1985; Hulshof and Vermeij, 1985b; Fortnum and Coles, 1991; Dobie, 1999; Trellakis et al., 2007). Moreover, based on the fact that lidocaine blocks voltage-gated sodium channels, some anticonvulsants that also act on voltage-gated sodium channels like carbamazepine have been used in tinnitus, without much success (Donaldson, 1981; Marks et al., 1981; Hulshof and Vermeij, 1985a). This accidental discovery might be further evaluated and acted upon under the light of network analysis. Two examples of network approaches to this observation are described below.

Brain imaging studies have shown changes in activity in several CNS regions after lidocaine infusion (Mirz et al., 1999; Andersson et al., 2000; Reyes et al., 2002). Graph analysis of functional brain networks might help refine the hubs that are mostly influenced by lidocaine in tinnitus-sensitive patients. This might help understand the mechanism of action of this compound and guide further developments. This type of analysis has been applied to the effect of the dopamine receptor subtype 2 antagonist sulpiride, showing that it impairs network efficiency by an effect most clearly localized to dorsal cingulate and lateral temporal cortical hubs (Achard and Bullmore, 2007). Moreoever, these findings have been correlated with changes in the topology of the aging brain (Achard and Bullmore, 2007).

Lidocaine has pleiotropic effects on several proteins aside from the well-known block of voltage-gated sodium channels (Trellakis et al., 2007). Following an e-biology approach (Loging et al., 2007), one could mine existing databases (including, but not restricted to, medline) to define the pharmacological space of lidocaine targets. Moreover, one could follow the same approach to define the pharmacological space of other local anesthetics, antiarrythmics, and anticonvulsants. A drug-target network linking drugs to their protein targets (Yildirim et al., 2007; Keiser et al., 2009) would help organize and visualize these data, define the target interplay for the different compounds and finally make predictions concerning the add-on effects that lidocaine has when compared to compounds that are non-effective in tinnitus.

These two examples are just a glimpse of how network analysis might lead us forward in our understanding of tinnitus and of its treatment. Most importantly, it will move us further away from a reductionist way of looking at tinnitus. Tinnitus cannot be seen solely as a pathology of increased excitation or decreased inhibition at different relays of the auditory pathway including the cochlea, cochlear nucleus, inferior colliculus, and sensory auditory cortex. Moreover, the notion of emergence of complex systems might guide us further in tinnitus research and pharmacotherapy. Thus, for example, although benzodiazepines are used in tinnitus patients with the aim of increasing inhibitory gabaergic pathways, recent studies have shown that GABAA receptors can be excitatory in the mature cortex depending on the excitability of the network the neuron is embedded in and on the spatiotemporal relationship to other depolarizing stimulus (Gulledge and Stuart, 2003; Szabadics et al., 2006 and references thereof). These findings imply that different brain regions might qualitative and/or quantitative respond differently to drugs. At least in part, this might be due to drug actions on emergent network properties conferred to neurons as the result of their membership in the network, rather than being solely due to the intrinsic binding of the drug to a specific receptor in the neuron.

CONCLUSIONS

In summary, graph analysis to complex networks is aiding toward understanding the behavior of the brain in health and disease. Being tinnitus a CNS disorder where multiple parallel overlapping networks are disturbed, graph analysis might aid to identify the topology of the network including its hubs. Since brain networks are best treated with multi-target drugs that attack the disease-causing network, tinnitus pharmacological treatments could benefit from dirty or promiscuous drugs. Network analysis to tinnitus pathology and treatment might help to look for the right thing, in the right place and at the right time.
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Tinnitus is the perception of a sound in the absence of an external sound source. It is characterized by sensory components such as the perceived loudness, the lateralization, the tinnitus type (pure tone, noise-like) and associated emotional components, such as distress and mood changes. Source localization of quantitative electroencephalography (qEEG) data demonstrate the involvement of auditory brain areas as well as several non-auditory brain areas such as the anterior cingulate cortex (dorsal and subgenual), auditory cortex (primary and secondary), dorsal lateral prefrontal cortex, insula, supplementary motor area, orbitofrontal cortex (including the inferior frontal gyrus), parahippocampus, posterior cingulate cortex and the precuneus, in different aspects of tinnitus. Explaining these non-auditory brain areas as constituents of separable subnetworks, each reflecting a specific aspect of the tinnitus percept increases the explanatory power of the non-auditory brain areas involvement in tinnitus. Thus, the unified percept of tinnitus can be considered an emergent property of multiple parallel dynamically changing and partially overlapping subnetworks, each with a specific spontaneous oscillatory pattern and functional connectivity signature.

Keywords: EEG, non-auditory brain areas, emergent property, multiple parallel overlapping subnetworks

INTRODUCTION

Consciousness is a crucial aspect of being human. One specific component of consciousness is the conscious perception of auditory stimuli. Hearing is a crucial sensory domain that helps to localize as well as recognize a sound source and is essential for communication. Our auditory function helps us to understand the world, maintain social contacts and to detect dangerous situations. In humans and other vertebrates, hearing is performed primarily by the auditory system. Vibrations are detected by the ear and translated into nerve impulses that are processed by the auditory cortex. Recent research has shown, however, that activity in the primary auditory cortex is necessary, but not sufficient condition for an auditory stimulus to gain access to consciousness (Boly et al., 2004). It has recently become clear that in order to perceive an auditory percept, hierarchically higher-order multimodal association areas are required (Boly et al., 2004; Laureys, 2005), similarly to what has been proposed in the visual (Dehaene et al., 2006) and somatosensory system (Laureys et al., 2002; Boly et al., 2005).

Understanding the brain mechanisms involved in the simplest forms of auditory conscious perception, such as noise and tones from the environment (i.e., externally generated) is a crucial start for gaining knowledge about auditory consciousness specifically and consciousness at large. However, a sound can also be internally generated. That is, perceiving a sound in the absence of an external sound source. This phenomenon is also known as tinnitus. In most cases this phantom sound resolves spontaneously within seconds or minutes. However, tinnitus persists in 5–10% of the population in western countries (Heller, 2003; Eggermont and Roberts, 2004), and interferes severely with the quality of life in 5–26% within this tinnitus population (Axelsson and Ringdahl, 1989; Heller, 2003). Moreover, the prevalence of chronic tinnitus increases with age, peaking at 14.3% in people between 60 and 69 years of age (Shargorodsky et al., 2010).

Phenomenologically, tinnitus can be perceived unilaterally or bilaterally and characterized as a pure tone, a narrow band noise or polyphonic. Tinnitus is usually evaluated both for its perceived loudness and annoyance or distress level. Yet, not everyone who experiences tinnitus becomes chronically distressed and measures of tinnitus loudness rarely correlate with experienced distress (Andersson and Westin, 2008). Distress can play an important part in the development of tinnitus, as distress might act as a potential trigger for sudden hearing loss and onset of tinnitus, but is not a necessity (Schmitt et al., 2000). Distress might unfavorably influence habituation via hyperarousal processes, but is not a requirement (Hallam, 1996). Tinnitus symptoms themselves can act as a stressor resulting in higher physiological arousal and psychological distress, but this is not always the case (Alpini and Cesarani, 2006).

In this review we try to map and disentangle the different brain areas generating an auditory phantom percept. We will only focus on simple auditory phantom percepts such as tones and noise and not on more complex sounds such as hearing voices or music. Although very common, tinnitus is not well understood. Clinical data indicate the involvement of peripheral auditory structures in tinnitus (Nicolas-Puel et al., 2002). This is suggested by the fact that tinnitus is often related to damage of the cochlea or the auditory nerve such as in presbyacusis, noise induced hearing loss, drug-related hearing loss, Meniere's disease, or other inner ear pathologies (Lockwood et al., 2002). Furthermore it has been demonstrated that psychoacoustic characteristics of tinnitus like pitch overlap with the frequency spectrum of an individual's hearing loss (Norena et al., 2002; Norena and Eggermont, 2003, 2006). In addition in animal models it was revealed that a peripheral mechanism involving the N-methyl-D-aspartate (NMDA) glutamatergic receptors in the cochlea can be generator of tinnitus (Guitton et al., 2003). On the other hand, an increasing amount of data shows the role played by activation and remodeling of various central cortical or subcortical structures to cause or to perpetuate tinnitus symptomatology (Muhlnickel et al., 1998; Eggermont and Roberts, 2004; Eggermont, 2005; Weisz et al., 2005). Investigating the neurophysiological differences in the characteristics of tinnitus perception could lead to a better understanding of pathological auditory neural activity. Therefore, we first discuss the different auditory and non-auditory brain areas involved in tinnitus and their potential function within the tinnitus network. Secondly, we try to combine these different brain areas involved in tinnitus in a multiple brain subnetworks.

THE AUDITORY AND NON-AUDITORY BRAIN AREAS INVOLVED IN TINNITUS

Based on previous quantitative electroencephalography (qEEG) research the following areas have been implicated in tinnitus: the auditory cortex, the subgenual and dorsal anterior cingulate cortex, the dorsolateral prefrontal cortex, the insula, the supplementary motor area, the orbitofrontal cortex (including the inferior frontal gyrus), the posterior cingulate cortex, the precuneus and the parahippocampus. Table 1 and Figure 1 give an overview of the different brain areas obtained based on qEEG research in tinnitus and their involvement in specific tinnitus characteristics.

Table 1. Overview results based on resting-state EEG in tinnitus patients.
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Figure 1. Overview the different brain areas based on resting state EEG in tinnitus patients.


THE AUDITORY CORTEX

Animal experiments have demonstrated that the degree of behavioral importance of an external sound is related to the representational expansion of its frequency in the primary auditory cortex (Rutkowski and Weinberger, 2005), and that the auditory cortex is involved in tinnitus (Engineer et al., 2011). But also in humans it was shown that the auditory cortex plays a role in tinnitus (van der Loo et al., 2009). In comparison to a control group both left and right-sided tinnitus patients had an increased gamma band activity in both the left and right primary and secondary auditory cortex (Vanneste et al., 2011a). This is the reason why primary and secondary auditory cortices are considered as important potential targets for the treatment of tinnitus (De Ridder et al., 2006a, 2007a,b). The rationale is that this phantom sound might be related to an increased neuronal activity within the auditory cortex secondary to the imbalance between excitatory and inhibitory mechanisms or an adjustment of auditory gain mechanisms (Norena, 2011). The difference could be triggered by altered auditory inputs which may support functional reorganization in synaptic connections. Neural hyperactivity has been found in subcortical structures (cochlear nuclei, inferior colliculi, medial geniculate bodies) and auditory cortical regions (primary and secondary auditory cortex) in animal models of tinnitus and hearing loss (Jastreboff and Sasaki, 1986; Jastreboff, 1990; Brozoski et al., 2002).

Based on MEG data, thalamocortical dysrhythmia has been proposed as a pathophysiological model for the development of gamma band activity related to the tinnitus percept (Llinás et al., 1999). According to this model tinnitus is caused by an abnormal, spontaneous, and constant gamma band activity (>30 Hz) generated as a consequence of hyperpolarization of specific thalamic nuclei, in casu the medial geniculate body. In normal circumstances auditory stimuli increase thalamocortical rhythms to gamma band activity (Joliot et al., 1994). In the deafferented state, however, oscillatory activity decreases from resting state alpha activity (8–12 Hz) to theta band activity (4–7 Hz) (Steriade, 2006). As a result, lateral inhibition is reduced inducing a surrounding gamma band activity known as the “edge effect” (Llinás et al., 1999, 2005). Lorenz et al. (Lorenz et al., 2009) reported an inverse relationship between alpha and gamma activity over subjects calculated for sources seeded in auditory regions. The inverse relationship was presented for tinnitus and control tinnitus group. Synchronized gamma band activity in the auditory cortex is proposed to bind auditory events into one coherent conscious auditory percept (Ribary et al., 1991; Tiitinen et al., 1993; Joliot et al., 1994; Llinas et al., 1994, 1998; Crone et al., 2001). In addition it was found that tinnitus perceived loudness is correlated to increased contralateral gamma band activity in the auditory cortex indicating that gamma band activity is important in tinnitus (van der Loo et al., 2009).

THE PARAHIPPOCAMPUS

The differences between uni- and bilateral tinnitus are reflected by high frequency EEG activity (i.e., beta and gamma) in the parahippocampus (Vanneste et al., 2011c). That is, unilateral tinnitus patients showed increased high frequency activity in the right parahippocampal area. This same brain area is also involved at an alpha rhythm in patients with a high distress and in non-coping with tinnitus. In addition, based on a region of interest analysis, whether tinnitus is perceived on the left side or right side tinnitus is dependent on gamma-band activity of the contralateral parahippocampal area (Vanneste et al., 2011c). In contrast to expectation, for the auditory cortex no differences were found between left-sided and right-sided tinnitus patients. In addition, narrow band noise tinnitus patients have increased activity in the parahippocampal area in comparison to pure tone tinnitus patients at the gamma frequency band (Vanneste et al., 2010a).

The involvement of the parahippocampus in tinnitus might be related to the constant updating of the tinnitus percept from memory thereby preventing habituation (De Ridder et al., 2006b). The posterior parahippocampal area is involved in auditory habituation as demonstrated by electrophysiological studies of auditory sensory gating both in animals (Bickford et al., 1993) and humans implanted with electrodes in the parahippocampus and hippocampus for epilepsy monitoring (Boutros et al., 2008). The hippocampal involvement in tinnitus pathophysiology is also demonstrated by histopathological findings of posterior hippocampus lesions in patients, who experience tinnitus as a symptom of methyltin intoxications (Rey et al., 1984; Kreyberg et al., 1992). Furthermore, supraselective amytal injection in the anterior choroidal artery that supplies the amygdalohippocampal area is capable to suppress the pure tone component of tinnitus transiently by suppressing local activity (De Ridder et al., 2006b). The parahippocampal area together with the posterior cingulate cortex activity might be load dependent, as noise-like tinnitus constitutes multiple frequencies in contrast to pure tone tinnitus (Vanneste et al., 2010a). Hence, it has been proposed that a fundamental function of the (para)hippocampal structures is the establishment of auditory memory for tinnitus (Shulman, 1995).

THE DORSAL ANTERIOR CINGULATE CORTEX

A recent study, using source localization in EEG, revealed that distress in tinnitus patients is related to increased beta activity in the dorsal part of the anterior cingulate cortex and the amount of distress correlates with an alpha activity in several brain areas such as the amygdala, anterior cingulate cortex, insula, and parahippocampus (Vanneste et al., 2010b). A comparison between recent onset and chronic tinnitus is related to differential activity and connectivity in a network comprising the auditory cortices, insula, dorsal anterior cingulate cortex and premotor cortex. Based on a blind source separation technique, tinnitus can be characterized by at least four independent components, two of which are posterior cingulate based, one based on the subgenual anterior cingulate and one based on the parahippocampus (De Ridder et al., 2011b). Only the subgenual component correlates with distress. When compared to a normative sample, group independent components analysis reveals that distress is characterized by two anterior cingulate based components. Spectral analysis of these components demonstrates that distress in tinnitus is related to alpha and beta changes in a network consisting of the subgenual anterior cingulate cortex extending to the pregenual and dorsal anterior cingulate cortex as well as the ventromedial prefrontal cortex/orbitofrontal cortex, insula, and parahippocampus. This network overlaps partially with brain areas implicated in distress in patients suffering from pain, functional somatic syndromes and, posttraumatic stress disorder, and might, therefore, represents an aspecific distress network. The dorsal part of the anterior cingulate cortex is one of the possible generators of frontal midline theta (Asada et al., 1999). Furthermore, it has been established that frontal midline theta oscillations are involved in attentional processes (Inanaga, 1998), and that both sympathetic and parasympathetic indices are increased during the appearance of frontal midline theta (Kubota et al., 2001). Whenever new information is presented, activity levels of the dorsal anterior cingulate cortex reflect the salience of the new information for predicting future outcomes (Critchley, 2005; Behrens et al., 2007), guiding optimal decision-making in an uncertain world (Kennerley et al., 2006). The human dorsal anterior cingulate cortex has developed a parallel specialization for motivational drive via a thalamocortical pathway relaying in the mediodorsal thalamus (Craig, 2002). Thus, the dorsal anterior cingulate might be involved in persisting attention to the tinnitus (Vanneste et al., 2010b; De Ridder et al., 2011b).

THE SUBGENUAL ANTERIOR CINGULATE CORTEX

The subgenual anterior cingulate cortex extending into nucleus accumbens-ventral tegmental area is involved in processing of aversive sounds (Zald and Pardo, 2002) and unpleasant music (Blood et al., 1999) as well as tinnitus (Muhlau et al., 2006). It has been implicated as the key component of social distress (Masten et al., 2009). This area in animals has been considered a visceromotor cortex, due to its connections with the parasympathetic nucleus tractus solitaries (Frysztak and Neafsey, 1994) and the sympathetic areas in the periaquaductal gray (Ongur and Price, 2000). Furthermore, it is functionally connected to the amygdala, insula, parahippocampus, orbitofrontal cortex, and ventrolateral prefrontal cortex and anticorrelated to the dorsal anterior cingulate cortex and precuneus. As such the subgenual anterior cingulate cortex could be important as an emotional component for tinnitus.

THE DORSOLATERAL PREFRONTAL CORTEX

Recently the dorsolateral prefrontal cortex has been associated with tinnitus-related distress (Vanneste et al., 2010b). It is known that the dorsal lateral prefrontal cortex has a bilateral facilitatory effect on auditory memory storage (Alain et al., 1998) and contains auditory memory cells (Bodner et al., 1996). The dorsal lateral prefrontal cortex also exerts early inhibitory modulation of input to primary auditory cortex in humans (Knight et al., 1989) and has been found to be associated with auditory attention (Alain et al., 1998; Lewis et al., 2000; Voisin et al., 2006) resulting in top-down modulation of auditory processing (Mitchell et al., 2005). This was further confirmed by electrophysiological data indicating that tinnitus might occur as the result of a dysfunction in the top-down inhibitory processes (Norena et al., 1999). Interestingly, a recent study reported that coupling between dorsal anterior cingulate cortex and the right frontal lobe correlates negatively with tinnitus intrusiveness, which is defined by the authors as how bothersome and obtrusive the tinnitus is perceived (Schlee et al., 2008). However, in the above mentioned study it is not specified which part of the anterior cingulate cortex and prefrontal cortex is involved. Additionally, Jastreboff described the prefrontal cortex as a “candidate for the integration of sensory and emotional aspects of tinnitus” (Jastreboff, 1990). This is in accordance with the idea that the dorsal lateral prefrontal cortex in general could be considered as an area involved in the integration of emotion and cognition (Gray et al., 2002). Nevertheless, further research is needed to clarify the role of the dorsolateral prefrontal cortex in tinnitus.

INSULA

It was shown that the tinnitus questionnaire (TQ) scores are correlated to heart rate rariability markers, and related to neural activity in left and right anterior insula (van der Loo et al., 2011). It was shown that tinnitus distress is related to sympathetic activation, in part mediated via the right anterior insula. In addition the insula is activated in non-coping tinnitus at the alpha frequency band. The left insula is correlated with the TQ at theta, alpha, and gamma frequency band, while the right insula is correlated with delta and gamma frequency band.

The function of the dorsal anterior cingulate cortex and insula might be to integrate motivationally important information with appropriate bodily responses (Critchley et al., 2001) related to the survival needs of the body (Craig, 2003). In addition the insula together with the dorsal anterior cingulate cortex have also been referred to as the salience network (Seeley et al., 2007). This network has been implicated in bottom-up detection of salient events and coordinating appropriate responses (Medford and Critchley, 2010; Menon and Uddin, 2010). Activity in this network is correlated with improved sound detection thresholds, showing a role in the direction of attentional resources toward audition (Sadaghiani et al., 2009). The activation of the salience network suggests that the brain allocates an importance to auditory stimulus and might as such also signify importance to the internally generated tinnitus sound. Activation of the insula and dorsal anterior cingulate cortex during a phantom percept might be considered maladaptive. Imaging studies on the insula associated this area with subjective emotional and bodily awareness (Craig, 2003), as well as interoception (Craig, 2003). The anterior insula has been implicated in autonomic nervous system control (Oppenheimer et al., 1992; Oppenheimer, 1993; Critchley et al., 2004; Critchley, 2005) and might, therefore, be related to the autonomic components involved in distress (Critchley et al., 2000; Wang et al., 2005), induced by the phantom sound. Tinnitus distress is indeed correlated to sympathetic activation, in part mediated via the right anterior insula (van der Loo et al., 2011). Furthermore alpha activity in both the left and right anterior insula was also found for patients with severe tinnitus-related distress who can or cannot cope with these phantom sounds (Vanneste et al., 2010b). Although, the insula seems like an important brain area involved in tinnitus, further research is needed to elucidate what the exact role is of the insula in tinnitus.

THE SUPPLEMENTARY MOTOR AREA

For a sensory stimulus to be consciously perceived, activation of the early sensory areas is a prerequisite but not sufficient (Boly et al., 2005; Dehaene et al., 2006). The (visual) global workspace model suggests conscious perception of sensory events requires sensory cortex activation embedded in a cortical network, the global workspace, extending beyond the primary sensory regions including prefrontal, parietal, and cingulate cortices. Similarly, auditory stimuli need activation of the primary auditory cortex to be consciously perceived. However, this is not sufficient (Laureys et al., 2000; Boly et al., 2005). Studies performed on patients in vegetative state who do not have conscious auditory percepts reveal that auditory stimuli still activate the primary auditory cortex but that there is no functional connectivity to frontal areas in these patients. Primary auditory cortex activation might be only related to loudness coding (Jancke et al., 1998) and not the percept per se, similarly to what has been demonstrated at a single-cell level for somatosensory stimuli in the primary somatosensory cortex: stimulus intensity is encoded in the primary somatosensory cortex, while the conscious percept seems to be located in the frontal cortex, more precisely within the supplementary motor area (de Lafuente and Romo, 2005). In addition, Melloni et al., found that theta oscillations in the frontal regions including the supplementary motor area are essential for conscious perception during maintenance interval of visual stimuli (Melloni et al., 2007). Taking these findings together, it can be hypothesized that synchronized gamma activity in the auditory cortex is responsible for the tinnitus loudness (van der Loo et al., 2009), while synchronized theta activity in the supplementary motor area might be accountable for part of the conscious perception of the phantom sound, similar to the conscious perception for somatosensory stimuli.

THE ORBITOFRONTAL CORTEX (INCLUDING THE INFERIOR FRONTAL GYRUS)

Previous research has already shown that orbitofrontal cortex is important for emotional processing of sounds (Wheeler et al., 1993; Damasio, 1996; Dias et al., 1996; Blood et al., 1999). For example, it was revealed that patients with orbitofrontal cortex lesions had reduced self-evaluated perception of the unpleasantness of the acoustic probe stimulus (Angrilli et al., 2008). The orbitofrontal cortex has connections with other limbic areas important for processing of emotion (Beauregard, 2007). Female tinnitus patients have been found to be more emotionally responsive to tinnitus-related distress (Dineen et al., 1997). They also differ in physiological responses to negative emotional stimuli in comparison to males (Bradley et al., 2001; Gard and Kring, 2007). Koch et al. found that an interaction between negative emotion and working memory in females involved activation of the orbitofrontal cortex, suggesting that during the cognitive control of emotion, females mainly recruit the emotion-associated areas (Koch et al., 2007).

The orbitofrontal cortex together with the insula plays a key role in the top-down modulation of automatic or peripheral physiological responses to emotional experiences (Craig, 2003; Phillips et al., 2003; Critchley et al., 2004; Ohira et al., 2006). More synchronized connectivity between the orbitofrontal cortex and the insula is seen in tinnitus for females. It can, therefore, be hypothesized that the orbitofrontal cortex becomes recruited more often for female tinnitus patients in order to modulate the autonomic physiological responses evoked by tinnitus.

THE POSTERIOR CINGULATE CORTEX AND PRECUNEUS

qEEG data indicate that the posterior cingulate cortex is important in both pure tone and narrow band noise tinnitus (Vanneste et al., 2010a) as well as tinnitus-related distress (Vanneste et al., 2011c). In addition, the precuneus is active within the alpha frequency in patients who can cope with their tinnitus and have a low distress (Vanneste et al., 2011c). Together with the parahippocampal area, activation in the posterior cingulate cortex and precuneus has been associated with the brain's “default” network (Raichle et al., 2001). These regions deactivate when people engage in controlled processing and thought processes. According to this account, default activity is an inverse function of the task demand, where higher demands reduce activity in the default network because mental resources are used to perform a task (Gusnard et al., 2001; McKiernan et al., 2006). As the parahippocampal area as well as the posterior cingulate cortex and precuneus become more active, instead of becoming deactivated during the tinnitus perception, one can hypothesize the tinnitus generators might become integrated in the default mode in tinnitus patients. In addition, the precuneus area is a highly integrative structure, supposed to be involved in visuo-spatial imagery, episodic memory, self-consciousness, and the shifting of attention (Le et al., 1998). The precuneus is also involved in unpleasant music perception (Blood et al., 1999), auditory imagery (Yoo et al., 2001), and auditory memory retrieval (Buckner et al., 1996).

MULTIPLE PARALLEL DYNAMICALLY CHANGING AND PARTIALLY OVERLAPPING SUBNETWORKS

Taking the results in previous sections together the same brain areas occur in the different analyses for tinnitus that are related to different acoustic characteristics such as the tonal nature, lateralization, loudness level, tinnitus duration as well as for the affective components such as distress and mood changes. As such, tinnitus can be seen as the consequence of multiple brain subnetworks involved in the different aspects of tinnitus, both acoustic and affective. Thus, the unified percept of tinnitus, as perceived by the patient, e.g., a loud distressing left-sided pure tone tinnitus, might be considered as an emergent property of multiple parallel dynamically changing and partially overlapping subnetworks, each with a specific spontaneous oscillatory pattern signature. This interpretation casts doubts concerning the sole participation of only one critical circuit in phantom perception. Phantom percepts result from auditory deafferentation and reach awareness only when increased neuronal activity in the primary auditory cortex is connected to a larger network involving frontal and parietal areas (De Ridder et al., 2011a). It is possible that different brain subnetworks overlap and might all be involved in how a patient perceives his/her tinnitus.

CONCLUSION

Source localization of qEEG data demonstrate the involvement of auditory brain areas as well as several non-auditory brain areas such as the anterior cingulate cortex (dorsal and subgenual), auditory cortex (primary and secondary), dorsal lateral prefrontal cortex, insula, supplementary motor area, orbitofrontal cortex (including the inferior frontal gyrus), parahippocampus, posterior cingulate cortex and the precuneus, in different aspects of tinnitus. However, few conceptual explanations have been given for all these regions. Evaluating these areas as parts of separable subnetworks, each network representing a specific clinical aspect of tinnitus might help to explain their involvement in tinnitus. Thus, the unified percept of tinnitus can be considered an emergent property of multiple parallel dynamically changing and partially overlapping subnetworks, each with a specific spontaneous oscillatory pattern and functional connectivity signature.
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An inherent limitation of functional imaging studies is their correlational approach. More information about critical contributions of specific brain regions can be gained by focal transient perturbation of neural activity in specific regions with non-invasive focal brain stimulation methods. Functional imaging studies have revealed that tinnitus is related to alterations in neuronal activity of central auditory pathways. Modulation of neuronal activity in auditory cortical areas by repetitive transcranial magnetic stimulation (rTMS) can reduce tinnitus loudness and, if applied repeatedly, exerts therapeutic effects, confirming the relevance of auditory cortex activation for tinnitus generation and persistence. Measurements of oscillatory brain activity before and after rTMS demonstrate that the same stimulation protocol has different effects on brain activity in different patients, presumably related to interindividual differences in baseline activity in the clinically heterogeneous study cohort. In addition to alterations in auditory pathways, imaging techniques also indicate the involvement of non-auditory brain areas, such as the fronto-parietal “awareness” network and the non-tinnitus-specific distress network consisting of the anterior cingulate cortex, anterior insula, and amygdale. Involvement of the hippocampus and the parahippocampal region putatively reflects the relevance of memory mechanisms in the persistence of the phantom percept and the associated distress. Preliminary studies targeting the dorsolateral prefrontal cortex, the dorsal anterior cingulate cortex, and the parietal cortex with rTMS and with transcranial direct current stimulation confirm the relevance of the mentioned non-auditory networks. Available data indicate the important value added by brain stimulation as a complementary approach to neuroimaging for identifying the neuronal correlates of the various clinical aspects of tinnitus.
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INTRODUCTION

Tinnitus is a common and distressing symptom that is characterized by the perceived sensation of sound in the absence of an external stimulus, most commonly known as the perception of “ringing in the ears”). Moreover it has been generally recognized that tinnitus is clinically heterogeneous, with respect to its etiology, its perceptual characteristics and its accompanying symptoms. Neuroimaging studies have increasingly contributed to a better understanding of the neuronal correlates of the different forms of tinnitus. In detail they demonstrated involvement of both auditory pathways and non-auditory brain areas, such as dorsolateral prefrontal cortex, orbitofrontal cortex, anterior cingulate, subgenual cingulate, posterior cingulate, parietal cortex, amygdala, hippocampus, parahippocampus, and cerebellum (for review see Lanting et al., 2009). In a recent working model these areas were suggested to be implicated in attentional, emotional, cognitive, and memory aspects related to tinnitus (De Ridder et al., 2011a). However an inherent limitation of functional imaging studies is its correlational approach. In other words, functional imaging can only reveal alterations of neuronal activity that are related to tinnitus, but cannot distinguish, which alterations are of causal relevance and which may just represent epiphenomena. More information about critical contributions of specific brain regions can be gained by transient perturbation of neural activity in these regions. This can be done by investigating the behavioral effects of focal brain stimulation methods. Brain stimulation techniques can be non-invasive, e.g., transcranial magnetic stimulation (TMS) or transcranial direct current stimulation (tDCS) or invasive, e.g., epidural or deep brain electrical stimulation.

Notably the still incomplete understanding of the mechanisms by which brain stimulation methods exert their behavioral effects limits their informative value for mapping brain function (Borchers et al., 2011). TMS for example represents a multimodal stimulation approach involving stimulation of somatosensory afferents and auditory stimulation in addition to cortical stimulation, all of which may be relevant for the observed behavioral effect (Schecklmann et al., 2011b; Vanneste et al., 2011b; Zunhammer et al., 2011). However, with these limitations in mind brain stimulation techniques still represent useful tools for complementing neuroimaging techniques in the study of brain function by testing hypotheses of causal relationships between the behavioral effects and imaging results. In detail, performing neuroimaging before and after brain stimulation can directly reveal, which changes of brain activity are related to subjective perceptual changes. Here we will review how neuroimaging and brain stimulation studies have complemented each other in the identification of neuronal correlates of tinnitus.

BRAIN STIMULATION TECHNIQUES

TRANSCRANIAL MAGNETIC STIMULATION

Transcranial magnetic stimulation is an experimental tool for stimulating neuronal cell assemblies via brief magnetic pulses delivered by a coil placed on the scalp (Barker et al., 1985). A short lasting, high intensity current pulse through an insulated stimulating coil induces a magnetic field perpendicular to the coil which penetrates the scalp with little attenuation inducing an electrical current in the brain area under the coil, which in turn induces depolarization of nerve cells. Magnetic coils with a variety of shapes are available. Figure-eight-shaped coils are preferentially used, since they produce a more focal magnetic field than round coils. Their maximal current is delivered at the intersection of the two round components (Hallett, 2000). Due to the strong decline of the magnetic field with increasing distance from the coil, the direct stimulation is limited to superficial cortical areas. However, stimulation effects propagate transsynaptically to functionally connected remote areas and thus modulate brain network activity (Siebner et al., 2003; May et al., 2007). More recently newer coils have been developed that might be able to penetrate deeper into the brain, such as the H-coil (Rosenberg et al., 2011) or double cone coil (Hayward et al., 2007).

Whereas single magnetic pulses do not seem to have longer lasting effects on the brain, the application of multiple pulses, called repetitive TMS (rTMS), can induce changes in neuronal excitability that outlast the duration of the stimulation (Hallett, 2000). These effects resemble those seen in animal experiments where repeated electrical stimulation has been shown to produce changes in the effectiveness of synapses in the same circuits (Hoffman and Cavus, 2002). These changes include the phenomena of long term potentiation (LTP) and long term depression (LTD), which have been shown to be important for learning and memory processes (Wang et al., 1996). rTMS can also be used to transiently disturb ongoing neural activity in the stimulated cortical area, thus creating a transient functional lesion. Such an approach can help to identify whether a given brain area is critically involved in a specific behavioral task. However in the interpretation of the effects it has to be considered that effects of rTMS are not limited to the directly stimulated brain regions, but can also induce changes in remote functionally connected brain areas. Moreover it has to be taken into consideration that rTMS always represents a multimodal stimulation approach involving not only cortical stimulation, but also the stimulation of somatosensory afferents (Vanneste et al., 2011b; Zunhammer et al., 2011) by the stimulation of scalp neurons and auditory stimulation (Schecklmann et al., 2011b) by its acoustic artifact, all of which may be relevant for the observed behavioral effect.

TRANSCRANIAL DIRECT CURRENT STIMULATION

Transcranial Direct Current stimulation is another non-invasive procedure for cortical stimulation. For tDCS a relatively weak constant direct current (between 0.5 and 2 mA) is transiently applied via scalp electrodes. The current flows from the anode to the cathode (George and ston-Jones, 2010), and about 50% of the current is shunted through the skin and subcutaneous tissues, whereas 50% goes through the brain (Dymond et al., 1975). Depending on the polarity of the stimulation, tDCS can increase or decrease cortical excitability in the brain regions under the electrode (Nitsche and Paulus, 2000). Anodal tDCS typically has an excitatory effect on the local cerebral cortex by depolarizing neurons, while the opposite is the case under the cathode, where hyperpolarization occurs. This effect of tDCS typically outlasts the stimulation by an hour or longer after a single treatment session of about 20–30 min (Nitsche and Paulus, 2000, 2001)

EPIDURAL STIMULATION

Epidural stimulation via implanted electrodes is an invasive neuromodulation technique used to permanently modulate activity of the cerebral cortex, which is in contrast to non-invasive techniques that usually yield a transient modulation. Electrodes can be placed anywhere on the cortex, e.g., motor cortex (Nguyen et al., 1997), somatosensory cortex (De Ridder et al., 2007b), auditory cortex (De Ridder et al., 2007a), or dorsolateral prefrontal cortex (De Ridder et al., 2011d). The target is usually retrieved by functional imaging such as fMRI (De Ridder et al., 2004) or PET scan, but can also be done using a combination of intraoperative electrophysiological measures (ERP; Pirotte et al., 2005) and functional imaging data (MRI; Pirotte et al., 2008). Attempts have been made to use non-invasive TMS prognostically showing moderate (De Ridder et al., 2011c) to good results (Lefaucheur et al., 2011).

DEEP BRAIN STIMULATION

Deep brain stimulation (DBS) uses the same technique as epidural stimulation to modulate electrical activity in the deeper brain structures. It has been shown that DBS alters neurotransmitter release and electrical activity locally, and also exerts a certain network effect (Kringelbach et al., 2007). For localization purposes Cartesian coordinates derived from brain atlases are used to integrate in stereotactic frames. This permits to accurately positioning a wire electrode in the elected neurostimulation target. Recordings from the inserted electrode can be performed for confirming the localization of the electrode at the intended target.

THE INVOLVEMENT OF CENTRAL AUDITORY PATHWAYS IN TINNITUS

Traditionally, tinnitus was considered to be a disorder that was primarily confined to the ear. However, the observation that tinnitus persists in general after transsection of the auditory nerve clearly indicates its central nervous system origin (House and Brackmann, 1981). Both animal models of tinnitus and neuroimaging research in patients suffering from tinnitus have provided important insight into the neuronal mechanisms involved in the pathophysiology of tinnitus. Based on animal studies, three mechanisms have been proposed to underlie tinnitus: (1) changes in the firing rates of spontaneous neural activity in the central auditory system, (2) changes in the temporal pattern of neural activity (synchrony), and (3) reorganization of tonotopic maps (Eggermont and Roberts, 2004).

The first functional neuroimaging studies of tinnitus have been focused on the auditory system either by analyzing steady-state neural activity in the auditory cortex (Arnold et al., 1996) or by investigating sound-evoked responses (Lockwood et al., 1998; Melcher et al., 2000). All studies with [15O]-H2O PET have consistently provided evidence for tinnitus-related elevated blood flow in auditory structures. Measurements of regional glucose uptake (FDG-PET), which is a marker for steady-state neuronal activity, found an asymmetric activation of the auditory cortex with an increase predominantly on the left side and independent of tinnitus perceived laterality (Arnold et al., 1996; Langguth et al., 2006a). In several (Melcher et al., 2000; Smits et al., 2007; Lanting et al., 2008) but not all (Melcher et al., 2009) studies investigating individuals with unilateral tinnitus, altered activation patterns were observed in the auditory pathway contralateral to where the tinnitus was perceived.

Alterations of neuronal activity in central auditory pathways have also been investigated by electroencephalography (EEG) and magnetoencephalography (MEG). In people with chronic tinnitus MEG (Llinas et al., 1999; Weisz et al., 2005b, 2007) and EEG (van der Loo et al., 2009; Moazami-Goudarzi et al., 2010) resting state measurements revealed relatively consistent a reduction of alpha activity (8–12 Hz), and an increase in both slow wave activity (delta and theta 1–6 Hz) and gamma activity (>30 Hz) in the temporal cortex.

Alterations of neuronal activity in auditory pathways of tinnitus patients have also been documented by using auditory evoked potentials, where both increases (Santos and Matas, 2010) and decreases (Attias et al., 1993, 1996) of amplitudes have been found. The increases were observed in patients without hearing loss (i.e., <25 dB; Santos and Matas, 2010), whereas the decreases in patients with hearing loss (Attias et al., 1993). Significantly increased N1–P2 amplitudes were found at higher stimulus intensities for the tinnitus ear in comparison to the non-tinnitus ear in patients with unilateral tinnitus (Norena et al., 1999).

It is assumed that the observed alterations of neural activity in the auditory pathways arise as a consequence of altered sensory input, namely auditory deprivation in most cases (Norena et al., 2002; Norena and Eggermont, 2005), but can also be due to altered somatosensory input (Roberts et al., 2010). Several lines of evidence indicate that the mentioned adaptive processes are mainly driven by mechanisms of homeostatic plasticity which alter the balance between excitatory and inhibitory function of the auditory system at several levels in order to compensate for the reduced input (Schaette and Kempter, 2006; Norena, 2011; Schaette and McAlpine, 2011; Yang et al., 2011).

Even if neuroimaging findings largely contributed to a more detailed understanding of tinnitus, important knowledge gaps still remain. Thus it is not clear to which extent the observed findings are really related to tinnitus (“state”) or whether they reflect a predisposition for developing tinnitus (“trait”).

Moreover, the alterations of neuronal structure and function in tinnitus patients may represent the neuronal correlates of tinnitus, but they may also represent compensatory mechanisms for auditory deprivation and be unrelated to tinnitus or even beneficial for attenuating tinnitus. Answering these questions is challenging due to (1) the lack of longitudinal studies in humans with neuroimaging measurements before and after tinnitus onset, (2) the limited reliability of behavioral assessment of tinnitus in animals, and (3) the limited sensitivity for assessing auditory dysfunction in humans. Many cross-sectional imaging studies which compared tinnitus patients and controls, did not control for hearing loss. Thus it remains unclear whether the observed changes are related to tinnitus or to hearing loss. But even when the studies controlled for hearing loss, this was done based on the audiogram which provides only limited information about the integrity of the cochlea (Schaette and McAlpine, 2011).

Thus, the modulation of neuronal activity in the auditory pathways of tinnitus patients by means of focal brain stimulation represents an elegant way to further address the question whether alterations in the auditory pathway depict a trait or a state factor

MODULATION OF AUDITORY CORTEX ACTIVITY

Transcranial Magnetic Stimulation

As mentioned before, tinnitus is related to altered activity of central auditory areas. If the perception of tinnitus can be influenced by rTMS over auditory cortical areas and given that rTMS reliably changes auditory cortex activity, this would provide support for a causal relationship between abnormal neural activity in these areas and tinnitus perception. Many studies have investigated the effects of both single sessions and repeated sessions of rTMS over temporal or temporoparietal brain areas.

Single sessions of rTMS for transient tinnitus suppression. Within the last years 11 studies involving over 300 patients have been published, in which single sessions of rTMS over temporal or temporoparietal areas have been applied (see Table 1). These studies differed with respect to the applied stimulation protocols, the exact stimulation areas, the method for coil localization, the chosen control condition, and the used assessment instruments. Nevertheless almost all studies reported a transient tinnitus reduction in a subgroup of tinnitus patients (for detailed results see Table 1). This indicates the relevance of the stimulated area for tinnitus perception in those patients. Only few studies have compared different stimulation protocols.

Table 1. Effects of single sessions of rTMS over auditory brain areas.
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In one study different brain areas were stimulated with high-frequency rTMS (10 Hz). Best tinnitus suppression was found for stimulation of the left temporoparietal cortex resulting in a transient reduction of tinnitus in 57% of the participants (Plewnia et al., 2003).

In one study rTMS at frequencies between 1 and 20 Hz was applied over the auditory cortex contralateral to the site of tinnitus perception. The best transient tinnitus suppression was achieved by using higher stimulation frequencies for tinnitus of recent onset and lower frequencies for tinnitus of longer duration. Patients who had their tinnitus for a shorter duration experienced the best results (De Ridder et al., 2005). One study (Londero et al., 2006) demonstrated reliable tinnitus suppression in only 1 out of 13 subjects after a single session of 10 Hz rTMS, whereas 5 out of 8 reported tinnitus suppression after 1 Hz rTMS. Dose-dependent effects were observed in one study, where single sessions of low-frequency (1 Hz) rTMS were applied to areas of altered blood flow during lidocaine injection (Plewnia et al., 2007a). With longer lasting stimulation sessions a longer lasting tinnitus reduction was observed.

Repetitive TMS can be applied in tonic and burst mode. Bursts of three stimuli at a frequency of 50 Hz (interval of 20 ms between each stimulus), applied every 200 ms (5 Hz, Theta burst) have been shown to induce more pronounced and longer lasting effects on the human motor cortex than tonic stimulation (Huang et al., 2005). Single sessions of continuous theta burst stimulation (three pulses at 50 Hz, repeated at 200 ms intervals for up to 600 pulses for 40 s) over the temporal cortex in tinnitus patients did only result in short lasting reduction of tinnitus loudness, comparable to effects achieved with single sessions of tonic stimulation, whereas other theta burst protocols had no effect at all (Poreisz et al., 2009; Lorenz et al., 2010). In two other studies single sessions of burst stimulation were compared with tonic stimulation (De Ridder et al., 2007c,d). Burst stimulation had similar effects as tonic stimulation in patients with pure tone tinnitus but was superior in patients with noise-like tinnitus. It was hypothesized that pure tone tinnitus may be due to increased neuronal activity in the classical (lemniscal) tonotopically organized auditory pathways, which mainly fire tonically, whereas noise-like tinnitus may be the result of increased activity in the non-classical (extralemniscal) non- (or less) tonotopically organized auditory pathways, characterized by burst firing (Hu et al., 1994; De Ridder et al., 2010).

Even if single studies indicate some relationship between specific tinnitus characteristics, stimulation parameters, and behavioral effects, available data are by far not sufficient to draw firm conclusions about such relationships. An unspecific effect by the acoustic artifact can be largely excluded since practically all studies controlled for this confounding factor, e.g., by using a sham coil that produces the same sound like the real coil. In contrast the involvement of peripheral stimulation of somatosensory afferents cannot be entirely excluded. Comparison of rTMS effects and effects of transcutaneous electrical stimulation (TENS) at the neck in the same patient group demonstrate a relationship between response to these two interventions which might serve as a hint for either the involvement of unspecific effects or for the involvement of peripheral somatosensory nerve structures in the mediation of the rTMS effect. However, these peripheral or unspecific effects do not explain the entire rTMS effect (Vanneste et al., 2011b).

In summary the available data provide evidence that interference with temporal or temporoparietal cortex by single sessions of rTMS have a transient effect on the tinnitus percept in about half of the stimulated patients.

Repeated sessions of rTMS. In 21 studies with a total of over 600 participants the effects of repeated sessions of rTMS over temporal or temporoparietal areas have been investigated (Table 2). Among these studies 10 randomized placebo-controlled trials with 234 participants are counted. Most rTMS treatment studies applied low-frequency rTMS in long trains of 1200–2000 pulses repeatedly over 5–10 days. Repeated sessions of rTMS were first investigated in a placebo-controlled cross-over study with 14 participants. The site of maximum activation in the auditory cortex was determined by [18F]deoxyglucose (FDG) PET and a neuronavigational system was used for exact placement of the TMS coil over this area (Kleinjung et al., 2005). After active treatment the participants experienced a significant decrease in their tinnitus reflected by the score of the tinnitus questionnaire, whereas sham treatment showed no effect. Treatment effects were still detectable 6 months after treatment. Another study concerned the effects of 2 weeks of rTMS applied over the cortical area where lidocaine-induced activity change was largest as determined by [15O]H2O PET (Plewnia et al., 2007b). This approach also resulted in moderate but significant effects after active stimulation. Placing the coil over the left temporal area according to the 10–20 EEG coordinate systems (Langguth et al., 2006b) also resulted in a significant reduction of tinnitus severity after 10 sessions of 1 Hz rTMS. Beneficial effects of low-frequency rTMS have been confirmed by many (Rossi et al., 2007; Smith et al., 2007; Khedr et al., 2008, 2010; Anders et al., 2010; Marcondes et al., 2010; Chung et al., 2011; Mennemeier et al., 2011) but not by all controlled studies (Piccirillo et al., 2011). Unspecific effects can largely be excluded since all mentioned studies controlled for the acoustic artifact by using a sham condition and in two recent studies the control condition even involved additional electrical superficial nerve stimulation (Rossi et al., 2007; Mennemeier et al., 2011). The degree of improvement and the duration of treatment effects varied across the studies. This may be due to differences in study design, outcome variables, stimulation parameters, selection criteria of the participants, and the stimulation target. In this context it should be mentioned that the exact cortical region in which temporal rTMS exerts clinical effects in tinnitus patients is still a matter of debate (Langguth et al., 2010). It has been argued that the primary auditory cortex is difficult to reach by TMS since it is located far from the brain surface in the Sylvian fissure in lateromedial direction. Furthermore, following the tonotopic organization of the primary auditory cortex the representation of low frequencies is located more lateral whereas the representation of high frequencies resides more medial. Thus one would expect better outcomes in patients with low-frequent tinnitus since the related abnormalities in the auditory cortex are expected to be more lateral and should therefore be better reached by rTMS. However such a relationship could not be demonstrated (Frank et al., 2010). It has been proposed that rTMS might exert direct effects on the superficial secondary auditory cortex which then further propagate to the primary auditory cortex, analogously to what has been described for electrical stimulation of the secondary auditory cortex in tinnitus (De Ridder et al., 2004).

Table 2. Effects of repeated sessions of rTMS in tinnitus patients.
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In summary most studies investigating rTMS over temporal or temporoparietal cortical areas found a statistically significant reduction of tinnitus complaints. However, the available data do not provide a hint for superiority of specific stimulation paradigms or stimulation targets. Since most studies assessed treatment effects only by questionnaires which do not differentiate between changes in tinnitus loudness and tinnitus annoyance it is also not clear whether rTMS reduces primarily tinnitus loudness, tinnitus annoyance, or both.

Neuronal correlates of rTMS effects on tinnitus. The above mentioned studies which assessed the behavioral effect of rTMS over auditory brain areas on tinnitus perception could demonstrate that interfering with neuronal activity in these areas results in a reduction in tinnitus perception. However, they do not provide information about which neuronal changes are related to these perceptual changes. Such information can be obtained by performing neuroimaging studies before and after brain stimulation. The observed changes of neuronal activity can be related to the behavioral changes and differentiate (1) between state and trait related changes and (2) between neuronal alterations in tinnitus patients that are really causally relevant for tinnitus, unrelated to tinnitus, or even represent a beneficial compensatory mechanism.

Moreover the identification of neuronal mechanisms of rTMS induced tinnitus reduction is essential for developing optimization strategies for rTMS treatment (Kleinjung and Langguth, 2009). Unfortunately the number of studies investigating neuronal correlates of rTMS treatment is still relatively limited.

In one study voxel based morphometry and auditory evoked potentials were used to investigate the effects of TMS over the auditory cortex in healthy controls. An increase in the N2–P2 amplitude was found after active rTMS and transient structural alterations in the temporal cortex and in the thalamus (May et al., 2007). No comparison with behavioral effects can be made, since the study was performed in healthy controls, in which no behavioral changes were observed. Nevertheless the results indicate that structural changes are not automatically a trait marker, but could also serve as a state marker, since they can be induced by 1 week of rTMS. The observed changes in the thalamus and the stimulated cortical area were interpreted as a hint for an influence of rTMS on thalamocortical processing. This interpretation has been further supported by electrophysiologic studies both in healthy controls (Eichhammer et al., 2007) and in tinnitus patients (Langguth et al., 2008) before and after stimulation. By investigating motor cortex excitability it has been shown that the cortical silent period, a marker for inhibitory thalamic function, increased after stimulation (Eichhammer et al., 2007) and that this increase was related to improvement of tinnitus (Langguth et al., 2008).

One study used single photon emission computed tomography (SPECT) for exploring neuronal changes induced by five sessions of left temporoparietal low-frequency (1 Hz) rTMS (Marcondes et al., 2010). Comparison of SPECT data before and 2 weeks after active rTMS revealed no change in the directly stimulated area, but reduction of neuronal activity in both the left and the right temporal lobe and increased activity in the right uncus and the right cingulate gyrus. In contrast, sham rTMS resulted in increased activity in the left temporal lobe, the cingulated gyrus bilaterally, and in the right insula.

In a recent study FDG-PET scans were performed before and after five sessions of active and sham rTMS (Mennemeier et al., 2011). The site most consistently associated with a positive response was the secondary auditory cortex either hemisphere. Whereas PET activity decreased significantly beneath the stimulating coil following active treatment, similar changes occurred at control sites and after sham stimulation. Moreover no relationship between the treatment related change of metabolic activation of the auditory cortex and clinical effects could be detected, indicating that FDG-PET does not represent a sensitive method for identifying the neuronal correlates of rTMS induced tinnitus reduction and probably also not useful for defining the stimulation target (Mennemeier et al., 2011).

Another recent study used MEG to record auditory evoked potentials of three different tones before and after five different stimulation protocols in patients with tinnitus (1 Hz, stimulation at the individual alpha frequency, continuous theta burst, intermittent theta burst, sham; Lorenz et al., 2010). An important finding was that the effect of the different protocols varied from patient to patient. On average, the 1-Hz protocol revealed the most pronounced tinnitus reduction, but in individual patients other protocols turned out to be more efficient. The most consistent electrophysiological finding was a significant reduction of the auditory steady-state response (aSSR) after rTMS, indicating significant changes of neuronal activity in the directly stimulated auditory cortex ipsilateral to the coil placement. The reduction of the aSSR also correlated significantly with the perceived reduction of tinnitus loudness. Interestingly a similar relationship has been observed in a study where tinnitus reduction was achieved by a specific auditory stimulation (Okamoto et al., 2010). Importantly, the reduction of the aSSR was not related to the TMS intervention, but to the reduction of tinnitus induced by TMS.

The rTMS effect on the N1 depended on the frequency of the tone for which the auditory evoked response was assessed with inverse effects for low and high-frequency tones. Different explanations may account for this frequency-specific effect. First the cortical representations of the tested high-, middle-, and low-frequency tones have different localizations in the auditory cortex and may as such be reached by TMS differently. A second explanation may relate to the dependency of rTMS effects on the activity of the stimulated cortical area. Animal models of tinnitus have demonstrated differential effects of noise trauma induced tinnitus on auditory cortex excitability. Excitability in the deafferentiated area is characterized by reduced inhibitory function, whereas the normal hearing region exhibits increased inhibitory and excitatory transmission (Yang et al., 2011). Thus the differential effects of rTMS on the N1 of the different tones may reflect differential TMS effects due to differences in the excitability state of different areas in the auditory cortex of tinnitus patients.

Resting state measurements before and after the different rTMS protocols revealed a correlation between tinnitus reduction and reduction of gamma activity and increase in alpha activity (Müller et al., submitted). Similar like for the aSSR measurements these effects were only observed when rTMS resulted in a reduction of tinnitus loudness.

Thus in summary there are only few studies that assessed TMS effects over the auditory cortex on both behavioral and neuronal level. Available data suggest, that rTMS modulates thalamocortical activity and that the neuronal effects are rather related to the behavioral effects of rTMS than to the rTMS protocol itself. Thus the same rTMS protocol can have different effects on the neuronal activity of a stimulated patient. However if rTMS is able to induce specific effects on neuronal activity, this is accompanied by a reduction in tinnitus loudness.

Transcranial Direct Current Stimulation

Based on findings of increased neuronal activity in the auditory cortex of tinnitus patients tDCS over the left temporoparietal cortex has been investigated by two studies involving relatively small sample sizes (N = 7, Fregni et al., 2004 and N = 20, Garin et al., 2011). In both studies single sessions of anodal tDCS applied over the left temporoparietal area and with the cathode placed contralateral over the supraorbital area resulted in a transient reduction of tinnitus, whereas no effect was found from a single session of cathodal tDCS applied over the left temporoparietal area. These findings are remarkable since anodal tDCS is assumed to increase cortical excitability. In some patients these effects lasted for several days (Garin et al., 2011). No studies with repeated applications of tDCS over auditory brain areas have been performed and there are also no data available that provide information about neuronal effects of temporal tDCS in tinnitus patients.

Stimulation of the auditory cortex with implanted electrodes

Neuronal activity in the auditory cortex can be also modified by direct electrical stimulation via implanted electrodes. In contrast to rTMS which can only be applied for a limited amount of time electrical stimulation via implanted electrodes can be performed permanently.

Clinical effects of stimulation of the auditory cortex with implanted electrodes. The largest sample derives from the TRI Tinnitus Clinic in Antwerp, Belgium, where 43 patients with severe treatment resistant tinnitus were implanted with a cortical electrode overlying the secondary auditory cortex (De Ridder et al., 2011c). Patients were only eligible to implantation when TMS over the auditory cortex resulted in a placebo-controlled suppression of the tinnitus on two separate occasions. Although all patients reacted to TMS, one out of three patients did not respond to the cortical stimulation after implantation. Among the responders to cortical stimulation there was an average decrease in the perceived tinnitus loudness of 51.3%. There was a significant but weak positive correlation (r = 0.34, p < 0.05) between the amount of the suppression effect from the preceding test TMS and cortical stimulation after implantation (De Ridder et al., 2011c).

With respect to epidural stimulation protocols, it has been observed that burst stimulation (five stimuli of 1 ms pulse width, 1 ms interpulse interval delivered at 500 Hz, 40 times a second) is more efficient than tonic stimulation. With tonic stimulation only one in three patients responded to stimulation. With burst stimulation half of the non-responding patients did benefit, resulting in a total response rate of two out of three patients. Burst stimulation was specifically superior to tonic stimulation for suppressing noise-like tinnitus (De Ridder et al., 2011c). Furthermore, treatment effects depended on tinnitus type. Pure tone tinnitus can be suppressed better than narrow band noise or the combination of pure tone and narrow band noise, and unilateral tinnitus better than bilateral tinnitus. This approach has been replicated by other centers. A French study obtained long-lasting 65% tinnitus reduction in a woman using a fMRI based extradural auditory cortex implant (Litre et al., 2009, 2010). Another study of eight patients using a similar technique but different hardware found no permanent tinnitus suppression (Friedland et al., 2007). In six out of the eight patients, temporary effects on tinnitus perception were observed. However, tinnitus distress decreased slowly over time, even without suppression of tinnitus intensity. This may be related to the fact that an electrode with only two contacts was used which limits the way the electrodes can be programmed. The finding of decreased tinnitus distress with unchanged tinnitus intensity could possibly be explained by disruption of phase synchronization between the “general distress network” and the tinnitus-related activity in the auditory cortex (De Ridder et al., 2008). Since the reduction of tinnitus distress in that study (Friedland et al., 2007) occurred slowly during the follow-up period, which was not anymore sham controlled non-specific effects cannot be ruled as well. Intracortical microstimulation in the auditory cortex of animals not only disrupts local ongoing activity but also affects long-range connections in a larger network (Deliano et al., 2009), which is similar to findings in humans using TMS of the auditory cortex (Langguth et al., 2008; May et al., 2007).

In four patients an intradural electrode on the primary auditory cortex was inserted in the Sylvian fissure, stimulating gray matter of the primary auditory cortex (De Ridder et al., 2004, 2006a). In two patients the purpose was to obtain stabilization of tinnitus suppression, because the stimulus parameters had to be reprogrammed every 2–3 days. In both patients the intradural positioning resulted in a stabilized suppression of their tinnitus. However, in the two patients who did not respond at all to epidural stimulation the intradural extracerebral stimulation was not beneficial either.

Also wire electrodes have been inserted in the primary auditory cortex, with comparable results (De Ridder et al., 2007a; Seidman et al., 2008).

Neuronal effects of stimulation of the auditory cortex with implanted electrodes. MEG during electrical stimulation of the auditory cortex revealed that the electrical stimulation increased spectral correlation across low and high gamma band activity and between alpha and beta activity, whereas delta/theta activity decreased, suggesting that auditory cortex stimulation affects thalamocortical dysrhythmia (Ramirez et al., 2009). This has been confirmed by recordings from electrodes overlying the secondary auditory cortex. Maximal tinnitus suppression was obtained by current delivery exactly at the BOLD spot, identified by tinnitus-matched sound presentation during fMRI. Recordings from this electrode revealed increased gamma and theta activity in contrast to the other electrode poles. These spectral changes normalize when stimulation induces tinnitus suppression, both on electrode and source localized EEG recordings (De Ridder et al., 2011b). Furthermore, only at the BOLD area autocorrelations showed theta–gamma coupling. These findings are in line with the hypothesis that changes in the theta- and gamma-frequency band may be causally related to a conscious auditory phantom percept as proposed by the model of thalamocortical dysrhythmia (Llinas et al., 1999; De Ridder et al., 2011b). Thus in summary EEG, MEG, and recordings from the implanted electrode support the notion that electrical stimulation reduces tinnitus perception by interfering with the abnormal thalamocortical dysrhythmia embedded in a larger tinnitus network.

Electrical stimulation of the auditory cortex has also been investigated in animal experiments where it significantly suppressed behavioral evidence of noise induced tinnitus and enhanced hearing detection (Zhang et al., 2011). In contrast auditory cortex stimulation did not induce behavioral changes in animals that did not manifest any behavioral evidence of tinnitus following the same noise exposure. These results have been interpreted in the sense that electrical stimulation of the auditory cortex may involve restoration of abnormal central auditory processing (Zhang et al., 2011).

THE RELEVANCE OF NON-AUDITORY BRAIN AREAS FOR TINNITUS

It is assumed that the activation in the auditory system is necessary but not sufficient for causing an auditory percept. Activation in the auditory system only becomes conscious if it is synchronously connected to larger co-activated “awareness” and “salience” brain networks consisting of the inferior parietal cortex, the dorsolateral prefrontal cortex, the anterior cingulated cortex (ACC), anterior insula, and the posterior cingulate cortex (PCC). Thus analogous to the global workspace model elaborated for the visual system (Dehaene et al., 2006; Baars and Franklin, 2007) and recently extended to the auditory system (Bekinschtein et al., 2009; Pegado et al., 2010), the function of the primary sensory cortices may be mainly to generate an appropriate neural discriminatory representation of the sensory input, but tinnitus only becomes conscious when activity in the auditory cortex becomes functionally connected to a network of higher order brain areas (De Ridder et al., 2011a; see Figure 1). This is in line with the neuroimaging literature that demonstrates involvement of both auditory and non-auditory areas in tinnitus (for an overview see Table 3; Adjamian et al., 2009; Lanting et al., 2009). Tinnitus-related neural networks overlap with brain regions involved in attention (Doesburg et al., 2012) to and processing of normal sounds, and in auditory memory (Schulze et al., 2011), including the primary and secondary auditory cortex, the anterior cingulate, the dorsolateral prefrontal, and the parietal cortex. Tinnitus-related brain activity also overlaps with brain areas activated by aversive sound stimulation (Mirz et al., 2000), those related to the reward and emotional system, such as nucleus accumbens, insula, and amygdala and to the hippocampal area related to memory (Langguth et al., 2011).
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Figure 1. Brain networks involved in tinnitus. Auditory deafferentation causes neuroplastic changes resulting in increased activation of the primary auditory cortex (green). Awareness of the stimulus arises when this activity is connected to a larger co-activated awareness or perceptual network. This perceptual network involves anterior and posterior cingulate cortex, precuneus, parietal cortex, and frontal cortex (blue). As a consequence of a constant learning process, the phantom percept becomes associated to distress, which is reflected by a non-specific distress network consisting of the anterior cingulate cortex, anterior insula, and amygdala (red). The persistence of the phantom percept is due to memory mechanisms involving the parahippocampal area, amygdala, and hippocampus (gray; modified from De Ridder et al., 2011a).



Table 3. Functional imaging studies in individuals with tinnitus: synopsis of results.
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Tinnitus distress may then be reflected by a simultaneously co-activated distress network consisting of the anterior cingulate cortex, anterior insula, and amygdale (De Ridder et al., 2006b, 2011; Schlee et al., 2008; Vanneste et al., 2010b). This distress network is non-specific and is similarly activated in chronic pain or somatoform disorders (Landgrebe et al., 2008). An oversensitivity of this network as consequence of sensory discrimination impairment has been proposed as an additional factor in the pathogenesis of tinnitus (Landgrebe et al., 2009a).

Memory mechanisms may play a role in the persistence of the awareness of the phantom percept as well as in the reinforcement of the associated distress. Hippocampal involvement has been documented in animal models of tinnitus (Goble et al., 2009; Kraus et al., 2010) as well as by neuroimaging (Landgrebe et al., 2009b; Vanneste et al., 2011d). Accordingly, invasive supraselective amytal injection in the anterior choroidal artery, supplying the amygdalohippocampal area, resulted in transient reduction of the pure tone component of the contralateral tinnitus loudness (De Ridder et al., 2006b). There is an important mutual interaction between the different involved networks which may be relevant for the maintenance of tinnitus even after disappearance of the initial trigger. As an example, it has been proposed that tinnitus may be the result of a deficient sensory attentional gating mechanism originating in the subgenual cingulate cortex/nucleus accumbens area and acting on the reticular thalamic nucleus thereby modulating thalamocortical processing in the auditory system (Rauschecker et al., 2010).

Pilot data suggest that the generators involved in tinnitus of recent onset seem to change over time with increased activity in several brain areas [auditory cortex, supplementary motor area, and dorsal anterior cingulate cortex (dACC) plus insula], associated with changes in connectivity between the different auditory and non-auditory brain structures. This is so both for EEG recordings (Vanneste et al., 2011e) and MEG recordings (Schlee et al., 2009). The MEG study looking at phase-locked connectivity in the tinnitus network found that in patients with a tinnitus history of less than 4 years, the left temporal cortex is predominant in the gamma band network, whereas this network is more widely distributed, including more frontal and parietal regions, in patients with tinnitus duration of more than 4 years (Schlee et al., 2009). The EEG study demonstrates a decrease of overall connectivity with increasing tinnitus duration (Vanneste et al., 2011e). An exception to this general connectivity decrease is an increase in gamma-band connectivity between the left primary and secondary auditory cortex and the left insula, and also between the auditory cortices and the right dorsolateral prefrontal cortex. These networks are both connected to the left parahippocampal area (Vanneste et al., 2011e). Thus both studies find that acute and chronic tinnitus are related to differential activity and connectivity in a network comprising the auditory cortices, insula, dACC, and premotor cortex. A recent FDG-PET study confirmed that the relative contribution of the different brain networks depends on tinnitus characteristics such as tinnitus distress or tinnitus duration (Schecklmann et al., 2011a). Thus, in summary the functional neuroimaging literature converges in the finding that tinnitus is related to functional and structural alterations in auditory and non-auditory brain areas involving an architecture of interacting and separable tinnitus-related subnetworks (De Ridder et al., 2011a; see Figure 1).

MODULATION OF NON-AUDITORY BRAIN AREAS

Findings of the involvement of non-auditory areas in tinnitus are limited by the correlational approach of neuroimaging which cannot inform about the real relevance of the observed alterations. Hypotheses about a causal relation can be tested by interfering with the activity in the various identified brain areas and investigating changes in tinnitus perception or annoyance. Compared to the stimulation of auditory areas much less data are available.

Effects of rTMS of non-auditory brain areas

The effects of rTMS over the dorsolateral prefrontal cortex (DLPFC), the dorsal anterior cingulated cortex (dACC), the ventrolateral prefrontal cortex (VLPFC), and the intraparietal sulcus (IPS) have been investigated. Results are summarized in Table 4 (single sessions) and Table 5 (repeated sessions). All mentioned studies only investigated behavioral effects of stimulation. Thus there is no information available about the neuronal changes underlying the reported behavioral changes in tinnitus patients.

Table 4. Effects of single sessions of rTMS over non-auditory brain areas.
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Table 5. Effects of repeated sessions of rTMS over non-auditory brain areas.
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Single sessions of rTMS over the dorsolateral prefrontal cortex (DLPFC). As mentioned, activity in the auditory cortex has to be linked to other “global workspace” areas such as the dorsolateral prefrontal cortex (DLPFC) in order to gain access to consciousness. The DLPFC seems to play a specific role in auditory processing. The DLPFC has a bilateral facilitatory effect on auditory memory storage and contains auditory memory cells (Bodner et al., 1996). The DLPFC also exerts early inhibitory modulation of input to primary auditory cortex in humans (Knight et al., 1989) and has been found to be associated with auditory attention (Alain et al., 1998; Voisin et al., 2006) resulting in top-down modulation of auditory processing (Mitchell et al., 2005). In order to test the involvement of the DLPFC in tinnitus it has been investigated whether rTMS of the DLPFC results in tinnitus suppression. In this study in 62 patients 1 Hz rTMS (200 pulses) over the right DLPFC resulted in a significant reduction of tinnitus loudness as compared to sham stimulation (Vanneste et al., unpublished data; Table 4). These data enlarge the knowledge from imaging studies by indicating the critical involvement of the right DLPFC in the pathophysiology of a subgroup of tinnitus patients.

Repeated sessions of rTMS with combined stimulation over the DLPFC and the temporal cortex. There is no published study reporting results from repeated sessions of rTMS of the DLPFC alone. However both high-frequency left rTMS and low-frequency right rTMS over the DLPFC have been combined with low-frequency rTMS over the left temporal cortex (Table 5). It has also been shown that left DLPFC stimulation followed by auditory cortex TMS results in better tinnitus suppression after 3 months than isolated auditory cortex stimulation (Kleinjung et al., 2008). These results could be confirmed in a large controlled trial (Langguth et al., submitted) and in a retrospective analysis of 47 patients who were treated with the combined protocol as compared to 188 patients who were stimulated only over the left temporal cortex only (Burger et al., 2011). In a recent study left temporal stimulation combined with low-frequency rTMS over the right DLPFC showed also a trend toward more pronounced effects as compared to temporal stimulation alone (Kreuzer et al., 2011).

rTMS of the dorsal anterior cingulated cortex with the double cone coil. Resting state EEG and MEG recordings in tinnitus patients have shown that the dorsal part of the anterior cingulate cortex is involved both in chronification of tinnitus (Schlee et al., 2009; Vanneste et al., 2011d) as well as in tinnitus-related distress (Weisz et al., 2005a; Vanneste et al., 2010b; De Ridder et al., 2011). The use of a double cone coil permits to modulate the activity in the dorsal part of the anterior cingulate cortex as demonstrated by a PET study (Hayward et al., 2007). In a study on 78 tinnitus patients it was shown that 1 and 3 Hz of DCC frontal TMS can improve both tinnitus intensity and tinnitus distress, 5 Hz is equal to sham and 20 Hz is significantly worse than sham (Vanneste et al., 2011c; Table 4). Of 78 tinnitus patients, 52 had no response to sham stimulation. Of these 52 sham negative participants, 31 patients were TMS responders. For this latter group the mean reduction of the VAS score for tinnitus intensity was 34.38%, for tinnitus-related distress 26%. These findings confirm the relevance of the dACC for tinnitus intensity and distress in a substantial part of the investigated population.

TMS of the ventrolateral prefrontal cortex. It has recently been proposed that tinnitus may be a compensatory mechanism related to incongruity emerging from a discrepancy between an expected sound and the perceived sound that is distorted due to cochlear impairment (De Ridder et al., 2011a). Visual incongruity is known to involve the ventrolateral prefrontal cortex, the anterior cingulate cortex, the supplementary motor area, and the inferior parietal area (Michelon et al., 2003). Thus a study was initiated in 60 patients targeting the left VLPFC for tinnitus suppression at 1 and 10 Hz (Vanneste et al., submitted; Table 4). 1 Hz TMS was no better than sham, but 10 Hz had a significant effect on tinnitus. Among those participants who did not respond to sham 10 Hz over the VLPFC suppressed tinnitus perception in average by 21.9 and by 36.7% when only responders were analyzed. Of interest is the frequency dependent effect for stimulation of the left VLPFC, which is contrary to the DLPFC where only 1 Hz revealed a reduction of tinnitus perception.

rTMS of the parietal cortex. The extremely emotional context of disabling tinnitus often leads to a higher level of selective attention directed toward the tinnitus. As such, tinnitus is a continuously distracting auditory event. Auditory attention activates the intrapartietal sulcus (IPS), and modulating the IPS with 10 Hz TMS creates the ability to ignore salient distractors (Mevorach et al., 2010). Thus it is expected that modulating the IPS may interfere with the perception of tinnitus. The effect of TMS on tinnitus has recently been evaluated using a double cone coil overlying the left IPS in 24 individuals (study 1) and in 40 individuals with the double cone coil symmetrically overlying both IPS areas (study 2; Vanneste et al., submitted; Table 4). In study 1 patients reported a significant transient reduction of the tinnitus percept after 10 Hz stimulation in comparison to pre-treatment, sham, and 1 Hz stimulation, respectively, with a suppression effect of 11.36%. No significant effect was obtained for 1 Hz stimulation with the coil tilted toward the left IPS. In study 2 patients revealed a significant suppression effect on 1, 5, and 10 Hz in comparison to pre-treatment. However, only stimulation at 5 and 10 Hz had a significant difference in comparison to sham with a suppression effect of respectively 8.78 and 9.50%. These data suggest that the IPS is involved in tinnitus perception and that 10 Hz TMS using the double cone coil overlying the IPS can modulate tinnitus, predominantly via the left IPS.

Effects of tDCS of non-auditory brain areas

Several studies have used tDCS to interfere with tinnitus by modulation of activity in the dorsolateral prefrontal cortex (DLPFC; Vanneste et al., 2010a; Faber et al., 2011; Vanneste and De Ridder, 2011; Frank et al., 2012). In a large study involving 448 individuals with non-pulsatile tinnitus, it was shown that a single session of tDCS with the anode over the right DLPFC and the cathode over the left DLPFC could cause tinnitus suppression in 29.9% of the participants (Vanneste et al., 2010a). In contrast the opposite stimulation procedure with the cathode over the right DLPFC and the anode over the left DLPFC had no effects in a sample of 30 patients (Vanneste et al., 2010a). Six repeated bifrontal tDCS sessions within 3 weeks with the cathode over the left DLPFC and the anode over the right DLPFC reduced tinnitus loudness, unpleasantness, and discomfort especially in female tinnitus patients (Frank et al., 2012). In a double-blind, placebo-controlled cross-over study 15 subjects with tinnitus were randomly assigned to active and sham anodal tDCS over left (N = 8) or right DLPFC (N = 7) for six sessions in a counterbalanced order, with the cathode electrode placed on the contralateral DLPFC. Both active conditions, irrespective of the anodal position decreased tinnitus annoyance but not tinnitus intensity. Furthermore, anodal stimulation of the left DLPFC had a significant effect on depression, whereas anodal stimulation of the right DLPFC reduced symptoms of anxiety (Faber et al., 2011).

In conclusion, these preliminary studies indicate that both anodal stimulation of the left auditory cortex and bifrontal tDCS with the cathode left and the anode right can have beneficial effects on tinnitus in some individuals. The interindividual variability of treatment effects is high in all studies, suggesting that there may be pathophysiologically distinct forms of tinnitus that respond particularly well to different tDCS protocols (Vanneste et al., 2011c).

In order to unravel the mechanism by which tDCS suppresses tinnitus EEG measurements were performed before and after single sessions of bifrontal tDCS in 12 patients who responded to tDCS. Reduction of tinnitus intensity and tinnitus-related distress was related to modulation of neuronal activity in pregenual anterior cingulate cortex, parahippocampal area, and right primary auditory cortex regions (Vanneste et al., 2011a). These findings are comparable to those obtained in healthy controls after a similar tDCS intervention (anode positioned over the left DLPFC and the cathode over the right supraorbital region), that revealed a tDCS induced modulation of regional electrical activity in the left subgenual prefrontal cortex, the anterior cingulate cortex and the left parahippocampus (Keeser et al., 2011b) and significant changes of regional brain connectivity both for the default mode network and the fronto-parietal network (Keeser et al., 2011a).

Effects of direct electric stimulation of non-auditory brain areas

In a few tinnitus patients also implanted electrodes have been used to stimulate non-auditory brain areas. In one patient with intractable tinnitus electrodes have been implanted over the DLPFC (De Ridder et al., 2011d). Knowledge about the effects of DBS derives from patients who received DBS for movement disorders and suffered from comorbid tinnitus.

Effects of epidural electrodes over the DLPFC. In a patient intractable to conservative medical management and TMS of the auditory cortex, a neuronavigation-based auditory fMRI-guided frontal cortex TMS session was performed in a placebo-controlled way, yielding 50% tinnitus suppression. Based on the same concept of epidural auditory cortex stimulation and motor cortex stimulation, this TMS result was used as a predictive indication to implant two extradural electrodes (De Ridder et al., 2011d). The exact localization was determined by the fMRI–BOLD response in the DLPFC during presentation of a sound that was matched to the individual tinnitus sound. Postoperatively the tinnitus immediately improved by 66.67% and has progressively continued to improve for more than 1 year. The initial VAS of 8/10 has decreased after 1 year to 2/10. This suggests that in selected patients focal extradural electrical stimulation of the dorsolateral prefrontal cortex at the area of tinnitus-matched sound elected BOLD activation is capable of suppressing contralateral tinnitus partially.

Effects of deep brain stimulation. Whereas rTMS, tDCS, and epidural stimulation exert their effects primarily in superficial brain regions, DBS can modulate brain activity very focally in deeper brain regions. To our knowledge there are no published reports of patients who received DBS for the treatment of tinnitus. However, results are available from patients who received DBS in the ventralis intermedius nucleus of the thalamus (Shi et al., 2009) or in the caudate nucleus (Cheung and Larson, 2010) for movement disorders who also reported having tinnitus.

In one study, seven patients implanted with DBS systems for movement disorders who also reported having tinnitus were interviewed and asked about their tinnitus conditions. Three of the seven patients reported reduced tinnitus loudness when DBS was turned on. Of the four patients tested in a specialized tinnitus clinic, results indicated that DBS of the ventralis intermedius nucleus of the thalamus caused decreases in tinnitus loudness in two patients with relatively prolonged residual inhibition (Shi et al., 2009).

The caudate is routinely traversed during DBS implantation of the subthalamic nucleus and ventral intermediate nucleus in awake patients for treatment of Parkinson’s disease and essential tremor, respectively. In six tinnitus patients who underwent DBS for movement disorders. the effect of DBS in the locus of caudate neurons (area LC) was evaluated with respect to the patients’ tinnitus (Cheung and Larson, 2010). In five subjects tinnitus loudness in both ears was suppressed to an intensity level 2/10 or less. In one subject, where the DBS lead was outside the area LC, tinnitus was not modulated. Hearing thresholds were unchanged by area LC stimulation.

These results suggest that DBS of non-auditory thalamus and caudate structures may provide tinnitus relief for some patients. The mechanisms involved in tinnitus suppression by DBS are yet unknown, but it has been suggested that stimulation of area LC of the caudate nucleus may modulate auditory gating function (Larson and Cheung, 2012).

CONCLUSION

Imaging studies demonstrate that tinnitus is related to structural and functional alterations in multiple brain structures including auditory cortex, thalamus, dorsal, and subgenual anterior and posterior cingulated cortex, ventromedial prefrontal, and dorsolateral prefrontal cortex, parietal cortex, precuneus, insula, amygdale, hippocampus, and parahippocampus. The findings from imaging studies are complemented by brain stimulation studies that demonstrate reduction of tinnitus loudness and/or distress after stimulation of temporal, temporoparietal, parietal, dorsolateral and ventromedial prefrontal cortex, and ACC.

It has been suggested that different aspects of tinnitus such as perceptual aspects (loudness, tone-, or noise-like, laterality), attention, salience, distress, mood, memory, and duration are reflected by the involvement of specific networks (De Ridder et al., 2011a), a claim which is currently only partly supported by empirical evidence from imaging or brain stimulation studies. This may also be due to methodological difficulties related to (1) reliable assessment of the different aspects of tinnitus, (2) the need for large samples in order to differentiate the neuronal correlate of specific aspects, (3) the limited resolution and sensitivity of the currently used imaging techniques, and (4) incomplete understanding of the mechanisms of action of the various brain stimulation techniques.

In spite of these constraints the available data demonstrate that focal modulation of neuronal activity by brain stimulation techniques provides a useful complementary approach to neuroimaging, which is limited by its strictly correlational character. Important added value can be obtained by investigating the effects of focal modulation of the different areas showing up in functional imaging studies of tinnitus. Assessment of neuronal changes related to tinnitus reduction or worsening can reveal important information about which neuronal changes are directly related to tinnitus and which reflect predisposition, compensatory changes, or epiphenomena. Thus, correlations between brain activity and/or connectivity and tinnitus can tentatively be turned into causal relationships. This can be performed for tinnitus as a unified percept, or for specific aspects of tinnitus (e.g., distress, depression, loudness,…) if well controlled for other aspects. This will ultimately lead to a better understanding of which areas or subnetworks are critically involved in the generation of each aspect of tinnitus and ultimately in tinnitus as a unified percept. The pathophysiological neural correlates could subsequently provide important information for improving brain stimulation techniques as a treatment strategy.
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Tinnitus is the perception of a sound, a so-called “phantom sound,” in the absence of a physical sound. The phantom perception persists after transection of the auditory nerve, indicating that the site of tinnitus manifestation is in the central nervous system. Imaging studies in tinnitus sufferers have revealed increased neuronal activity—hyperactivity—in subcortical and cortical auditory centers. These studies have demonstrated that non-auditory brain areas, such as the limbic system, are involved in the neural basis of tinnitus, Finally human imaging studies have led to novel hypotheses for the generation of tinnitus, such as the thalamocortical dysrhythmia hypothesis. Imaging in animal models of tinnitus exhibit similarities to results from human studies and have revealed hyperexcitability of auditory brain centers as a neural correlate of tinnitus. We propose that the comparison between animal model and human studies will aid in the design of appropriate experimental paradigms aimed at elucidating the cellular and circuit mechanisms underlying tinnitus.
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INTRODUCTION

Tinnitus sufferers perceive sounds in the absence of any physical auditory stimulus. Tinnitus can be caused by head and neck injuries (Chan and Reade, 1994), chemotherapy (Bokemeyer et al., 1998), ototoxic drugs such as salicylate (Stypulkowski, 1990) but, most frequently, tinnitus is caused by intense sound exposure (Passchier-Vermeer and Passchier, 2000). The various causes of tinnitus generate a diverse range of tinnitus percepts (Eggermont and Roberts, 2004). Some patients with chronic tinnitus are constantly aware of the phantom perception, but cope very effectively with this disturbance. For some patients, however, tinnitus is more than just a minor annoyance—these patients report that tinnitus causes extreme feelings of desperation and in some cases results in suicidal thoughts (Dobie, 2003). Despite the increasing numbers of tinnitus sufferers—due to increasing risks from occupational and recreational sources as well as the increased awareness of the disease—a basic understanding of the neural basis of tinnitus is lacking.

Mechanistically, tinnitus had been considered for many years as a peripheral disorder; a disorder of the external ear. This view has changed as sectioning of the eighth cranial nerve was an ineffective surgical treatment of tinnitus (House and Brackmann, 1981; Barrs and Brackmann, 1984) and collateral sectioning of the auditory nerve with tumor removal surgery even caused tinnitus in some patients (Berliner et al., 1992; Baguley et al., 2006). These results indicate that it is the auditory central nervous system—and not the periphery—that maintains the percept of tinnitus.

Recently developed animal models of noise-induced tinnitus have provided a unique opportunity for determining the neural mechanisms underlying the induction and the expression mechanisms of tinnitus (Eggermont and Roberts, 2004). These studies have uncovered many forms of aberrant plasticity that result in marked changes in the cellular and molecular properties of the auditory system of animals with tinnitus compared to healthy animals. An emerging hypothesis for the cellular mechanisms underlying tinnitus involves reduced activity of the auditory nerve—as a result of the noise-exposure or other injury (Liberman and Kiang, 1978; Mulheran, 1999; Muller et al., 2003)—and subsequent development of hyperactivity of neurons in central auditory brain centers. This hyperactivity is thought to arise from a central down regulation of inhibition to compensate for reduced peripheral afferent drive (Suneja et al., 1998a,b; Wang et al., 2009; Middleton et al., 2011). An alternative hypothesis suggests the up-regulation of excitatory inputs as a contributor to tinnitus-related hyperactivity (Dehmel et al., 2012). Tinnitus-related hyperexcitability has been observed in several auditory centers throughout the ascending auditory pathway. (Jastreboff and Sasaki, 1986; Chen and Jastreboff, 1995; Ochi and Eggermont, 1997; Eggermont and Komiya, 2000; Kaltenbach and Afman, 2000; Kaltenbach et al., 2000; Brozoski et al., 2002; Chang et al., 2002; Norena and Eggermont, 2003). While the establishment of hyperactivity neural activity as a correlate of tinnitus has advanced the understanding of the mechanistic basis for tinnitus, the features of neural activity that specifically underlie the perception of tinnitus remain elusive. One hypothesis proposes that aberrant thalamocortical rhythms—thalamocortical dysrhythmia—emerge as a plastic maladaptation to peripheral injury (Llinas et al., 2005). These rhythms may act to promote coherent high-frequency (gamma) oscillations and thus generate the conscious perception of tinnitus.

Imaging studies in humans have sought to pinpoint the neural correlates of tinnitus, however, they do not allow for the dissection of the cellular mechanisms underlying tinnitus. On the other hand, imaging studies in animal models of tinnitus offer a reduced, better-controlled experimental environment that will facilitate the discovery of the underlying physiological remodeling that leads to tinnitus. Here we will review and compare studies that have employed different imaging modalities to examine the neural correlates of tinnitus in animal models and in humans. We will also discuss how imaging in animal models may help address specific hypotheses about the persistent basis of tinnitus in the central nervous system. Further experimental and conceptual linking between human studies and studies in animal models of tinnitus will facilitate the discovery of the etiology and the cure of tinnitus.

IMAGING TECHNIQUES

Traditional methods of recording electrophysiological brain activity present significant problems that prohibit their usage in human studies. The most important issue being that extracellular electrode recordings require craniotomies, which are untenable for non-critical patients. Imaging techniques offer an alternative means of accessing physiological parameters in a non-invasive manner. Imaging of human patients has gained widespread usage in both clinical and research settings. In particular, positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) are now commonly used to study the physiological basis of tinnitus in human sufferers.

Neural imaging involves monitoring changes in the level of cerebral blood flow or glucose metabolism in areas of the central nervous system. Subjects in PET studies are injected with radioactive tracer isotopes attached to a biologically active compound. These compounds are introduced to the bloodstream and, depending on the biological compound tethered to the isotope, can be used for detecting changes in blood flow, oxygen metabolism or glucose metabolism as a result of brain activity (Fox et al., 1986). fMRI can be used to image the oxygenation state of cerebral blood, and thus provides an indirect measure of neural activity. Hemoglobin in the oxygenated state is more susceptible to the brief magnetic pulses produced by fMRI scanners, thus enabling this technique to specifically measure the contrast of blood oxygenation level dependence (BOLD) (Ogawa et al., 1990). fMRI typically has a finer spatial resolution and faster temporal resolution than PET imaging. However, since the BOLD signal also arises from non-neural sources, baseline neural activity cannot be inferred using fMRI. Instead, relative changes in the BOLD signal must be used as a secondary indicator of changes in neural activity. Both imaging methods described, PET and fMRI, have limitations compared to traditional recording techniques: (1) they indicate blood flow or metabolic state and thus are only indirectly linked to neural activity, (2) their temporal resolution is slower than recording techniques that directly measure neural activity (i.e., electrical recordings, voltage, or calcium-sensitive dyes), and (3) their spatial resolution is limited to the scale of millimeters. This last point is the factor that most limits the usage of these techniques in animal studies of tinnitus. In particular, it becomes difficult to resolve signals from auditory brainstem nuclei in rodent models of tinnitus since their volume is typically smaller than a cubic millimeter.

Other non-invasive recording techniques, such as electroencephalograms (EEGs) and magentoencephalograms (MEGs), provide alternates to PET and fMRI imaging. The electric fields measured by EEGs are the result of extracellular currents that are oriented perpendicular to the cortical surface from synchronously firing neurons (Nunez and Srinivasan, 1981). MEGs likely arise from the synaptic currents that are generated by apical dendrites across synchronously activated neurons (Hillebrand and Barnes, 2002). The skull and scalp attenuate EEGs, but are transparent to magnetic fields, thus MEGs offer better spatial resolution than EEGs. The spatial resolution of MEGs is only limited by the number of neurons that must be synchronously active to generate sufficiently strong signals for detection.

HUMAN IMAGING STUDIES

In this section, we will briefly review several imaging studies that show patterns of activation that are consistent with physiological studies of animal models and some results that point to the involvement of non-auditory brain centers in tinnitus. PET imaging has revealed increased regional cerebral blood flow (rCBF) in the contralateral auditory cortex of patients with tinnitus in one ear (Lockwood et al., 2002). Some patients have the ability to modulate the experience of perceived tinnitus with orofacial manipulations (Lockwood et al., 1998). In the cases where manipulations decreased tinnitus perception, there was a significant reduction of rCBF in the auditory cortex and also in the contralateral hippocampus. This further supports the hypothesis that the basis of tinnitus is centrally located and that internal perceptions can be modulated by the top-down influence of voluntary orofacial movements.

Measuring changes in hemodynamics in tinnitus patients with fMRI has revealed increased activation of inferior colliculus (IC) to sound stimuli compared to control subjects (Figure 1) (Melcher et al., 2009). This study is consistent with animal studies showing increased activation of IC in different animal models of tinnitus (Bauer et al., 2008) (see next section). Another fMRI study shows that auditory cortex hyperexcitability correlates with tinnitus while hyperexcitability of subcortical brainstem regions is more directly linked with the occurrence of hyperacusis, or diminished sound level tolerance (Gu et al., 2010).
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Figure 1. An fMRI imaging study reveals larger sound-evoked activation of the inferior colliculus in patients with tinnitus (left) compared to control subjects (right). The color scale indicates the significance of the difference of activation between on and off stimulus periods. Figure adapted from Melcher et al. (2009).


One recent discovery emerging from human imaging studies is the involvement of the limbic system in tinnitus. Tinnitus-related functional and structural changes are observed in the hippocampus and in the amygdala, (Lockwood et al., 1998; De Ridder et al., 2006; Landgrebe et al., 2009). More recently, strong correlation was shown between structural and functional changes in the auditory system and limbic system in tinnitus patients (Leaver et al., 2011). Specifically, fMRI revealed hyperactivity in the nucleus accumbens (NAc) and primary auditory cortex when tinnitus patients were presented acoustic stimuli matched to their perceived tinnitus frequency (Figure 2A). No functional changes were observed in the prefrontal cortex, however, structural changes were uncovered using voxel-based morphometry (VBM) on high resolution structural MRI. The ventromedial prefrontal cortex (vmPFC) of tinnitus patients had increased gray matter and decreased white matter concentrations. The degree of structural changes in vmPFC was significantly correlated with functional changes in NAc and auditory cortex (Figure 2B). Because the limbic system is involved in modulating and maintaining emotional state it has previously been hypothesized to play a role in the neural basis of tinnitus (Rauschecker et al., 2010). However, it remains unclear whether the limbic dysfunction is involved in the establishment of tinnitus or whether it is a secondary consequence of the emotional distress tinnitus caused by tinnitus. Furthermore, the recent finding of correlated structural and functional changes in the limbic and auditory systems suggest a widespread alteration in the limbic corticostriatal pathway, which is thought to assess stimulus relevance and filter out undesirable stimuli (Leaver et al., 2011). The compromise of the limbic system may play a role in gating the persistent representation of phantom stimuli in the auditory cortex.
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Figure 2. Auditory and limbic brain centers exhibit sound-evoked hyperactivity. Stimuli matched for perceived tinnitus frequency evoked significantly higher activity, as measured by fMRI, in (A) the nucleus accumbens (NAc) and (B) medial Hershel's gyrus (mHG), the presumed site of primary auditory cortex. Figure adapted from Leaver et al. (2011).


BOLD signals reveal auditory stimulus-induced activity relative to baseline. It is not clear whether the perception of tinnitus is linked to stimulus-induced activity or properties of spontaneous neural activity alone, however, there is evidence that auditory stimulus related changes in the cortical BOLD signal are specifically correlated with the presence of tinnitus (Gu et al., 2010). While the intrinsic, synaptic and circuit mechanisms underlying tinnitus-related hyperactivity or tinnitus-related enhanced evoked activity are not well understood (Tzounopoulos, 2008), it is likely that similar mechanisms may mediate both spontaneous and stimulus-evoked changes.

MEG recordings from tinnitus sufferers have also contributed important insights into the neurobiology of tinnitus. MEG recordings from human sufferers of tinnitus demonstrated a redistribution of the tonotopic axis in A1 in human tinnitus patients (Muhlnickel et al., 1998). MEG signals for the presumed tinnitus frequency occupied more cortical space at the expense of other frequencies. Animal models of noise-induced tinnitus corroborate these findings as they demonstrate tonotopic reorganization (Norena and Eggermont, 2005, 2006). This reorganization can be prevented by enriched acoustic environments (Norena and Eggermont, 2005, 2006) and even reversed by pairing vagus nerve stimulation with pure tone stimulation (Engineer et al., 2011). Despite the evidence that tonotopic reorganization can result from noise-induced tinnitus, human fMRI studies suggest that tonotopic reorganization may not be necessary for the conscious perception of tinnitus (Langers et al., 2012). The interpretation that tinnitus does not require tonotopic reorganization is further supported by the possibility that increased MEG signals may also reflect changes in neural synchrony.

An alternative hypothesis for the neural basis of tinnitus proposes that reduced thalamic input—due to sound-exposure driven deafferentation—leads to thalamocortical dysrhythmia (Llinas et al., 1999). MEG recordings of spontaneous neural activity from tinnitus patient's exhibit pronounced cortical activity peaks in the theta range (4–8 Hz; Figure 3). Rhythms in this range were reduced when the patients were presented masking auditory stimuli (Llinas et al., 2005). Tinnitus patients also exhibit MEG activity that has broad-spectrum gamma rhythms with elevated power compared to MEGs from control subjects. Cortical gamma rhythms are hypothesized to bind together activity of neural populations to form the substrate of conscious perception (Fries et al., 2007). A potential causal link between aberrant theta rhythms and aberrant gamma rhythms has been suggested by in vitro experiments (Llinas et al., 2005). It was shown that 40 Hz (gamma) stimulation of cortical tissue evokes focal responses while stimulation with 4 Hz (theta) evoked more widespread responses. Furthermore, mixing of theta and gamma-evoked responses promotes the spread of gamma oscillatory activity into neighboring cortical regions. This so-called edge effect provides an attractive mechanistic explanation for the basis of certain forms of tinnitus where patients exhibit abnormally high theta rhythms in MEG signals.
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Figure 3. Magnetoencephalograms (MEGs) reveal abnormal rhythmicity in the auditory cortex of tinnitus patients. (A) MEGs of spontaneous neural activity from tinnitus patients show a distinct peak in the theta range (red) that is suppressed when a masking sound is presented (blue). (B) The relative power of these two conditions reveals a strong coherent theta rhythm under spontaneous conditions. Figure adapted from Llinas et al. (2005).


Gamma oscillations have been linked with behaviorally relevant perceptual tasks. In humans and monkeys, the latency of detection of visual stimulus changes is reduced when gamma power in visual cortex is increased (Womelsdorf et al., 2006; Hoogenboom et al., 2010). Correlated activity between different brain regions that is associated with perception can arise through rhythmic gamma activity (Womelsdorf et al., 2007). Thus, noise-induced intracortical gamma-mediated signaling, arising from thalamocortical dysrhythmia, could contribute to the perception of tinnitus.

Tinnitus generation via increases of gamma-band activity at the edge frequency may not be relevant for all forms of tinnitus. The edge effect that we described above may arise from the functional lesion of a very small range of frequencies; such a lesion may lead to increased gamma activity and to subsequent tinnitus perception at the predicted “edge area.” However, functional damage of a broader range of cochlear frequencies is expected to lead to a more global cortical reorganization, thus leading to tinnitus that involves perception of broader spectrum of frequencies.

The underlying cellular and molecular causes of aberrant thalamocortical dysrhythmia are unclear, but the relevance of this model is supported by a clinical study showing that a group of patients with therapy-resistant tinnitus exhibited theta frequency bursting of neurons in the medial thalamus (Jeanmonod et al., 1996). This type of bursting pattern is associated with the de-inactivation of low-threshold calcium currents (Llinas and Jahnsen, 1982). Surgical removal of the medial thalamus has suggested a reduced perception of phantom noises associated with tinnitus (Jeanmonod et al., 1996). Despite the appeal of the dysrhythmia hypothesis the mechanism underlying the initiation of pathological bursting in the thalamus remains poorly understood.

ANIMAL IMAGING STUDIES: FORMING A LINK BETWEEN ANIMAL MODEL PHYSIOLOGY AND HUMAN IMAGING STUDIES

Electrophysiological studies in animal models of tinnitus have contributed significantly to the understanding of the neural basis of tinnitus. These studies have uncovered physiological signatures of tinnitus in different processing centers of the auditory system. In the dorsal cochlear nucleus (DCN) elevated firing rates are observed after exposure to intense sound (Kaltenbach et al., 1998; Brozoski et al., 2002; Chang et al., 2002). In the IC increased firing rates are observed after application of large doses of salicylate (Jastreboff and Sasaki, 1986; Chen and Jastreboff, 1995). Salicylate also results in long lasting increases in firing rates of neurons in cat auditory cortex (Zhang et al., 2011). Noise trauma results in hyperactivity at the auditory cortex (Eggermont and Komiya, 2000; Seki and Eggermont, 2003). The trauma induces increases in both spontaneous firing rates and in peak neuronal cross-correlations (Norena and Eggermont, 2003, 2006). How the neural correlates of tinnitus observed in animal studies relate to the neural correlates of tinnitus revealed by imaging brain activity in human sufferers is not entirely clear. Recent studies that involve imaging techniques applied to animal models of tinnitus have begun to provide these missing connections.

Relatively few animal studies have imaged the neural correlates of tinnitus in vivo. One notable study employed the use of micro positron emission tomography (μPET) to image baseline spontaneous activity in rat auditory nuclei (Paul et al., 2009). Rats were injected with a radioactive fluorescent tracer fluorine-18 fluoro-2-deoxyglucose (FDG) and serial reconstructions of relative metabolic activity were made from measurements using a PET scanner. This study showed that metabolic activity signals were higher in IC and auditory cortex, but not significantly increased in the thalamus of rats with salycilate-induced tinnitus. An important aspect of this study is the reproducibility of response magnitudes in successive imaging sessions of control subjects. This allows for the measurement of an absolute baseline signal enabling the assessment of both spontaneous and evoked responses. Altogether, this paper—in agreement with electrophysiological studies—demonstrates that in vivo imaging techniques reveal hyperactivity as a neural correlate of tinnitus.

Plastic maladaptive changes in inhibitory neurotransmission in different auditory nuclei are thought to play a role in establishing the neural basis of tinnitus. GABAergic and glycinergic release are altered in auditory brainstem nuclei after cochlear ablation (Suneja et al., 1998b; Wang et al., 2009); GABAergic activity is altered in the IC in a salicylate model of tinnitus (Bauer et al., 2000). Importantly, pharmaceutical treatments that enhance the action of GABAergic systems restore the physiological function of the auditory system in animals with behavioral evidence of tinnitus (Bauer and Brozoski, 2001; Brozoski et al., 2007).

A recent imaging study revealed the role of different excitatory and inhibitory neurotransmitter systems in mediating the observed tinnitus-related hyperactivity. In this study a novel imaging paradigm has been applied; flavoprotein autofluorescence (FA) imaging (Middleton et al., 2011). FA imaging was used to monitor stimulus-evoked activity in DCN brain slices. Flavoproteins are mitochondrial proteins that become oxidized and reduced in the electron transport chain of cellular metabolism (Shibuki et al., 2003; Reinert et al., 2007). In the oxidized state, flavoproteins absorb blue light (∼480 nm) and emit green light (∼540 nm). Using FA imaging in DCN slices, electrical stimulation of the molecular cell layer of the DCN (Figure 4A) reveals that the spread of the FA signal is proximal to the stimulation site in control mice (Figure 4B1). Similar stimulation in mice with behavioral evidence of tinnitus revealed FA signals that extend over a much broader region of the DCN (Figure 4B2). Analysis of the center (stimulation site) and surround regions of the DCN slice show that the surround/center ratio is significantly larger in the DCN from tinnitus mice (Figure 4C). To determine which neurotransmitter system mediates the increased FA signal in tinnitus mice, the impact of a series of neurotransmitter receptor antagonists on FA signals was assessed (Figures 4D,E). Application of SR-95531 (GABAergic inhibition antagonist) caused a larger increase in the surround signal of control slices in tinnitus slices (Figure 4E). Successive application of blockers of excitation caused similar reductions in the relative FA response in control and tinnitus DCN slices. These results indicate that GABAergic inhibition plays a role in maintaining focal responses in normally functioning DCN. Moreover these results indicate that decreased GABAergic inhibition leads to hyperactive DCN circuits in mice with behavioral evidence of tinnitus. The impairment of GABAergic inhibition provides a mechanism for the neural basis of tinnitus-related hyperexcitability in the DCN in addition to the known role of impaired glycinergic inhibition after cochlear injury (Suneja et al., 1998a,b; Wang et al., 2009), Together, these studies demonstrate the applicability of imaging techniques—that are analogous to human imaging studies—to study the underlying mechanisms of tinnitus neural correlates.
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Figure 4. Flavoprotein autofluorescent (FA) imaging reveals GABAergic related hyperactivity in the dorsal cochlear nucleus (DCN) of mice with behavioral evidence of tinnitus. Electrical stimulation of the DCN brain slices (A) leads to a spatially concise excitatory response in control animals (B1) and a spatially extended response in tinnitus animals (B2). The center region is defined as the area at the stimulation electrode while the surround regions flank the center on either side along the fusiform cell layer. The size of surround responses relative to the stimulation center response is significantly larger in tinnitus brain slices (C). Pharmacological blockade of inhibitory and excitatory neurotransmitters has similar effects on the center signal of control and tinnitus mice (D) while the GABAergic antagonist SR causes a larger relative increase in the surround of control brain slices (E). Figure adapted from Middleton et al. (2011).


DISCUSSION

The growing prevalence of tinnitus has made it imperative to better understand the mechanistic development of the neurological basis of tinnitus. Animal studies have contributed greatly to this understanding. However, the connection between the underlying physiology in animal models and the functional imaging patterns in human studies remains unclear.

The imaging methods discussed have their own respective advantages and disadvantages. The methods directly related to cellular metabolism, and thus indirectly related to neural activity (PET and fMRI) are somewhat limited in their ability to measure single cell activity and specific microcircuit activation. Metabolic signals may be used to develop models describing the dynamics of neural populations and how they change with tinnitus-related plasticity. However, any such model would be under constrained as there are multiple cell-types contributing to the metabolic signal, and many different combinations of subpopulation activity could lead to the same observable signal.

In order to understand how cellular and circuit based plasticity underlies altered BOLD responses in tinnitus patients one must be able to assess cellular and circuit properties underlying the bold response. A better understanding of the mechanistic link between circuit-based plasticity and the altered BOLD responses in tinnitus patients may be furthered through combined imaging and physiological studies in animal models of tinnitus. One technique that may allow for this powerful combination involves the use c-fos/green fluorescent protein (GFP) constructs to identify subsets of neurons that have been activated by sensory stimulation (Barth et al., 2004). C-fos is an early immediate gene whose expression is dependent on neural activity (Gall et al., 1998). When used in animal models, it is an ideal marker of neural populations that have been recently active in in vivo contexts. In a previous immunohistochemical study, levels of c-fos were visualized several hours after animals were exposed to loud narrowband noise or given salycilate injections (Mahlke and Wallhausser-Franke, 2004). In this study, immunoreactive neurons were found in the auditory cortex as well as the amygdala. A previous study showed differences in c-fos activation in the DCN: c-fos expression was increased with noise exposure but not salycilate injections (Wallhausser-Franke et al., 2003). Both of these findings have interesting implications for the different modes of tinnitus induction.

In order to understand the circuit-based mechanisms underlying the BOLD signal or other in vivo imaging signals, imaging experiments could be performed on c-fos/EGFP mice that have been given tinnitus-inducing manipulations. These mice could be taken immediately after imaging sessions so that brain slices may be prepared for in vitro recording experiments. What this technique will potentially reveal is the identities of the neurons that previously contributed to increased metabolic signals from in vivo imaging experiments. These fluorescent neurons may then be targeted for the characterization of changes in intrinsic physiological characteristics allowing for an increased understanding of the cellular and network basis for altered functional imaging signals in sufferers of tinnitus.

One interesting finding from imaging studies in tinnitus sufferers is the involvement of the limbic system in the neural basis of tinnitus (Lockwood et al., 1998; Mahlke and Wallhausser-Franke, 2004; Leaver et al., 2011). These studies revealed hyperactivity in the hippocampus (Lockwood et al., 1998), amygdala (Mahlke and Wallhausser-Franke, 2004) and prefrontal cortex (Leaver et al., 2011). These findings point to the need for increased focus on the cellular and circuit properties of neurons in affected limbic areas in animal models of tinnitus. The role of the structural changes in prefrontal cortex and/or other limbic structures could be assessed by stimulating these regions while performing concurrent imaging or electrophysiological recordings of auditory cortical regions in intact animal models of tinnitus.

Human MEG studies support the idea that a low frequency thalamocortical dysrhythmia may form the neurological substrate for long lasting tinnitus in the cortex. This theory hinges on the assumption that thalamic relay neurons are excessively hyperpolarized as a result of partial de-afferentation. Local hyperpolarization disinhibits T-type, burst-promoting calcium channels. The aberrant opening of these channels at the frequency areas where de-afferentation occurs would promote increased cortical gamma band activity in nearby frequency bands: abnormal silence in one area promotes sound generation in a neighboring area (edge effect, Llinas et al., 2005). This is an attractive model for explaining tonal tinnitus. In vitro imaging and electrophysiological studies, especially in T-type channel knockout mice will be essential in proving or disproving this hypothesized tinnitus generation mechanism.

While frequency-specific deafferentation at the level of the thalamus would account for burst promoting activation of T-type calcium channels, much evidence from animal studies points to hyperactivity in subthalamic auditory centers (Eggermont and Roberts, 2004). We propose an alternative hypothesis that involves the reciprocally connected excitatory-inhibitory loop between thalamus and the thalamic reticular nucleus (TRN). Sensory nuclei in the thalamus send excitatory collaterals to neurons in TRN, which in turn project inhibitory connections back to the thalamus (Crabtree, 1999). If subthalamic hyperactivity acts to strengthen the feedforward excitatory pathway (MGN → TRN) during early stages of tinnitus, the feedback inhibitory pathway (TRN → MGN) may be upregulated to maintain physiological levels of corticothalamic activity. If subthalamic hyperactivity subsides during later stages of tinnitus, the residual inhibition from TRN may persist thus providing a physiological mechanism for hyperpolarization-activated theta bursting in thalamus. This putative maladaptive TRN inhibition would thus promote thalamocortical dysrhythmia. Longitudinal animal imaging studies are necessary to test this hypothesis to verify whether there are time-dependent changes in hyperexcitability of subthalamic auditory nuclei. Additionally, joint recordings of neurons from MGN and TRN would help support or refute this hypothesis.

Anatomical studies have demonstrated top-down connections from layers 5 and 6 of auditory cortex to the IC, the olivary complex and the cochlear nucleus (Doucet et al., 2003). Activation of top-down pathways in a specific frequency region of auditory cortex modulates the response properties and the number of brainstem neurons preferentially responding to similar frequencies (Yan and Ehret, 2002; Yan et al., 2005; Luo et al., 2008). Therefore, noised-induced modification of top-down modulatory inputs could also play a role in the induction of tinnitus. This hypothesis could be addressed by ablating corticofugal neurons (Bajo et al., 2010) or electrically stimulating them in rodent models of tinnitus while measuring the resulting changes in brainstem neuron receptive field properties.

Another alternative theory, consistent with the discovery of limbic involvement is that NAc activity, which is elevated in tinnitus patients (Leaver et al., 2011), drives the TRN via serotonergic synapses (O'Donnell et al., 1997), and would thus indirectly increase the inhibition to MGN. The resulting increased inhibitory drive that TRN provides to auditory thalamus would provide the necessary hyperpolarization to activate T-type calcium currents and consequently promote aberrant thalamocortical rhythms as described above.

Ultimately, we believe that imaging studies, both in tinnitus sufferers and in animal models of tinnitus, are invaluable for their ability to connect non-invasively measured neural correlates and compare those to similarly measured quantities in animal models. Together with behavioral diagnostic techniques and in vitro intrinsic and network characterization of neurons that contributed to increased metabolic activity in vivo, imaging studies will increase the understanding of induction and maintenance of tinnitus and aid in the development of therapeutic strategies to improve hearing deficits for human sufferers of tinnitus.
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The understanding of tinnitus has progressed considerably in the past decade, but the details of the mechanisms that give rise to this phantom perception of sound without a corresponding acoustic stimulus have not yet been pinpointed. It is now clear that tinnitus is generated in the brain, not in the ear, and that it is correlated with pathologically altered spontaneous activity of neurons in the central auditory system. Both increased spontaneous firing rates and increased neuronal synchrony have been identified as putative neuronal correlates of phantom sounds in animal models, and both phenomena can be triggered by damage to the cochlea. Various mechanisms could underlie the generation of such aberrant activity. At the cellular level, decreased synaptic inhibition and increased neuronal excitability, which may be related to homeostatic plasticity, could lead to an over-amplification of natural spontaneous activity. At the network level, lateral inhibition could amplify differences in spontaneous activity, and structural changes such as reorganization of tonotopic maps could lead to self-sustained activity in recurrently connected neurons. However, it is difficult to disentangle the contributions of different mechanisms in experiments, especially since not all changes observed in animal models of tinnitus are necessarily related to tinnitus. Computational modeling presents an opportunity of evaluating these mechanisms and their relation to tinnitus. Here we review the computational models for the generation of neurophysiological correlates of tinnitus that have been proposed so far, and evaluate predictions and compare them to available data. We also assess the limits of their explanatory power, thus demonstrating where an understanding is still lacking and where further research may be needed. Identifying appropriate models is important for finding therapies, and we therefore, also summarize the implications of the models for approaches to treat tinnitus.
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INTRODUCTION

Over the last two decades, our understanding of tinnitus has increased greatly through the results of animal models of tinnitus. As tinnitus can often be related to cochlear damage, animal models have used acoustic trauma or ototoxic drugs to induce hearing loss and to study changes in the central auditory system. After hearing loss, a variety of changes that could contribute to tinnitus have been observed; most notably, increased spontaneous neuronal activity throughout the central auditory system (see Kaltenbach, 2011, for a review), but not at the level of the auditory nerve (AN) (Liberman and Dodds, 1984; Heinz and Young, 2004). Importantly, increases in spontaneous firing rates were correlated to behavioral signs of tinnitus in animals (Brozoski et al., 2002; Kaltenbach et al., 2004; Middleton et al., 2011), and they have been linked to decreases in inhibition (Dong et al., 2009; Middleton et al., 2011). Also an increase in the synchrony of the neuronal discharge has been observed in the auditory cortex after noise trauma (Norena and Eggermont, 2003). Furthermore, a reorganization of the tonotopic map in the auditory cortex has also been found after hearing loss (Rajan and Irvine, 1998; Rauschecker, 1999; Irvine et al., 2000; Komiya and Eggermont, 2000).

Human neuroimaging studies on tinnitus have also shown changes in spontaneous neuronal activity (Weisz et al., 2005, 2007; Lorenz et al., 2009) where spontaneous rhythmic brain activity displayed a decrease in power in the alpha band and increases in power in the delta and gamma frequency bands. Moreover, an association between tinnitus and reorganization of the tonotopic map in the auditory cortex has been reported (Mühlnickel et al., 1998). These studies in humans and animals show that tinnitus is not generated in the ear, but in the brain itself (Eggermont and Roberts, 2004; Roberts et al., 2010). However, the exact mechanisms that lead to the development of this phantom sensation have still remained elusive.

Further progress in understanding tinnitus has been made using computational models, which are the main topic of this review. Such models, also called “theories” or “hypotheses,” provide a motivational and interpretational framework for possibly diverse sets of data, and, ideally explain how the data fit together to yield a more complete understanding of tinnitus. Because the data on which models are based are from different levels, i.e., from the microscopic molecular and single-neuron level to the macroscopic levels of large-scale brain signals and behavior, computational models must capture these different levels to be in line with salient features of the respective data. Therefore, modeling at different levels is justified, but one also needs models that bridge across levels. Such models could also link research across different fields, for example research on humans and animals or research in vivo and in vitro.

However, not all models are equally valuable. To outline some basic criteria for “good” models, let us summarize some general principles, which might help to justify our selection of models in this review. Regardless of the level of modeling, a model should always be as simple as possible and be based on as few reasonable assumptions as is feasible. This rule determines the predictive power of a model, i.e., its ability to generate testable predictions on the outcome of future experiments. One such example could be how a specific type of hearing loss determines the tinnitus pitch or the tinnitus spectrum. Good models are falsifiable, and progress in understanding is closely related to ruling out models. Therefore, models should be quantitative and tell us how large a new effect should be, for example, what the loudness of the tinnitus is. Because of this need for verifiability, we have excluded qualitative models from this review. Quantitative or “computational” models also might permit a mathematical analysis and facilitate numerical simulations on a computer. In the following, we will evaluate each reviewed model based on these criteria.

The appropriate level of detail for a model is, in general, a highly controversial issue. An oversimplified or abstract model may ignore many experimental details and could provide misleading results; on the other hand, an excessively complex model can reproduce many experimental results but may lack predictive power because of too many unconstrained or “free” parameters and too many ad-hoc assumptions. The adequate detail of modeling, therefore, strongly depends on available data, i.e., on the physiology of the auditory system in general, and on tinnitus in particular. Interestingly, the available computational models on tinnitus, which are all described below, are rather more abstract than detailed.

In summary, a computational model of tinnitus should (1) explain how neural correlates of tinnitus could arise, (2) outline which mechanisms might be involved, and (3) predict how the processes that give rise to tinnitus can be suppressed or reversed. Before we summarize the available computational models of tinnitus, let us briefly introduce the basic mechanisms employed by these models.

BASIC MECHANISMS EXPLORED IN COMPUTATIONAL MODELS OF TINNITUS

Three main mechanisms have been explored in computational models of tinnitus: lateral inhibition, homeostatic plasticity, and gain adaptation.

Lateral inhibition is inhibition between neighboring neurons in a neuronal structure (Figure 1A). Functionally, in the auditory system it also means inhibition between frequency channels, i.e., inhibition between neurons whose characteristic frequency (CF) is close, but not identical. Lateral inhibition is ubiquitous in the brain, and it is assumed to be a basic mechanism of information processing in neural circuits. Lateral inhibition also plays a role in keeping neural networks balanced, and it can enhance the activity difference between neurons with high and low levels of activity in a neuronal network (Figures 1B,C). One example of lateral inhibition in the auditory system is its involvement in the sharpening of receptive fields. Lateral inhibition has been found at all central processing stages from the cochlear nucleus (Roberts and Trussell, 2010) to the auditory cortex (de la Rocha et al., 2008).
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Figure 1. Schematic illustration of lateral-inhibition models. (A) Depiction of a layer of neurons with lateral inhibition. Neurons are represented by gray circles, lateral inhibitory connections by gray lines (only the inhibitory projections from the central neuron to its neighbors are shown), and excitatory afferents by black lines. (B) Hypothetical auditory activity pattern with a drop toward high frequencies, as it could for example occur in the spontaneous activity of the auditory nerve after noise-induced hearing loss. (C) Activity pattern in the lateral-inhibition network driven by the input shown in (B). An activity peak is generated at the edge of the input pattern but below the region of hearing loss.


Homeostatic plasticity is a plasticity mechanism that stabilizes the mean activity of neurons on time scales of hours to days (Turrigiano et al., 1998; Turrigiano, 1999). This mechanism sets the basic operating point of neurons and ensures that neurons are neither inactive nor too active when averaged over time windows of hours to days. In cell culture, homeostatic plasticity in response to activity deprivation has been shown to scale up the strength of excitatory synapses (Turrigiano et al., 1998) and increase intrinsic neuronal excitability (Desai et al., 1999), while the strength of inhibitory synapses was scaled down (Kilman et al., 2002). On the other hand, when activity was pathologically increased by blocking inhibition, excitatory synapses were scaled down, neuronal excitability was decreased, and inhibition was scaled up, which restored circuit activity back to a normal level (Turrigiano et al., 1998; Rannals and Kapur, 2011). Similar changes have also been observed in the auditory system in vivo after hearing loss, cochlear damage, or auditory deprivation (Suneja et al., 1998a,b; Oleskevich and Walmsley, 2002; Vale and Sanes, 2002; Muly et al., 2004; Vale et al., 2004; Caspary et al., 2005; Kotak et al., 2005; Whiting et al., 2009).

Gain adaptation adjusts the responses of single-neurons or neuronal circuits to their input, thus enabling neurons to cope with the wide dynamic range of natural signals. Gain adaptation occurs at various stages of the auditory pathway. Fast gain adaptation on the time scale of seconds has been observed for example in the AN (Wen et al., 2009) and the inferior colliculus (IC) (Dean et al., 2005, 2008). Such fast adaptation phenomena are usually caused by the activation of adaptation currents (Benda and Herz, 2003). Slower adaptation mechanisms on a time scale of minutes can involve modulation of ion channels (van Welie et al., 2004). On longer time scales of hours to days, gain adaptation can be seen as functionally equivalent to homeostatic plasticity.

OVERVIEW OF COMPUTATIONAL MODELS OF NEUROPHYSIOLOGICAL CORRELATES OF TINNITUS

In the following section, we present the main features of the computational models of neurophysiological correlates of tinnitus that have been proposed so far. As already mentioned, we have excluded qualitative models because they do not give rise to detailed predictions, which makes them hard to falsify. The remaining quantitative models are grouped by mechanisms and then presented in chronological order, to highlight the development of the different concepts.

The first computational model that addressed the question of how a neural correlate of tinnitus could arise in the central auditory system after noise-induced damage to structures of the inner ear was the auditory brainstem model proposed by Gerken (1996). In this model, lateral inhibition was the key mechanism responsible for generating a tinnitus-related pattern of neuronal activity. Another basic model assumption was that after noise-induced cochlear damage, the spontaneous activity of AN fibers is reduced in the high-frequency range, creating a drop in the profile of spontaneous activity along the tonotopic axis. The drop starts at CFs corresponding to the audiogram edge. When such a pattern of activity is processed by a neuronal structure with lateral inhibition, the neurons just below and at the edge receive less lateral inhibition than their counterparts at lower frequencies. In contrast, the neurons just above the edge receive more lateral inhibition than the other neurons with higher CFs. As a consequence, the edge in the activity profile is amplified, leading to a peak in the profile of spontaneous activity (Figure 1C). When this activity peak is interpreted by higher stages of the auditory system as sound-evoked activity, a tinnitus sensation is created. In the Gerken-model, lateral inhibition was assumed to occur at the level of the IC, and the model employed a feed-forward architecture. However, as the circuit of the IC was not explicitly modeled, the model can rather be seen as a generic demonstration of the effects of lateral inhibition. Moreover, Gerken did not assume plastic changes to take place in the auditory system after hearing loss. The model's achievement was to demonstrate that even though there is no direct indication of a neural correlate of tinnitus at the level of the AN, central processing of distorted AN output could give rise to tinnitus-related patterns of spontaneous activity. The basic prediction following from this and all other lateral inhibition models is that tinnitus will emerge almost instantaneously when the profile of spontaneous activity is changed by hearing loss, as no plastic changes are required. The resulting tinnitus pitch will be associated with the audiogram edge.

Also in 1996, lateral inhibition was proposed as a key factor to explain why most people start hearing phantom sounds after spending some time in a sound-proof booth (Kral and Majernik, 1996). Kral and Majernik used a neural network model with several layers, each with lateral inhibition, and they assumed stochastic spontaneous activity, such as the spontaneous activity of AN fibers, as an input to the network. Processing of this spontaneous activity by the feed-forward network with lateral inhibition resulted in several distinct activity peaks along the tonotopic axis, and the peaks occurred at random locations. Kral and Majernik proposed that these activity peaks could underlie the perception of tinnitus in absolute silence, and that in normal acoustic environments, the spontaneous activity is masked by ambient noise. Whether this mechanism could also account for the emergence of tinnitus after hearing loss was not investigated, but in principle the predictions of this model should match those of the Gerken-model.

Lateral inhibition was combined with plasticity in the central auditory system by Langner and Wallhäusser-Franke (1999). The model was set up as a multi-layer feed-forward network with lateral inhibition representing processing in the auditory brainstem and midbrain, with additional modulatory inputs representing feedback from the auditory cortex and amygdala. Specific details of the auditory brainstem and midbrain circuitry were omitted for simplicity. Their model was inspired by c-fos labeling data showing increased activity correlations between the auditory and the limbic system after salicylate administration. In the model, lateral inhibition in the first processing stages amplified unevenness in the tonotopic profile of spontaneous activity, which was caused by cochlear damage. As to be expected for a lateral inhibition model, the resulting activity peaks were located close to the edge of hearing loss, as it was there that the contrast between the output of the undamaged and the damaged parts of the cochlea produced the greatest unevenness in the spontaneous activity. The activity peaks were then further amplified by positive feedback at higher stages, which was attributed to the action of the auditory cortex and the amygdala. This feedback elevated the activity peaks substantially above the level of spontaneous activity, possibly generating a highly salient tinnitus percept.

The putative role of lateral inhibition in generating tinnitus-related patterns of neural activity was further explored by Bruce et al. (2003). They showed that also in a recurrent network of spiking model neurons, lateral inhibition could generate an activity peak at the edge of hearing loss. However, they also found that the generation of such a peak depended not only on the contrast between the levels of spontaneous activity in the healthy and the damaged region, but also on the overall level of input received by the network, and the time constants of excitation and inhibition. The time constants needed to be long enough, and the input rates high enough, so that an interaction between excitatory and inhibitory postsynaptic potentials could take place. For low input rates to the network, the enhancement of the edge was not significant.

The development of neural correlates of tinnitus at the level of the auditory cortex has been explored in a model by Dominguez et al. (2006). This model comprised a network of spiking model neurons with pyramidal cells and inhibitory interneurons. The thalamic stage was modeled through a network with lateral inhibition as employed by Bruce et al. (2003), and the network received random afferent input. Hearing loss was modeled by decreasing the firing rate of the inputs to the thalamus stage. After simultaneously increasing the strength of lateral excitatory connections and decreasing the strength of lateral inhibitory connections in the cortical network model in the region affected by the hearing loss, pyramidal neurons displayed increased spontaneous firing rates and increased synchrony. Additionally, the network displayed an activity peak in the region of hearing loss. Without this plasticity, the peak was located below the edge of hearing loss. Thus, the model by Dominguez et al. (2006) demonstrated that decreases in inhibition and increases in excitation, as observed in animals after the induction of hearing loss, can lead to the development of a neural correlate of tinnitus in a recurrent neuronal network. Moreover, if the peak in the profile of spontaneous activity was interpreted as the dominant tinnitus pitch, the model would predict a tinnitus pitch in the region of hearing loss.

How gain adaptation in the auditory system might give rise to the perception of phantom sounds was addressed by Parra and Pearlmutter (2007). They considered an abstract model organized in frequency channels. Gain adaptation was implemented by calculating a running average of input activity for each channel, which was then used as a normalization factor to scale the channel's output. If a channel did not receive input, for example due to hearing loss, its average input activity was close to the neuronal noise level (i.e., spontaneous activity), and the normalization factor was low. As a consequence, the output of this channel was scaled-up. Because also the spontaneous input activity was scaled by the low normalization factor, it was effectively amplified, leading to increased spontaneous activity in the output, which was interpreted as tinnitus. In addition to gain adaptation, Parra and Pearlmutter also analyzed the effects of lateral inhibition in their model. They showed that lateral inhibition combined with a steep audiogram slope could lead to a pronounced “tinnitus” peak in the profile of spontaneous activity. However, shallow audiogram slopes did not produce such peaks, which matched the experimental finding that for noise-induced hearing loss, tinnitus is associated with steep audiogram slopes (König et al., 2006). The pitch of the model tinnitus was then located in the region of hearing loss, at the “elbow” of the audiogram where hearing loss has reached a plateau.

Functional mechanisms to explain changes in excitation and inhibition after hearing loss and how these changes are connected to the development of tinnitus were studied by Schaette and Kempter (2006, 2008, 2009) in a model based on the physiology of the AN and the cochlear nucleus. This computational model showed that activity stabilization through homeostatic plasticity after hearing loss could account for changes in excitation and inhibition as well as for the development of increased spontaneous firing rates. The model assumed that hearing loss reduces AN activity with a concomitant reduction in excitatory drive to the central auditory system (Figure 2A). In order to stabilize mean neuronal activity, homeostatic plasticity then generated increased excitatory gain and reduced inhibitory gain in neurons downstream of the AN, restoring average neuronal activity to normal levels. However, as neurons became more excitable, spontaneous activity was amplified, leading to neuronal hyperactivity, which was interpreted as a tinnitus percept (Figure 2B). The model thus suggested that tinnitus could be an unwanted side-effect of a stabilization of neuronal activity levels in the central auditory system after hearing loss. Tinnitus pitch predicted from the audiograms of patients with noise-induced hearing loss was located in the region of hearing loss (Schaette and Kempter, 2009). Interestingly, in the model not all types and degrees of cochlear damage increased central spontaneous activity to comparable degrees. Loss of outer hair cells and moderate noise damage led to the greatest increases in spontaneous firing rates whereas inner hair cell loss and severe noise damage could even cause spontaneous firing rates to decrease (Schaette and Kempter, 2006, 2008). Moreover, different response types of model DCN projection neurons differed in their disposition for hyperactivity (Schaette and Kempter, 2008), indicating that not all central neurons might necessarily develop increased spontaneous firing rates after hearing loss.
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Figure 2. Schematic illustration of homeostatic plasticity models. The “knobs” represent the effective response gain of neurons in the central auditory system, determined by the strength of excitatory and inhibitory synapses as well as intrinsic neuronal excitability. (A) Before homeostatic plasticity: noise-induced hearing loss (example audiogram in the top panel) has reduced mean and spontaneous activity in the central auditory system (bottom panels). (B) After homeostatic plasticity: the response gain has been increased to restore the mean activity of central auditory neurons back to its target level. However, spontaneous activity is amplified through the increased gain, giving rise to increased spontaneous firing rates in the region of hearing loss.


The effects of homeostatic plasticity were also studied in the cortex-based model of Chrostowski et al. (2011), which built up on the model of Dominguez et al. (2006). As in the earlier model, they considered a network of spiking model neurons based on features of the auditory cortex, but only a simplified thalamic stage without lateral inhibition. The activity of the pyramidal cells of the cortical network was stabilized by homeostatic plasticity. When hearing loss was induced in the model by decreasing the activity of thalamic afferents, homeostatic plasticity increased the strength of excitatory projections onto the pyramidal neurons and decreased the strength of the inhibitory synapses. These changes lead to a combination of increased spontaneous firing rates and increased synchrony of the neuronal discharge in the pyramidal neurons of the model network. Interestingly, while the increase in spontaneous firing rates was rather uniform across the range of hearing loss, the greatest increase in synchrony occurred near the audiogram edge. This synchrony maximum was restricted to a relatively narrow range of CFs, and could thus be interpreted as giving rise to a tone-like tinnitus sensation, even though the hearing loss and the increases in spontaneous activity spanned a large frequency range. Moreover, the model also displayed traveling waves of excitation, which confirmed another study on homeostatic plasticity in cortical network models (Houweling et al., 2005).

DIFFERENCES AND SIMILARITIES OF THE COMPUTATIONAL MODELS OF TINNITUS

The majority of the computational models of tinnitus employed firing-rate-based frameworks. Spiking neurons can be considered to represent a higher degree of biological realism, but it should be noted that in all studies the choice of model neurons corresponded to the type of neuronal data that was to be modeled: changes in the synchrony of the spontaneous neuronal activity, i.e., a measure where the timing of action potentials is important, have only been investigated in the auditory cortex, whereas the putative neuronal correlates of tinnitus in subcortical stages have only been reported in terms of average firing rates. Consequently, all models based on the auditory brainstem are firing-rate models (Gerken, 1996; Schaette and Kempter, 2006, 2008, 2009), and the cortex-based models employ spiking neurons (Dominguez et al., 2006; Chrostowski et al., 2011).

Models based on firing rates and on spikes provided similar results regarding the role of lateral inhibition, which basically amplifies edges. However, the spiking neuronal network by Bruce et al. (2003) highlighted an additional potential dependence on neuronal properties, i.e., the interplay between the effects of lateral inhibition and synaptic time constants, which was not apparent in the firing-rate models. For homeostatic plasticity, on the other hand, qualitatively similar results were obtained for feed-forward firing-rate and recurrent spiking models, demonstrating the robustness of the mechanism.

The models that refer to specific brain structures are phenomenological models that only contain simplified versions of the neuronal circuits they are representing (Dominguez et al., 2006; Schaette and Kempter, 2006, 2008, 2009; Chrostowski et al., 2011). The remaining more generic models are not based on a specific brain structure in the first place (Gerken, 1996; Kral and Majernik, 1996; Bruce et al., 2003; Parra and Pearlmutter, 2007). An evaluation of the effects of different kinds of cochlear damage beyond a mere threshold increase or simple activity reduction was only performed by Schaette and Kempter (2006, 2008, 2009). Thus, we can safely conclude that none of the models contains unnecessary detail. Moreover, all models are simple enough to be fully tractable, and they are also specific enough in their structure, assumptions, and predictions to be testable and falsifiable. In the following, we will discuss the implications of the models for putative mechanisms of tinnitus generation by comparing their predictions to experimental findings. We will assess the limitations of the current modeling approaches, and finally give an outlook for future directions.

EVALUATION OF THE MODELS AND THEIR IMPLICATIONS FOR PUTATIVE MECHANISMS UNDERLYING THE GENERATION OF TINNITUS

The computational models that we have reviewed demonstrate that lateral inhibition, homeostatic plasticity, and gain adaptation could all in principle be involved in generating tinnitus-related neuronal activity patterns. Interestingly, all models focussed on how auditory input that was altered by hearing loss, induces changes in subsequent stages of the auditory system. This model feature indicates that not the process of cochlear damage as such, but rather the effects of the input signal to the auditory brain might generate tinnitus. This view could also explain how tinnitus is related to the kind and degree of hearing loss.

Computational models of tinnitus offer an explanation for the plastic changes that were observed in the central auditory system in animal models of tinnitus. Decreases in inhibition, for example, were found all along the auditory pathway, and this decrease can be explained through homeostatic plasticity or gain adaptation. In that respect, gain adaptation models (Parra and Pearlmutter, 2007) and homeostatic plasticity models (Schaette and Kempter, 2006, 2008, 2009; Chrostowski et al., 2011) suggest that tinnitus might not be the result of abnormal or aberrant plasticity, but rather that phantom sounds could arise as a side-effect of plasticity mechanisms that normally ensure proper function of the auditory brain. Plasticity triggered by hearing loss might simply produce unwanted effects when AN activity is pathologically altered, i.e., in a way that the plasticity mechanism is not designed to cope with.

Computational models of tinnitus must account for basic experimental findings. For example, in tonal tinnitus, a basic feature is its pitch, which is related to the shape of the audiogram. For noise-induced hearing loss, models based on lateral inhibition as the main mechanism (Gerken, 1996; Kral and Majernik, 1996) predict tinnitus pitch at the audiogram edge (Schaette and Kempter, 2009). Even though this relation between tinnitus pitch and the audiogram edge is supported by a recent study (Moore and Vinay, 2010), other studies report tinnitus pitch to be above the audiogram edge, i.e., within the region of hearing loss (Norena et al., 2002; König et al., 2006; Roberts et al., 2008; Pan et al., 2009; Sereda et al., 2011). Models based on homeostatic plasticity predict tinnitus pitch to be within the region of hearing loss (Schaette and Kempter, 2009) because activity stabilization through homeostatic plasticity leads to an elevation of central spontaneous activity in the frequency range that is affected by hearing loss (Figure 2B).

In general, lateral-inhibition models of tinnitus produce a “tinnitus” activity peak at a discontinuity or edge in the profile of spontaneous activity along the tonotopic axis (Figures 1B,C). However, not all kinds of cochlear damage produce such an edge. Pure loss of outer hair cells through ototoxic drugs like gentamycin or cisplatin, for example, increases the hearing thresholds but does not change the spontaneous firing rates of AN fibers (Dallos and Harris, 1978), yet tinnitus is a common side-effect of cisplatin chemotherapy (Sprauten et al., 2011). In that case, a model relying on lateral inhibition only, i.e., without additional plasticity, would not predict the occurrence of tinnitus. A homeostatic plasticity model or gain adaptation model, on the other hand, would predict the occurrence of a neural correlate of tinnitus also for pure loss of outer hair cells (Schaette and Kempter, 2006, 2008; Parra and Pearlmutter, 2007).

Evaluating model predictions in a new experimental setting is a particularly challenging test for any model. For example, plasticity models predict that tinnitus only occur when hearing is impaired, yet a significant fraction of tinnitus patients present with a normal audiogram (Barnea et al., 1990; Sanchez et al., 2005). This subgroup of tinnitus patients thus presents a considerable challenge for the hypotheses of tinnitus generation that have been formalized in the computational models summarized above. However, normal hearing thresholds do not necessarily indicate the absence of cochlear damage. In fact, it has been shown in mice that noise trauma that only leads to a temporary increase in the hearing thresholds still causes permanent damage to the synaptic contacts between inner hair cells and AN fibers (Kujawa and Liberman, 2009). When the AN stage of the homeostasis-hyperactivity model by Schaette and Kempter was adjusted to reflect this deafferentation of AN fibers, the model predicted the development of a neural correlate of tinnitus in response to the decrease in overall AN input (Schaette and McAlpine, 2011). This model result is supported by auditory brainstem response (ABR) data of tinnitus patients with normal audiograms, where a significant reduction of the amplitude of wave I of the ABR in conjunction with normal amplitudes of the centrally generated wave V was found, suggesting the presence of “hidden hearing loss” together with increased central gain (Schaette and McAlpine, 2011). Homeostasis models further predict that non-traumatic but prolonged reduction of auditory input, for example through an earplug, should lead to the occurrence of phantom sounds. This was tested experimentally in a study where participants with normal hearing and no tinnitus continuously wore an earplug for seven days. Eleven out of 18 participants perceived phantom sounds after seven days of wearing the earplug, and the phantom sounds disappeared after removing the earplug (Schaette et al., 2012).

We can conclude that a large body of evidence suggests that plasticity is a necessary ingredient of computational models of tinnitus, whereas models based on lateral inhibition only are not able to explain basic features of the data on tinnitus.

LIMITATIONS OF CURRENT MODELS AND FUTURE DIRECTIONS

The computational models of tinnitus that have been proposed so far are almost exclusively focussed on the ascending auditory pathway. Feedback connections were omitted, and the extralemniscal pathway was not considered. Moreover, information processing and plasticity were mostly considered in a bottom-up fashion only. Top-down influences and modulation were addressed only by Langner and Wallhäusser-Franke (1999). The focus on bottom-up models can be explained by the fact that computational models need to be constrained by experimental data. The physiology of the classical ascending auditory pathway has been studied extensively whereas information about the function of feedback connections and also the extralemniscal pathways is still relatively scarce. Moreover, while a computational model needs to be as complex as necessary, ideally it should not be any more complex than required. If a phenomenon of interest can be accounted for by a simple model that captures the standard aspects of physiology, it is not necessary to include further structures and/or mechanisms that are not known well enough because such a model extension would introduce more and possibly unconstrained parameters.

In line with the idea of adequate simplicity, most models either focussed on a small part of the auditory pathway, such as the brainstem (Gerken, 1996; Schaette and Kempter, 2006, 2008, 2009) or the thalamus and cortex (Dominguez et al., 2006; Chrostowski et al., 2011), or models were not related to a particular brain region (Kral and Majernik, 1996; Parra and Pearlmutter, 2007). A unifying model that combines the aspects of these model classes could now be attempted. It would be especially interesting to see how increased spontaneous activity and activity stabilization in brainstem structures might interact with plasticity at the level of the auditory cortex. It is conceivable that less drastic changes in excitation and inhibition might be required to stabilize cortical activity when homeostatic mechanisms also increase activity in the sub-cortical processing stages. To study the interaction of subcortical and cortical levels, the respective time scales of changes are important. In any case, a combined model of brainstem, thalamus, and cortex could potentially also incorporate thalamic gating mechanisms, which have recently been implied to play a role in tinnitus (Rauschecker et al., 2010). Such unifying models might help to understand why hearing loss not always leads to tinnitus. This puzzling fact is especially important as animal studies have shown a direct relation between the degree of hearing loss and the development of putative neuronal correlates of tinnitus (Mulders et al., 2011).

At the cortical level, it might be an interesting future directive to quantitatively explore the reorganization of tonotopic maps and the relation of this phenomenon to tinnitus. Cortical reorganization can be induced by hearing loss (Irvine et al., 2000) and it was implicated as a contributor to tinnitus (Mühlnickel et al., 1998; Engineer et al., 2011), but it has not yet been explored in a computational model. Modeling studies not related to the auditory system showed that spike-timing-dependent plasticity could be the driving force for such reorganization (Song and Abbott, 2001; Young et al., 2007). An analysis of the interplay of reorganization and homeostatic plasticity could be especially interesting since recent experimental studies have reported different roles for reorganization, from promoting (Engineer et al., 2011) to reducing tinnitus (Yang et al., 2011).

So far, computational models of tinnitus have looked at neuronal activity at a microscopic level, as measured for example with microelectrodes. Another interesting aspect for future modeling studies would be to consider macroscopic signals like EEG and MEG and to include cortical rhythms. MEG studies in tinnitus patients showed that tinnitus is associated with a decrease in the power of the alpha rhythm and an increase in power in the delta frequency band (Weisz et al., 2005, 2007). Moreover, an increase in gamma power accompanied temporary tinnitus after noise exposure (Ortmann et al., 2011). Building up on models of the generation of cortical rhythms (Freyer et al., 2011) and on models that relate neuronal spiking activity to field potentials (Kuokkanen et al., 2010), future modeling studies on tinnitus could explore which parameter changes generate the observed changes in cortical rhythms, and then try to relate parameter changes to microscopic models of changes in spiking activity of neurons. Potentially, such an approach might help to bridge the gaps between animal models of tinnitus and human studies.

IMPLICATIONS AND PREDICTIONS OF THE MODELS FOR TINNITUS TREATMENTS

Before we provide an assessment of the predictions of the model for tinnitus treatments, we point out that all models we have discussed are basically bottom-up. Therefore, model predictions for tinnitus treatments also concern bottom-up approaches, and the models are not applicable to treatments employing top-down influences, like cognitive behavioral therapy.

The models based on homeostatic plasticity (Schaette and Kempter, 2006, 2008, 2009; Chrostowski et al., 2011) and gain control (Parra and Pearlmutter, 2007) make specific predictions for treatments employing acoustic or electric stimulation. These models predict that a stimulation strategy that succeeds in restoring normal AN activity should completely abolish tinnitus. For acoustic stimulation, this would correspond to the “perfect hearing aid,” and its effects would be similar to the disappearance of earplug-induced phantom sounds after removing the earplug (Schaette et al., 2012). However, the perfect hearing aid has not been invented yet. If AN activity cannot be restored, the concept of homeostatic plasticity suggests that a certain increase in AN activity should be sufficient to dampen the increased central gain and thus to reduce tinnitus. This dampening could be achieved by acoustic stimulation with noise that is spectrally matched to the hearing loss (Schaette and Kempter, 2006, 2008). Alternatively, for steeply sloping hearing loss, an amplification strategy could also try to smooth the transition from good to impaired hearing and thus to reduce the effective slope of the audiogram. This would lead to a spontaneous activity pattern with less pronounced peaks (Parra and Pearlmutter, 2007; Schaette and Kempter, 2009), corresponding to a reduction of the tinnitus salience.

In general, hearing aids and noise devices provide a certain degree of tinnitus relief (Trotter and Donaldson, 2008). However, on average the treatment success is quite limited. A prerequisite for all acoustic stimulation treatments is evoked activity in AN fibers and central auditory neurons. Further the stimulation device needs to be able to drive all frequency channels of the auditory system that are required for the treatment. However, both these assumptions might not be justified. One direct caveat for acoustic treatments is the limited frequency range of behind-the-ear devices that are commonly used to deliver the acoustic stimulation. Most behind-the-ear hearing aids and noise generators have an upper cut-off frequency in the range of 5–6 kHz, and tinnitus patients with a higher tinnitus pitch do in fact show less benefit from these devices, possibly because they do not receive adequate stimulation in their tinnitus frequency range (Schaette et al., 2010). In that case, the tinnitus models based on plasticity and gain control predict that treatment will not be effective. Furthermore, certain kinds of cochlear damage could also be major obstacles for acoustic stimulation strategies aimed at re-normalizing or at least increasing AN activity. A recent study found evidence for cochlear dead regions in 16 out of 20 participants with chronic tinnitus (Kiani et al., unpublished results). Tinnitus pitch was either at the dead region's edge frequency or inside the dead region. A cochlear dead region occurs when a stretch of the cochlea is devoid of functioning inner hair cells, and, as a consequence, the corresponding frequency channels of the auditory system cannot be stimulated acoustically. Moreover, “hidden hearing loss,” i.e., the deafferentation of AN fibers in tinnitus patients with a normal audiogram (Schaette and McAlpine, 2011), might also complicate a re-normalization of AN activity through acoustic stimulation.

In case of severe cochlear damage, electric stimulation of AN fibers, for example by means of a cochlear implant, could be another option. As long as a sufficient number of AN fibers can be stimulated, homeostatic plasticity and gain control models would also predict a reduction of tinnitus. This prediction is in line with the observation that cochlear implants can strongly reduce tinnitus (Punte et al., 2011), even generating long-lasting after-effects after the stimulation has been turned off (van de Heyning et al., 2008).

Computational models of tinnitus could be especially valuable as tools for understanding, evaluating and predicting the effects of drug treatments against tinnitus. Most of the drugs that have been recently tested for tinnitus increase inhibition in the brain. This treatment is motivated by animal studies that identified a correlation between reduced inhibition and increased spontaneous neuronal activity and tinnitus. At this point it is essential to determine whether decreased inhibition is truly the underlying cause for the development of tinnitus. The experimental data and predictions of computational models are consistent with the underlying cause being the average level of activity in the auditory system, which controls homeostatic plasticity, and thus also regulates inhibition. When inhibition is increased after hearing loss, for example by administering a drug like gabapentin, activity in the auditory system is reduced to an even greater degree than before. In that case, homeostatic plasticity would decrease the efficacy of inhibitory synapses further and also strengthen excitation, thus counterbalancing the effects of the drug. After the drug treatment has been ceased, there might even be an overshoot of activity if the drug is metabolized faster than the time constant of homeostatic plasticity. Such model-based considerations could help to explain why drugs like gabapentin are not more effective than placebo (Aazh et al., 2011).

CONCLUSIONS

Computational models of tinnitus opened up a functional view on plastic changes in the auditory system after hearing loss and their relation to tinnitus. Moreover, the quantitative approach used in computational modeling contributed to an assessment of different candidate mechanisms for the development of tinnitus, inspiring new experiments in order to test model predictions. In the future, a combination of brainstem and cortex models and an inclusion of feedback mechanisms could be important steps toward a more comprehensive model of tinnitus generation. Such theoretical approaches will complement and motivate further experimental studies, and a combined theoretical and experimental approach will contribute to the development of targeted tinnitus therapies in the future.
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Tinnitus does not require macroscopic tonotopic map reorganization
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The pathophysiology underlying tinnitus, a hearing disorder characterized by the chronic perception of phantom sound, has been related to aberrant plastic reorganization of the central auditory system. More specifically, tinnitus is thought to involve changes in the tonotopic representation of sound. In the present study we used high-resolution functional magnetic resonance imaging to determine tonotopic maps in the auditory cortex of 20 patients with tinnitus but otherwise near-normal hearing, and compared these to equivalent outcomes from 20 healthy controls with matched hearing thresholds. Using a dedicated experimental paradigm and data-driven analysis techniques, multiple tonotopic gradients could be robustly distinguished in both hemispheres, arranged in a pattern consistent with previous findings. Yet, maps were not found to significantly differ between the two groups in any way. In particular, we found no evidence for an overrepresentation of high sound frequencies, matching the tinnitus pitch. A significant difference in evoked response magnitude was found near the low-frequency tonotopic endpoint on the lateral extreme of left Heschl’s gyrus. Our results suggest that macroscopic tonotopic reorganization in the auditory cortex is not required for the emergence of tinnitus, and is not typical for tinnitus that accompanies normal hearing to mild hearing loss.
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INTRODUCTION

Subjective tinnitus is a prevalent and presently incurable hearing disorder that is characterized by the perception of sound in the absence of an identifiable sound source. Many people have experienced ephemeral episodes of tinnitus at some point in their life without permanent consequences. However, persisting tinnitus may have a debilitating effect on an individual’s state and functioning, leading many chronic tinnitus patients to seek medical attention.

In spite of a growingly useful body of behavioral and neurophysiological research in humans and animals, the pathophysiological mechanism that causes tinnitus still remains to be elucidated (Baguley, 2002; Eggermont, 2007a; Møller, 2007a; Rauschecker et al., 2010; Roberts et al., 2010; Kaltenbach, 2011). An important clue lies in the observation that the perceived tinnitus pitch often coincides with frequency regions in which hearing thresholds are found to be elevated. It is still debated whether tinnitus is most closely associated with the frequency range that covers the hearing loss (Noreña et al., 2002; Roberts et al., 2008) or with the edge-frequency where the audiogram is steepest (König et al., 2006; Moore and Vinay, 2010), but in either case the existence of the association suggests some causal relationship.

Tinnitus is not generated in the ear itself. Presumably, hearing loss results in the sensory deprivation of neural assemblies that are tuned to the affected frequencies, providing an incentive for plasticity to occur. In an effort to upregulate their reduced activity back to normal levels, neurons may change the strength of existing connections or develop new connections. If, through homeostatic plasticity (Burrone and Murthy, 2003), all excitatory synapses are strengthened or all inhibitory synapses are weakened in unison, then neurons may become more susceptible to be activated in response to low incoming levels of spontaneous activity already (Schaette and Kempter, 2006; Noreña, 2011). Alternatively, if inputs from unaffected frequencies are strengthened (or newly grown) and inputs from frequencies with hearing loss are suppressed (or pruned altogether), then a large body of neurons may end up responding to the same limited amount of sensory input, thus enhancing neural synchronicity across the population (Eggermont, 2007b). In the healthy auditory system, spontaneous activity is ubiquitously present, but it tends to be relatively weak and incoherent. Elevated levels of neural activity and synchronicity normally only occur in the presence of a driving stimulus, i.e., a sound source. Therefore, if the spontaneous activity or synchronicity is elevated as a result of functional changes that are induced by hearing loss, this can be perceived as the presence of a phantom sound percept in the absence of a true sound source (Dominguez et al., 2006; Chrostowski et al., 2011).

Research in animals as well as humans supports the theory that tinnitus is a side effect of plastic reorganization in the central auditory system. Some studies suggest that homeostatic mechanisms play a dominant role. In rats that developed behavioral signs of high-frequency tinnitus after exposure to loud noise, down-regulation of inhibitory synapses was observed in neurons that were tuned to high frequencies (Yang et al., 2011). In humans with tinnitus, auditory brainstem responses that originated from the periphery were found to be reduced, but those from more central levels had recovered to normal levels, suggesting an increase in neural gain (Schaette and McAlpine, 2011). At the same time, abnormalities in the tonotopic organization of the auditory cortex have been observed that are consistent with an enlarged representation of sensory input from edge-frequency regions. In various animal studies, neurons that were expected to be tuned to sound frequencies coinciding with the tinnitus pitch on the basis of their location in the tonotopic representation were found to display shifts in characteristic frequency (Rajan and Irvine, 1998; Noreña et al., 2003; Stolzberg et al., 2011). Signs of tinnitus disappeared when the representation was restored, suggesting that the map reorganization is responsible for the tinnitus (Engineer et al., 2011). In humans, magnetoencephalography was used to show deviant spatial source localization of frequency-dependent responses in tinnitus patients as compared to controls (Mühlnickel et al., 1998; Wienbruch et al., 2006). Finally, a number of therapeutical strategies that specifically aim to reestablish the tonotopic representation have been reported to be successful in suppressing tinnitus in humans (Herraiz et al., 2007; Pineda et al., 2008), providing indirect evidence for the importance of tonotopic reorganizations in tinnitus.

Unfortunately, the tonotopic organization in humans is still poorly understood even for normal-hearing subjects. Many studies have consistently shown that low sound frequencies are represented in the distal end of Heschl’s gyrus, anterolateral to the high frequencies, which are represented in the proximal root of Heschl’s gyrus (Romani et al., 1982; Lauter et al., 1985; Pan-tev et al., 1989; Wessinger et al., 1997). However, this ignores the existence of multiple functional fields in auditory cortex, many of which may display distinct tonotopic maps. In the last decade, research has started to differentiate between multiple abutting representations in much more detail. Initial results were groundbreaking but appeared somewhat contradictory (Formisano et al., 2003; Talavage et al., 2004). In the last couple of years, however, various studies were published that were in excellent agreement (Woods et al., 2009; Humphries et al., 2010; Da Costa et al., 2011; Langers and van Dijk, 2011; Striem-Amit et al., 2011). Encouraged by these developments, the present study was set up to map the tonotopic representation in tinnitus patients in similar detail. Because we were interested in effects related to tinnitus specifically, we extended our own recent findings to include patients with tinnitus but otherwise normal hearing.

MATERIALS AND METHODS

SUBJECTS

Twenty healthy controls and 20 chronic subjective tinnitus patients participated in this functional magnetic resonance imaging (fMRI) study on the basis of written informed consent, in approved accordance with the requirements of the medical ethical committee at the University Medical Center Groningen in the Netherlands. Subjects were recruited from the hospital’s tinnitus outpatient clinic (for the patient group) as well as from advertisements in various media (for the control and patient groups). They reported no history of neurological or psychiatric disorders. The patients were not undergoing tinnitus treatment at the time of the study. Table 1 summarizes the subjects’ gender, handedness, and age.

Table 1. Comparison of subject characteristics between the two subject groups.
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Except for the presence of tinnitus in the patient group, all subjects were selected to have normal or near-normal hearing up to 8 kHz. Thresholds were determined in a frequency range of 0.25-16 kHz by means of pure-tone audiometry. Furthermore, subjects performed the adaptive categorical loudness scaling (ACALOS) procedure (Brand and Hohmann, 2002). These tests were carried out for the left and right ears separately, but because no notable differences were found results were averaged over both ears.

To characterize the participants’ self-reported complaints, all subjects filled out the 14-item hyperacusis questionnaire, relating to the attentional, social, and emotional aspects of auditory hyper-sensitivity (Khalfa et al., 2002). In addition, all subjects completed the 27-item short symptom checklist that screens for psychiatric symptoms in patients with somatic complaints, and that contains subscales for symptoms of depression, dysthymia, vegetativeness, agoraphobia, sociophobia, and mistrust (Hardt and Gerbershagen, 2001). The tinnitus patients also filled out questionnaires related to their tinnitus, including the Tinnitus Handicap Inventory (THI) that measures tinnitus severity in daily life (Newman et al., 1996), the Tinnitus Reaction Questionnaire (TRQ) that assesses the psychological distress associated with tinnitus (Wilson et al., 1991), and the Tinnitus Coping Style Questionnaire (TCSQ) that quantifies effective as well as maladaptive coping strategies (Budd and Pugh, 1996). All questionnaires were translated into Dutch, and outcome measures were linearly rescaled to obtain a uniform range from 0 to 100.

Tinnitus patients were furthermore asked where they perceived their tinnitus (lateralized toward the left or right ear, or centrally), and whether it was steady or pulsatile. Finally, all patients performed a modified tinnitus spectrum test (Noreña et al., 2002; Roberts et al., 2008). First, some example sounds were played and they were asked which type of sound resembled their tinnitus best: a tonal sound (pure tone), or a ringing or hissing sound (filtered noise with 0.04 or 0.15 octave bandwidths, respectively). Next, the chosen sound was repeatedly played at several center frequencies, and subjects were asked to indicate the subjective “likeness” of the presented sound compared to their tinnitus using a visual analog scale.

IMAGING PARADIGM

During the imaging session, subjects were placed supinely in the bore of a 3.0-T MR system (Philips Intera, Best, the Netherlands), which was equipped with an 8-channel phased-array (SENSE) transmit/receive head coil. The functional imaging session included three 8-min runs, each consisting of a dynamic series of 40 identical high-resolution T2*-sensitive gradient-echo echo-planar imaging (EPI) volume acquisitions (TR 12.0 s; TA 2.0 s; TE 22 ms; FA 90° matrix 128 × 128 × 40; resolution 1.5 mm × 1.5 mm × 1.5 mm; interleaved slice order, no slice gap). A sparse, clustered-volume sequence was employed to avoid interference from acoustic scanner noise (Edmister et al., 1999; Hall et al., 1999). The acquisition volume was positioned in an oblique axial orientation, tilted forward parallel to the Sylvian fissure, and approximately centered on the superior temporal sulci. Additional preparation scans were used to achieve stable image contrast and to trigger the start of stimulus delivery, but these were not included into the analysis. The scanner coolant pump and fan were turned off during imaging to diminish ambient noise levels.

To control their attentional state, subjects performed an engaging visual/emotional task that comprised 40 trials of 12-s duration per run (Langers and van Dijk, 2011). During the first 5 s of each trial, a fixation cross was presented on a screen. During the next 5 s, a picture was shown that was randomly selected out of 300 images from the International Affective Picture System (Lang et al., 2008). Subjects were instructed to empathize with the depicted scene, and decide whether the picture’s affective valence was positive, negative, or neutral. During the final 2 s, coinciding with the EPI acquisitions, subjects could respond by pressing any of three touch buttons on a handheld device. Before the scanning session, the task was clearly explained and demonstrated, and subjects were given the opportunity to practice.

To exclude that the tinnitus percept might have been masked by ambient noise during the scanning session, all patients were asked to rate their tinnitus at various moments before, between, and after the imaging runs on a scale from 0 to 10, where 0 signified that the tinnitus was absent and 10 signified that the tinnitus was maximal. Responses varied but never equaled 0 (the lowest rating encountered was 2) and also never systematically decreased during the session (contrariwise, according to some subjects it systematically increased due to accruing fatigue and stress).

SOUND STIMULI

During the functional runs, sound was presented by means of MR-compatible electrodynamic headphones(MR ConfonGmbH, Magdeburg, Germany; Baumgart et al., 1998) that were connected to a standard PC with soundcard. Underneath the headset, subjects wore foam ear plugs to further dampen the acoustic noise produced by the scanner. Subjects were informed beforehand that the presented sound stimuli were irrelevant for the purpose of the visual/emotional task. During the first 10 s of each trial, while the MR-scanner was inactive, a sequence of 50 identical 100-ms tone stimuli was presented at a rate of 5 Hz. The fundamental frequency f0 of the tones remained the same within a trial, and equaled f0 = 0.25, 0.50, 1.00, 2.00, 4.00, or 8.00 kHz. On top of a constant fundamental, each tone stimulus contained a first overtone that quickly decayed with an e-folding time τ= 25 ms. A windowing function A(t) was used to impose 5-ms linear rise and fall times. The corresponding waveform w(t) is given by the equation w(t) = A(t)· [sin(2π · f0 · t) + 1/2 · e-t/τ · sin(2π · 2f0 · t)]. An additional silent waveform [ w(t) = 0] was included in the set of stimuli.

All waveforms were digitized and saved as 16-bit 44.1-kHz data files, scaled at two levels that differed by a factor 10 in amplitude. As a result, the louder set of stimuli was precisely 20 dB louder than the softer set of stimuli. The stimuli were played at the same level for all subjects; the corresponding audible intensities were calibrated in a separate session, by determining audiometric thresholds to the presented tone stimuli inside the scanner environment, and comparing those to the corresponding standard audiometric thresholds. For example: if the loud 2-kHz stimulus needed to be attenuated by 40 dB to reach the threshold for that stimulus as determined inside the scanner, and if the standard audiometric threshold at 2 kHz was 5 dB HL, then the loud 2-kHz stimulus was inferred to have been presented at 45 dB HL, and the corresponding soft stimulus at 25 dB HL.

The stimulus frequencies and intensity levels were randomly varied across trials, in an order that differed across runs and subjects, and that was unrelated to the affective valence of the task-related pictures.

DATA ANALYSIS

During data processing, we used Matlab (The MathWorks Inc., Natick, MA, USA), supplemented with processing routines from the SPM8b software package (Wellcome Department of Imaging Neuroscience, http://www.fil.ion.ucl.ac.uk/spm/).

Contrast differences between odd and even slices due to the interleaved slice order were eliminated by interpolating between pairs of adjacent slices, shifting the imaging grid over half the slice thickness. Next, the functional imaging volumes were corrected for motion effects using 3-D rigid body transformations. The anatomical images were coregistered to the functional volumes, and all images were normalized into Montreal Neurological Institute (MNI) stereotaxic space. Images were moderately smoothed using an isotropic 5-mm full-width at half-maximum Gaussian kernel, and resampled to a 2-mm isotropic resolution. A logarithmic transformation was carried out in order to naturally express all derived voxel signal measures in units of percentage signal change relative to the mean. (Given the small relative magnitude of the hemodynamic signal, a truncated Taylor series expansion of the transformed signal ŝ(t) = 100 . ln(s(t)) gives rise to Δŝ(t) = 100.Δs(t)/S, indicating that the absolute signal change in Δŝ(t) equals the relative signal change in Δs(t) expressed as a percentage of its mean S.)

Mass-univariate general linear regression models (GLMs) were constructed and assessed for each subject, including: (i) two regressors modeling the reported affective valences (positive or negative, relative to neutral); (ii) twelve regressors modeling the sound stimulus conditions (6 frequencies × 2 intensity levels, relative to silence); (iii) translation and rotation parameters in the x-, y- and z-direction, modeling residual motion effects; and (iv) a third-degree polynomial for each run, modeling baseline and drift effects. The estimated sound-evoked response amplitudes were entered into a group-level mixed effects analysis. On a voxel-by-voxel basis, the significance of the response to sound was assessed by means of an omnibus F-test, including the coefficients of all 12 sound-related regressors equally. A region of interest (ROI) was defined comprising the supra-threshold voxels. The 7517 voxels (i.e., 60 cm3) that remained formed two coherent clusters of approximately equal size, located bilaterally in the superior temporal lobes that contain auditory cortex (see Results). For every subject and for all six stimulus frequencies, the activation levels of these voxels in response to stimuli of a uniform intensity level of 40 dB HL were estimated by linearly interpolating the sound-evoked activity between the two intensities that were presented. The resulting activation levels were collected in an aggregate 300680 × 6 matrix B (40 subjects × 7517 voxels, 6 frequencies).

From this aggregate activation matrix, two principal components were extracted. Thus, B = x1 ⊗ f1 + X2 ⊗ f2 + ∊, where x1 and x2 are 300680-element vectors containing spatial response maps (masked by the ROI and aggregated across subjects), f1 and f2 are 6-element vectors containing the corresponding frequency response profiles, and e is a matrix containing the residuals that were minimized in least-squares sense. Because the magnitude of the outer products in the decomposition are well-defined, but the magnitudes of the maps or profiles individually are not, the frequency response profiles f1 and f2 were constrained to unitroot-mean-square amplitude. As a result, the spatial response maps x1 and x2 are expressed in common fMRI units of percentage signal change. The aggregate spatial response maps x1 and x2 were partitioned into 40 maps corresponding with individual subjects. From these, average maps were computed for each of the two subject groups.

For the purpose of bootstrap permutation testing, all 40 subjects were repeatedly subdivided into two random subgroups of 20 subjects each, and analyzed. On the basis of 1000 such repetitions, null-distributions were derived that were used to estimate the statistical significance of any differences between the groups of healthy controls and tinnitus patients.

RESULTS

SUBJECTS

Figure 1A displays the subjects’ hearing thresholds as a function of frequency. Except above 8 kHz, where some hearing loss occurred, average thresholds were normal. Subject groups were well matched with regard to hearing loss. At all frequencies except 4 kHz, the thresholds did not significantly differ; only at 4 kHz, the patients’ thresholds were worse by 7 dB on average (nominal p = 0.003). Table 1 includes the mean thresholds across all frequencies at which stimuli were presented in this study, i.e., the octave frequencies from 0.25 to 8.00 kHz. These did not differ significantly between groups. It also lists the dynamic intensity range that corresponded with a loudness ranging from the minimum to the maximum score according to the ACALOS test (i.e., 0-50, corresponding with labels “inaudible” to “too loud”). The intensity range was significantly reduced in tinnitus patients, indicating a diminished tolerance for loud sounds. This finding was confirmed by the hyperacusis questionnaire, which also revealed a significantly reduced self-reported tolerance to sound. According to the symptom checklist, patients showed significantly more depressive and dysthymic signs. With respect to the other sub-scales, the patients also scored worse, but differences remained insignificant. With regard to the specifically tinnitus-related questionnaires, patients showed a wide range of self-reported levels of tinnitus complaints, varying from very mild to very severe. The tinnitus severity according to the THI, the tinnitus-related distress according to the TRQ, and the maladaptive coping level according to the TCSQ were all strongly correlated (pairwise R > 0.85). The effective coping level according to the TCSQ did not correlate appreciably with any of these three measures (pairwise |R| < 0.05). Finally, Table 1 tabulates the occurrence of various tinnitus characteristics. Overall, the tinnitus percept was most prevalently perceived centrally in the head, steady over time, and with a high-frequency tone-like character. Figure 1B displays the obtained tinnitus spectra, which on average showed a monotonous increase as a function of frequency.
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Figure 1. (A) Hearing thresholds were measured at frequencies from 0.25 to 16.00 kHz. Results were averaged over both ears, and shown by means of boxplots (showing inter-quartile ranges). Stimuli were presented at all octave frequencies from 0.25 to 8.00 kHz at two different intensity levels that differed by 20 dB. The light gray bars indicate the approximate presentation levels. In the analysis, the sound-evoked activation levels were interpolated to a uniform intensity level of 40 dB HL, indicated by the dark gray line. (B) Patients performed a tinnitus spectrum test in which they indicated the subjective “likeness” to their tinnitus percept of a range of sound stimuli with varying center frequencies. The majority of subjects showed high-frequency tinnitus (solid; likeness increasing with frequency); one subject showed a low-frequency tinnitus (dashed; likeness decreasing with frequency); two subjects showed a spectrum that could not be classified as high- or low-frequency (dotted; with a peak or a dip at intermediate frequencies).



SOUND-EVOKED ACTIVATION

The sound-evoked activation according to a family-wise error (FWE) corrected group-level omnibus F-test is shown in Figure 2. Figure 2A shows all significant voxels, assessed across all 40 subjects as a group. A minimum cluster size of 100 voxels was imposed in order to exclude small sub-cortical activation foci. The resulting two extensive activation clusters in the bilateral auditory cortices were used as a ROI. In the lower bar plot, the mean activation levels in this ROI for each of the six frequencies and each of the two subject groups are plotted. Results were linearly interpolated between the two employed stimulus intensities to estimate the activation levels that would be obtained at uniform stimulus intensity levels of 40 dB HL across all frequencies. For instance, the 2-kHz stimuli were presented at approximately 30 and 50 dB HL (see Figure 1A), and the two corresponding activations were therefore averaged; at 4 kHz, however, the presented stimulus intensities were approximately 26 and 46 dB HL, and therefore the corresponding activations were weighted at 0.3:0.7. The resulting profiles showed the largest activation levels below 1 kHz, and a gradual decline in activation toward the highest frequency of 8 kHz. No systematic differences between controls and patients were apparent.
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Figure 2. (A) Overall activation to all sound stimuli in the controls and patients combined (thresholded at p < 0.05, FWE-corrected, and minimum cluster size of 100 voxels) occurred in the bilateral auditory cortices. Below the glass brain display, the bar plot shows the activation to various frequencies (interpolated to 40 dB HL) for both subject groups separately. Error bars indicate standard errors of the mean across subjects. (B) Testing for any differences between groups in the frequency-dependent sound-evoked activation profile (thresholded at p < 0.05, FWE-corrected, and minimum cluster size of 20 voxels) revealed one cluster in left lateral Heschl’s gyrus. The bar plot shows the mean response levels for this subset of voxels.



Figure 2B shows all locally significant differences in activation between the 20 healthy controls on the one hand and the 20 tinnitus patients on the other hand. Results were thresholded at a confidence level of p < 0.05 (FWE-corrected) and a minimum cluster size of 20 voxels. One cluster reached significance, located in the most lateral aspect of the Heschl’s gyrus in the left hemisphere, peaking at coordinates (x, y, z) = (-62, 0, 0). The average response profile of these voxels, shown in the bar plot, showed relatively weak activation in the controls and relatively strong activation in the patients. This qualitative difference was found at all frequencies, but it was quantitatively most prominent for the low frequencies.

In Figure 3A, the mean activation levels (expressed as a percentage signal change, interpolated to 40 dB HL) across all six stimulus frequencies are mapped for the two subject groups separately. Obviously, in both groups the overall activation tended to decline as the stimulus frequency increased. Additionally, a gradual transition in the activation pattern was visible. At the lowest frequencies, fMRI activation tended to peak in a region centered on lateral Heschl’s gyrus. At the highest frequencies, the activation cluster appeared to have broken up into two clusters, one on the rostral bank of medial Heschl’s gyrus, bordering the central sulcus, and one on its caudal bank, bordering the planum temporale. For intermediate frequencies, intermediate patterns were observed. These trends occurred similarly in both hemispheres and in both subject groups.
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Figure 3. (A) Mean intensity projections of the activation to all sound stimuli (interpolated to 40 dB HL) in the controls and patients separately. (B) A principal component decomposition of the frequency-dependent response profiles across all voxels and all subjects resulted in a first component that summarized the general activation levels, and a second component that reflected the frequency-selectivity that differed between voxels. (C) For various mixtures of the first and second principal components’ frequency response profiles, one may obtain response behaviors that range from low- to high-frequency tuning as the ratio of the coefficients x2/x1 increases from negative to positive values. (D) Spatial maps of the ratio x2/x1 reveal the tonotopic organization of the auditory cortices. (E) By color-coding the gradient direction of the maps in (D), multiple parallel strips of cortex are distinguishable.



In order to summarize these activation maps more concisely, principal component analysis was employed. Figure 3B shows the first (left) and second (right) principal component’s spatial response maps x1,2 (averaged across the controls or patients separately), together with their corresponding frequency response profiles f1,2 (which apply to both groups equally). Unsurprisingly, for the first principal component, the spatial map well summarized the typical activation pattern that was already observed in Figure 3A, and the shape of the frequency profile well resembled the ROI average in Figure 2A. More interestingly, the second principal component summarized how voxels primarily deviated from that typical behavior. The frequency profile showed a monotonous and gradual increase from negative values (at low frequencies) to positive values (at high frequencies). In the spatial map, positive coefficients were encountered bilaterally on the rostral and caudal banks of medial Heschl’s gyrus, and negative values were found on its lateral crest. In combination, this means that the medial endpoints shown in blue tended to respond more strongly to high-frequency stimuli and less strongly to low-frequency stimuli, as compared to the average behavior of all voxels. Contrariwise, in the lateral endpoint shown in red, responses were stronger in response to low-frequency stimuli and weaker in response to high-frequency stimuli. This reflects two tonotopic representations on the rostral and caudal banks of Heschl’s gyrus. Comparing the second component’s spatial maps, these representations existed in a highly similar form for both subject groups.

PLACE-FREQUENCY MAPS

Because the frequency profile for an individual voxel, as estimated by a combination of the profiles shown in Figure 3B, depends on the relative contribution of the first and the second principal component in that voxel (contained in x1 and x2, respectively), the ratio x2/x1 was calculated for each voxel. Figure 3C illustrates the shape of various mixtures of frequency profiles that may be obtained for a number of different ratios. The profile shifts from low to high frequencies as the ratio increases from negative to positive values. Therefore, the ratio x2/x1 may serve to quantify a voxel’s frequency tuning, where low/negative values indicate low-frequency tuning and high/positive values indicate high-frequency tuning.

Figure 3D displays the resulting ratio map. Qualitatively, the obtained pattern was very similar to that of the second component alone, but results were more pronounced toward the edges of the cluster, where responses were weakest. Moreover, a secondary low-frequency endpoint was more clearly found to exist in lateral planum temporale, posterior to the other low-frequency endpoint in lateral Heschl’s gyrus. Again, both groups showed highly similar results overall. Perhaps the most striking difference was observed in the left lateral Heschl’s gyrus, where the healthy controls showed highly pronounced low-frequency responses (dark red) whereas the tinnitus patients showed only moderately pronounced low-frequency responses (orange red). This is related to the fact that in this vicinity the first component’s spatial map was weaker in the controls than in the patients (see Figure 3B; further corroborated by Figure 2B), whereas the second component’s spatial map still showed similar magnitudes.

Finally, the direction of the gradient in the transverse maps of Figure 3D is color-coded in Figure 3E. In both hemispheres, a series of “strips” of auditory cortex could be distinguished, tentatively corresponding with distinct functional fields in auditory cortex. Fields were aligned more or less parallel to the axis of Heschl’s gyrus. On the rostral bank of Heschl’s gyrus, the low-to-high tonotopic gradient was homogeneously oriented in an anteromedial direction. Toward the caudal bank of Heschl’s gyrus, it showed a sharp transition to another homogeneous region where the gradient was oriented in the posterior direction. Further caudally, on the planum temporale, another gradient reversal was visible, followed possibly by yet another reversal near the temporoparietal junction. Again, comparable results were obtained for both groups.

In an effort to elucidate potential differences regarding the tonotopic organization in the two groups, we plotted the strength of the first component (x1) versus that of the second component (x2) in Figure 4A. Each voxel contributes one data point. Results are shown separately for the mean maps derived from the controls (left) and patients (right). In Figure 4B these data were transformed into a representation where the ratio x2/x1, reflecting frequency tuning, was plotted on the horizontal axis, and the value x1, reflecting the overall activation level, was plotted on the vertical axis. This once more shows that the strongest responses (i.e., high x1) occurred for voxels that were tuned to the lower frequencies (i.e., negative x2/x1). Some differences were visible in the shape of the data cloud of both groups, but the overall distributions were rather similar. To statistically quantify and assess the differences between both groups, we compared these outcomes in various ways. First, in Figure 4C, the value x1 (top) and the ratio x2/x1 (bottom) are plotted for one group versus the other. In other words, the response level and frequency tuning, respectively, of a particular voxel in one group is compared to that of the same voxel (i.e., at the same location in stereotaxic space) in the other group. The resulting scatter plots can both be seen to cluster along the diagonal. Any difference in excitability or any shift in frequency tuning would have been visible as a systematic deviation of the data cloud from the diagonal, but apart from stochastic variations hardly any such deviations were observed. Second, in Figure 4D we compared the marginal distributions of the scatter plots in Figure 4B by plotting the histograms of the value x1 (top) and the ratio x2/x1 (bottom). These plots also include the median and the surrounding 95% confidence intervals for these histograms, obtained by repeatedly sampling 20 random subjects (dashed lines). The overall shape of the distributions differed little, and did not significantly differ from that obtained from any random group. Third, in Figure 4E, we plotted the cumulative density function (cdf) of the value x1 (top) and the ratio x2/x1 (bottom) for one group versus the other, as is commonly done in the Kolmogorov-Smirnov test for statistical equality of distributions. If the groups show identical distributions, the result is a straight line along the diagonal. Again, the bootstrapped median and 95% confidence interval are shown by dashed lines. The obtained curves did not significantly deviate from the diagonal anywhere.
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Figure 4. (A) The coefficients in the first and second components’ spatial response maps (see Figure 3B) were plotted against each other. Each data point corresponds with one voxel. The diagonal lines show where the ratio x2/x1 remains constant. (B) Transforming the representation in (A), the ratio of the first and second components’ coefficients was plotted against the coefficient of the first component. The vertical coordinate of a voxel’s data point reflects its sound-evoked activation level, and the horizontal coordinate reflects its frequency tuning. (C) A plot of the sound-evoked activation level (top) and frequency tuning (bottom), as quantified by the value x1 and ratio x2/x1, respectively, comparing healthy controls and tinnitus patients. (D) The probability density function (pdf) of the value x1 (top) and ratio x2/x1 (bottom) is plotted in the form of a histogram. Dashed lines indicate the median and 95% confidence intervals as obtained from a bootstrap procedure. (E)The corresponding cumulative density function (cdf) in both groups are plotted against each other. Again, dashed lines indicate the bootstrap median and 95% confidence intervals.



In Figure 5A, the second principal component’s spatial map (x2) is shown for each subject individually. (For individual subjects we avoided the ratio x2/x1 because it resulted in ill-defined values for a large abundance of weakly activated voxels due to “division by zero” divergences when x1 ≈ 0.0.) Per group, subjects were sorted in order of decreasing Pearson correlation (R) with the average map over all 40 subjects. In both groups, some subjects were highly representative of the mean (R > 0.5), whereas some others were not at all (R ≈ 0.0). Still, the median correlations (R = 0.44 for controls; R = 0.43 for patients) were substantial and did not appreciably differ between groups.
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Figure 5. (A) Individual spatial response maps of the second principal component x2 for all subjects in the two groups, arranged in order of decreasing similarity with the mean map of all subjects (as quantified by Pearson correlations R). (B) The detailed but complex representations in (A) were projected onto a two-dimensional feature space that still captured a maximal amount of variance by means of principal component analysis. Each subject is represented by a colored symbol at coordinates that reflect the loading on the two features. The axes are labeled with images that display the spatial response maps corresponding with the dimensions of the feature space, as are various mixtures along diagonals in between. The further from the origin, the more pronounced a feature is represented in a subject.



Because it is hard to oversee differences between subjects in these map representations, we reduced the dimensional complexity of the data by projecting them onto a two-dimensional “feature space” that was obtained by means of principal component analysis, thus ensuring that a maximal amount of variance was retained (a procedure conceptually analogous to multidimensional scaling). In Figure 5B, the loadings of the individual subjects are plotted. The axes are labeled with images that show several mixtures of features that are represented in the various directions. The upward vertical axis, which explains the largest amount of signal power in the maps, well depicts the typical tonotopic layout that was already observed in Figure 3B (the downward vertical axis depicts negative loadings, where high- and low-frequency endpoints are therefore reversed). The rightward horizontal axis shows an overall representation of high frequencies (cyan colors) and the leftward horizontal axis shows an overall representation of low frequencies (yellow colors). The further from the origin, the more pronounced these features were represented in individuals. Subjects were typically located in the segments between the 11 o’clock and 2 o’clock positions, and therefore mostly showed a rather similar tonotopic map, with a slight over- or underrepresentation of higher or lower frequencies. The centroids of the two groups were located close to each other, especially when compared with the spread across individuals, indicating that the groups did not significantly differ with respect to these features. Although it is questionable whether these data can be formally assumed to be normally distributed, an F-test indeed confirmed that the groups did not differ significantly (p = 0.90).

Finally, to exclude that the obtained outcomes regarding tonotopic maps were dominated by the (stronger) low-frequency responses to such a degree that differences in the (weaker) high-frequency responses were rendered undetectable, we repeated the principal component decomposition and all subsequently described statistical analyses on the basis of only the half of the response data that concerned the 2-, 4-, and 8-kHz stimuli. Again, none of the tests resulted in significant (or nearly significant) outcomes, similarly indicating that the mean tonotopic maps were highly comparable in both groups.

DISCUSSION

In this study, we determined tonotopic representations in the bilateral human auditory cortices. The current stimulus and acquisition paradigm was identical to that in a previous publication (Langers and van Dijk, 2011). There, we reported in more detail on the current control group only, and demonstrated that the employed experimental setup may be used to robustly extract tonotopic maps. For the purpose of the present paper, the subject group was extended to include tinnitus patients that were matched with respect to hearing loss. Our goal was to test the hypothesis that tinnitus results from an abnormal tonotopic organization of the auditory cortex. We did not find supporting evidence for any such reorganization.

TONOTOPIC MAPPING

In spite of the fact that we well reproduced our previous findings in the control group, the analyses that we currently performed differed from our earlier report in two respects that are worth noting.

Firstly, instead of detailing the activation in response to the louder and softer set of sound stimuli separately, we interpolated our data to uniform intensity levels of 40 dB HL. The reason for this was that, unlike in our previous report, we currently did not mean to study the spread of activation that increasingly occurs at higher intensity levels. Because sound-evoked activation in primary auditory cortex as measured by fMRI increases more or less linearly with the stimulus intensity level in normal hearing subjects (Hall et al., 2001; Brechmann et al., 2002; Langers et al., 2007), the employed interpolation enabled us to largely account for differences in the presentation level across stimulus frequencies. We still observed a decline of the overall activation level as a function of frequency. This may partly be attributed to the small amount of hearing loss at the highest presentation frequencies.

Secondly, instead of simply averaging the response data across subjects for the purpose of principal component decomposition, we concatenated all data to obtain a single data matrix (B). The resulting data reduction method has been analogously incorporated in independent component analyses (Svensén et al., 2002). In contrast to our previous report, the present approach does not assume spatial response characteristics (including tonotopic representations) to be identical across subjects or groups. Instead, for each principal component, individual spatial response maps were obtained that were still identically interpretable across subjects due to the fact that they shared the same frequency response profile. This allowed us to statistically test for differences between the two subject groups in a data-driven but unbiased manner.

GROUP DIFFERENCES

Using a conventional linear regression model, we found significantly stronger activation in the patients than in the controls in the vicinity of the low-frequency endpoint of the tonotopic map in left lateral Heschl’s gyrus (see Figure 2B). Note that the low-frequency preference of this cortical region does not agree with the typical high-pitched tinnitus percept. However, the lateral extreme of Heschl’s gyrus has also been proposed to subserve pitch processing in humans (Patterson et al., 2002; Penagos et al., 2004; Puschmann et al., 2010). Although high and low pitches may be processed in different ways (Oxenham et al., 2004) and the precise role of this area remains obscure (Hall and Plack, 2009; Barker et al., 2011), this interpretation suggests that the abnormal activity in tinnitus patients may be related to pitch extraction. Ongoing anomalous activity in such a center can easily be conceived to induce the percept of a continuous tone-like sound. The observed activity can be argued to result from tinnitus, since the ongoing presence of a tone-like phantom percept that is generated lower in the auditory pathway may well induce abnormal activity in an area that is dedicated to the assessment of pitch. Alternatively, this hyperactivity may be construed to underlie the cause of tinnitus itself. In either case, one expects elevated activity during silence in the presence of tinnitus, which would diminish rather than enlarge the contrast with the activation that occurs during the perception of true sound. Yet, at the same time, an intrinsically hyperexcitable pitch processing center may respond excessively to true sound as well. The latter effect would be consistent with our findings.

Interestingly, due to the superficial location of this area in the brain, it forms an accessible target for non-invasive therapeutic interventions. Our finding may therefore help explain the reported success of some recently developed transcranial magnetic stimulation (TMS) therapies that target left auditory cortex (Burger et al., 2011; Chung et al., 2012).

Hyperexcitability might also clarify why tinnitus is commonly accompanied by hyperacusis (Baguley, 2003; Møller, 2007b). Our patient group showed evidence for hyperacusis, both objectively in the form of a reduced dynamic range of audible but tolerable sound intensities, and subjectively on the basis of self-reported complaints in a hyperacusis questionnaire. It has been forwarded that hyperacusis forms a confound in fMRI and abnormal activity levels that are ascribed to tinnitus might actually be due to hyperacusis, particularly for the subcortical auditory nuclei (Gu et al., 2010). In the present study, we found only limited elevations in cortical sound-evoked response levels, since activation was not significantly different between groups in most of the auditory cortex. This suggests that hyperacusis did not play a dominant role, possibly as a result of the low sound presentation levels that were employed. However, this equality can also be argued to result from two opposing effects that happen to cancel each other: an increase in activation related to hyperacusis (due to hyperexcitability), and a concomitant decrease in activation due to tinnitus itself (for instance due to elevated levels of activity during baseline already). Because we are unable to disentangle these two subtle effects, their possible extent and magnitude presently remains speculative.

Apart from the aforementioned significant focal difference, we found remarkably few discrepancies between the control subjects and the tinnitus patients. In particular, the tonotopic maps that were extracted from both groups looked highly similar at first glance. Various detailed comparisons across voxels (Figure 4) and across subjects (Figure 5) subsequently indeed confirmed that any differences that did occur between the two groups could be completely ascribed to chance. We therefore found no evidence for macroscopic tonotopic reorganization in tinnitus patients. In particular, we found no signs of a systematic over-representation of the moderate to high sound frequencies that corresponded with the tinnitus pitch itself or its spectral edge. Nevertheless, a number of practical limitations should be kept in mind.

LIMITATIONS

A first important limitation is that the fact that our data did not result in the rejection of the null-hypothesis should not be interpreted as proof that the null-hypothesis is true. If tonotopic reorganization takes place in a subtle form (for instance if it induces only a weak shift in the measurable best frequencies, or if it is confined to a small subregion of auditory cortex only), then the statistical power of our study may have been inadequate and our methodology insufficiently sensitive to detect it. However, the cortical tonotopic reorganizations that have been observed in animal studies are far from subtle, as response characteristics have been found to show changes that are immediately obvious and that extend over multiple octaves in the tonotopic map (Stolzberg et al., 2011; Yang et al., 2011). Although it is difficult to formulate and test a precise alternative hypothesis that would correspond with these animal data, the comparison in Figure 3D does not indicate any such large-scale reorganizations.

Moreover, our analyses were able to detect differences between the tonotopic organizations in individuals, as becomes clear from Figure 5. We do not attribute this variability to inaccuracies in the measurement method alone (i.e., “noise”). Within subjects, the detected tonotopic representations were still organized into large-scale patterns that exceeded the inherent resolution of the data. Therefore, we believe that the observed inter-subject variations reflect actual differences in the individual cortical organization. Then our inability to distinguish between healthy controls and tinnitus patients on the basis of their tonotopic organization is not a limitation of our paradigm, but an inherent characteristic of these populations instead. Although perhaps differences between the means of the two groups might have turned out significant if substantially larger numbers of subjects had been considered, these would then still have been clinically insignificant: the macroscopic tonotopic organization cannot serve as a practical criterion to objectify tinnitus in individuals.

A second limitation is related to the nature of the measurements that we performed. Functional MRI relies on hemodynamic changes in the volume and oxygenation of the brain’s local blood supply that occur as a result of variations in the tissue’s metabolic demand. These variations have been shown to be related to neuronal firing as well as synaptic events like the release and reuptake of excitatory and inhibitory neurotransmitters (Logothetis et al., 2001; Logothetis, 2008). However, importantly, fMRI has a limited temporal and spatial resolution. Functional MRI may be completely insensitive to the synchronicity of neuronal discharges, and the measured signal at best forms a correlate of the integrated activity over a large collection of neurons. If tonotopic reorganization is expressed only as a change in synchronicity or as a change in the fine-grained distribution of neural activity across microscopic cortical columns, for instance, then this will have remained undetected in this study. Other techniques (like electro- and magnetoencephalography, or electrophysiological recordings) may prove sensitive to some of these changes (Mühlnickel et al., 1998; Wienbruch et al., 2006), but these have so far been less successful in mapping the detailed cortical tonotopy in humans either because of their limited ability to distinguish activity from numerous sites simultaneously or because of their invasive nature.

A third limitation of this study may be related to the subject group. We deliberately included tinnitus patients with normal hearing thresholds over most of the range of audible frequencies in order to be able to attribute any detectable deviations specifically to the presence of tinnitus but not hearing loss. Although near-normal hearing is not entirely uncommon, tinnitus patients typically show substantially elevated thresholds at moderate frequencies already. Even in tinnitus patients with allegedly normal hearing thresholds, high-frequency hearing loss may occur that has been missed due to the fact that standard audiometry often does not extend beyond 8 kHz. Of particular importance in the comparison with previous results from animal studies, tinnitus in animals is often induced by acoustic trauma and can be accompanied by hearing loss in excess of 40 dB (Noreña et al., 2003; Yang et al., 2011). In contrast, for sufficiently small damage to the peripheral hearing organ, the balance between excitation and inhibition was shown not to change, suggesting that tonotopic maps are not required to shift under such circumstances (Rajan, 2001). Therefore, this study may inadvertently have considered a special subgroup in which tonotopic reorganization plays no role (Barnea et al., 1990), whereas this mechanism may still remain important in the patient population as a whole. Or, perhaps tonotopic reorganizations in these patients occurred only in areas tuned to frequencies beyond 8 kHz, where some hearing loss was observed, but which exceeded the highest presentation frequency in this study.

Still, except for a relative lack of hearing loss, this subpopulation of patients is surprisingly typical. This may be argued for our subjects in particular based on the data in Table 1 , but it has been independently pointed out for a much larger subject group previously (Sanchez et al., 2005). On average, tinnitus patients with normal hearing thresholds are younger (likely causing better thresholds) and less burdened (likely as a result of better thresholds) than the tinnitus population as a whole, but the perceived acoustic attributes of their tinnitus percept are remarkably similar. This raises the possibility that perhaps these patients have a type of hearing loss that conventional tone-audiometry is insensitive to. For instance, substantial loss of neurons in the cochlear nerve (especially neurons with high thresholds and low spontaneous activity) and even loss of inner hair cells may remain unnoticed if, in contrast to dead regions, such losses occur sparsely spread across a range of audible frequencies. Alternatively, the plastic changes may have been induced by temporary hearing loss that later recovered without reverting the tonotopic map back to normal. In conclusion, even though peripheral damage was not proven in our subject group, except at extreme frequencies, it is still conceivable that similar mechanisms may have occurred at the central level, resulting in tinnitus (Weisz et al., 2006; Kujawa and Liberman, 2009; Schaette and McAlpine, 2011).

IMPLICATIONS FOR PATHOPHYSIOLOGICAL MODELS

We conclude by comparing our findings with models that attribute tinnitus to cortical plasticity, either homeostatic plasticity through upregulation of central gain or tonotopic plasticity through shifts in characteristic frequency. Figure 6A shows a highly simplified diagram of how sound information is normally transmitted from the periphery to the auditory cortex along numerous frequency channels in parallel. Of course, in reality complex signal transformations take place in several intermediate processing stages that comprise cross-channel integration of afferent as well as efferent information, and we do not mean to claim that these cannot play a role in tinnitus, but for the sake of clarity these intricacies will be presently overlooked.


[image: image]

Figure 6. (A) A simplified diagram showing transmission of acoustic information from the peripheral to the central auditory system across multiple parallel channels. The colors represent frequency tuning. (B) After complete high-frequency hearing loss (top panel), sensory deprivation leads to permanently reduced activity in the affected channels (symbolized by dotted lines and open circles). Following homeostatic upregulation (middle panel), neurons with increased gain (indicated with plusses) respond even to low levels of spontaneous activity. Alternatively, following tonotopic reorganization (bottom panel), large numbers of neurons receive input from the edge-frequency region. (C) In the present study, high-frequency hearing thresholds were largely normal, suggesting that sufficient hair cells and neurons in the affected frequency regions remained intact. Homeostatic upregulation or tonotopic reorganization would then be limited to the interspersed deprived neurons only, but would still lead to elevated activity or enhanced synchronicity, respectively, resulting in the presence of a tinnitus percept.



The top panel in Figure 6B illustrates what may happen after complete loss of hearing at high frequencies. Various channels are deprived from sensory input and their activity will permanently drop (indicated by the dotted lines and open circles). This provides a strong incentive for plasticity to occur, as depicted in the lower panels. Homeostatic upregulation may reinstate a normal rate of activity by increasing the gain in the affected channels. The model predicts that this induces elevated levels of spontaneous activity, which would be perceived as a high-pitched tinnitus. Alternatively, tonotopic reorganization may entice the high-frequency channels to start responding to input from the nearest frequency regions that still retain normal input, i.e., from the edge-frequency region. Thus, high-frequency regions in the central auditory system become massively tuned to a limited amount of sensory input that originates from a small tonotopic region in the periphery. This induces enhanced synchronicity across the high-frequency region, which could be similarly perceived as a high-pitched tinnitus. The fact that we found normal tonotopic representations in tinnitus patients would at first sight contradict the model that involves tonotopic reorganization.

However, our patients showed normal thresholds in much of the high-frequency range, suggesting that sensory deprivation may have been partial, and some fraction of neurons with intact input may have survived throughout the tonotopic axis. These may suffice in order to detect the presence of sound (explaining the normal thresholds), but there would still be loss of input such that plastic reorganization can occur (explaining the tinnitus). This situation is schematically depicted in Figure 6C. The model involving homeostatic upregulation would predict that elevated levels of spontaneous activity still occur for the deprived subpopulation of neurons, similarly leading to tinnitus as in the condition with complete loss. The model involving tonotopic reorganization might now predict negligible shifts in characteristic frequency, because neurons can still obtain input from intact nearby channels. Depending on the scale at which losses are clustered this might lead to a slightly coarser, more granular representation, but the macroscopic tonotopic organization would survive. Still, large numbers of neurons would be excited by a small number of inputs, thus increasing neural synchronicity, again leading to tinnitus. Following this argument, even though we exclude that large-scale macroscopic tonotopic reorganization is required for tinnitus to arise, our results can still be brought into agreement with a model based on tonotopic reorganization. However, it should be realized then that abnormalities can be limited to microscopic dimensions, and the resulting enhanced synchronicity is a more direct correlate of tinnitus than the reorganization itself.

Finally, we note that our data also showed little evidence for homeostatic changes in central gain. As far as elevated levels of excitability were observed, they occurred in low-frequency regions in the left hemisphere. This is hard to reconcile with the prediction that neural gain would be upregulated in the high-frequency regions where the tinnitus pitch was found. In contrast, in high frequency regions, no significant elevations in activity were found. However, for this model as well, our findings might be explained to some degree if the elevation in spontaneous activity would happen to equal the elevation in evoked activity. Because fMRI is sensitive only to the contrast between these conditions, such an overall effect might remain unobservable.

CONCLUSION

In conclusion, our findings strongly suggest that macroscopic tonotopic reorganization is not required for tinnitus to arise, at least in patients with normal hearing or mild hearing loss only. Although this observation can be reconciled with prevailing models regarding the pathophysiology of tinnitus in the central auditory system, it sheds a new and subtle light on how these mechanisms may naturally take shape. We plan to extend this study to subjects with hearing loss, both with and without tinnitus, in an effort to further unravel tinnitus pathophysiology in humans.

ACKNOWLEDGMENTS

The author Dave R. M. Langers was funded by VENI research grant 016.096.011 from the Netherlands organization for scientific research (NWO) and the Netherlands organization for health research and development (ZonMw). Further financial support wasprovided bythe HeinsiusHoubolt Foundation. We thank Eline Deenen for the audiometric evaluation of all subjects.

REFERENCES

Baguley, D. M. (2002). Mechanisms of tinnitus. Br. Med. Bull. 63, 195-212.

Baguley, D. M. (2003). Hyperacusis. J. R. Soc. Med. 96, 582-585.

Barker, D., Plack, C. J., and Hall, D. A. (2011). Reexamining the evidence for a pitch-sensitive region: a human fMRI study using iterated ripple noise. Cereb. Cortex. doi: 10.1093/cercor/bhr065 [Epub ahead of print].

Barnea, G., Attias, J., Gold, S., and Shahar, A. (1990). Tinnitus with normal hearing sensitivity: extended high-frequency audiometry and auditory-nerve brain-stem-evoked responses. Audiology 29, 36-45.

Baumgart, F., Kaulisch, T., Tempelmann, C., Gaschler-Markefski, B., Tegeler, C., Schindler, F., Stiller, D., and Scheich, H. (1998). Electrodynamic headphones and woofers for application in magnetic resonance imaging scanners. Med. Phys. 25, 2068-2070.

Brand, T., and Hohmann, V. (2002). An adaptive procedure for categorical loudness scaling. J. Acoust. Soc. Am. 112, 1597-1604.

Brechmann, A., Baumgart, F., and Scheich, H. (2002). Sound-level-dependent representation of frequency modulations in human auditory cortex: a low-noise fMRI study. J. Neurophysiol. 87, 423-433.

Budd, R. J., and Pugh, R. (1996). Tinnitus coping style and its relationship to tinnitus severity and emotional distress. J. Psychosom. Res. 41, 327-335.

Burger, J., Frank, E., Kreuzer, P., Kleinjung, T., Vielsmeier, V., Landgrebe, M., Hajak, G., and Langguth, B. (2011). Transcranial magnetic stimulation for the treatment of tinnitus: 4-year follow-up in treatment responders a retrospective analysis. Brain Stimul. 4, 222-227.

Burrone, J., and Murthy, V. N. (2003). Synaptic gain control and homeostasis. Curr. Opin. Neurobiol. 13, 560-567.

Chrostowski, M., Yang, L., Wilson, H. R., Bruce, I. C., and Becker, S. (2011). Can homeostatic plasticity in deafferented primary auditory cortex lead to travelling waves of excitation? J. Comput. Neurosci. 30, 279-299.

Chung, H.-K., Tsai, C.-H., Lin, Y.-C., Chen, J.-M., Tsou, Y.-A., Wang, C.-Y., Lin, C.-D., Jeng, F.-C., Chung, J.-G., and Tsai, M.-H. (2012). Effectiveness of theta-burst repetitive transcranial magnetic stimulation for treating chronic tinnitus. Audiol. Neurootol. 17, 112-120.

Da Costa, S., van der Zwaag, W., Marques, J. P., Frackowiak, R. S. J., Clarke, S., and Saenz, M. (2011). Human primary auditory cortex follows the shape of Heschl’s gyrus. J. Neurosci. 31, 14067-14075.

Dominguez, M., Becker, S., Bruce, I., and Read, H. (2006). A spiking neuron model of cortical correlates of sensorineural hearing loss: spontaneous firing, synchrony, and tinnitus. Neural Comput. 18, 2942-2958.

Edmister, W. B., Talavage, T. M., Ledden, P. J., and Weisskoff, R. M. (1999). Improved auditory cortex imaging using clustered volume acquisitions. Hum. Brain Mapp. 7, 89-97.

Eggermont, J. J. (2007a). Pathophysiology of tinnitus. Prog. Brain Res. 166, 19-35.

Eggermont, J. J. (2007b). Correlated neural activity as the driving force for functional changes in auditory cortex. Hear. Res. 229, 69-80.

Engineer, N. D., Riley, J. R., Seale, J. D., Vrana, W. A., Shetake, J. A., Sudanagunta, S. P., Borland, M. S., and Kilgard, M. P. (2011). Reversing pathological neural activity using targeted plasticity. Nature 470, 101-104.

Formisano, E., Kim, D. S., Di Salle, F., van de Moortele, P. F., Ugurbil, K., and Goebel, R. (2003). Mirror-symmetric tonotopic maps in human primary auditory cortex. Neuron 40, 859-869.

Gu, J. W., Halpin, C. F., Nam, E.-C., Levine, R. A., and Melcher, J. R. (2010). Tinnitus, diminished sound-level tolerance, and elevated auditory activity in humans with clinically normal hearing sensitivity. J. Neurophysiol. 104, 3361-3370.

Hall, D. A., Haggard, M. P., Akeroyd, M. A., Palmer, A. R., Summerfield, A. Q., Elliott, M. R., Gurney, E. M., and Bowtell, R. W. (1999). “Sparse” temporal sampling in auditory fMRI. Hum. Brain Mapp. 7, 213-223.

Hall, D. A., Haggard, M. P., Summerfield, A. Q.,Akeroyd, M. A., Palmer, A. R., and Bowtell, R. W. (2001). Functional magnetic resonance imaging measurements of sound-level encoding in the absence of background scanner noise. J. Acoust. Soc. Am. 109, 1559-1570.

Hall, D. A., and Plack, C. J. (2009). Pitch processing sites in the human auditory brain. Cereb. Cortex 19, 576-585.

Hardt, J., and Gerbershagen, H. U. (2001). Cross-validation of the SCL-27: a short psychometric screening instrument for chronic pain patients. Eur. J. Pain 5, 187-197.

Herraiz, C., Diges, I., and Cobo, P. (2007). Auditory discrimination therapy (ADT) for tinnitus management. Prog. Brain Res. 166, 467-471.

Humphries, C., Liebenthal, E., and Binder, J. R. (2010). Tonotopic organization of human auditory cortex. Neuroimage 50, 1202-1211.

Kaltenbach, J. A. (2011). Tinnitus: models and mechanisms. Hear. Res. 276, 52-60.

Khalfa, S., Dubal, S., Veuillet, E., Perez-Diaz, F., Jouvent, R., and Collet, L. (2002). Psychometric normalization of a hyperacusis questionnaire. ORL J. Otorhinolaryngol. Relat. Spec. 64, 436-442.

König, O., Schaette, R., Kempter, R., and Gross, M. (2006). Course of hearing loss and occurrence of tinnitus. Hear. Res. 221, 59-64.

Kujawa, S. G., and Liberman, M. C. (2009). Adding insult to injury: cochlear nerve degeneration after “temporary” noise-induced hearing loss. J. Neurosci. 29, 14077-14085.

Lang, P. J., Bradley, M. M., and Cuthbert, B. N. (2008). International Affective Picture System (IAPS): Affective Ratings of Pictures and Instruction Manual. Technical Report A-8. Gainesville, FL: University of Florida.

Langers, D. R. M., and van Dijk, P. (2011). Mapping the tonotopic organization in human auditory cortex with minimally salient acoustic stimulation. Cereb. Cortex. doi: 10.1093/cercor/bhr282 [Epub ahead of print].

Langers, D. R. M., van Dijk, P., Schoenmaker, E. S., and Backes, W. H. (2007). fMRI activation in relation to sound intensity and loudness. Neuroimage 35, 709-718.

Lauter, J. L., Herscovitch, P., Formby, C., and Raichle, M. E. (1985). Tonotopic organization in human auditory cortex revealed by positron emission tomography. Hear. Res. 20, 199-205.

Logothetis, N. K. (2008). What we can do and what we cannot do with fMRI. Nature 453, 869-878.

Logothetis, N. K., Pauls, J., Augath, M., Trinath, T., and Oeltermann, A. (2001). Neurophysiological investigation of the basis of the fMRI signal. Nature 412, 150-157.

Møller, A. R. (2007a). The role of neural plasticity in tinnitus. Prog. Brain Res. 166, 37-45.

Møller, A. R. (2007b). Tinnitus: presence and future. Prog. Brain Res. 166, 3-16.

Moore, B. C. J., and Vinay, S. N. (2010). The relationship between tinnitus pitch and the edge frequency of the audiogram in individuals with hearing impairment and tonal tinnitus. Hear. Res.. 261, 51-56.

Mühlnickel, W., Elbert, T., Taub, E., and Flor, H. (1998). Reorganization of auditory cortex in tinnitus. Proc. Natl. Acad. Sci. U.S.A. 95, 10340- 10343.

Newman, C. W., Jacobson, G. P., and Spitzer, J. B. (1996). Development of the Tinnitus Handicap Inventory. Arch. Otolaryngol. Head Neck Surg. 122, 143-148.

Noreña, A., Micheyl, C., Chéry-Croze, S., and Collet, L. (2002). Psychoacoustic characterization of the tinnitus spectrum: implications for the underlying mechanisms of tinnitus. Audiol. Neurootol. 7, 358-369.

Noreña, A. J. (2011). An integrative model of tinnitus based on a central gain controlling neural sensitivity. Neurosci. Biobehav. Rev. 35, 1089-1109.

Noreña, A. J., Tomita, M., and Eggermont, J. J. (2003). Neural changes in cat auditory cortex after a transient pure-tone trauma. J. Neurophysiol. 90, 2387-2401.

Oxenham, A. J., Bernstein, J. G. W., and Penagos, H. (2004). Correct tonotopic representation is necessary for complex pitch perception. Proc. Natl. Acad. Sci. U.S.A. 101, 1421-1425.

Pantev, C., Hoke, M., Lütkenhöner, B., and Lehnertz, K. (1989). Tonotopic organization of the auditory cortex: pitch versus frequency representation. Science 246, 486-488.

Patterson, R. D., Uppenkamp, S., Johnsrude, I. S., and Griffiths, T. D. (2002). The processing of temporal pitch and melody information in auditory cortex. Neuron 36, 767-776.

Penagos, H., Melcher, J. R., and Oxenham, A. J. (2004). A neural representation of pitch salience in nonprimary human auditory cortex revealed with functional magnetic resonance imaging. J. Neurosci. 24, 6810-6815.

Pineda, J. A., Moore, F. R., and Viirre, E. (2008). Tinnitus treatment with customized sounds. Int. Tinnitus J. 14, 17-25.

Puschmann, S., Uppenkamp, S., Kollmeier, B., and Thiel, C. M. (2010). Dichotic pitch activates pitch processing centre in Heschl’s gyrus. Neuroimage 49, 1641-1649.

Rajan, R. (2001). Plasticity of excitation and inhibition in the receptive field of primary auditory cortical neurons after limited receptor organ damage. Cereb. Cortex 11, 171-182.

Rajan, R., and Irvine, D. R. (1998). Neuronal responses across cortical field A1 in plasticity induced by peripheral auditory organ damage. Audiol. Neurootol. 3, 123-144.

Rauschecker, J. P., Leaver, A. M., and Mühlau, M. (2010). Tuning out the noise: limbicauditory interactions in tinnitus. Neuron 66, 819-826.

Roberts, L. E., Eggermont, J. J., Caspary, D. M., Shore, S. E., Melcher, J. R., and Kaltenbach, J. A. (2010). Ringing ears: the neuroscience of tinnitus. J. Neurosci. 30, 14972-14979.

Roberts, L. E., Moffat, G., Baumann, M., Ward, L. M., and Bosnyak, D. J. (2008). Residual inhibition functions overlap tinnitus spectra and the region of auditory threshold shift. J. Assoc. Res. Otolaryngol. 9, 417-435.

Romani, G. L., Williamson, S. J., and Kaufman, L. (1982). Tonotopic organization of the human auditory cortex. Science 216, 1339-1340.

Sanchez, T. G., de Medeiros, I. R. T., Levy, C. P. D., da Rosa Oiti-cica Ramalho, J., and Bento, R. F. (2005). Tinnitus in normally hearing patients: clinical aspects and repercussions. Braz. J. Otorhinolaryngol. 71, 427-431.

Schaette, R., and Kempter, R. (2006). Development of tinnitus-related neuronal hyperactivity through homeostatic plasticity after hearing loss: a computational model. Eur. J. Neurosci. 23, 3124-3138.

Schaette, R., and McAlpine, D. (2011). Tinnitus with a normal audiogram: physiological evidence for hidden hearing loss and computational model. J. Neurosci. 31, 13452-13457.

Stolzberg, D., Chen, G.-D., Allman, B. L., and Salvi, R. J. (2011). Salicylate-induced peripheral auditory changes and tonotopic reorganization of auditory cortex. Neuro-science 180, 157-164.

Striem-Amit, E., Hertz, U., and Amedi, A. (2011). Extensive cochleotopic mapping of human auditory cortical fields obtained with phaseencoding fMRI. PLoS ONE 6, e17832. doi: 10.1371/journal.pone. 0017832.

Svensén, M., Kruggel, F., and Benali, H. (2002). ICA of fMRI group study data. Neuroimage 16, 551-563.

Talavage, T. M., Sereno, M. I., Melcher, J. R., Ledden, P. J., Rosen, B. R., and Dale, A. M. (2004). Tonotopic organization in human auditory cortex revealed by progressions of frequency sensitivity. J. Neurophysiol. 91, 1282-1296.

Weisz, N., Hartmann, T., Dohrmann, K., Schlee, W., and Norena, A. (2006). High-frequency tinnitus without hearing loss does not mean absence of deafferentation. Hear. Res. 222, 108-114.

Wessinger, C. M., Buonocore, M. H., Kussmaul, C. L., and Mangun, G. R. (1997). Tonotopy in human auditory cortex examined with functional magnetic resonance imaging. Hum. Brain Mapp. 5, 18-25.

Wienbruch, C., Paul, I., Weisz, N., Elbert, T., and Roberts, L. E. (2006). Frequency organization of the 40Hz auditory steady-state response in normal hearing and in tinnitus. Neuroimage 33, 180-194.

Wilson, P. H., Henry, J., Bowen, M., and Haralambous, G. (1991). Tinnitus Reaction Questionnaire: psychometric properties of a measure of distress associated with tinnitus. J. Speech Hear. Res. 34, 197-201.

Woods, D. L., Stecker, G. C., Rinne, T., Herron, T. J., Cate, A. D., Yund, E. W., Liao, I., and Kang, X. (2009). Functional maps of human auditory cortex: effectsof acoustic features and attention. PLoS ONE 4, e5183. doi: 10.1371/journal.pone.0005183.

Yang, S., Weiner, B. D., Zhang, L. S., Cho, S.-J., and Bao, S. (2011). Homeostatic plasticity drives tinnitus perception in an animal model. Proc. Natl. Acad. Sci. U.S.A. 108, 14974-14979.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Received: 20 December 2011; Accepted: 16 January 2012; Published online: 01 February 2012.

Citation: Langers DRM, de Kleine E and van Dijk P (2012) Tinnitus does not require macroscopic tonotopic map reorganization. Front. Syst. Neurosci. 6:2. doi: 10.3389/fnsys.2012.00002

Copyright © 2012 Langers, de Kleine and van Dijk. This is an openaccess article distributed under the terms of the Creative Commons Attribution Non Commercial License, which permits non-commercial use, distribution, and reproduction in other forums, provided the original authors and source are credited.








	 
	ORIGINAL RESEARCH ARTICLE
published: 05 April 2012
doi: 10.3389/fnsys.2012.00021
	[image: image1]





Cortico-limbic morphology separates tinnitus from tinnitus distress
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Tinnitus is a common auditory disorder characterized by a chronic ringing or buzzing “in the ear.” Despite the auditory-perceptual nature of this disorder, a growing number of studies have reported neuroanatomical differences in tinnitus patients outside the auditory-perceptual system. Some have used this evidence to characterize chronic tinnitus as dysregulation of the auditory system, either resulting from inefficient inhibitory control or through the formation of aversive associations with tinnitus. It remains unclear, however, whether these “non-auditory” anatomical markers of tinnitus are related to the tinnitus signal itself, or merely to negative emotional reactions to tinnitus (i.e., tinnitus distress). In the current study, we used anatomical MRI to identify neural markers of tinnitus, and measured their relationship to a variety of tinnitus characteristics and other factors often linked to tinnitus, such as hearing loss, depression, anxiety, and noise sensitivity. In a new cohort of participants, we confirmed that people with chronic tinnitus exhibit reduced gray matter in ventromedial prefrontal cortex (vmPFC) compared to controls matched for age and hearing loss. This effect was driven by reduced cortical surface area, and was not related to tinnitus distress, symptoms of depression or anxiety, noise sensitivity, or other factors. Instead, tinnitus distress was positively correlated with cortical thickness in the anterior insula in tinnitus patients, while symptoms of anxiety and depression were negatively correlated with cortical thickness in subcallosal anterior cingulate cortex (scACC) across all groups. Tinnitus patients also exhibited increased gyrification of dorsomedial prefrontal cortex (dmPFC), which was more severe in those patients with constant (vs. intermittent) tinnitus awareness. Our data suggest that the neural systems associated with chronic tinnitus are different from those involved in aversive or distressed reactions to tinnitus.
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INTRODUCTION

Tinnitus pathophysiology is typically thought to involve damage at one or more sites along peripheral and/or central auditory pathways; however, auditory system damage alone does not seem to be sufficient to cause chronic tinnitus. Indeed, a growing body of evidence suggests a relationship between tinnitus and other parts of the brain, both in the form of atypical function and anatomy (Shulman et al., 1995; Lockwood et al., 1998; Mirz et al., 2000; Lowry et al., 2004; Mühlau et al., 2006; Landgrebe et al., 2009; Schlee et al., 2009; Cheung and Larson, 2010; Leaver et al., 2011). Correspondingly, a number of models of tinnitus argue that non-auditory-perceptual networks are necessary components of tinnitus pathophysiology (Jastreboff, 1990; Møller, 2003; Mühlau et al., 2006; Rauschecker et al., 2010; De Ridder et al., 2011).

Of particular relevance is the limbic system, parts of which have been shown to be affected in tinnitus across several studies (Shulman et al., 1995; Lockwood et al., 1998; Mirz et al., 2000; Lowry et al., 2004; Mühlau et al., 2006; Landgrebe et al., 2009; Cheung and Larson, 2010; Leaver et al., 2011). Our previous work has identified an area of reduced gray matter (GM) in the ventromedial prefrontal cortices (vmPFC) of tinnitus patients using voxel-based morphometry (VBM) (Mühlau et al., 2006; Leaver et al., 2011). Based on these findings, we proposed that chronic tinnitus is caused by failure of the vmPFC-network to suppress aberrant activity in the auditory system (Mühlau et al., 2006; Rauschecker et al., 2010). This hypothesis is consistent with the role the vmPFC and associated structures play in the evaluation of many types of stimuli (Kable and Glimcher, 2009), and characterizes tinnitus as a problem of “noise cancellation.”

However, alternative explanations remain. Previous work in mood disorders consistently identifies reduced GM in vmPFC and subcallosal anterior cingulate (scACC) in individuals suffering from clinical depression and anxiety (Drevets et al., 1997; Mayberg, 1997; Koenigs and Grafman, 2009). Also, tinnitus itself can be associated with stress and negative mood (Sullivan et al., 1988; Folmer et al., 1999; Dobie, 2003). Some theories of tinnitus pathophysiology argue that negative emotional reactions to tinnitus are necessary for the disorder to become chronic (Jastreboff, 1990; De Ridder et al., 2011). If aversive reactions to tinnitus are necessary components of tinnitus pathophysiology, one might expect a positive relationship between the severity of: (1) the auditory-perceptual characteristics of tinnitus, like loudness or awareness (i.e., the amount of time patients are aware of their tinnitus), (2) the patient's suffering and/or the presence of concomitant mood disorders or symptoms, and (3) reductions in vmPFC gray matter or other markers of tinnitus. On the other hand, if vmPFC can affect the gain of tinnitus independent of any emotional reaction (Mühlau et al., 2006; Rauschecker et al., 2010), one would expect reductions in vmPFC gray matter to be related to the auditory-perceptual characteristics of tinnitus, but not its aversiveness or symptoms of depression or anxiety.

Furthermore, due to the inherent limitations of VBM analyses used in previous studies (Mühlau et al., 2006; Landgrebe et al., 2009; Husain et al., 2011; Leaver et al., 2011), the exact nature of this anatomical anomaly in vmPFC and other anatomical markers of tinnitus are unknown. Decreases in cortical thickness, surface area, and gyrification (i.e., curvature or folding) could, in theory, all lead to similar VBM effects (Hutton et al., 2009). In addition, variability in these morphological features across individuals is likely to have different genetic origins and, correspondingly, cellular bases (Panizzon et al., 2009). Thus, going beyond the indirect measures of tissue volume that VBM offers should yield a more detailed picture of tinnitus pathophysiology.

In the current study, we used magnetic resonance imaging (MRI) to identify neuroanatomical correlates of tinnitus, and their relationship to tinnitus characteristics, tinnitus distress, and other factors. In a new cohort of participants, we first measured GM volume using volume-based methods (i.e., VBM). Turning to more sophisticated morphometric techniques, we sought to pinpoint the morphological basis of GM volume reductions using surface-based analyses. Finally, we attempted to determine whether vmPFC morphology reflected tinnitus distress, consistent with the typical view of the limbic system (Jastreboff, 1990; Møller, 2003; De Ridder et al., 2011), or whether vmPFC correlated with auditory-perceptual characteristics of tinnitus, consistent with our model (Mühlau et al., 2006; Rauschecker et al., 2010). By using a series of detailed questionnaires, we also measured the relationship between tinnitus symptoms and non-tinnitus factors like hearing loss, depression, and anxiety.

METHODS

PARTICIPANTS

Forty-four volunteers (23 tinnitus patients, 21 controls) gave informed consent to participate in this study according to procedures of the Institutional Review Board at Georgetown University. Participants were recruited such that the two groups would be matched by age and sex, and standard MRI safety considerations were used as exclusion criteria. Tinnitus patients ranged in age from 23 to 66 years; control participants ranged from 27 to 67 years of age. Detailed characteristics of these groups can be found in Table 1.

Table 1. Participant characteristics.

[image: image]

AUDIOMETRY

Audiometric testing assessed pure-tone thresholds in all participants at the Division of Audiology at Georgetown University (Figure 1). Pure tones ranging from 250 Hz to 20 kHz were presented to each ear at increasing intensities until the threshold of detection was reached. The “standard” clinical audiogram tests frequencies from 250 Hz to 8 kHz; we tested additional frequencies above 8 kHz to create an “extended” audiogram for each subject. A conservative “normal” hearing range included thresholds below 20 dB Hearing Level (HL). Thresholds between 20 and 40 dB HL were considered a mild loss, 40–60 dB HL was considered moderate, and 60–90 dB HL severe. Thresholds above 90 dB HL were considered profound. Only two participants (1 tinnitus, 1 control) exhibited profound hearing loss in the standard frequency range (i.e., ≤8 kHz), at a single frequency, 8 kHz. Chi-squared analyses indicated no significant difference in the proportion of tinnitus patients and controls with normal, mild, moderate, severe, or profound loss in the standard audiogram (≤8 kHz: X2(4) = 6.5, p = 0.17) or extended audiogram (>8 kHz: X2(4) = 3.98, p = 0.41). Therefore, only the mean hearing loss across the entire audiogram for both ears was considered for further analysis.
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Figure 1. Hearing thresholds in tinnitus patients and controls. The results of pure-tone audiometry are plotted for tinnitus patients (A) and control participants (B). Thresholds in dB Hearing Level (HL) are displayed on the y-axis, and test frequencies are plotted on the x-axis, including standard audiogram frequencies up to 8 kHz and extended test frequencies >8 kHz. Thick lines indicate the mean threshold; thinner lines indicate standard error above and below the mean. Dotted lines delineate ranges of normal (≤20 dB HL), mild (20–40 dB HL), moderate (40–60 dB HL), severe (60–90 dB HL), and profound (>90 dB HL) hearing loss. The number of participants with maximum hearing loss in at least one frequency is indicated for each category in parentheses on the right, separately for standard (first number) and extended (second number) ranges of test frequencies.


Noise sensitivity was tested using Loudness Discomfort Levels (LDLs) and a rating scale included in the Tinnitus Sample Case History Questionnaire (TSCHQ) (Langguth et al., 2007). During LDL assessment, pure tones of various frequencies were presented to both ears with increasing amplitude until the subject indicated an undesirable degree of discomfort. Frequencies tested included a 1 kHz standard and three others dependent on the subject's audiogram. Stimulation was aborted at 100 or 105 dB HL, so stimuli did not overlap with the entire normal range of LDLs (Morgan et al., 1974). Therefore, LDL scores were combined with a noise sensitivity rating score to yield a combined noise sensitivity measure. Both tinnitus patients and control participants used a 5-point scale to answer the following question from the TSCHQ: Do you have a problem tolerating sounds because they often seem much too loud? That is, do you often experience sounds which other people around you find quite comfortable as too loud or hurtful? (0 = never; 1 = rarely; 2 = sometimes; 3 = usually; 4 = always). To compute the combined score, mean LDLs and noise sensitivity ratings were each normalized (0–1) and summed. Thus, a combined score of 0 indicated minimal noise sensitivity (i.e., LDL score = 100 dB HL and rating score of 0) and 2 indicated maximal noise sensitivity (i.e., LDL score = 0 dB HL and rating score of 4).

Tinnitus patients had experienced tinnitus for at least 4 months [mean (SD) = 12.5 (17.6) years], and reported no history of clinical hyperacusis or phonophobia. Best frequency-match to dominant tinnitus pitch was typically high [mean (SD) = 4,612 (3,073) Hz], and most reported bilateral tinnitus (n = 18). The reported etiology of tinnitus was variable and included change in hearing due to loud noise exposure or other factors (n = 7), combined hearing change and head trauma (2), ear or sinus infection (4), unknown or unspecified causes (8), and other factors (2). Tinnitus patients completed two questionnaires related to tinnitus, including the Tinnitus Handicap Inventory (THI) to measure tinnitus impact or distress (Newman et al., 1996) and the TSCHQ to assess tinnitus characteristics. We used three individual questions from the TSCHQ in our analyses. One question measured perceived sensitivity to noise as described above. The other two questions assessed auditory-perceptual characteristics of tinnitus, including the perceived loudness of tinnitus and the percentage of time patients were typically aware of their tinnitus throughout the day (i.e., “awareness”). The latter two questions are worded as follows: (1) Describe the loudness of your tinnitus using a scale from 1 to 100, and (2) What percentage of your total awake time, over the last month, have you been aware of your tinnitus? For example, 100% would indicate that you were aware of your tinnitus all the time, and 25% would indicate that you were aware of your tinnitus one fourth of the time.

NEUROLOGICAL HISTORY AND QUESTIONNAIRES

Participants reported aspects of their medical history during MRI safety screening and the TSCHQ, including history of minor closed-head injury, mood disorder, and current use of neuromodulatory medications. This information is reported in Table 1. A subset of participants reported either a history of mood disorder or current use of neuromodulatory medications (six tinnitus patients, three controls). Of these participants, five reported history of mood disorder (three tinnitus, two control), including depression (two tinnitus, two control), anxiety (two tinnitus), and mild bipolar disorder (one tinnitus). Five participants (four tinnitus, one control) were taking neuromodulatory medication at the time of the study, including GABA agonists or analogues (three patients, one control) and drugs targeting the serotonin system (two patients). These participants were singled out for further analyses.

Participants completed three questionnaires designed to assess symptoms of depression and anxiety: PHQ9 [Patient Health Questionnaire 9, depression; (Kroenke et al., 2001)], GAD7 [Generalized Anxiety Disorder; (Spitzer et al., 2006)], HADS [Hospital Anxiety and Depression Scale (Zigmond and Snaith, 1983)]. The depression and anxiety subscales of the HADS inventory were highly correlated with the PHQ9 and GAD7, respectively (r = 0.77, t(42) = 7.92, p < 0.0001, and r = 0.85, t(42) = 10.33, p < 0.0001), and are not discussed further. Depression and anxiety scores were also highly intercorrelated (PHQ9 × GAD: r = 0.81, t(42) = 8.92, p < 0.0001); therefore, PHQ9 and GAD7 measures were summed to create a combined depression and anxiety score for each participant to be used in subsequent analyses.

STATISTICAL ANALYSIS OF AUDIOMETRIC AND QUESTIONNAIRE DATA

Data acquired during the audiological exam and on questionnaires were analyzed using Matlab's Statistics Toolbox (Mathworks). Student's t-tests assessed differences between group means on these measures. Equal variance was assumed between groups for those characteristics that were deliberately matched during recruitment (i.e., age), and unequal variance was assumed for all other tests (i.e., mean hearing loss, combined noise sensitivity scores, combined depression and anxiety scores). Chi-squared tests were used to assess differences between groups on categorical data (i.e., sex, history of head injury, history of mood disorder or neuromodulatory medication). Correction for multiple tests was implemented using Bonferroni's method, by dividing alpha by the total number of tests (t or Chi-squared) performed (7). Relationships between tinnitus symptoms and other patient characteristics were tested using multiple linear regression; no post hoc corrections were applied.

IMAGE ACQUISITION

Images were acquired using a 3.0 Tesla Siemens TIM Trio scanner. A high-resolution anatomical scan (MPRAGE) was performed for each subject, using a sequence that optimizes image contrast between white and gray matter. MPRAGE parameters were as follows: TR = 2530 ms, TE = 3.5 ms, inversion time = 1100 ms, flip angle = 7°, 176 sagittal slices, matrix size 256 × 256 mm2, 1 × 1 × 1 mm3 resolution.

IMAGE PROCESSING AND ANALYSIS: VOLUME-BASED MORPHOMETRY

Volumetric analyses were done using VBM in SPM8 (Wellcome Trust Centre for Neuroimaging) using the DARTEL (Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra; Ashburner, 2007) toolbox. Images were first corrected for inhomogeneities in intensity, and segmented by tissue type using tissue probability templates native to SPM8 (International Consortium for Brain Mapping, www.loni.ucla.edu/ICBM). Study-specific templates were then created using GM images from all subjects. GM images were aligned to this study-specific template, warped to MNI space, and modulated to reflect the amount of deformation applied during normalization (i.e., Jacobian scaling). Images were smoothed with a 6 mm3 FWHM Gaussian kernel, and corrected for total GM volume using proportional scaling. Resulting images were thresholded at 0.20 probability of tissue classification prior to statistical analyses. Between-groups comparisons were conducted voxel-wise across the entire brain, with compensation for unequal variance between groups (i.e., “non-sphericity” correction). Peak MNI coordinates are reported.

Morphometric techniques that rely on tissue segmentation, like VBM, may not be optimal for assessing subcortical structures containing multiple types of tissue (i.e., both white and gray matter) (Ashburner and Friston, 2000). Therefore, additional volumetric analyses of subcortical structures were performed using Freesurfer software version 1.313.2.6 (www.surfer.nmr.mgh.harvard.edu). Images were first corrected for intensity bias and normalized into MNI space. Subcortical structures in these images were identified with an automated procedure that estimates the probability of structure-classification based on prior templates in which those structures were manually identified (Fischl et al., 2002). Subcortical structures identified using this method include the thalamus, caudate, putamen, globus pallidus, nucleus accumbens, amygdala, and hippocampus. Once segmented, the total volume of these structures was calculated in each hemisphere. Because results were similar in each hemisphere, volumes for both hemispheres were summed for statistical analyses reported here. Between-groups differences in total volume were assessed for each structure with Student's t-tests assuming unequal variance, using the percentage of total subcortical volume as the dependent measure. Because no tests survived a Bonferroni-correction for the number of t-tests performed (7), uncorrected p-values are reported.

IMAGE PROCESSING AND ANALYSIS: SURFACE-BASED MORPHOMETRY

Surface-based analyses were done using Freesurfer. In an automated procedure, images were corrected for intensity bias, and segmented into cortical gray and white matter to reconstruct gray and white matter surfaces. Reconstructed surfaces were inflated, sphere-ized, and aligned with Freesurfer's template average. Automated segmentation of the cortex failed in one tinnitus patient; this participant's data was excluded from surface-based analyses.

For each point (i.e., vertex) on the successfully reconstructed surfaces, values were calculated for pial surface area, thickness, volume (the product of surface area and thickness), and gyrification (i.e., curvature). These data were smoothed in surface-space using a 10 mm2 FWHM Gaussian kernel. A larger kernel is desirable here because smoothing is more likely to occur within tissue type (i.e., gray matter). Between-groups comparisons (i.e., controls > patients) and correlation analyses were conducted vertex-wise across the entire cortex using the general linear model (GLM). Data were not corrected for head size because: (1) significant clusters obtained from the GLM were not correlated with head size and (2) including, e.g., total gray matter volume as a “nuisance” covariate in the GLM did not qualitatively affect the results (data not shown). Peak MNI coordinates are reported.

Region-of-interest (ROI) analyses were also performed. All ROI analyses used the average value (surface area, thickness, or gyrification) for all vertices within the ROI patch as the dependent measure. ROI analyses included t-tests (Student's t) with unequal variance assumed between groups, ANCOVA analyses (group × relevant covariate), and correlation analyses (Pearson's r).

In those regions exhibiting reductions in GM volume in tinnitus patients compared to controls in the whole-head, surface-based analyses, ROI analyses were performed to determine whether volume differences could be explained by differences in surface area, thickness, gyrification, or some combination of these factors. One-tailed t-tests were used here, because, for example, a reduction in gray matter in tinnitus patients would be unlikely to be accompanied by increased cortical thickness. Bonferroni-corrections were applied for the total number of ROI tests (12).

To determine whether non-tinnitus factors affected anatomical differences identified between tinnitus patients and controls, we conducted ROI ANCOVAs, using the morphological feature that best described “volume” differences in each ROI (surface area, thickness, or gyrification). ANCOVAs allowed us to measure differences between groups while statistically controlling for the effects of three separate covariates: mean hearing loss, combined depression and anxiety scores, or combined noise sensitivity scores. T-statistics on the between-groups differences are reported with one-tailed significance values as above, and Bonferroni-adjustments were made for the number of tests in each ROI (3).

ROI analyses also measured the relationship between tinnitus characteristics and cortical morphology in those regions exhibiting significant differences between tinnitus patients and controls. Tinnitus characteristics tested included the number of years since tinnitus onset, tinnitus loudness ratings, the percentage of time patients reported being aware of their tinnitus, and total THI score (i.e., tinnitus distress). One-tailed tests were performed, as we hypothesized that tinnitus patients with more severe symptoms (e.g., louder tinnitus) would exhibit morphology less like controls. Because no tests survived a Bonferroni-correction for the number of correlation tests performed (4 per ROI), uncorrected p-values are reported.

RESULTS

RELATIONSHIPS BETWEEN TINNITUS, TINNITUS SYMPTOMS, AND “NON-TINNITUS” FACTORS

In order to determine whether chronic tinnitus was concomitant with other non-tinnitus factors, we compared tinnitus patients and controls in a variety of measures (Table 1). Tinnitus patients were deliberately matched by age and sex during recruitment; the groups did not differ on these dimensions (age: t(42) = 0.39, pcorr = 1; sex: X2(1) = 0.35, pcorr = 1). Tinnitus patients also did not differ from controls in mean hearing loss (t(42) = 2.11, pcorr = 0.14) or depression and anxiety scores (t(35) = 2.02, pcorr = 0.18; depression and anxiety scores were highly intercorrelated and thus combined). The proportion of people reporting lifetime incidence of depression, anxiety, or mood-targeting medications did not differ between groups (X2(1) = 0.33, pcorr = 1), nor did the incidence of head injury differ between groups (X2(1) = 0.79, pcorr = 1). Tinnitus patients did score significantly higher in noise sensitivity scores (t(35) = 6.26, pcorr = 0.04 × 10−6), despite the absence of clinical diagnosis of hyperacusis. Although this indicates a heightened sensitivity to noise on average, many patients overlapped with the range of noise sensitivity scores in controls. Thus, the presence of tinnitus in these patients cannot be fully explained by any of these factors alone.

We also assessed the extent to which the severity of tinnitus can be predicted by other factors, using regression analyses to target two symptoms: tinnitus distress and tinnitus loudness. Tinnitus distress was best predicted by combined depression and anxiety scores (r = 0.71, t(17) = 3.13, p = 0.006). No other factor explained a significant amount of variance in tinnitus distress, including mean hearing loss (r = 0.14, t(17) = 1.41, p = 0.18), noise sensitivity (r = 0.39, t(17) = −0.43, p = 0.67), percent time aware of tinnitus (r = 0.54, t(17) = 0.85, p = 0.41), or tinnitus loudness (r = 0.31, t(17) = 0.40, p = 0.70).

Tinnitus loudness was not significantly related to combined depression and anxiety scores (r = 0.23, t(17) = −1.33, p = 0.20) or tinnitus distress (r = 0.31, t(17) = 0.40, p = 0.70). Instead, the perceived loudness of tinnitus was best predicted by the amount of time patients reported being aware of their tinnitus (r = 0.56, t(17) = 2.39, p = 0.03), and to a lesser extent noise sensitivity scores (r = 0.48, t(17) = 2.15, p = 0.05). Degree of hearing loss was also not a good predictor of tinnitus loudness (r = 0.05, t(17) = 0.53, p = 0.60). These data suggest that the severity of the auditory-perceptual symptoms of tinnitus (e.g., loudness) cannot be explained by ongoing emotional or distressed reactions to tinnitus, and are consistent with previous reports (Hiller and Goebel, 2006).

TINNITUS-RELATED DIFFERENCES IN CORTICAL ANATOMY

Using a single-voxel DARTEL-VBM analysis across the entire brain, we identified regions with significantly different GM volume in tinnitus patients as compared to controls (p < 0.002, k > 3.0 mm3; Figure 2). Tinnitus patients exhibited significantly less GM volume in ventromedial prefrontal cortex (vmPFC) compared to control participants (MNI coordinates X,Y,Z = 2, 21, –15). Additional GM reductions were identified in dorsomedial prefrontal cortex (dmPFC; MNI coordinates X,Y,Z = 2, 38, 39) and left supramarginal gyrus (SMG; MNI coordinates X,Y,Z = 59, –40, 24) adjacent to posterior auditory cortex. Tinnitus patients did not show greater GM volume than controls in any part of the brain at our chosen threshold.
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Figure 2. Reductions in gray matter in tinnitus, using a volume-based analysis. (A) Tinnitus patients showed reduced GM volume in ventromedial prefrontal cortex (vmPFC), dorsomedial prefrontal cortex (dmPFC), and supramarginal gyrus (SMG), as compared to control participants in a whole-brain voxel-based morphometry (VBM) analysis (blue). Statistical maps of between-groups differences are shown on parasagittal slices through single-subject template anatomy; the X-dimension in MNI space is displayed for each view. (B) Plots show mean modulated GM values in each cluster shown in (A) for each tinnitus patient (red) and control participant (gray). Asterisks indicate a significant difference between groups, as assessed by the whole-brain analysis in (A).


These tinnitus-related reductions in GM volume were confirmed using a different approach targeting the entire cortical surface (i.e., a surface-based analysis in Freesurfer). Again, significantly less GM volume was detected in tinnitus patients in left vmPFC in the olfactory sulcus, right dmPFC in the outer bank of the cingulate sulcus, and left SMG (p < 0.005; Figure 3A). An additional left vmPFC region also exhibited less GM volume in tinnitus patients than controls but was located rostral to the one identified during volume-based analysis, which was near the frontal pole (r-vmPFC).
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Figure 3. Differences in cortical morphology in tinnitus, in a surface-based analysis. (A) Tinnitus-related reductions in GM volume are confirmed in a single-vertex analysis across the entire cortical surface. Tinnitus patients had significantly smaller GM volumes in the same areas identified in the volume-based analysis shown in Figure 1, vmPFC, dmPFC, and SMG, as well as an additional cluster in rostral vmPFC (r-vmPFC). (B) For each cluster in (A), the mean values of morphological features are plotted, including cortical thickness, surface area, and gyrification (curvature) for each group. For gyrification, positive values indicate sulci, negative values indicate gyri. Tinnitus patients are plotted in red; control participants are plotted in gray. Error bars represent standard error, and asterisks denote significant difference between groups (pcorr < 0.05).


Reduced GM volume in tinnitus patients could be explained by smaller surface area, thinner cortex, decreased gyrification, or some combination of these factors. Therefore, we used ROI analyses to assess the morphometric origin of volume differences in these four areas (Figure 3B). In posterior vmPFC, volume reductions were best explained by a reduction in cortical surface area (t(25) = 3.22, pcorr = 0.02). Cortical thickness and gyrification were not different in this region between groups (t(39) = 0.38, pcorr = 1; t(41) = −0.41, pcorr = 1).

In SMG, cortical thickness and surface area did not differ between groups (t(28) = 2.00, pcorr = 0.33; t(39) = 2.53, pcorr = 0.09); instead, gyrification differed between groups (t(38) = −3.61, pcorr = 0.005). Specifically, the sulcus on which the ROI was located was deeper in tinnitus patients than controls (positive values indicate sulci, negative values indicate gyri). Similarly, the volume difference in dmPFC is again best explained by differences in sulcal depth (t(34) = −3.00, pcorr = 0.03); cortical thickness and surface area did not differ in dmPFC (t(40) = 1.85, pcorr = 0.43; t(34) = 2.54, pcorr = 0.10). These differences in gyrification in SMG and dmPFC were associated with a trend toward corresponding reduction in surface area (pcorr = 0.09 and pcorr = 0.10, respectively), consistent with the idea that deeper sulci typically contain less cortical tissue than other parts of the cortical surface (Fischl and Dale, 2000).

In rostral vmPFC, cortex was thinner in tinnitus patients than in controls (t(41) = 2.89, pcorr = 0.04). No significant differences were indicated in gyrification (t(41) = −1.65, pcorr = 0.64) or surface area (t(41) = 2.33, pcorr = 0.15) in this region.

TINNITUS-RELATED DIFFERENCES IN SUBCORTICAL ANATOMY

The volume of subcortical structures, including the thalamus, caudate, putamen, globus pallidus, nucleus accumbens, amygdala, and hippocampus, did not differ between tinnitus patients and controls (Table 2). There was a trend toward increased volume in the left hippocampus of tinnitus patients (t(39) = 1.90, p = 0.07), but this difference was not statistically significant.

Table 2. Volume of subcortical structures in tinnitus patients and control participants.
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CORTICAL DIFFERENCES IN TINNITUS AND THEIR RELATIONSHIPS TO NON-TINNITUS FACTORS

Next, we sought to determine whether non-tinnitus factors affected anatomical differences we identified between tinnitus patients and controls (Figure 4). In the regions of interest (ROIs) defined above, we performed ANCOVAs using the morphological feature that best described “volume” differences in those regions (i.e., surface area for vmPFC, thickness in rostral vmPFC, and gyrification for SMG and dmPFC). Differences were measured between groups while statistically controlling for the potential influence of three separate covariates: mean hearing loss, combined depression and anxiety scores, and combined noise sensitivity scores.
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Figure 4. Tinnitus-related cortical morphology and non-tinnitus factors. Scatterplots show the relationship between morphological features that best explain differences between tinnitus patients and controls in posterior vmPFC, rostral vmPFC, dmPFC, and SMG, and non-tinnitus factors. The mean value is plotted for each tinnitus patient (red) and control (gray) in each cluster, against mean hearing loss (left), noise sensitivity (middle), and combined depression and anxiety scores (right). Regression lines are plotted for each group, and insets display corresponding Pearson's r values for patients (red) and controls (black). Crosses (†) mark those plots for which ANCOVA analysis failed to find a difference between groups, and also indicated moderate correlation between morphological features and non-tinnitus factors. An outlier with dmPFC curvature >3 SD below the mean of tinnitus patients is encircled with a dashed line.


In vmPFC, morphological differences observed between tinnitus patients and controls were not driven by non-tinnitus factors. Differences between these groups in vmPFC were significant when controlling for the influence of hearing loss (t(39) = 2.98, pcorr = 0.008), noise sensitivity (t(36) = 2.27, pcorr = 0.04), and combined depression and anxiety scores (t(39) = 3.21, pcorr = 0.004). Differences in surface area in vmPFC are thus likely to be related to the presence of tinnitus, and not other factors.

In dmPFC, there was a non-significant trend toward a difference between groups when controlling for noise sensitivity (t(36) = 2.03, pcorr = 0.08). After correcting for an outlier (>3 SD below patients' mean), the tinnitus-related difference in morphology was indeed significant (t(35) = 2.30, pcorr = 0.04). Hearing loss and depression/anxiety scores did not influence the difference between groups in dmPFC (t(38) = 3.39, pcorr = 0.003 and t(38) = 3.38, pcorr = 0.003, respectively).

In SMG and rostral vmPFC, between-groups differences were not driven by hearing loss or depression/anxiety scores, but were influenced by noise sensitivity. In SMG, differences between tinnitus patients and controls were not significant when statistically controlling for noise sensitivity scores (t(36) = 1.44, pcorr = 0.24). In addition, there was an overall trend toward a positive correlation between noise sensitivity and SMG curvature in both groups (F(1, 36) = 2.09, p = 0.16). This indicates that the difference in gyrification we identified between tinnitus patients and controls in SMG may be due to differences in noise sensitivity between these participants. In ROI analyses including mean hearing loss and depression/anxiety scores as “nuisance” covariates, between-groups differences were significant (t(39) = 3.86, pcorr = 0.0006 and t(39) = 3.12, pcorr = 0.005, respectively).

A similar pattern was observed in rostral vmPFC, in which differences in cortical thickness between tinnitus patients and controls were not significant when taking noise sensitivity scores into account (t(36) = 0.76, pcorr = 0.68). Noise sensitivity scores were also modestly correlated with cortical thickness in this region (F(1, 36) = 2.87, p = 0.10). Differences between groups were significant in analyses controlling for mean hearing loss and depression/anxiety scores in rostral vmPFC (t(39) = 2.57, pcorr = 0.02 and t(39) = 2.57, pcorr = 0.02, respectively).

TINNITUS CHARACTERISTICS AND BRAIN ANATOMY

The previous analysis identified two areas of the brain with significant anatomical differences between tinnitus patients and controls when controlling for non-tinnitus factors: vmPFC and dmPFC. ROI analyses in these two areas determined whether their morphology related to the severity of tinnitus distress or other symptoms (Figure 5). In dmPFC, a significant positive correlation was present with the percentage of time participants were aware of their tinnitus (p = 0.02, after removal of outlier described above). Thus, patients with deeper sulci reported being aware of their tinnitus more often than those with dmPFC gyrificiation similar to control participants. A modest negative correlation was also indicated between vmPFC surface area and tinnitus loudness (p = 0.06), such that those patients with the highest loudness ratings also exhibited the greatest reductions in cortical surface area. No other correlations were significant (p > 0.05).


[image: image]

Figure 5. Relationship between tinnitus severity and anatomical markers of tinnitus. For those clusters exhibiting a robust anatomical difference between tinnitus patients and controls, the relationship between morphological features and tinnitus characteristics are shown. Values for each subject are plotted, with corresponding regression lines and Pearson's r values. A modest negative correlation was indicated between vmPFC surface area and tinnitus loudness (†p = 0.06, one-tailed test). A significant correlation was also apparent between dmPFC curvature and the percentage of time patients reported being aware of their tinnitus after removal of a statistical outlier (*p = 0.02, one-tailed test). Black regression lines and r statistics in parentheses reflect the results of correlation analyses performed after removing this outlier.


Correlations between cortical morphology (thickness, surface area, and gyrification) and tinnitus characteristics were also measured across the entire brain (p < 0.0005, k > 70 vertices; Figure 6). Tinnitus distress was positively correlated with cortical thickness in anterior insula (aIns). Percent of time patients reported being aware of their tinnitus positively correlated with STG thickness and SMG surface area. There was an additional area in the postcentral gyrus (PCG) that showed a positive correlation between cortical thickness and duration since the onset of tinnitus. No area in the brain exhibited correlations between tinnitus loudness ratings and whole-brain morphology.


[image: image]

Figure 6. Tinnitus characteristics and cortical anatomy. (A) Correlations between cortical morphology and tinnitus characteristics are displayed on the cortical surface. Positive correlation between tinnitus distress and cortical thickness in anterior insula (aIns) is shown in orange. Positive correlations between the percentage of time patients reported being aware of their tinnitus were present in two areas: supramarginal gyrus (SMG) surface area in yellow and superior temporal gyrus (STG) thickness in green. A purple cluster indicates a positive correlation between time since tinnitus onset and cortical thickness in postcentral gyrus (PCG). (B) Scatterplots show mean data for the clusters identified in (A). Values are indicated for each tinnitus patient, with regression lines and Pearson's r values shown.


In a post hoc ROI analysis, cortical thickness in aIns was positively correlated with combined depression and anxiety scores in patients (r = 0.78, p < 0.0001). However, this relationship was not present in controls (r = −0.16, p = 0.50).

DEPRESSION AND ANXIETY

We also assessed the relationship between cortical anatomy and measures of anxiety and depression across the whole brain using the surface-based approach. We looked specifically for negative correlations between depression and anxiety and cortical thickness, in light of previous evidence linking these disorders to cortical volume reductions in scACC. Indeed, we saw a negative correlation between combined depression and anxiety scores (see Methods) and cortical thickness in scACC, when combining data from both tinnitus patients and controls (p < 0.005; Figure 7; MNI coordinates X,Y,Z = 6, 24, –8; k = 12 mm2). An additional cluster was identified in dorsal ACC (MNI coordinates X,Y,Z = 6, 14, 32; k = 19 mm2).


[image: image]

Figure 7. Relationship between depression and anxiety and cortical thickness. (A) Right subcallosal anterior cingulate cortex (scACC) and dorsal anterior cingulate cortex exhibited a negative relationship between combined depression and anxiety scores and cortical thickness (red). The mirrored location of reduced gray matter volume in tinnitus patients in left vmPFC (Figure 3A, top panel) is also displayed for reference (blue), illustrating the spatial dissociation of the two effects. The inflated surface was rotated from the medial aspect of the brain along the y-axis so that all clusters are within view. (B) Data from the scACC cluster shown in (A) is plotted for each tinnitus patient (red) and control (gray). Regression lines and Pearson's r values for each group are displayed, which show the negative relationship between depression/anxiety scores and cortical morphology in this region.


DISCUSSION

In our structural MRI study, we identified morphological markers of tinnitus, and assessed the relationship between these markers and various tinnitus characteristics and non-tinnitus factors linked to tinnitus like depression, anxiety, and noise sensitivity. We confirmed the association between tinnitus and reduced GM in vmPFC in an entirely new set of subjects, and identified a new tinnitus-related effect in dmPFC. These morphological differences in vmPFC and dmPFC were not affected by non-tinnitus factors or tinnitus distress, but seem to be related to auditory-perceptual characteristics of tinnitus. Tinnitus distress, on the other hand, was linked to variability in cortical thickness in the anterior insula, while depression and anxiety scores predicted cortical thickness in scACC in both tinnitus patients and controls. In addition, we report that noise sensitivity may be related to anatomy in SMG and rostral vmPFC. Taken together, our data suggest that the neural systems related to the tinnitus perception itself are distinct from those affected by tinnitus distress, mood disorders, and noise sensitivity. We take this to mean that aversive or affective reactions to the tinnitus percept may not be necessary for chronic tinnitus to develop, although future research is needed to directly address causality. Regardless, the possibility that the perceptual characteristics of tinnitus are separable from ongoing affective reactions should be considered in current models of tinnitus pathophysiology and in approaches to treatment.

THE ROLE OF MIDLINE FRONTAL CORTEX IN TINNITUS

In a subregion of vmPFC, we identified GM reductions in a third group of tinnitus patients, providing confirmation of our previous studies (Mühlau et al., 2006; Leaver et al., 2011). We also presented two additional novel findings in the current paper regarding vmPFC morphology. First, we showed that the anatomical anomaly (i.e., GM reduction) in vmPFC of tinnitus patients is due to a reduction in cortical surface area, not cortical thinning or gyrification. Methods used in previous studies have been unable to examine morphology in such detail (Mühlau et al., 2006; Landgrebe et al., 2009; Husain et al., 2011; Leaver et al., 2011; Mahoney et al., 2011). In addition, we demonstrated that reduced gray matter in vmPFC is not correlated with depression, anxiety, or tinnitus distress, suggesting that GM reductions in vmPFC are not likely to be caused by the aversiveness of tinnitus or stress caused by the disorder. Instead, morphology in this area was modestly correlated with the perceptual loudness of the tinnitus sensation, indicating that vmPFC is related to the perception of tinnitus and is thus part of the gating system postulated previously (Rauschecker et al., 2010).

Because the relationship between midline frontal areas and affect is well documented (Drevets et al., 1997; Mayberg, 1997; Koenigs and Grafman, 2009), it was important to show that tinnitus-related effects in vmPFC were not due to, for example, cell death resulting from prolonged exposure to an aversive sound (i.e., tinnitus). If ongoing emotional reactions to tinnitus caused GM loss in vmPFC, one would expect the severity of that loss to correlate with how annoyed or bothered each patient was by his or her tinnitus, or perhaps with the amount of time since the onset of the disorder. We found neither of these to be true. The morphology of this subregion of vmPFC seems to have no bearing on ongoing negative or emotional reactions to tinnitus.

We did identify a relationship between symptoms of anxiety and depression (as measured by questionnaire) and cortical thickness in scACC, close to but clearly separate from tinnitus-related reductions in vmPFC surface area. The scACC has been implicated in mood disorders (Drevets et al., 1997; Mayberg, 1997; Hamani et al., 2011), and is a target of deep brain stimulation treatment for major depression (Lozano et al., 2008). Tinnitus itself is sometimes comorbid with depression (Sullivan et al., 1988; Folmer et al., 1999; Dobie, 2003; Robinson et al., 2008), and even our own behavioral data indicated a (non-significant) tendency for tinnitus patients to score higher on measures of depression and anxiety (uncorrected p = 0.06; Table 1). However, this correlation between scACC thickness and symptoms of depression and anxiety was present in both tinnitus patients and controls, and there was no difference between groups in cortical thickness in this area. Thus, these data suggest a dissociation between midline frontal areas affected in depression from those affected in tinnitus perception. The extent to which the pathophysiology of depression overlaps with that of anxiety and other mood disorders is an ongoing area of research (e.g., Savitz and Drevets, 2009) and may be informative in future studies of tinnitus and tinnitus-related suffering.

Although midline frontal cortex as a whole might be involved in both affective processing and tinnitus (De Ridder et al., 2011), our data indicate a spatial dissociation within this region between tinnitus-related (vmPFC) and mood-related (scACC) effects (Figure 7A). This underscores the importance of appreciating the rich functional heterogeneity within midline frontal cortex (Ongür et al., 2003) when examining the functional and structural effects of tinnitus in this part of the brain. All VBM studies of tinnitus thus far have used comparable imaging parameters, including voxel resolution, and smoothing (Mühlau et al., 2006; Landgrebe et al., 2009; Husain et al., 2011; Leaver et al., 2011; Mahoney et al., 2011); however, most of these studies have not distinguished between tinnitus, tinnitus distress, and negative mood. Our current data indicate that tinnitus research that does not measure symptoms of anxiety and depression as well as tinnitus may run the risk of not unraveling tinnitus-related effects in vmPFC (Landgrebe et al., 2009; Husain et al., 2011; Mahoney et al., 2011), or conflating the latter with mood-related effects in scACC (Mühlau et al., 2006; Leaver et al., 2011).

Indeed, we identified an additional midline structure, dmPFC, which showed tinnitus-related effects complementary to those seen in vmPFC. As in vmPFC, morphological differences in dmPFC were not affected by depression, anxiety, or tinnitus distress. Instead, dmPFC morphology, characterized as a difference in cortical curvature, was related to an auditory-perceptual characteristic of tinnitus—awareness, or the proportion of time patients were aware of their tinnitus. This suggests that these two areas may play complementary roles in tinnitus. To the best of our knowledge, these findings in dmPFC are novel, and may result from superior image-alignment afforded by the methods used in the current study (i.e., DARTEL-VBM and cortex-based alignment in Freesurfer). Future studies delineating the respective roles of these regions in tinnitus will contribute to the ongoing debate regarding the differential function of dorsal and ventral regions of medial frontal cortex in other domains (Steele and Lawrie, 2004; Etkin et al., 2011; Shackman et al., 2011).

What causes these morphological differences in midline frontal cortex between tinnitus patients and controls remains to be determined. In terms of timing, our data suggest two hypotheses: that the relative size (and cellular make-up) of vmPFC is determined prior to tinnitus onset, or that GM loss in vmPFC occurs soon after the onset of the disorder. In our data, GM levels in vmPFC and dmPFC were the same whether patients had tinnitus for their entire lives or only 4–6 months (Figure 5); longitudinal studies could capture morphological changes over the first few months of tinnitus onset to determine which hypothesis is correct. Apart from timing, there are several possible causes for tinnitus-related differences in vmPFC, which are not mutually exclusive. Genetic factors may determine vmPFC size from birth, or they may cause midline frontal regions to be more vulnerable to stressors or lesions. Environmental factors like chronic stress, depression, or mechanical injuries may also cause cell loss in vmPFC or connected midline structures, or may make the area more susceptible to damage. Indeed, mechanical injuries, such as head trauma or blast injury, can specifically affect ventral frontal regions (Mattson and Levin, 1990; Fujiwara et al., 2008). In theory, damage to a single subregion may also affect other parts of the midline and orbital frontal system, as these areas are richly interconnected (Ongür and Price, 2000). In addition to longitudinal studies to determine timing, histological studies would be useful in determining the cellular bases of tinnitus-related differences in midline frontal cortex. So, although stressful life events or depression may be one way of damaging or over-working this system and causing chronic tinnitus (e.g., combined with sensorineural hearing loss), we argue that it is only one of many ways that the vmPFC-network can be compromised in tinnitus pathophysiology.

Overall, our data are consistent with the idea that midline frontal areas are involved in regulating interoceptive functions, including bodily sensations like pain (Kuchinad et al., 2007), emotions (Drevets et al., 1997; Mayberg, 1997), or even unwanted thoughts or actions (Floresco et al., 2009). In the context of tinnitus, we propose that an “intact” vmPFC is able to suppress aberrant thalamocortical activity in the auditory system (e.g., tinnitus), through its “driver” inputs to inhibitory neurons in the subsection of the reticular nucleus near auditory thalamus (Zikopoulos and Barbas, 2006). If vmPFC is compromised, this circuit is less efficient in regulating unwanted activity, and tinnitus persists (Mühlau et al., 2006; Rauschecker et al., 2010). In the model we propose, a negative or emotional reaction to tinnitus is not necessary for the disorder to become chronic, though stress and negative affect can clearly have modulatory effects on these circuits.

TINNITUS DISTRESS AND CORTICAL MORPHOLOGY

Tinnitus can be debilitating, but there is also variability in the degree to which tinnitus affects each patient's quality of life (Heller, 2003; Eggermont and Roberts, 2004). Our behavioral data indicate that the auditory-perceptual symptoms of tinnitus (e.g., perceived loudness or awareness) are not good predictors of tinnitus distress. Correspondingly, those areas of the brain showing tinnitus-related differences in morphology in our study (i.e., vmPFC, dmPFC) do not seem to be affected by tinnitus distress. Instead, a separation seems to exist between those parts of the brain mediating tinnitus, and those meditating the emotional or stress reaction to tinnitus. Specifically, we saw that the severity of tinnitus distress was correlated with cortical thickness in the anterior insula (aIns). Several studies have implicated aIns in pain (DaSilva et al., 2008), stress (Choi et al., 2011; Dannlowski et al., 2012), mood disorders (Mayberg et al., 1999), and tinnitus distress (van der derLoo et al., 2011), suggesting it may be involved in mediating the visceral sensations associated with stress and negative affect.

In our data, aIns thickness was also positively correlated with depression and anxiety scores in patients, but not in controls. This may indicate that aIns plays a role in affective reactions specific to tinnitus or other “interoceptive” phenomena (Craig, 2003) not experienced by controls, or that some tinnitus patients process stress or negative affect differently. However, the range of depression and anxiety scores in the current study was limited, and scores for the great majority of participants fell below the cutoff for potential clinical significance. Studies that include a wider range of participants, perhaps including those with clinically diagnosed depression, or who are more severely distressed by their tinnitus, may be better able to address whether some tinnitus patients process stress and negative affect in a unique way.

RELATIONSHIP BETWEEN TINNITUS AND NOISE SENSITIVITY

Pathological noise sensitivity, or “hyperacusis,” is often comorbid with tinnitus (Goldstein and Shulman, 1996; Salvi et al., 2000). Although our participants reported having no history of hyperacusis, our behavioral data support the idea that tinnitus patients tend to be more sensitive to noise overall. The neural basis of clinical hyperacusis is not well understood, but a few human imaging studies report a dissociation between involvement of subcortical auditory structures in hyperacusis and auditory cortex in tinnitus (Gu et al., 2010; Mahoney et al., 2011). Indeed, many studies show auditory cortex hyperactivity in tinnitus (Lockwood et al., 1998; Giraud et al., 1999; Reyes et al., 2002; Plewnia et al., 2007; Leaver et al., 2011), and the current study found a significant relationship between tinnitus awareness and cortical thickness in part of auditory cortex (STG), complementing previous reports of tinnitus-related GM reductions in auditory cortex (Schneider et al., 2009). These previous studies indicate a separation within the auditory system between sites of tinnitus (cortical) and hyperacusis (subcortical), the latter affecting basic gain-control mechanisms (Gu et al., 2010).

With regard to noise sensitivity in our current study, we also found a modest relationship between SMG and rostral vmPFC morphology and combined noise sensitivity scores. Morphology in these regions (curvature in SMG and thickness in r-vmPFC) appeared to differ between groups; however, this effect was actually driven by differences in noise sensitivity scores between groups. It is unclear whether these neuroanatomical differences are specific to individuals with comorbid tinnitus and hyperacusis, or whether we might find similar morphological differences in SMG and rostral vmPFC in people with hyperacusis but no tinnitus. Studies specifically designed to address these issues are needed, particularly those including patients with hyperacusis (Gu et al., 2010; Mahoney et al., 2011). Considering the influence of noise sensitivity in tinnitus research (and vice versa) is clearly important.

TINNITUS AND ATTENTION

The site of tinnitus-related morphological differences we reported in SMG in the current study (MNI coordinates X,Y,Z = 59, −40, 24) is very close to a region of posterior auditory cortex that exhibited hyperactivity in tinnitus patients in our previous study [MNI coordinates of largest cluster X,Y,Z = 56, −40, 15; (Leaver et al., 2011)]. In our previous study, we postulated that this hyperactivity reflected the attempt by patients to separate their tinnitus sound from experimental stimuli in order to complete the task. In everyday situations, the SMG (and other parts of posterior parietal cortex) is involved in the attentional modulation of sensory stimuli (Corbetta and Shulman, 2002, 2011). Adjacent posterior auditory cortex has been shown to be recruited in tasks requiring the separation of competing auditory signals (Zatorre et al., 2002; Alain et al., 2005; Wilson et al., 2007; Wong et al., 2008), often called the “cocktail party problem.” Under this assumption, the relationship between right SMG surface area and tinnitus awareness could be explained by inter-individual variability in the capacity to separate meaningful sounds from background noise. In other words, patients with larger (or use-dependent increases in) SMG surface area may be better able to incorporate tinnitus into (relatively) unattended background noise, allowing them to focus on relevant sounds with more success. Indeed, many studies have reported increased activity in posterior auditory cortex in tinnitus (Lockwood et al., 1998; Giraud et al., 1999; Reyes et al., 2002). So, although the role of posterior auditory cortex and adjacent parietal areas as a whole is likely to be more complex (Griffiths and Warren, 2002; Rauschecker and Scott, 2009), these areas are very likely to play a role in the attentional modulation of tinnitus as well.

INTERPRETING OF VARIABILITY IN CORTICAL THICKNESS, SURFACE AREA, AND GYRIFICATION

Surface-based methods like the ones used here are able to measure morphology in greater detail than volumetric analyses. For example, both surface area and thickness can contribute to the overall volume of cortex, and areas with greater local gyrification are likely to have greater cortical volume (i.e., more gyri = greater surface area = more gray matter). Because these morphological features can have different genetic origins (Panizzon et al., 2009; Winkler et al., 2010; Eyler et al., 2011), precise knowledge of morphological anomalies in clinical populations can increase our understanding of the cellular bases of these anomalies and can serve as a better complement to post mortem histological studies.

However, there is evidence that brain morphology can change with use-dependent experience (May and Gaser, 2006) and age (Good et al., 2001; Hutton et al., 2009) as well. Thus, neuro-morphological effects, as reported here, can have multiple interpretations based on genetics and/or experience. Moreover, it is unclear whether a change in cell number due to experience or cell death would be more likely to affect thickness, surface area, or both. Cortical thickness and surface area both tend to decrease with age (Hutton et al., 2009; Lemaitre et al., 2012), suggesting that atrophy can affect both these neuro-morphological features (even if age is unlikely to play a role in the current study). Indeed, we hypothesized that morphology in some parts of the brain may change progressively in relation to tinnitus onset in the current study; however, we only saw one such effect in an area between the postcentral and angular gyri. This could be evidence of use-dependent increases in cell number in this area, though the exact interpretation is unclear. Longitudinal research, both within the context of tinnitus and without, is needed to better understand the effects of plasticity on brain morphology.

CONCLUSIONS: IMPLICATIONS FOR MODELS OF TINNITUS PATHOPHYSIOLOGY

Overall, the present data support the hypothesis that parts of the limbic system play a central role in tinnitus pathophysiology beyond a mere reaction to the tinnitus sound. Specifically, we argue that chronic tinnitus is caused by failure of the vmPFC-network to suppress unwanted activity in the auditory system (Mühlau et al., 2006; Rauschecker et al., 2010). This model is supported by evidence of GM reductions in vmPFC in three independent samples of participants [(Mühlau et al., 2006; Leaver et al., 2011) and the present study], in addition to anomalous activity in this network (Schlee et al., 2009; Leaver et al., 2011; Schecklmann et al., 2011). Furthermore, separate neural systems seem to mediate the tinnitus percept itself and the emotional reaction to tinnitus. Our data showed that the severity of tinnitus distress predicted cortical thickness in aIns, and symptoms of anxiety and depression correlated with scACC thickness; neither of these correlations was present in vmPFC. Note too that morphology in aIns and scACC did not differ between tinnitus patients and controls. Chronic tinnitus may not be caused, as some have argued, by forming negative associations with tinnitus. Stress and negative affect can certainly exacerbate tinnitus (Sullivan et al., 1988; Folmer et al., 1999; Dobie, 2003), but our data suggest that stress and negative affect are not necessary components of chronic tinnitus. The simple fact that not all tinnitus patients are distressed by their tinnitus suggests that models predicated on distress are unlikely to truly capture the disorder. If the neuroanatomical bases of tinnitus-related suffering and negative affect are indeed separable from those mediating the tinnitus signal itself, this underscores the importance of addressing both systems when developing treatment programs for tinnitus (Jastreboff, 2007).
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The aim of this review is to focus the attention of clinicians and basic researchers on the association between psycho-social stress and tinnitus. Although tinnitus is an auditory symptom, its onset and progression often associates with emotional strain. Recent epidemiological studies have provided evidence for a direct relationship between the emotional status of subjects and tinnitus. In addition, studies of function, morphology, and gene and protein expression in the auditory system of animals exposed to stress support the notion that the emotional status can influence the auditory system. The data provided by clinical and basic research with use of animal stress models offers valuable clues for an improvement in diagnosis and more effective treatment of tinnitus.
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INTRODUCTION

The term “stress” was originally used in physics to define a pressure causing deformation of a physical body. In biology and medicine, the term “stress” is used to describe a reaction of an organism to a stressor. Stressors can be of physical or psycho-social nature (Figure 1). Generally speaking, stress is a positive reaction because it increases the chance of survival by initiating adaptation and coping with new situation (Lupien et al., 2009). Changes provoked by stress can be presented as a chain of reactions involving alarm stage, and—if the stressor is not removed—resistance, and exhaustion (Tsigos and Chrousos, 2002). Another, allostatic model of stress-induced reactions is introduced below.


[image: image]

Figure 1. Schematic representation of two main types of stress and different stress models used in basic research.


Stress stimulates neuroendocrine axes such as hypothalamus-pituitary-thyroid axis (Mebis and van den Berghe, 2009), hypothalamus-pituitary-gonadal axis (Whirledge and Cidlowski, 2010) and hypothalamus-pituitary-adrenal axis (HPA axis) (Lupien et al., 2007). Further, stress can also activate sympathetic nervous system (Ulrich-Lai and Herman, 2009). Adaptation of neuronal system to stress-induced condition is reflected by neuronal plasticity. Neuronal plasticity is not only essential for learning and memory formation but also for the induction of mood illnesses (Berlucchi and Buchtel, 2009; Calabrese et al., 2009). The process of coping with conditions altered by stress is called allostasis and means a change from the usual, homeostatic status into a status, in which the organism can adapt to changes (McEwen and Gianaros, 2011). Abuse or chronic deregulation of allostatic processes (such as prolonged or repeated stress) may lead to so-called allostatic load, which is a negative physiological and behavioral effect of stress (Figure 2) (McEwen and Wingfield, 2003). Allostatic load can affect various tissues and organs and include neuronal atrophy, impaired immunity, atherosclerosis, obesity, bone demineralization and mood disorders (McEwen, 2003).


[image: image]

Figure 2. Most representative stress-induced pathways and hypothetical involvement in the induction of allostatic load. HPT, hypothalamus-pituitary-thyroid axis; HPG, hypothalamus-pituitary-gonadal axis; HPA, hypothalamus-pituitary-adrenal axis.


Tinnitus is a subjective perception of sound without external acoustic signal caused by inappropriate activation of auditory cortex. This activation has been documented in tinnitus patients by using either positron emission tomography (PET) or functional magnetic resonance imagining (fMRI) (Lanting et al., 2009). The results of animal and human studies have helped to determine various possible causes of inappropriate activation of auditory cortex leading to neuronal plasticity. These causes include changes in spontaneous firing rate, increased gamma band reflecting synchronous firing of auditory cortex and tonotopic reorganization (Nava and Roder, 2011).

Tinnitus can be induced by a variety of pathological conditions via modification of the middle or inner ear functions (e.g., otosclerosis, chronic otitis media, labirintitis, ototoxicity, noise, genetic defects), or by affecting directly or indirectly neurons in the auditory pathway (e.g., multiple sclerosis, acoustic neuroma/vestibular schwannomas, meningiomas, stroke, hemorrhage, head trauma). Accumulating evidence suggests that changes induced by these diverse conditions may result in similar phenotype, which is inappropriate activation of the auditory cortex.

In this review, we will describe some of HPA axis-mediated effects induced by stress and will discuss their possible influence on the auditory system with special focus on tinnitus. In addition, we will attempt to transfer some of the in vitro knowledge into a clinical practice.

STRESS: MECHANISMS (HPA AXIS), MODELS, AND AUDITORY SYSTEM

THE HYPOTHALAMIC-PITUITARY-ADRENAL AXIS (HPAa)

Stress induces secretion of corticotropin-releasing hormone (CRH) from hypothalamus. CRH stimulates in turn the secretion of adrenocorticothropin (ACTH) from pituitary gland. Finally, release of ACTH to blood causes secretion of stress hormones from the adrenal glands (Lupien et al., 2007). Stress hormones comprise glucocorticoids (corticosterone, cortisol) and mineralocorticoids (aldosterone) (de Kloet et al., 2005). Cortisol (corticosterone in rodents)—is released not only upon exposure to stress but also in a circadian rhythm (Weitzman et al., 1971) and regulates in genomic and non-genomic way a variety of processes, from inflammation to behavioral changes (Amsterdam and Sasson, 2002; Amsterdam et al., 2002; Kudielka et al., 2004; de Kloet et al., 2005). Corticosteroids act via respective receptors: mineralocorticoid receptor (aldosterone receptor, MR) and glucocorticoid receptor (GR) and elicit two types of reactions: genomic and non-genomic (Figure 3). The genomic reactions occur due to the fact that both GRs and mineralcorticoid receptors are cytoplasmic, ligand-activated transcription factors (Funder, 1997). Binding of steroids to GRs or mineralcorticoid receptors induces translocation of the ligand-receptor complex to the nucleus, where the transcription of selected genes is either induced or suppressed (Datson et al., 2008). The genomic response is relatively slow and on average takes few hours. Non-genomic responses induced by corticosteroids and mineralocorticoids are extremely rapid (seconds to minutes) and are not mediated by a cytoplasmic but by a minor, membrane-bound form of GRs or mineralcorticoid receptors (Groeneweg et al., 2012). Both receptors were shown to be localized to the lipid rafts—more precisely to caveolae on a cell surface. Caveolae are rich in signaling proteins such as G-proteins and kinases, thus, they support formation of various signalosomes. The precise signaling pathways induced by corticosteroids and mineralocorticoids remain to be confirmed but it is already apparent that the kinase pathways are predominant (Groeneweg et al., 2012).
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Figure 3. HPA-induced stress hormone release and their signaling via respective receptors induce genomic (slow) and non-genomic (rapid) changes. GR, glucocorticoid receptor; MR, mineralcorticoid receptor.


HYPOTHALAMIC-PITUITARY-ADRENAL AXIS AND AUDITORY SYSTEM

HPA-induced steroids signal trough their respective receptors: glucocorticoid and mineralcorticoid receptors. In contrast to ubiquitously expressed GRs, expression of mineralcorticoid receptors is restricted to selected tissues including brain, eye, intestine, kidney, mammary gland, pancreas, pituitary gland, and the inner ear. In fact, analyses of expressed sequence tag profile in mice demonstrated the highest expression level of mineralcorticoid receptor mRNA in the inner ear, as compared to other tissues (NCBI accession number: Mm.324393). Expression of mineralcorticoid receptors is not incidental—it denotes aldosterone-sensitive tissues, in which mineralcorticoid receptors regulate the ionic and water transports (mainly the epithelial sodium channel, Na+/K+ pump, serum, and glucocorticoid-induced kinase or SGK1) resulting in the re-absorption of sodium and an excretion of potassium (Thomas and Harvey, 2011).

Presence and localization of mineralcorticoid and glucocorticoid receptors was studied in the rat cochlea and their expression was positively confirmed (Zuo et al., 1995; Yao and Rarey, 1996). Not surprisingly, mineralcorticoid receptor was found to be predominantly localized in stria vascularis and in the spiral ganglion neurons (Furuta et al., 1994). Hyperactivation of mineralcorticoid receptors in the inner ear could lead to improper potassium-sodium balance in the scala tympani and was, in fact, suspected to play a crucial role in the vertigo and tinnitus/deafness attacks in the Ménière's disease. In a clinical study, where the concentration of aldosterone was measured in plasma of Ménière's patients obtained between the attacks, no abnormal fluctuation was found, suggesting that this hormone does not contribute to the sickness symptomes (Mateijsen et al., 2001). However, the question if aldosterone concentration is being altered during active periods of Ménière's disease remains open. On the other hand, Ménière's patients have elevated concentration of cortisol in blood (van Cruijsen et al., 2005), which could contribute to Ménière's symptoms but could also be a secondary marker of stress perceived by the patients.

Recently, local HPA-equivalent signaling system was discovered in the cochlea of mice (Graham et al., 2010; Graham and Vetter, 2011). This local HPA system is independent of the systemic HPA signaling. It consists of locally produced corticotropin-releasing factor (CRF), CRF1-receptor and ACTH. Interestingly, deletion of CRF1-receptor gene resulted in auditory impairment of knock-out animals (Graham and Vetter, 2011). This impairment was accompanied by reduced expression of glutamine synthetase together with abnormal innervation features and was attributed to the developmental role that CRFR1 potentially plays in the inner ear. Future experiments should determine the connection between cochlear and systemic HPA systems.

STRESS AND THE HPA AXIS-INDUCED NEURONAL PLASTICITY

Both acute and chronic stress were demonstrated to influence the glutamate neurotransmission and in this way contribute to the neuronal plasticity (Krugers et al., 2010; Popoli et al., 2011). Induction of neuronal plasticity was shown to be possible by generation of changes on a pre-synaptic (synthesis, transport, release) and/or post-synaptic level (glutamate recycling, binding, and signaling via glutamate receptors).

Glutamate is an abandoned neurotransmitter in CNS and is involved in the process of memory, learning, and also in the auditory processing. Special feature of glutamate circuits is their involvement in the process of plasticity, for the reason that glutamate and glutamate receptors NMDAR (N-methyl-D-aspartate receptor) and AMPAR (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor) regulate the strength and function of neuronal synapses. To date, mechanisms determined as responsible for the synaptic plasticity are glutamate receptors (NMDAR)—related long-term potentiation (LTP) and long-term depression (LTD). In addition, changes in AMPAR composition and density on the synapses were shown to be essential for the plasticity process.

Pre-synaptic neuronal plasticity can be mediated by changes in glutamate transport. Predominant type of glutamate transporter present in the organ of Corti (in the supporting cells) is GLAST/EAAT1 (Ruel et al., 2007). Upregulation of GLAST/EAAT1 was demonstrated in astrocytes of animals subjected to chronic physical stress (Madrigal et al., 2003). However, the influence of stress or glucocorticoids on cochlear GLAST/EAAT1 is still unknown.

Post-synaptic neuronal plasticity can be induced by changes in the expression and trafficking of glutamate receptors AMPAR. AMPAR are multimers composed of various subunits, quantity, and ratio of which influences the synaptic strength. The mechanism that mediates HPA-induced changes in AMPA receptors trafficking is attributed to the genomic and non-genomic effects of glucocorticoids (Figure 4). In the prefrontal cortex, stress has been demonstrated to activate in a non-genomic way the glucocorticoid-inducible kinase SGK (Popoli et al., 2011). SGK1 is also expressed in stria vascularis, spiral ligament, spiral limbus, organ of Corti, Reissner's membrane and in the spiral ganglion of rats (Zhong and Liu, 2009) but role of SGK1 in the inner ear has not yet been experimentally addressed. The rapid, non-genomic effects of stress are attributed to the presence of mineralcorticoid receptor (Karst et al., 2005; Groeneweg et al., 2012), which is also expressed in the cochlea (Furuta et al., 1994; Yao and Rarey, 1996).
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Figure 4. Glucocorticoids induce neuronal plasticity via respective receptors. AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; GR, glucocorticoid receptor; MR, mineralcorticoid receptor.


An example of slow, genomic effects of glucocorticoids is the cortisol/corticosterone-induced increase in transcription and translation of GluA2 AMPA receptor subunit (Krugers et al., 2010). In the auditory system, the expression of GluA2 was demonstrated in the cochlear nucleus and in the medial nucleus of the trapezoid body (Hermida et al., 2010; Wang et al., 2011) but the stress-induced changes in its expression were not yet studied.

Taken together, peripheral and central auditory systems express molecules, which are modulated by stress in the limbic, memory, and learning centers of CNS. This modulation is responsible for neuronal plasticity in above areas. If stress and activated HPA axis could induce plastic changes in the auditory pathway via modification of glutamate neurotransmission, remains to be established.

STRESS MODELS

Extended presence of stressor such as inability to escape from a stressing situation (chronic stress) or a high impact stressor (acute stress) may induce allostatic load reflected by pathological reactions or conditions. However, the outcome of allostatic load not only depends on duration and category of stress but also on age, gender and the genetic makeup of stressed organism (Joels and Baram, 2009).

To date, research has concentrated mainly on the stress-induced changes in learning, memory, cognition, and on morphological and molecular modifications in the respective brain structures (Lupien et al., 2007; Joels and Baram, 2009). Majority of stress research requiring information regarding histology, molecular or cell biology has been preformed with use of different animal stress models. The goal of animal stress models is to mimic and study stress experienced by people under certain conditions. Therefore, various physical or psycho-social stressors are used (Figure 1). To the physical stress models belongs between many others the immersion in cold water, restrain, cold-water restrain, electric foot shock, and food deprivation. Psycho-social stress models use as stressors neonatal isolation (isolation of offspring from mother), isolation, crowding (too many animals per cage), predatory (exposure of mice or rats to cat or any substance having its smell), sleep deprivation and sonic stress (harmful or non-harmful to the auditory system) (Quarcoo et al., 2009; Jaggi et al., 2011; Vicario et al., 2012).

Psycho-social stress is quite different in nature than physical stress. In fact, psycho-social stress was shown to induce changes in some areas of brain that were not affected by physical stress (Nakagawa et al., 1981; Iimori et al., 1982). In addition to the type of stress, important is also stress duration. In acute settings, the stressor is used for a short time. In chronic settings, the stressor is applied from 24 h to up to 40 days. Lastly, there are models that mix different types of acute and chronic stress in an unpredictable way (Jaggi et al., 2011).

Taken together, caution needs to be taken when designing, interpreting, and comparing experiments that use various animal stress models.

STRESS MODELS IN AUDITORY RESEARCH

In the auditory research, influence of stress on the auditory processing was often studied using physical acute stress. Severe pain (tracheotomy and bladder catheterization performed without general anesthetics) used in guinea pigs as stressors was demonstrated to induce auditory threshold shift, which was later explained by a cochlear hypoxia (Muchnik et al., 1980; Hildesheimer et al., 1985). Sprague-Dawley rats subjected to restraint stress for 10 days, 2 h per day (physical stressor; chronic stress) have developed auditory impairment and significant atrophy of inferior colliculus (Dagnino-Subiabre et al., 2005) and of medial geniculate nucleus (Bose et al., 2010). The mechanisms mediating atrophic degeneration in the auditory pathway have not been fully clarified, but it is apparent that degeneration is auditory tissues-specific, since the visual system (e.g., the superior colliculus adjacent to the inferior colliculus) is not affected by stress. From the perspective of allostatic model, one could postulate that chronic physical stress may induce the allostatic load in auditory pathway.

Stress (e.g., heat or restraint) was found not only to damage but also to protect the hearing (Yoshida et al., 1999; Wang and Liberman, 2002). Physical type of stressor (restraint) in the acute settings (4 h of duration) increased the concentration of corticosterone in blood and as a consequence, protected the animals form the noise-induced trauma. Similar protective effects had the administration of glucocorticoid-based drugs prior to acoustic trauma (reviewed in Meltser and Canlon, 2011). From the perspective of allostatic model, one could hypothesize that the acute physical stress is unable to induce allostatic load in auditory pathway. On the contrary, activation of HPA axis resulting in the production of corticosteroids protects the auditory system against the noise trauma. This endogenous corticosteroid protection is comparable to the application of synthetic corticosteroids, used in therapy of acute hearing loss (Meltser and Canlon, 2011).

Under special circumstances, the administration of corticosteroids can also have adverse effects on the auditory system. Prenatal, long-term administration of glucocorticoids, increased the susceptibility of the of the Sprague-Dawley offspring rats to noise trauma (Canlon et al., 2003). However, these findings could not be reproduced by other group in Wistar rats, possibly reflecting inter-strain genetic differences in stress and corticosteroid susceptibility (Hougaard et al., 2007).

In addition to physical stress, psycho-social stress model was also used in the auditory research. Wistar rats subjected to 24 h of stress (non-harmful sonic stress: sound pressure level 61–65 dB, sound frequency 300 Hz, 1 s sound in intervals of 15 s) have developed temporary but significant reduction of the ABR thresholds in all frequencies tested and of the DPOAE thresholds in low frequencies, consistent with auditory hypersensitivity (Mazurek et al., 2010). This implies that chronic, psycho-social stress may influence the function of auditory pathway. Long-term consequences of such influence remain to be determined.

STRESS AND TINNITUS

There is a bulk of evidence supporting the view that tinnitus induces stress in patients. However, little is known about the other side of this interaction—that is about stress inducing tinnitus. It has been a frequent observation made by otologists and audiologists that many tinnitus patients complain of psycho-social distress prior to or during the onset and progression of tinnitus. One of the earliest published observations connecting the onset of tinnitus with psycho-social distress was made by John Harrison Curtis, the surgeon of the Royal Dispensary for Diseases of the Ear in London (the first hospital in England offering specialized care for ear diseases, est. 1817). Dr. Curtis has noticed that in two of five cases, affected patients attributed the beginning of tinnitus to a psycho-social strain caused by death in immediate family (Curtis, 1841).

Hundred and seventy years later, two large-scale studies provided epidemiological information about the association of psycho-social stress with tinnitus (Baigi et al., 2011; Hasson et al., 2011). The first study demonstrated that the probability of developing tinnitus is approximately the same for highly stressed persons as it is for persons exposed to occupational noise (Baigi et al., 2011). Importantly, the authors also have noticed that psycho-social stress contributes to worsening of tinnitus symptoms. Interestingly, exposure to high level of stress and occupational noise doubles the probability of developing tinnitus. In the second study, a self-completion questionnaire was used to inquire about work- and health-related stressors and hearing problems, such as tinnitus. About one-third of working population reported hearing problems or tinnitus or both. In addition, prevalence of sleeping problems was significantly higher in subjects with tinnitus, than in the tinnitus-free subjects. Importantly, the authors found linear association between tinnitus and the magnitude and duration of stress, such as for instance occupational stress (Hasson et al., 2011). Both studies were performed with more than 10,000 subjects each, thus, providing statistical strength. Recently, we also have shown that the patients with disturbing chronic tinnitus have higher scores than patients with non-disturbing tinnitus in the subscales “worries” and “tension” measured by stress-oriented Perceived Stress Questionnaire (Seydel et al., 2010).

Interesting for the issue tinnitus and stress is the HPA axis, which seems to be disturbed in tinnitus patients. Hebert and Lupien have observed that the basal levels of salivary cortisol are chronically elevated in tinnitus patients, who had disturbing tinnitus on average for 5.5 years (Hebert et al., 2004). In addition, patients who had disturbing tinnitus for a longer time (on average 14.7 years) were shown to develop improper HPA responses to an experimental, psycho-social stress (Hebert and Lupien, 2007). HPA axis in tinnitus patients under stress seems to be activated later and to a lesser extend than in the healthy controls, consistent with glucocorticoid inefficiency (Yehuda et al., 1996). Such inefficiency is also found in some stress-related disorders: chronic fatigue syndrome, posttraumatic stress disorder and in burnout syndrome (Kudielka and Wust, 2010; Juster et al., 2011). Interestingly, high comorbidity of tinnitus and posttraumatic stress disorder was observed (Hinton et al., 2006; Fagelson, 2007). It is, however, possible that the observed changes in HPA axis of tinnitus patients may be a result and not a cause of tinnitus.

The link between tinnitus and negative emotional arousal was proposed many years ago by Jastreboff and Hazell to explain why is tinnitus perceived as unpleasant or even dangerous sound (Jastreboff and Hazell, 1993). Recent review of Kraus and Canlon delineates known to date anatomical connectivities between the auditory and limbic systems (reviewed in detail by Kraus and Canlon, 2012). In addition, this important work collected evidence supporting the notion of noise generating synaptic plasticity in the limbic structures. Induction of limbic plasticity is possible due to multi-level projections of the auditory system to the limbic structures. However, known projections of limbic system to the auditory system are rather limited (e.g., projections of amydala to inferior colliculus). If these projections are activated by stress and if this activation could induce plastic changes in the auditory system, remains to be determined.

Scientists in the field currently agree that tinnitus may be triggered by an injury to the inner ear causing decreased activity of the auditory nerve and lastly in plastic changes in central auditory system (Kaltenbach, 2011). Resulting plastic changes in central auditory activity are coupled with altered attention and negative emotions. Can stress induce such critical injury to the inner ear or induce plasticity in higher auditory structures? An important hint was recently delivered by a group studying mild stress model of depression in Sprague-Dawley rat with PET imaging technique. The type of stress was chronic; the stressors were of mixed types and included physical stressors (e.g., sleep deprivation, water deprivation and heat stress) and psycho-social stressors (e.g., crowding, sonic stress). After 4 weeks of random mixed stressing, brain PET analysis revealed the activation of left auditory cortex and deactivation of left inferior colliculus in stressed animals. Changes in the auditory system correlated significantly with the depressive symptoms of experimental animals (Hu et al., 2010). At the same time, no changes were detectible in the visual pathway. Interestingly, activation of left but not right auditory cortex (Brodmann areas 41 and 42) was also reported for tinnitus patients (Arnold et al., 1996; Wang et al., 2001) and could possibly be used as a tinnitus correlate for the experimental animals.

Clinical definition of stress has been improved in the recent years. Importantly, biomarkers and mechanisms are being indentified in a process of stress definition (Piazza et al., 2010). This provides the researchers and clinicians not only with more basic knowledge about stress-induced processes but also with more diagnostic power. Stress is no longer an undefined, sad state of mind but an important, distinct factor in precipitation and amplification of mental and mood disorders (Holsboer and Ising, 2010). Recent research has implicated that living in a city affects stress processing and may be responsible for increased incidence of anxiety disorders in the cities, as opposed to rural communities (Lederbogen et al., 2011). Stress may also precipitate onset of other, non-mental types of diseases, such as asthma or inflammatory bowel disease (Niess et al., 2002; Quarcoo et al., 2009), thus, stressing the role of allostatic load in non-CNS and non-neuronal organs. Including stress as factor of future investigations in the auditory, tinnitus-related research seems to be a logical consequence of above observations.

Furthermore, information collected here, indirectly implies the requirement for psychological assessment during the diagnosis of tinnitus patients, with focus on perceived stress and psychological comorbidity. Such assessment may be performed in form of a self-filled questionnaire or by a clinical psychologist. Psychological intervention with a goal of stress-management strategies appears to be an indispensable element in tinnitus treatment, especially important to use in very early stages of tinnitus, before the chronification of plastic changes has taken place.

Based on the information collected here, following hypothetical models could possibly explain the causative connection of stress and tinnitus:

 •First, stress may potentially activate the local HPA axis in the inner ear. The consequences of local overdrive in the HPA system in cochlea are so far unknown.

 •Second, stress-activated HPA corticosterone release may affect mineralcorticoid receptor function in cochlea and possibly influence the concentration of potassium secreted by stria vascularis, resulting in tinnitus.

 •Third, stress-induced activation of HPA axis and corticosteroid release could provoke pre- or post-synaptic neuronal plasticity of the auditory system (Figure 5).


[image: image]

Figure 5. Model of stress-induced neuronal plasticity, which has been accepted in memory, learning, and emotional systems—can it also be truth to explain the induction of auditory pathologies by stress?


Exploring the above models and obtaining a clear-cut animal model, which would combine an appropriate stress type and tinnitus read-out, is a challenging task. In addition, designing and conducting large epidemiological studies, where individuals would be monitored for stress parameters and followed audiometrically for decades, would be an expensive and a time-consuming mission. Nevertheless, step-by step understanding of how and to what degree the psycho-social or physical stress could affect our peripheral and central auditory system should become a goal in the basic and clinical auditory research.
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Eugen Diesch1*, Verena Schummer2, Martin Kramer2 and Andre Rupp3

1Department of Clinical and Cognitive Neuroscience, Central Institute of Mental Health, Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany

2Small Animal Clinic, Department of Veterinary Clinical Sciences, University of Gießen, Gießen, Germany

3Section of Biomagnetism, Department of Neurology, University Hospital Heidelberg, Heidelberg, Germany

*Correspondence:

Eugen Diesch, Department of Clinical and Cognitive Neuroscience, Central Institute of Mental Health, Medical Faculty Mannheim, Heidelberg University, Square J5, D-68159 Mannheim, Germany. e-mail: eugen.diesch@zi-mannheim.de

Edited by:
 Jos J. Eggermont, University of Calgary, Canada

Reviewed by:
 David C. Lyon, University of California, USA
 Fatima T. Husain, University of Illinois at Urbana-Champaign, USA

Objectives: In tinnitus, several brain regions seem to be structurally altered, including the medial partition of Heschl's gyrus (mHG), the site of the primary auditory cortex. The mHG is smaller in tinnitus patients than in healthy controls. The corpus callosum (CC) is the main interhemispheric commissure of the brain connecting the auditory areas of the left and the right hemisphere. Here, we investigate whether tinnitus status is associated with CC volume. Methods: The midsagittal cross-sectional area of the CC was examined in tinnitus patients and healthy controls in which an examination of the mHG had been carried out earlier. The CC was extracted and segmented into subregions which were defined according to the most common CC morphometry schemes introduced by Witelson (1989) and Hofer and Frahm (2006). Results: For both CC segmentation schemes, the CC posterior midbody was smaller in male patients than in male healthy controls and the isthmus, the anterior midbody, and the genou were larger in female patients than in female controls. With CC size normalized relative to mHG volume, the normalized CC splenium was larger in male patients than male controls and the normalized CC splenium, the isthmus and the genou were larger in female patients than female controls. Normalized CC segment size expresses callosal interconnectivity relative to auditory cortex volume. Conclusion: It may be argued that the predominant function of the CC is excitatory. The stronger callosal interconnectivity in tinnitus patients, compared to healthy controls, may facilitate the emergence and maintenance of a positive feedback loop between tinnitus generators located in the two hemispheres.

Keywords: tinnitus, auditory cortex, corpus callosum, MRI volumetry

INTRODUCTION

Tinnitus is an auditory phantom sensation that is experienced in the absence of adequate acoustic stimulation. Affected individuals often describe it as kind of ringing, hissing, or buzzing, most often continuous, sometimes intermittent. Tinnitus affects a considerable proportion of the general population, with a minority experiencing considerable distress (Hazell, 1990; Feldmann, 1998; Baguley and McFerran, 2002; Lockwood et al., 2002; Eggermont and Roberts, 2004; Shargorodsky et al., 2010). Often, but not always, tinnitus is associated with a certain measure of hearing loss mostly of the upper part of the range of hearing (Henry et al., 1999). Hearing loss represents the most prevalent risk factor for tinnitus (Sindhusake et al., 2003; Moller, 2007).

The pathophysiological mechanisms underlying tinnitus are largely unknown. The disorder is characterized by hyperexcitability resulting from a reduction of inhibitory processes and gain increase at various stages of the afferent auditory pathway including the auditory cortex (Salvi et al., 2000; Syka, 2002; Diesch et al., 2004; Eggermont and Roberts, 2004; Parra and Pearlmutter, 2007; Sun et al., 2009; Norena, 2011). Maladaptive plastic changes of the functional organization of the auditory system and the auditory cortex in particular seem to be implicated (Mühlnickel et al., 1998; Wienbruch et al., 2006). Several brain regions of tinnitus patients appear to be structurally altered, among them the thalamus and the nucleus accumbens (Mühlau et al., 2006), the inferior colliculus and the hippocampus (Landgrebe et al., 2009), and the medial partition of Heschl's gyrus (mHG), the anatomical site of the primary auditory cortex (Schneider et al., 2009).

Schneider et al. (2009) found smaller gray matter volumes of the medial partition of mHG in tinnitus patients than in healthy controls. Compared to hearing-impaired controls without tinnitus, patients with bilateral tinnitus showed mHG volume reduction in both hemispheres. Patients with unilateral tinnitus also showed mHG volume reduction. However, in these patients the reduction occurred almost exclusively on the side ipsilateral to the affected ear. To make sense of these volumetric reduction and lateralization effects the interconnection via the corpus callosum (CC) of the auditory cortices of the left and the right hemisphere may have to be considered.

Audition assumes a special status with regard to callosal connection. While in vision and somatosensation only the midline zone features callosal fiber connections, in audition callosal projections are distributed across the full extent of the auditory cortex (Bamiou et al., 2007). The CC fully connects homotopic and heterotopic auditory cortical areas of the two hemispheres. The callosal input to either hemisphere is characterized by a particular balance of excitatory and inhibitory processes. At the single unit level, the callosal fibers originating from cortical pyramidal cells are neurochemically excitatory. However, as they may terminate on inhibitory interneurons of the contralateral side, callosal projections are both excitatory and inhibitory functionally (Bloom and Hynd, 2005; Karayannis et al., 2007; Tang et al., 2007).

The CC is smaller in smaller brains (Jancke et al., 1997). More specifically, a smaller auditory cortex presumably gives rise to a smaller number of callosal fibers crossing to the contralateral side. In tinnitus, as long as the callosal volume reduction were proportional to the volume reduction of the auditory cortex, nothing would be expected to change. However, if the reduction in the number of callosal fibers were proportionally larger than the reduction of auditory cortex volume, the transcallosal influence would be weakened. In this case, if the default transcallosal influence were mainly inhibitory, the reduction in interhemispheric inhibition might be hypothesized to facilitate the emergence and maintenance of tinnitus. Conversely, if the reduction in the number of callosal fibers were proportionally smaller than the reduction of auditory cortex volume or if reduction of auditory cortex volume was accompanied by an increase of the number of callosal fibers, the transcallosal influence would be amplified. If the default transcallosal influence were largely excitatory, the increase in interhemispheric excitation likely would facilitate the development and persistence of tinnitus.

Apart from cortical volume, hemisphere asymmetry of cortical volume may also be important. On the basis of findings in rats, Galaburda et al. (1990) and Rosen et al. (1989) have proposed the existence of an inverse relationship between callosal connectivity and the magnitude of cortical hemisphere asymmetry. In humans, this inverse relationship has been confirmed by Aboitiz et al. (1992b,c), and Dorion et al. (2000), and with some caveats relating to the influence of gender and handedness, Luders et al. (2003). Luders et al. reported an inverse relationship between midsagittal callosal area and perisylvian asymmetries for males, but not for females. In the sample studied by Schneider et al. (2009), the mHG ipsilateral to the ear affected by tinnitus was smaller and the interhemispheric mHG asymmetry index was larger in patients with unilateral tinnitus than in healthy controls. Given the relationship between hemisphere asymmetry and CC size, it may be hypothesized that the Schneider et al. hemisphere asymmetry index is correlated with CC size, with gender eventually modulating the relationship. Furthermore, under the assumption that the default transcallosal influence were predominantly inhibitory, reduced CC size would mean reduced inhibition and potentially facilitate the development and maintenance of tinnitus.

MATERIALS AND METHODS

STUDY PARTICIPANTS

In the current study, the midsagittal cross-sectional surface area of the CC was determined for T1-weighted structural MR images (Siemens TRIO, 3 T, MPRAGE, matrix 256 × 256 mm2, 176 sagittal slices, slice thickness 1 mm, TR 1930 ms, TE 4.38 ms) obtained from 105 subjects. Of these, 99 had been acquired in a prior volumetric study of the medial part (mHG) of Heschl's gyrus (Schneider et al., 2009)1. Six additional structural scans were available for the present study. Thus, CC volumetric scores were determined for 105 subjects and cross-correlations between CC and mHG volumetric scores for 99 subjects. Given the composition of the sample, the distribution of subjects across tinnitus status, musicality, and sex was almost the same as in the Schneider et al. (2009) study. As in Schneider et al. (2009), tinnitus patients were accepted to the study if they presented with chronic tonal or quasi-tonal tinnitus with a tinnitus frequency above 1 kHz. Tinnitus was considered chronic if its onset dated back 6 months or more. Individuals with noisiform or pulsatile tinnitus, Ménière's disease, otosclerosis, chronic headache, neurological disorders such as brain tumors, and individuals being treated for mental disorders were excluded from the study. Tinnitus was defined as chronic if it had lasted for more than 6 months. Controls did not present with tinnitus. Participants were assigned to the musician group if they worked as professional musicians, earned a score of at least 25 on the Advanced Measures of Music Audiation (AMMA) test, a standardized test of musicality which is independent of musical expertise (Gordon, 1989, 1998), or both. There were 25 musicians with tinnitus, 10 of them female, 38 non-musicians with tinnitus, 10 of them female, 31 musicians (13 female) without tinnitus, and 11 non-musicians (7 female) without tinnitus (Table 1). Pure-tone audiograms were obtained for 12 tonal frequencies between 125 Hz and 15 kHz to document the extent of hearing loss (Figure 1).

Table 1. Subject characteristics, psychoacoustic test results, and TQ tinnitus questionnaire scores.
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Figure 1. Hearing loss in dB HL in the left ear (green line) and the right ear (red line). NN, non-musicians without tinnitus; MN, musicians without tinnitus; NT, non-musicians with tinnitus; MT, musicians with tinnitus.


Summary indices of hearing loss were determined by computing averages across frequencies, i.e., across right and left ear low frequency (125 Hz–746 Hz) and high frequency (1.183 kHz–15 kHz) hearing loss scores. For patients, hearing loss at the tinnitus frequency was computed both for the left and the right ear by interpolating between the respective hearing loss values that were closest to the tinnitus frequency on the frequency axis. The equivalent tonal frequency and the minimum masking level of the tinnitus were determined using the methods described in Schneider et al. (2009). There was no significant difference between musicians with tinnitus and non-musicians with tinnitus with regard to the tinnitus frequency (t(60) = 1.13, n.s.) or the tinnitus minimum masking level (t(41) = 1.14, n.s.). Patients were also asked to complete the German version of the Tinnitus Questionnaire (TQ, Hallam et al., 1988; Hallam, 1996) published by Goebel and Hiller (Goebel and Hiller, 1994, 1998). Musicians with tinnitus attained significantly lower scores than non-musicians with tinnitus on the TQ (t(46) = 4.16, p < 0.0005) and its subscales (tinnitus intrusiveness: t(57) = 5.23, p < 0.0005, cognitive and emotional distress: t(46) = 3.78, p < 0.0005, somatic complaints: t(46) = 2.12, p < 0.05, auditory and perceptual difficulties: t(46) = 2.33, p < 0.025, sleep disturbances: t(46) = 2.41, p < 0.02).

CORPUS CALLOSUM SEGMENTATION

Morphological analysis of the CC was done in analogy to the procedure described by Luders et al. (2003). The midline sagittal cross-sectional surface area of the CC was reconstructed from the T1-weighted MRI data with the software program MRIcro (Ver. 1.40). Midsagittal sections were identified relative to the interhemispheric fissure in sagittal, horizontal, and coronal views. They were confirmed by the presence of the cerebral falx. The original sagittal slices were reorientated to maximize apparent extent of the CC in the sagittal view. Using MRIcro's free rotation function, the whole brain was resliced such that the longitudinal fissure ran parallel to the sagittal slices. A tissue intensity contrast-based region-of-interest (ROI) comprising the CC was defined in the slice that included the longitudinal fissure and the two neighboring slices to the left and the right using the MRIcro “image intensity defined 3D ROI” function. Tissue intensity thresholds were manually adjusted on an individual basis to optimally capture and extract the CC. If the CC and neighboring structures like the fornix did not differ in intensity or else were not segregated by an intensity-marked boundary, the automatic segmentation was corrected manually. The CC surface area image thus delineated was extracted from each of the three selected slices and saved for further processing. The segmentation was performed blindly, i.e., without knowledge on the side of the segmenter of the participant group the brain originated from.

Using procedures written in matlab and functions of the matlab image processing toolbox, the extracted CC images were segmented into subregions defined by the segmentation schemes put forward by Witelson (1989) and Hofer and Frahm (2006). The CC segmentation proposed by Witelson (1989) is the one most frequently used. As the Witelson scheme has been derived from non-human primates, the human diffusion tensor imaging-derived scheme proposed by Hofer and Frahm (2006) was used as an alternative. Figure 2 illustrates the 2 segmentation schemes. The Witelson scheme employs four coronal subdivisions located at, from anterior to posterior, 1/3, 1/2, 2/3, and 4/5 of the total length of the CC. These subdivisions section the CC into five partitions representing the genu, the anterior part of the midbody, the posterior part of the midbody, the isthmus, and the splenium. The Hofer and Frahm scheme places the subdivisions somewhat differently, at 1/6, 1/2, 2/3, and 3/4. Relative to the Witelson scheme, the Hofer and Frahm scheme reduces segments 1 and 4 in size, increases segments 2 and 5, and leaves segment 3 unchanged.
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Figure 2. (Top) The Witelson (1989) segmentation of the corpus callosum with four coronal subdivisions at, from anterior to posterior, 1/3, 1/2, 2/3, and 4/5 of the corpus callosum total length. (Bottom) The Hofer and Frahm (2006) segmentation with subdivisions at 1/6, 1/2, 2/3, and 3/4 of the total length.


Area measurements for the entire CC surface area and the surface area of each of the segments were obtained in mm2 and pooled across the three sagittal slices selected. For a subset of 10 brains both intra- and inter-rater reliability coefficients were determined. For the entire CC surface area the intra-rater reliability was r = 0.97 and the inter-rater reliability r = 0.98. Intra-rater reliability ranged from 0.94 and inter-rater reliability from 0.96 to 0.99 for the Witelson and the Hofer and Frahm segments.

DATA ANALYSIS

The Witelson CC segment surface area scores and, separately, the Hofer and Frahm scores were submitted to a multivariate analysis of covariance (SPSS procedures GLM and MANOVA) with the CC segment scores as dependent variables, musicality and tinnitus status as grouping factors, and with whole intracranial brain size as a covariate. Intracranial brain size was determined using the Brainsuite software package (Shattuck and Leahy, 2002). The whole brain size covariate was used to normalize the CC segment scores. Simple effects analyses were run with sex as parameter. In analogy to Schneider et al. (2009), the analysis was rerun with age, handedness, and the four summary hearing loss indices as additional covariates. Because univariate analysis, but not multivariate analysis, offers the possibility to localize effects to particular CC segments, both multivariate and univariate contrasts were considered.

In the Schneider et al. (2009) study, the gray matter volumes of the mHG of both hemispheres were computed. The mHG was partitioned in eight successive cross-sectional 3 mm-slices orientated perpendicularly to the major axis of the respective individual mHG. For each of the eight homologous segment pairs, an index of volumetric (a) symmetry was computed in terms of the standardized difference between the right and the left hemisphere volume: δS = (VRH−VLH)/(VRH+VLH). This index assumes positive values if the right hemisphere volume is larger than the left hemisphere volume and negative values if the left hemisphere volume is larger than the right hemisphere volume. For the present study, bilateral compound mHG segment volumes comprising homologous mHG segment pairs were computed and submitted to multivariate analysis of covariance with whole brain size as a covariate. The maximum of the absolute volumetric asymmetry, max(abs(δS)), was calculated and the segment index score of the segment where the asymmetry attained its maximum was determined.

Presumably, any putative alterations of CC size in tinnitus would be closely related to the alterations in the auditory cortex. However, a smaller CC in tinnitus patients, compared with healthy controls, could represent an epiphenomenon of the smaller auditory cortex rather than a structural factor that might be related to tinnitus in its own right. To disentangle these alternatives, normalized CC segment surface scores, i.e., CC segment scores divided by the total bilateral compound mHG volume to the power of 2/3, i.e., normalized CCsurface = CCsurface/mHGvolume(2/3), were computed and submitted to analysis of variance. For tinnitus patients, correlations were computed between the normalized CC segment surface scores and the Goebel and Hiller (1994, 1998) tinnitus questionnaire total score as well as the “tinnitus intrusiveness” subscale score.

When they were computed across all study participants, Schneider et al. (2009) found significant negative correlations between three of the four summary indices of hearing loss and left and right hemisphere mHG volume. These correlations were recomputed for the present sample, both without and with age as a covariate. In addition, (partial) correlations were computed between the hearing loss indices and total CC surface area, the surface area of the anterior CC (Witelson/Hofer and Frahm segments I and II), and the surface area of the posterior CC (Witelson/Hofer and Frahm segments III, IV, and V) surface area. Again in correspondence with Schneider et al. (2009), in order to more closely examine the relationship between CC surface area and hearing loss, the partial correlations of these CC surface area indices and the hearing loss indices were also determined separately for the four groups of subjects. In the tinnitus groups, the partial correlations with left and right ear hearing loss estimated for the tinnitus frequency was also determined.

The maximum absolute mHG segment asymmetry and its segmental location were also submitted to analyses of variance with tinnitus status and musicality as grouping factors and sex as the parameter in simple effects analyses. To assess the hypothesis of a negative correlation between hemispheric asymmetry and CC size, partial correlations, with whole brain size as a covariate, between the maximum absolute volumetric asymmetry score and the CC segment surface area scores were computed.

RESULTS

Table 2 summarizes the corpus callosum (CC) segmentation results. Tinnitus status did not show a significant multivariate effect on CC segment size (Witelson: T2(5, 96) = 0.11, n.s.; Hofer and Frahm: T2(5, 96) = 0.10, n.s.). However, there were significant univariate effects. For both segmentation schemes the third segment was significantly smaller in tinnitus patients than in healthy controls (Witelson/Hofer and Frahm segment III: F(1,100) = 5.56, p < 0.02). For musicality results differed between the segmentation schemes both with regard to multivariate (Witelson: T2(5, 96) = 0.09, n.s.; Hofer and Frahm: T2(5, 96) = 0.13, p < 0.05) and univariate effects (Witelson segment II: F(1, 100) = 5.98, p < 0.02; Hofer segment I: F(1, 100) = 5.48, p < 0.025; Hofer segment II: F(1, 100) = 5.35, p < 0.025; Hofer segment IV: F(1, 100) = 5.81, p < 0.02). The Witelson segment II and the Hofer segments I and IV were smaller in musicians than non-musicians. The Hofer segment II was larger in musicians than in non-musicians. There were no other significant multivariate or univariate effects.

Table 2. Corpus callosum segment sagittal surface area in mm2 (standard deviation in parentheses) according to (a) Witelson (1989) and (b) Hofer and Frahm (2006) subdivided by sex (1: male, 0: female), musicality (1: musician, 0: non-musician), and tinnitus status (1: with tinnitus, 0: without tinnitus).
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In the simple effect analyses, the multivariate effect of tinnitus status onto CC segment size was significant in males (Witelson: T2(5, 96) = 0.12, p < 0.05; Hofer and Frahm: T2(5, 96) = 0.12, p < 0.05), but not in females (Witelson: T2(5, 96) = 0.08, n.s.; Hofer and Frahm: T2(5, 96) = 0.09, n.s.). There were no significant multivariate effects of musicality and the musicality-by-tinnitus status interaction in either group. As to univariate tests, CC segment III was significantly smaller in male tinnitus patients than male healthy controls (Witelson, Hofer and Frahm: F(1, 100) = 10.00, p < 0.002). In males there were no significant univariate effects of musicality and of the musicality-by-tinnitus status interaction. In female tinnitus patients, the segments Witelson II and Hofer and Frahm I and IV were significantly larger than in female healthy controls (Witelson II: F(1, 100) = 5.48, p < 0.025; Hofer and Frahm I: F(1, 100) = 6.26, p < 0.02; Hofer and Frahm IV: F(1, 100) = 7.60, p < 0.01). In females, the same segments were smaller in musicians than non-musicians (Witelson II: F(1, 100) = 5.81, p < 0.02; Hofer and Frahm I: F(1, 100) = 5.52, p < 0.025; Hofer and Frahm IV: F(1, 100) = 6.51, p < 0.02).

These results were essentially preserved in the extended covariate analysis with intracranial brain size, age, handedness, and the four summary hearing loss indices as covariates both in males (tinnitus status: Witelson: T2(5, 79) = 0.15, p < 0.05; Hofer and Frahm: T2(5, 79) = 0.14, p < 0.06; Witelson/Hofer and Frahm segment III: F(1, 83) = 8.56, p < 0.005) and females (tinnitus status: segment Witelson II: F(1, 83) = 3.82, p < 0.06; segment Hofer and Frahm I: F(1, 83) = 4.59, p < 0.05; segment Hofer and Frahm IV: F(1, 83) = 6.65, p < 0.02; musicality: segment Witelson II: F(1, 83) = 5.98, p < 0.02; segment Hofer and Frahm I: F(1, 83) = 5.92, p < 0.02; segment Hofer and Frahm IV: F(1, 83) = 6.81, p < 0.02).

There were significant multivariate and univariate effects both of tinnitus status and musicality on bilateral compound mHG segment volume (tinnitus status: T2(8, 86) = 0.23, p < 0.02, F(1, 93) = 10.5–13.1, p < 0.002–0.0005; musicality: T2(8, 86) = 0.65, p < 0.0005, F(1, 93) = 24.7–48.6, p < 0.0005). There were no significant effects of the interaction. All eight bilateral compound mHG segments were smaller in tinnitus patients than in healthy controls and larger in musicians than in non-musicians. In the simple effects analyses, the multivariate effects of tinnitus status and the interaction of tinnitus status and musicality were not significant either for males or females. However, in the univariate analysis all eight bilateral compound mHG segments were significantly smaller in male tinnitus patients than in male healthy controls (F(1, 93) = 4.6–8.3, p < 0.05–0.005). For all bilateral compound mHG segments, the difference went into the same direction in females, but without attaining significance (F(1, 93) = 0.9–3.6, p < 0.40–0.07). For musicality, multivariate and univariate effects were significant in males and in females. In both groups, each of the segments was significantly larger in musicians than in non-musicians (males: T2(8, 86) = 0.33, p < 0.001, F(1, 93) = 4.1–24.1, p < 0.05–0.0005; females: T2(8, 86) = 0.21, p < 0.05, F(1, 93) = 7.6–12.9, p < 0.01–0.001).

Normalized CC segment size showed significant multivariate effects of tinnitus status (Witelson: T2(5, 90) = 0.17, p < 0.02; Hofer and Frahm: T2(5, 90) = 0.16, p < 0.02). In the univariate analysis, the Witelson segments II (F(1, 94) = 5.9, p < 0.02) and V (F(1, 94) = 10.8, p < 0.001) and the Hofer and Frahm segments I (F(1, 94) = 8.1, p < 0.005), IV (F(1, 94) = 5.9, p < 0.02), and V (F(1, 94) = 8.5, p < 0.005) were significant. Musicality also featured significant multi- and univariate effects (Witelson: T2(5, 90) = 0.51, p < 0.0005, F(1, 94) = 13.9–45.4, p < 0.0005–0.00005; Hofer: T2(5, 90) = 0.54, p < 0.0005, F(1, 94) = 9.5–45.4, p < 0.005–0.00005), with each of the segments individually attaining significance. Normalized CC segment size was larger for tinnitus patients than for healthy controls and larger for non-musicians than for musicians (Figure 3). There were no significant multi- or univariate effects of the tinnitus status-by-musicality interaction.
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Figure 3. Normalized (top) Witelson (1989) and (bottom) Hofer and Frahm (2006) CC segment size. Red: musicians. Green: non-musicians. Filled symbols: tinnitus patients. Open symbols: healthy controls. NN, non-musicians without tinnitus; MN, musicians without tinnitus; NT, non-musicians with tinnitus; MT, musicians with tinnitus.


In simple effects analyses with sex as parameter the multivariate effects of musicality and, with the exception of the Hofer and Frahm segment II, all univariate effects of musicality were preserved both for males (Witelson: T2(5, 90) = 0.20, p < 0.005, F(1, 94) = 5.5–17.7, p < 0.05–0.0005; Hofer: T2(5, 90) = 0.21, p < 0.005, F(1, 94) = 3.3–17.7, p < 0.08–0.0005) and females (Witelson: T2(5, 90) = 0.17, p < 0.02, F(1, 94) = 5.5–15.1, p < 0.025–0.0005; Hofer: T2(5, 90) = 0.16, p < 0.02, F(1, 94) = 2.8–15.1, p < 0.10–0.0005). However, the multivariate effects of tinnitus status were not preserved in the simple effects analysis either for males or females. Of the tinnitus status univariate effects only a few survived both for males (Witelson V: F(1, 94) = 4.2, p < 0.05; Hofer and Frahm segment V: F(1, 94) = 5.6, p < 0.02) and females (Witelson segment II: F(1, 94) = 7.3, p < 0.01; Witelson segment V: F(1, 94) = 4.1, p < 0.05; Hofer and Frahm segment I: F(1, 94) = 6.5, p < 0.02; Hofer and Frahm segment IV: F(1, 94) = 7.8, p < 0.01).

The correlations of normalized CC segment size with the total score of the Goebel and Hiller (1994, 1998) tinnitus questionnaire were positive throughout (r = 0.12– 0.47) and attained significance at the p < 0.05 level or better in the Witelson segments I, III, IV, and V and the Hofer and Frahm segments II, III, and V. For tinnitus intrusiveness the range of correlations was r = 0.22–0.46, with the Witelson segments I, III, IV, and V and the Hofer and Frahm segments I, II, III, and V being significant, again at p < 0.05 or better. The correlations with ‘normalized total CC size were r = 0.36, df = 46, p < 0.02 (Goebel and Hiller total score) and r = 0.43, df = 46, p < 0.001 (Goebel and Hiller intrusiveness score). By comparison, the total bilateral compound mHG volume was correlated negatively with the Goebel and Hiller total score (r = −0.44, df = 46, p < 0.002) and the Goebel and Hiller intrusiveness score (r = −0.48, df = 46, p < 0.0005) (Figure 4).
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Figure 4. The correlation between the Goebel and Hiller (1994, 1998) tinnitus questionnaire “tinnitus intrusiveness” subscale and (top) total normalized corpus callosum midsagittal surface area and (bottom) total bilateral compound mHG volume.


Several of the correlations of bilateral compound, left hemisphere, and right hemisphere mHG volume with left and right ear low and high frequency hearing loss were statistically significant (Table 3, lines 1–3). The mHG volume indices were also significantly correlated with age, but the relationship of mHG volume and hearing loss was not completely accounted for by the age confound. When age was partialled out, the significance of the correlations of high frequency hearing loss in the left ear with bilateral compound and with right hemisphere mHG volume was preserved. By comparison, all correlations and partial correlations of total, anterior, and posterior CC surface area with the hearing loss indices were close to zero and statistically not significant (Table 3, lines 4–6). This picture did not change when the correlations and partial correlations were computed separately for males and females. The groupwise examination of the relationship of CC surface area and hearing loss resulted in a range of partial correlation coefficients, again with age as the covariate, of (−0.61 to −0.02) for non-musicians without tinnitus, of (−0.01–0.18) for musicians without tinnitus, and of (−0.13–0.19) for non-musicians with tinnitus, none of them statistically significant. However, for musicians with tinnitus the 12 partial correlation coefficients computed ranged from rpart = 0.01 to rpart = 0.66, 8 of them attained statistical significance, and 3 of them—the correlations between right ear high frequency hearing loss and anterior CC surface area (rpart = 0.58, p < 0.004), left ear hearing loss at the tinnitus frequency and anterior CC surface area (rpart = 0.66, p < 0.001), and left ear hearing loss at the tinnitus frequency and total CC surface area (rpart = 0.66, p < 0.001)—survived Bonferroni-Holmes correction. When male and female musicians with tinnitus were considered separately, the correlations of left ear hearing loss at the tinnitus frequency with total CC surface area (rpart = 0.73, p < 0.003) and anterior CC surface area (rpart = 0.76, p < 0.002) in males and of left ear high frequency loss with total CC surface area (rpart = 0.87, p < 0.005) and right ear low frequency loss with anterior CC surface area (rpart = 0.93, p < 0.001) in females survived Bonferroni-Holmes correction.

Table 3. Correlations of total bilateral mHG volume, total mHG volume of the left (LH) and the right hemisphere (RH), total corpus callosum (CC) volume, anterior CC surface area, and posterior CC surface area with chronological age, left ear low frequency loss (LE LF loss), right ear low frequency loss (RE LF loss), left ear high frequency loss (LE HF loss), and right ear high frequency loss (RE HF loss).
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The distribution of the segmental location of the mHG asymmetry maximum is displayed in Figure 5. The most frequent segmental location of the maximum asymmetry differed between tinnitus patients and controls (F(1, 95) = 10.30, p < 0.002). In tinnitus patients, the asymmetry maximum was located most frequently in the medial segment S1. In healthy controls, the most frequent location of this maximum was a lateral one, in segment S7 (males) or S8 (females). The effect was statistically marginal for males (F(1, 95) = 3.15, p < 0.08), but significant for females (F(1, 95) = 7.14, p < 0.01). Musicality and the musicality-by-tinnitus status interaction were not significant.
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Figure 5. The segmental location of the mHG asymmetry maximum in male and female tinnitus patients and healthy controls. The mHG segments are numbered from most medial (S1) to most lateral (S8).


Because of the difference between tinnitus patients and controls in the segmental location of the mHG asymmetry maximum, maximum medial (segments 1–4) and maximum lateral (segments 5–8) segment asymmetry were determined separately. The maximum medial mHG segment asymmetry was larger for tinnitus patients than healthy controls (F(1, 95) = 7.74, p < 0.01). Simple effect analyses showed that this contrast was significant for males (F(1, 95) = 8.21, p < 0.005), but not for females (F(1, 95) = 1.68, n.s). Musicality and the musicality-by-tinnitus status interaction were not significant. There were no significant effects of tinnitus status, musicality, or their interaction on maximum lateral mHG segment asymmetry.

However, for the maximum medial mHG segment asymmetry, none of the partial correlations with CC segment size, with whole brain size as a covariate, was statistically significant. Significant partial correlations were obtained for male musicians between maximum lateral mHG segment asymmetry and the size of the third Witelson/the third Hofer and Frahm CC segment (rpart = −0.43, df = 29, p < 0.02) and the second Hofer and Frahm CC segment (rpart = −0.38, df = 29, p < 0.05). With tinnitus status as an additional covariate, these correlations were hardly affected (third Witelson/third Hofer and Frahm CC segment: rpart = −0.40, df = 28, p < 0.05; second Hofer and Frahm CC segment: rpart = −0.37, df = 28, p < 0.05).

DISCUSSION

The present study revealed effects of tinnitus status on CC midsagittal segment surface area that were dependent on sex and, for females, on the segmentation scheme used, Witelson (1989) or Hofer and Frahm (2006). In males, when the size of the entire brain was taken into account, the posterior midbody of the CC, i.e., the Witelson and Hofer and Frahm segment III, was smaller in tinnitus patients than in healthy controls. In female tinnitus patients, the Witelson segment II and the Hofer and Frahm segments I and IV were larger than they were in female healthy controls. The results were not appreciably altered when age, handedness, and indices of hearing loss were added as covariates. This pattern of findings does not lend itself to a straightforward interpretation. Fibers interconnecting the primary and association auditory cortical fields of both sides have been located in the posterior midbody, corresponding to the Witelson/Hofer and Frahm segment III (Aboitiz et al., 1992a; Chance et al., 2006), but also in the isthmus, corresponding to the Witelson/Hofer and Frahm segment IV (Cipolloni and Pandya, 1985; Witelson, 1989; Aboitiz et al., 1992a; Hofer and Frahm, 2006), and in the splenium, corresponding to the Witelson/Hofer and Frahm segment V (Sugishita et al., 1995; Pollmann et al., 2002; Fujimoto et al., 2006). The role in females of the Witelson segment II which carries premotor and supplementary motor fibers (Witelson, 1989; Hofer and Frahm, 2006) and of the Hofer and Frahm segment I which carries prefrontal fibers (Hofer and Frahm, 2006) suggests that attentional factors may be involved.

It seems difficult to make sense of the difference between males and females in the effect of tinnitus on CC segment size, decrease of the posterior midbody in males and increase of the isthmus and the genou in females. As the relationship of CC surface area to hearing loss was small and statistically insignificant, both for the sample as a whole and for males and females taken separately, the difference cannot be accounted for in terms of hearing loss or the effect of hearing loss on CC size varying between the sexes. Tinnitus might eventually be facilitated by CC size decrease, if CC function were predominantly inhibitory, and by CC size increase, if its function were predominantly excitatory. There is not much reason to assume that the CC functions in a predominantly inhibitory fashion in males and a predominantly excitatory fashion in females. While some researchers have claimed that the female CC, if scaled relative to whole brain size, is larger and thus facilitates transfer of information between the hemispheres (Oka et al., 1999; Mitchell et al., 2003), others have not found a difference (Bishop and Wahlsten, 1997; Luders et al., 2006; Zarei et al., 2006). Thus, there is little reason to speculate on the possibility of males and females differing with regard to the relation of tinnitus to callosal structure and function. Most probably then, CC segment surface area, even if related to whole brain size, does not provide a structural measure that lends itself to a functional interpretation.

When it came to the analysis of normalized CC segment surface area with normalization relative to the size of the auditory cortex, the pattern of results was more homogeneous and lent itself to a more straightforward interpretation. Both tinnitus status and musicality were significant in the multivariate analysis. In the univariate analysis, the Witelson segments II and V and the Hofer and Frahm segments I, II, and V were significantly larger in tinnitus patients than they were in healthy controls. The direction of the effect was the same in the remaining segments, although without attaining significance. Furthermore, all normalized Witelson and Hofer and Frahm segments were significantly larger in non-musicians than in musicians. The simple effects analyses largely reproduced the main analysis. In males, the Witelson and the Hofer and Frahm segment V and in females, the Witelson segments II and V and the Hofer and Frahm segments I and IV were significantly larger in patients than in healthy controls. Both for males and females the difference went into the same direction for the segments where the effect fell short of significance. Within the tinnitus group, subjective ratings of tinnitus intrusiveness were correlated positively with the normalized size of the majority of both Witelson and Hofer and Frahm segments and negatively with total bilateral compound mHG volume. The effect of tinnitus on Witelson segment V and the Hofer and Frahm segments IV and V is to be expected, as these segments carry fibers projecting from primary and association auditory cortex.

As normalized CC segments represent a ratio of absolute CC segment size to mHG size, the effect of larger normalized CC segments in tinnitus could be the result of larger absolute CC segment size, smaller mHG size, or both. In males with tinnitus, absolute CC segment size was smaller or equal and in females with tinnitus, it was larger or equal to what it was in controls. In males, smaller mHG size seems to be the predominant factor, while in females both factors seem to be involved. However, the tinnitus-related increase of normalized CC segment size in males shows that the reduction in the absolute size of CC segments was not proportionate to the mHG size reduction. Thus, both in male and female tinnitus patients certain segments of the CC are disproportionately large relative to the auditory cortex and may, therefore, be hypothesized to provide an enhanced connection between the hemispheres, possibly including a wider spatial range of convergent and divergent fiber projections.

The surface area of the midsagittal CC may mirror the number of axons interconnecting the two hemispheres (Aboitiz et al., 1992a) or a decrease in fiber density resulting from an increase in the diameter of or the distance between fibers (LaMantia and Rakic, 1990). Be that as it may, in either case the callosal transmission of information, of functionally excitatory and inhibitory influences, would be facilitated. Functionally, callosal projections are both excitatory and inhibitory (Bloom and Hynd, 2005; Karayannis et al., 2007; Tang et al., 2007). Findings in patients that underwent callosotomy as a treatment of otherwise intractable epilepsy suggest that the excitatory influence is the dominant one. Section of the CC disrupts the spread of seizures between the hemispheres (Ojemann, 1987). Although cases of a disruption of seizure inhibition by callosotomy have also been reported (Spencer et al., 1984; Ferbert et al., 1992; Netz et al., 1995), this effect is not as profound as the disruption of the interhemispheric spread of seizures (Bloom and Hynd, 2005). Assuming that it is hypersynchronous firing of neurons in the auditory cortex that represents the neurophysiological correlate of tinnitus (Eggermont and Roberts, 2004; Eggermont, 2007) and that the default transcallosal influence is mainly excitatory, the CC may well facilitate the development and maintenance of tinnitus. The synchronous activity of a population of single units in one hemisphere may be facilitated by the excitatory transcallosal inputs it receives and may in turn facilitate the emergence of one or more descendant synchronized populations via its callosal projection onto the auditory cortex of the respective contralateral hemisphere. And this maladaptive facilitatory function would necessarily be enhanced in subjects whose CC were disproportionally large and thus provided a particularly strong interhemispheric connection with a wider spatial range of convergent and divergent projections. Even if a putative tinnitus generator was originally restricted to one hemisphere, the establishment over time of such a positive feedback loop may facilitate the emergence of one or more mirror generators on the respective contralateral side. While most patients (85.0%) included in the dataset of the Oregon tinnitus archive (http://www.tinnitusarchive.org/) did not remember any kind of change in perceived tinnitus localization since the onset of their tinnitus, it is fitting that the by far most frequent kind of change (10.9%) was “Started on one side, now on both.” This percentage is not small given that the majority of answers indicated a bilateral tinnitus location (“both ears”: 63.0%, “fills head”: 11.4%). Unfortunately, there is little information on whether and how the location of the hearing impairment and the duration of the tinnitus since its onset and the interaction of these factors affect the distribution of perceived tinnitus location.

The anterior CC carries premotor, supplementary motor, and prefrontal fiber projections (Witelson, 1989; Hofer and Frahm, 2006). As a result of training and practice, it is larger in musicians than in non-musicians (Schlaug et al., 1995, 2009). The finding in the present study of positive correlations in both male and female musicians with tinnitus between some of the indicators of hearing loss and anterior CC surface area may be taken to suggest that, in musicians, hearing loss may lead to an increase in anterior CC size. A potentially related positive correlation, between postero-medial left hemisphere mHG volume and right ear hearing loss, was found in musicians with tinnitus by Schneider et al. (2009). These findings invite some more speculative considerations. In the present study, while musicians with tinnitus did not differ in the tinnitus minimum masking level from non-musicians without tinnitus, they earned significantly lower scores on the tinnitus questionnaire and its subscales. This may indicate that musical training and practice may serve a protective function. The hypothetical mechanism underlying a putative protective function may relate to the fact that the playing of an instrument generates regularly patterned and correlated reafferent input streams to the auditory and the somatosensory system. There are multiple somatosensory entries into the auditory system that are capable of modulating auditory cortex activity (Schroeder et al., 2001; Lakatos et al., 2007). Increase of auditory cortex size and enhancement of fiber projections through the anterior CC may represent components of a protective auditory-motor-somatosensory-auditory loop.

The second hypothesis investigated, that tinnitus patients, on the average, exhibit a larger degree of interhemispheric mHG asymmetry than healthy controls and that mHG asymmetry is negatively correlated with the size of the posterior CC segments that transmit auditory information, was rejected by the data of this study. The segmental location of the maximum mHG asymmetry differed between tinnitus patients and healthy controls. For patients, the location of the mHG asymmetry maximum was extremely medial, for controls, it was extremely lateral. For males, but not females, the maximum medial asymmetry was larger for patients than for controls. However, it was the lateral, not the medial maximum asymmetry that was correlated negatively with the surface area of the posterior midbody segment of the CC, and this correlation was hardly at all affected by tinnitus status.
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FOOTNOTES

1The data of seven of the 106 subjects that were examined in the Schneider et al. (2009) study could not be retrieved from backup media.
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Neural plasticity expressed in central auditory structures with and without tinnitus
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Sensory training therapies for tinnitus are based on the assumption that, notwithstanding neural changes related to tinnitus, auditory training can alter the response properties of neurons in auditory pathways. To assess this assumption, we investigated whether brain changes induced by sensory training in tinnitus sufferers and measured by electroencephalography (EEG) are similar to those induced in age and hearing loss matched individuals without tinnitus trained on the same auditory task. Auditory training was given using a 5 kHz 40-Hz amplitude-modulated (AM) sound that was in the tinnitus frequency region of the tinnitus subjects and enabled extraction of the 40-Hz auditory steady-state response (ASSR) and P2 transient response known to localize to primary and non-primary auditory cortex, respectively. P2 amplitude increased over training sessions equally in participants with tinnitus and in control subjects, suggesting normal remodeling of non-primary auditory regions in tinnitus. However, training-induced changes in the ASSR differed between the tinnitus and control groups. In controls the phase delay between the 40-Hz response and stimulus waveforms reduced by about 10° over training, in agreement with previous results obtained in young normal hearing individuals. However, ASSR phase did not change significantly with training in the tinnitus group, although some participants showed phase shifts resembling controls. On the other hand, ASSR amplitude increased with training in the tinnitus group, whereas in controls this response (which is difficult to remodel in young normal hearing subjects) did not change with training. These results suggest that neural changes related to tinnitus altered how neural plasticity was expressed in the region of primary but not non-primary auditory cortex. Auditory training did not reduce tinnitus loudness although a small effect on the tinnitus spectrum was detected.
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INTRODUCTION

Tinnitus is a phantom sound (ringing of the ears) that affects quality of life for millions around the world and is a major challenge for health systems because effective medical treatments are lacking. Most cases are associated with hearing impairment detected by the audiogram (Henry and Meikle, 2000) or more sensitive measures (Weisz et al., 2006; Kujawa and Liberman, 2009; Schaette and McAlpine, 2011). One of the neural changes consequent on hearing loss is tonotopic map reorganization in which neurons in the hearing loss region of primary auditory cortex (A1) begin to express the tuning preferences of their unaffected neighbors, thereby augmenting the representation of neighboring frequencies in the cortical place map (Rajan and Irvine, 1998; Noreña et al., 2003). Map reorganization, which has been documented in human tinnitus sufferers with hearing loss (Wienbruch et al., 2006), suggests that pre-existing inputs on lateral connections to neurons in the hearing loss region now have a stronger influence on these neurons than do surviving inputs from thalamocortical pathways (Eggermont and Roberts, 2004). Other hearing loss-induced changes include shifts in the balance of excitation and inhibition in auditory cortical networks (Scholl and Wehr, 2008), increased spontaneous activity of neurons in central auditory structures (Noreña and Eggermont, 2003; Kaltenbach et al., 2004), increased burst firing in some of these structures (Finlayson and Kaltenbach, 2009), and increased synchronous activity among cortical neurons affected by hearing loss (Seki and Eggermont, 2003). Although the contribution of these changes to tinnitus percepts is not fully understood, enhanced neural synchrony is a likely proximal neural correlate because it is largely confined to the hearing loss frequencies (Noreña and Eggermont, 2003) where in human subjects tinnitus percepts also localize (Noreña et al., 2002; Roberts et al., 2008).

Forms of neural plasticity are believed to contribute to these neural changes following hearing impairment. Cochlear damage in an animal model of hearing loss is followed within two weeks by an upregulation of somatosensory inputs to auditory neurons in the dorsal cochlear nucleus (DCN), one of the early processing stages in subcortical auditory pathways (Zeng et al., 2009). This change is believed to reflect compensatory homeostatic plasticity that acts to preserve the global firing rates of deafferented auditory neurons within a prescribed dynamic range (Turrigiano and Nelson, 2004; Pozo and Goda, 2010). Homeostatic plasticity may explain why wave I of the auditory brain stem response (ABR) is reduced in tinnitus sufferers with normal audiograms, implying diminished auditory nerve activity consequent undetected cochlear damage, but wave V is not reduced (Schaette and McAlpine, 2011) suggesting compensatory changes in intervening central auditory structures. At the cortical level an undesirable consequence of compensatory change may be an increase in the spontaneous and driven activity of auditory neurons setting the stage for the development of tinnitus and hyperacusis which is reported by many tinnitus sufferers (Noreña, 2011). Increased neural synchrony is a further neural correlate of tinnitus that may result from neuroplastic mechanisms (Seki and Eggermont, 2003; Weisz et al., 2007). Following hearing loss and diminished feedforward inhibition, cortical neurons are likely to discharge in phase-locked patterns mediated by their lateral connections. Subsequently such activity may be forged into stable and larger functional assemblies by spike-timing dependent plasticity in the hearing loss region (cf. Yao and Dan, 2001), giving rise to persistent tinnitus sounds. These examples represent possible maladaptive consequences of neural plasticity operating in auditory regions affected by hearing loss. However, it has been proposed that therapeutic sensory training regimens may prevent or reverse maladaptive remodeling after hearing loss. In support of this hypothesis, prolonged exposure to low-level, complex high frequency sounds covering the region of threshold (TH) shift prevents cortical map reorganization in cats subjected to noise trauma (Noreña and Eggermont, 2005) and has been reported to rescale loudness growth in human hyperacusis patients (Noreña and Chery-Croze, 2007). Improvements in peripheral hearing consequent on therapeutic sound appear to contribute to map preservation after noise trauma (Noreña and Eggermont, 2005), but rescaling of loudness growth in hyperacusis patients appears to depend on central adaptive mechanisms (Formby et al., 2003). Effects of therapeutic sound have been more variable applied to tinnitus percepts. Distress behavior associated with tinnitus is typically reduced following sensory training therapies, but effects on psychoacoustic measurements of tinnitus are inconsistent and have not been strongly realized (see Roberts and Bosnyak, 2010a; Hoare et al., 2011 for reviews).

Sensory training therapies are based on the assumption that the response properties of auditory neurons can be manipulated by neuroplastic mechanisms in the tinnitus brain, as is the case in normal hearing individuals. However, it is also possible that neural changes underlying tinnitus (for example, spontaneous or synchronous activity propagated by intact centrifugal pathways) may impede cortical remodeling in tinnitus sufferers. To address this question, we investigated whether brain changes induced by sensory training in individuals with tinnitus and measured by the electroencephalogram (EEG) are similar to those induced in age and hearing level matched individuals without tinnitus trained on the same auditory task. Training was given for a sound that was amplitude-modulated (AM) at 40 Hz, which enabled extraction from the EEG of (1) the 40 Hz auditory steady-state response (ASSR) generated by cortical sources in posterior-medial Heschl's gyrus (A1; Brugge et al., 2009), and (2) the P2 transient response, which is believed to arise from distributed sources centered in non-primary (A2) auditory cortex (Picton et al., 1999). We thus gained a picture of changes occurring in both cortical regions from the same data-set (Bosnyak et al., 2004; Gander et al., 2010b). In previous research ASSR phase (the time delay between zero-crossings in the stimulus and response waveforms) and P2 amplitude have been found to be highly plastic revealing, respectively, changes in temporal population activity in A1 (Bosnyak et al., 2004; Gander et al., 2010b) and expansion of auditory representations in the region A2 (Tremblay et al., 2001; Reinke et al., 2003; Bosnyak et al., 2004; Sheehan et al., 2005; Ross and Tremblay, 2009; Gander et al., 2010b). In the current study auditory training was given for a sound in the tinnitus frequency region, to ensure that tinnitus networks were engaged in tinnitus subjects and to assess whether such training modified the tinnitus percept itself. Our goal was to determine whether tinnitus-related neural activity would affect the expression of plasticity in individuals with tinnitus compared to controls, and if neural plasticity was demonstrated in the tinnitus group, whether the tinnitus percept would be modulated.

Participants with chronic tinnitus (n = 11) and age and hearing-level matched controls (n = 11) participated in seven sessions of auditory training each separated by 1–3 days. Audiometric THs were measured for all participants in an initial session one week before auditory training commenced. Measurements of tinnitus spectra and loudness by the Tinnitus Tester method of Roberts et al. (2008) and tinnitus distress by the Tinnitus Handicap Questionnaire (THQ; Kuk et al., 1990) were taken in this session and repeated in a follow-up session one week after auditory training had ended. The stimulus for auditory training was a 5 kHz pure tone of 976 ms duration AM with a 40.96 Hz sinusoid (called 40 Hz herein, 100% modulation depth). This carrier frequency was chosen because it is typically judged by tinnitus subjects to be in the tinnitus spectrum (Roberts et al., 2008; see Figure 2B). Sound level was matched by all participants to a 2 kHz 40-Hz AM reference tone presented at 65 dB SPL used in prior research (Gander et al., 2010b), so that findings could be contrasted across studies with perceived loudness controlled. The training procedure was identical to that of Gander et al. (2010b) except for the change in carrier frequency. During training (see Figure 1A) auditory stimuli were separated by an intertrial interval (ITI) of approximately 1900 ms during which behavioral responses were recorded. Approximately 2/3 of the stimuli contained a single 40-Hz AM pulse of variably increased amplitude (bracketing the TH of detection) that occurred randomly at times commencing 415 ms after stimulus onset (target). On active blocks participants pressed one of two mouse buttons after each trial indicating whether a target had or had not occurred (feedback for correctness was given). On passive blocks subjects ceased behavioral responding and ignored the auditory cues. Active and passive blocks alternated in sessions 1, 4, and 7 of auditory training during which the EEG was recorded. The remaining sessions were identical except that EEG was not recorded and all blocks were now active blocks. In all sessions, participants in the tinnitus group indicated using a slider their tinnitus “awareness” and “loudness” on a Borg CR100 scale (Borg and Borg, 2001) immediately before, at the midpoint, and the end of training (Figure 1B). ASSR amplitude and phase were extracted from the unmodeled data recorded by 128 EEG sensors using the method shown in Figure 1C (for further details see the Materials and Methods section). P2 and other transient responses were extracted by low pass filtering of the continuous EEG file and recorded at their amplitude maxima. In previous research we found that results obtained with these methods based on the unmodeled data concurred closely with results obtained when the cortical sources of ASSR and P2 responses were modeled in source space (Gander et al., 2010a,b).
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Figure 1. Experimental design. (A) Stimulus procedure. The stimulus was a 5 kHz 40-Hz AM pure tone of 976 ms duration. Approximately 2/3 of the stimuli contained a single 40 Hz AM pulse of variable increased amplitude (target) that occurred randomly in an interval commencing 415 ms after sound onset. Participants pressed one of two mouse buttons after each trial to indicate whether a target had or had not occurred. Four trials are depicted here in simplified form (each trial contained 40 AM pulses), with a target illustrated on the third trial. (B) Training procedure. Sessions consisted of 20 blocks of trials each block containing 54 trials. Tinnitus awareness and loudness were probed within sessions as shown. On days on which the EEG was recorded (sessions 1, 4, and 7) blocks alternated between active and passive conditions. On the remaining days (sessions 2, 3, 5, and 6) all blocks were active blocks. (C) Analysis of EEG from a representative participant. The left panel shows the digitized location of the 128 electrodes and the voltage map of the ASSR. In the middle panel the 128-channel data were collapsed to two modulation cycles of the ASSR. A compass plot of the 40-Hz component of the FFT of the two-cycle waveform is shown in the right panel. The length of each vector gives ASSR amplitude at one electrode and the angle gives ASSR phase. Vectors determined by an algorithm to contribute 50% of the 40-Hz total power with the smallest angle were used to compute ASSR phase (see Materials and Methods). The single red trace in the middle panel, corresponding to the single black arrow in the right panel, is electrode Fz.


RESULTS

Table 1 reports the mean age and age range of the tinnitus and control groups, their sound THs at 2 and 5 kHz determined by clinical audiometry, and the sound level of the training stimulus delivered to each group. No significant group differences were found on any of these measures (all p's > 0.37). Both groups experienced low to moderate hearing loss between 3 and 6 kHz and deeper losses above this range (see Figure 2A), but no group differences were found at any frequency (main effect of frequency and group by frequency interaction F's < 1). On average participants reported chronic tinnitus 11.7 years duration. All were bilateral cases with the majority reporting a narrow band “tonal” tinnitus and the remainder a tinnitus of greater bandwidth (“ringing” or “hissing”) when comparing their tinnitus to sound files delivered by the Tinnitus Tester (Roberts et al., 2008). At the outset of training participants rated their tinnitus loudness at 57.1 (SE = 6.21) on the Borg CR100 scale of the Tinnitus Tester, which is near the midpoint between of “Loud” and “Very Loud” on this scale. The mean tinnitus spectrum and loudness matches of the participants measured by the Tinnitus Tester are reported in Figures 2B and 2C, respectively. The training frequency of 5 kHz was 1.5 octaves above the audiometric edge of 2 kHz and in the range of the tinnitus frequency spectrum for this group.

Table 1. Group information.
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Figure 2. Audiometric and psychoacoustic measures. (A) Audiogram for each group, right and left ears shown separately. For clarity, error bars are omitted (group main effect F < 1). (B) Tinnitus spectrum (likeness ratings) before and after training in the tinnitus group, from the Tinnitus Tester software (Roberts et al., 2008). A likeness rating of 40 (broken line) corresponds to sounds beginning to resemble the individual's tinnitus (the lower boundary of the tinnitus spectrum; Roberts et al. (2008). The arrow denotes the 5 kHz training frequency. (C) Loudness matches from the Tinnitus Tester, before and after training. The line connected by dots denotes the group averaged audiogram converted from dB HL to dB SPL (thin lines denote between-subject 95% confidence limits). The difference between the audiogram and the loudness matches gives an approximate estimate of the loudness of the tinnitus in dB SL (Roberts et al., 2008). Error bars shown in panels (B) and (C) are the mean within-subject standard error (1 SE).


BEHAVIORAL PERFORMANCE

Psychophysical functions determined for sessions 1, 4, and 7 from the collapsed data of the tinnitus and control groups are presented for each group in Figure 3A. Performance improved rapidly from the first to the fourth session, with smaller improvements occurring in the later sessions. THs determined from psychophysical functions calculated for each participant and session confirmed this trend (Figure 3B) giving a main effect of sessions [F(6, 114) = 11.7, p = 0.00] while factors involving group were not significant (p's > 0.68). P(Hit) exceeded P(FA) for every participant [F(1, 20) = 289, p < 0.0001] with no group difference on either measure (see inset, Figure 3B).
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Figure 3. Behavioral performance. (A) Group averaged psychophysical functions are shown for sessions 1, 4, and 7, separately for each group. (B) Changes in target detection THs over sessions for each group. The model used for curve fitting of each participant's data applied a negative exponential (direction determined by the data; see Materials and Methods). Error bars give the mean within-subject standard error (1 SE). The inset shows the mean hit and false alarm rates for each group.


ASSR PHASE

ASSR phase for all participants on the first passive block fell within an arc of 123° centered at 161.9° with respect to the zero-crossing in the stimulus waveform. Individual differences in ASSR phase were reliable giving a test–re-test correlation between passive blocks on days 1 and 7 of r = 0.91 in the tinnitus group and r = 0.83 in controls (r = 0.86 overall, p < 0.01). Mean phase in the tinnitus group on the first passive block (168.6°, SD = 34.2) did not differ significantly from that of controls (155.2°, SD = 19.3).

Changes in ASSR phase across sessions are depicted separately for the tinnitus and control groups in Figure 4A. Following Gander et al. (2010b) phase was normalized within each group by dividing the data of each subject by their respective group mean for the passive blocks of day 1, giving a common reference point (1.0) from which to evaluate effects of training and active/passive blocks. In the control group ASSR phase decreased progressively over training sessions [F(2, 20) = 6.54, p = 0.006], in agreement with results obtained previously for young normal hearing subjects trained by Gander et al. (2010b) with a 2 kHz 40-Hz AM sound. The phase change in the control group (reflecting a shortened time delay between zero-crossings in the stimulus and response waveforms) was more pronounced on active blocks, but neither the main effect of block (p = 0.35) nor its interaction with sessions (p = 0.60) reached significance. The phase shift averaged −10.1° on active blocks, which is similar to mean shifts of −14.7° and −12.9° on these blocks observed in Groups E and C, respectively, of Experiment 2 by Gander et al. (2010b). On the other hand, neither the main effect of sessions [F(2, 20) = 1.63, p = 0.22] or blocks [F(1, 10) = 1.31, p = 0.28] nor their interaction [F(2, 20) = 0.79, p = 0.46] were significant in the tinnitus group. When the tinnitus and control groups were entered into the same analysis a main effect of sessions was found [F(2, 40) = 5.08, p = 0.011], but the interaction of group with sessions did not reach significance (p = 0.20). However, the phase shift seen in tinnitus participants on active blocks (mean difference day 7 – day 1 = −2.1°) was significantly smaller when contrasted to that of the three above mentioned non-tinnitus groups (mean shifts of −10.1, −14.7, and −12.9°, respectively, t(38) = 2.43, p = 0.019). These results suggest that the presence of tinnitus may have interfered with normal remodeling of ASSR phase by the training procedure.
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Figure 4. ASSR phase. (A) Change in ASSR phase over training sessions in the Control (top panel) and Tinnitus (bottom panel) groups. Phase is normalized in each group to their baseline on passive blocks of the first session. Negative shifts denote advances of the 40-Hz response waveform toward the zero-crossing of the 40-Hz stimulus waveform. Bars are 1 within-subject standard error. (B) Changes in phase (session 7 – Session 1, active blocks) are shown for each participant in the active and control groups. Phase changes are shown in degrees. Subjects within each group are ordered by the magnitude of the phase shift.


Two further analyses were undertaken to assess performance in the tinnitus group. In the first analysis, the before/after change in ASSR phase (day 7 – day 1) was determined for each tinnitus and control subject on active blocks and are rank ordered by magnitude in Figure 4B. Several tinnitus subjects expressed phase shifts overlapping with those of control subjects; however, phase shifts in the control group were less variable and for each pairwise comparison were in the direction of a phase decrease for controls relative to individuals with tinnitus. Overall ASSR phase decreased in 91% (10/11) of the control subjects of this study and in 90% (18/20) of normal hearing subjects reported by Gander et al. (2010b), compared to 63% (7/11) of tinnitus subjects reported here. Figure 4B further shows that the group difference was affected by an increasing delay between the response and stimulus waveforms (phase increases) that were seen in some participants with tinnitus. It may be noteworthy that the peak of the tinnitus spectrum in these participants (mean = 8.0 kHz) tended to be closer to the 5 kHz training stimulus than was the case for subjects showing phase decreases (mean = 8.71 kHz; r = −0.59, p < 0.06). Except for this tendency, no correlate was found (hearing THs, stimulus levels, other tinnitus attribute, or brain response) that might explain the performance of these individual tinnitus subjects. In a second analysis, we attempted to contrast within-session phase shifts between the first two and last two active blocks of each session, between our tinnitus and control groups. On average phase decreased −7.50° within sessions in the control group compared to a phase increase of 2.65° in tinnitus subjects, but this difference did not reach significance (p = 0.34). Thus, within the limits of this analysis (signal-to-noise ratio is greatly reduced in sub-block analyses) it did not appear that the tinnitus group displayed phase decreases within sessions that were reset by neural activity related to tinnitus between sessions.

ASSR AMPLITUDE

ASSR amplitude measured as total field power (128 electrodes) varied widely across subjects from 467 μV2 to 22,132 μV2, averaging 1871 μV2 (SD = 1074) in the tinnitus group and 4192 μV2 (SD = 6081) in controls on the passive blocks of the first session. Although mean field power was thus 2.2 times larger in the control group than in the tinnitus group on passive blocks, this difference did not reach significance [t(20) = 1.25, p = 0.22]. However, individual differences in ASSR amplitude were highly reliable giving test–re-test correlations between sessions 1 and 7 of r = 0.99 and 1.0 in the tinnitus and control groups, respectively, in agreement with unpublished observations by Gander et al. (2010b). These differences likely reflect individual variation in the anatomy of Heschl's gyrus, the orientation of ASSR generators in this region, and the summed neural activity of ASSR sources across reversing tonotopic maps sharing a low frequency border situated laterally in A1 (Kaas and Hackett, 2000; Formisano et al., 2003).

Changes in ASSR amplitude across sessions are depicted separately for the tinnitus and control groups in Figure 5A. Following Gander et al. (2010b) ASSR amplitude was normalized by dividing the data of each subject by their respective group mean for the passive blocks of day 1. In agreement with previous findings (Gander et al., 2010b) ASSR amplitude was larger on active blocks where subjects performed the task than on passive blocks where they did not, in the control group [F(1, 10) = 4.85, p = 0.05] as well as in the tinnitus condition [F(1, 10) = 5.09, p = 0.03]. In controls no further effects were found, which is consistent with Gander et al. (2010b) where ASSR amplitude did not increase over four sessions of training with EEG measurement although an increase was detected in a concluding tenth session where EEG was again measured. The picture in the tinnitus group was different. Here ASSR amplitude increased over sessions, first on active and then on active and passive blocks, giving an interaction of sessions with block [F(2, 20) = 4.68, p = 0.022] as well as the main effect of block mentioned above. Post-hoc contrasts found that ASSR amplitude was larger on the active and passive blocks of session 3 compared to the corresponding blocks of session 1, and on the active blocks of session 2 compared to the active and passive blocks of session 1 (all p's < 0.006, LSD tests). When the tinnitus and control groups were entered in the same analysis a main effect of block was found [F(1, 20) = 10.84, p = 0.003] as well as a three-way interaction of session, block, and group [F(2, 40) = 4.56, p = 0.016] which reflected the growth of ASSR amplitude preferentially on active trials in the tinnitus group. Thus, ASSR amplitude was larger on active than passive blocks in both groups but increased over seven sessions of auditory training only in the tinnitus condition.
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Figure 5. ASSR amplitude and P2 amplitude. (A) Changes in ASSR amplitude over training in the Tinnitus (left panel) and Control (right panel) groups, on active and passive blocks. (B) Changes in P2 amplitude are similarly depicted. Response amplitude is normalized within each group to amplitude on passive blocks of the first session. Bars denote 1 within-subject standard error.


P2 AMPLITUDE

P2 amplitude ranged from −1.87 μV to 2.57 across all participants, averaging 0.48 μV (SD = 0.89) in the tinnitus group and 0.57 μV (SD = 1.17) in controls (group difference not significant). Individual differences were reliable across active blocks on days 1 and 7 within the control group (r = 0.84, p < 0.05) but less so in the tinnitus group (r = 0.31, not significant) although the preceding N1 response was reliable in both groups (r = 0.65 and 0.70 in controls and tinnitus, respectively, both r's p < 0.05).

Changes in P2 amplitude across sessions are depicted separately for the tinnitus and control groups in Figure 5B. Again, amplitude was normalized by dividing the data of each subject by their respective group mean for the passive blocks of Day 1. P2 amplitude increased progressively over training sessions in both groups on active and passive blocks, with larger P2 amplitude seen on active trials in each group. Main effects of session were found in both the control [F(2, 20) = 7.61, p = 0.003] and tinnitus [F(2, 20) = 7.67, p = 0.003] groups, confirming a training effect on P2 amplitude. The main effect of block was also significant in the control group [F(2, 20) = 5.35, p = 0.04] and nearly so in the tinnitus group [F(1, 20) = 3.23, p = 0.10]. Analysis of the combined groups revealed a main effect of sessions [F(2, 40) = 14.8, p = 0.00001] and of block [F(1, 20) = 7.80, p = 0.011] and no other effects. Thus, P2 amplitude remodeled normally in tinnitus subjects, equaling the performance of their age and hearing matched controls. The changes observed in these groups are comparable to those reported in studies by Gander et al. (2010b) and others (Tremblay et al., 2001; Reinke et al., 2003; Bosnyak et al., 2004; Sheehan et al., 2005; Alain et al., 2007; Ross and Tremblay, 2009) showing increased P2 amplitude after auditory training in normal hearing individuals. No main effects or interactions involving group, sessions, or block were found for P2 latency, which averaged 203.9 ms overall (SD = 15.2 ms) on active blocks of the first session.

OTHER TRANSIENT RESPONSES

The transient responses P1 (mean latency 47.4 ms), N1 (mean latency 109.8 ms), N2 (mean latency 326.0 ms), and the auditory sustained response (SR) (350–900 ms) were also analyzed for each subject and group. No effects involving sessions, block or group were found on the latency of P1, N1, and P2 transient responses. Neither did the amplitude of P1, N1, and N2 responses or the SR change significantly over sessions in either group. On the other hand, P1 amplitude and N2 amplitude were significantly larger on active compared to passive blocks in both groups, as was the SR in the tinnitus group; main effects of block were found for each response when the groups were combined (p < 0.004, 0.008, and 0.001, respectively, for P1, N2, the SR). N1 amplitude was also larger on active than passive blocks, but only in the control group (block by group interaction p = 0.041). When passive blocks alone were considered where participants performed no task, N1 tended to be larger in tinnitus subjects (−3.02 μV) than in controls (−2.26 μV; p = 0.077, LSD test).

EFFECTS OF TRAINING ON TINNITUS

Four measurements of tinnitus were taken from tinnitus participants in the present study, namely; (i) ratings of tinnitus awareness and loudness recorded three times within each training session; (ii) psychoacoustic measurements of tinnitus loudness (by sound level matching) and the tinnitus spectrum taken by the Tinnitus Tester of Roberts et al. (2008) before and after training; (iii) ratings of tinnitus loudness on a Borg CR100 scale by the Tinnitus Tester; and (iv) measurement of the participant's reaction to tinnitus by the THQ before and after training.

The first of these measures is reported in Figure 6. Tinnitus awareness (panel A) diminished across the three measurements taken within each session (main effect of measurement [F(2, 20) = 5.45, p < 0.037]. The interaction of measurement with sessions was also significant [F(12, 120) = 4.28, p < 0.00001], reflecting the larger within-session change seen on the first day of training. Tinnitus awareness averaged over measurements of the last session was 64.8 (SD = 19.4), which was above the midpoint between “Aware” and “Very Aware” on the rating scale used for these measurements. Tinnitus loudness (bottom panel) decreased non-significantly within sessions (p = 0.17) but over days showed an upward trend that approached significance (main effect of sessions p = 0.09). The overall mean loudness rating of 58.1 (SD = 20.4) on the last day of training corresponded to a rating between “Loud” and “Very Loud” on the Borg CR 100 scale used for these ratings.
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Figure 6. Changes in tinnitus awareness and loudness over training. (A) Ratings of tinnitus awareness are shown for each within-session measurement over the seven sessions of training. (B) Ratings of tinnitus loudness are similarly depicted. Bars denote 1 within-subject standard error.


Figure 2B shows the tinnitus spectrum (likeness ratings) and Figure 2C tinnitus loudness matches taken before and after training by the Tinnitus Tester. For the likeness ratings a significant a main effect was found for frequency [F(10, 100) = 14.7, p = 0.000] confirming earlier results that sound frequencies in the region of hearing loss are typically judged to resemble tinnitus percepts (Noreña et al., 2002; Roberts et al., 2008; Sereda et al., 2011; Zhou et al., 2011). The main effect of before/after was not significant, but the interaction of frequency with before/after came close [F(10, 100) = 1.77, p = 0.074] and was significant when the frequencies of 5 kHz (the training frequency) and 8 kHz were used for the analysis [F(1, 10) = 10.7, p = 0.008]. The same analyses applied to the loudness matches revealed no significant effects. Thus, while auditory training had no effect on loudness matches, the tinnitus spectrum was affected, with 5 kHz rated more highly and 8 kHz less highly as a component of tinnitus after training than before training. Figure 2C also includes the mean audiogram of the tinnitus participants converted from dB HL to dB SPL. Tinnitus loudness matches referenced to the audiogram before training (which gives an approximation of initial tinnitus loudness in dB SL) revealed a significant effect of frequency [F(10, 100) = 21.3, p = 0.000], confirming previous reports (Henry and Meikle, 2000; Roberts et al., 2008) that tinnitus loudness matches are greater when the sound frequencies used for matching are below rather than in the spectrum of the tinnitus (in the present data, 40.8 dB SL at 1 kHz compared to 3.9 dB SL at 7 kHz).

The effect of auditory training on the THQ, and on loudness ratings on the Borg CR100 scale included in the Tinnitus Tester, are summarized in Table 2, where measurements taken before and after auditory training are contrasted. For completeness, this table also reports before/after loudness matches to the 1 kHz sound taken from the Tinnitus Tester (in dB SPL, these data from Figure 2C) and ratings of tinnitus loudness and awareness taken within sessions 1 and 7 of auditory training (these data from Figures 6B and 6A, respectively). Correlations between the first (Before) and second (After) measurements for each variable are reported in the last column of Table 2 and give a conservative estimate of test–re-test reliability for each measure, keeping in mind that effects of auditory training (if present) could attenuate them. The correlations ranged from 0.49 to 0.98 and in most instances were statistically significant indicating the presence of reliable individual variability. Nonetheless only Factor 2 of the THQ showed a significant change, in this case indicating that difficulties of hearing in noise were reported to be slightly worse after auditory training than before. Other measures (total score on the THQ, Factors 1 and 3 of the THQ, the tinnitus rating and loudness match from the Tinnitus Tester, and tinnitus awareness assessed by the Borg CR100 scale within sessions) were in the direction of a beneficial effect of auditory training on tinnitus, but none of these differences reached significance.

Table 2. Tinnitus Handicap Questionnaire and Tinnitus Loudness.
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CORRELATIONS AMONG EEG RESPONSES AND THEIR RELATION TO HEARING FUNCTION AND TINNITUS

Two between-subject correlational analyses were conducted. The first analysis examined relationships among training-induced changes in ASSR amplitude, ASSR phase, and P2 amplitude, and the relationship of these changes to the effects of active and passive blocks on the responses. When the tinnitus and control groups were combined, changes in ASSR amplitude produced by training and by active versus passive blocks were correlated with baseline ASSR amplitude on the passive blocks (r = 0.65 and 0.79, respectively, p < 0.05), reflecting larger contributions to these effects by participants with larger ASSR baseline amplitudes. This pattern was evident within each group separately. In the tinnitus group changes in P2 amplitude with training correlated with changes in ASSR amplitude (r = 0.781, p < 0.05), but changes in P2 amplitude with training did not correlate with ASSR amplitude changes in the control group or with any other brain measure in either group.

The second analysis examined the relationship of changes in EEG responses to (1) the loudness of the training stimuli and to hearing THs at 5 kHz in the tinnitus and control groups separately and in the combined sample, and (2) to the tinnitus measures of Table 2 in the tinnitus group. Table 1 shows that the tinnitus and control groups were well matched for hearing THs at 2 kHz and 5 kHz and for stimulus level (no group differences were found on these measures). ASSR amplitude, ASSR phase, and P2 amplitude measured during the passive baseline did not correlate with sound THs at 2 kHz or 5 kHz or with stimulus level, nor did changes in these brain responses over training correlate significantly with sound THs or stimulus level within each group separately or in the combined sample. Sound THs at 2 kHz and 5 kHz increased with age (r = 0.83 and 0.92, respectively, both p < 0.05), but age did not correlate with effects of training or of active/passive blocks on any brain response and did not differ significantly between the tinnitus and control groups (see Table 1). Correlations between changes in ASSR amplitude, ASSR phase, and P2 amplitude over training and changes in the tinnitus measurements of Table 2 were not significant.

DISCUSSION

Sensory training therapies for tinnitus are based on the assumption that, notwithstanding neural changes related to tinnitus, auditory training can alter the response properties of neurons in auditory pathways, as has been demonstrated in normal hearing individuals (Gander et al., 2010b). To address this question, we investigated whether brain changes induced by sensory training in tinnitus sufferers and measured by EEG are similar to those induced in age and hearing level matched individuals without tinnitus trained on the same auditory task. Auditory training was given using a sound that was in the tinnitus frequency region of the tinnitus subjects. We found that P2 amplitude increased with training equally in participants with tinnitus and in control subjects, suggesting normal remodeling non-primary (A2) auditory regions in tinnitus. However, training-induced changes in the 40 Hz ASSR, which localizes to sources in posterior-medial Heschl's gyrus (A1), differed between the tinnitus and control groups. Training-induced changes ASSR phase which reflect changes in temporal population activity expressed in A1 were normal in control participants; the time delay between the response and stimulus waveforms decreased by about −10° in this group. However, ASSR phase did not change significantly with training in the tinnitus group. On the other hand, ASSR amplitude increased with training in the tinnitus group, whereas in controls no changes were seen in this response attribute over training. Effects of auditory training on tinnitus loudness were not significant, although an effect on the tinnitus spectrum was detected.

These results suggest that neural changes related to tinnitus altered how neural plasticity was expressed in A1 but not A2 auditory cortex. We discuss auditory plasticity in normal hearing individuals and then consider how the presence of tinnitus may have affected the expression of neural plasticity in auditory pathways. In a concluding section limitations on our findings are discussed.

AUDITORY REMODELING IN NORMAL HEARING

The first reported study of auditory training using the 40 Hz ASSR (Bosnyak et al., 2004) required that normal hearing subjects discriminate between a standard stimulus consisting of a 40 Hz AM 2 kHz carrier frequency and comparison stimuli using carriers that were either 200 Hz higher or lower than the standard. The phase delay between the ASSR response and stimulus waveforms shortened in a brief interval (150–400 ms) following stimulus onset over 15 sessions of training, and was greater for the trained standard stimulus (2 kHz) than for untrained comparison stimuli. However, no change was detected in ASSR amplitude even though behavioral performance improved over the lengthy training experience. Because competitive interactions among the different carrier frequencies during frequency discrimination may have prevented expansion of the tonotopic representation for the standard sound (Kilgard et al., 2001), the stimulus procedure of the current study was designed to deliver extensive experience of only a single carrier frequency over training, and to deliver target events randomly in the second half of the stimulus so that sustained attention was required. Using this procedure Gander et al. (2010b) found that the magnitude of the phase change increased over ten sessions of training, expressed throughout the duration of the training stimulus, and correlated with behavioral performance over the training sessions. Effects on ASSR amplitude were, however, more variable. An increase in this response was not observed until the tenth session of training, and the change in ASSR amplitude over sessions did not correlate with behavioral performance while the phase shift did. No increase in ASSR amplitude was seen in a control group that received two sessions of training separated by six weeks, although the ASSR phase shift occurred in this group dissociating the two measures in agreement with previous findings.

A further difference between ASSR phase and ASSR amplitude in the research of Gander et al. (2010a,b) concerned the effects of task attention (active and passive sound exposure) on the two response attributes. ASSR amplitude was larger on active blocks than on passive blocks in the Gander et al. (2010b) studies, as was true in the tinnitus and control groups of the present study. Parallel research disambiguating the effects of auditory attention from button pressing and correctness feedback on active blocks showed that attention to the trained sounds was the source of the ASSR amplitude increase (Gander et al., 2010a). However, attention was found to have no effect on ASSR phase in these studies. Gander et al. (2010b, Experiment 1) also found that changes in phase with auditory training appeared in equal magnitude in a group that performed the task for two sessions under conditions of attention as in a group that heard the same 40-Hz AM sounds presented passively while they watched a silent video with no knowledge of the auditory task. Thus, while attention increases ASSR amplitude (Ross et al., 2004; Gander et al., 2010a), it has no effect on ASSR phase and does not appear to be required for changes in this response attribute with auditory experience.

In order to explain these findings, Gander et al. (2010b) suggested that the ASSR phase shift may reflect stimulus-driven changes in temporal activity that occur in subcortical auditory structures during auditory experience and are inherited by the cortical sources of the ASSR in A1 with little involvement of attention. The temporal response properties of subcortical auditory neurons are known to be modified by experience with complex speech and musical sounds (Song et al., 2008; Tzounopoulos and Kraus, 2009) indicating that neural plasticity is expressed in these structures. In subsequent research with the same stimulus procedure, Baynton (2010, unpublished results) obtained phase shifts that were as evident in children aged 5–8 years as in older age cohorts aged 18–25 years, consistent with an early form of stimulus-driven plasticity operating in auditory pathways. ASSR amplitude did not increase with training in any age group in this study, but this variable increased during auditory attention (active compared to passive blocks) in cohorts aged 13–15 years and older although not at younger ages. It has been suggested (Gander et al., 2010b) that increases in ASSR amplitude on active blocks may reflect activation of the basal forebrain cholinergic system that performs some of the functions of attention (Sarter et al., 2005) by distributing acetylcholine to the neocortical mantle thus making cortical neurons more sensitive to their afferent inputs (Metherate and Ashe, 1993). Animal data indicate that this system does not mature until puberty (Kiss and Patel, 1992), which aligns with Baynton's results where modulation of ASSR amplitude by active and passive blocks did not reach significance until age 13–15 years.

AUDITORY REMODELING IN TINNITUS

To allow comparison with earlier results obtained from normal hearing subjects trained with a 2 kHz 40-Hz AM sound, the current study used the training method of Gander et al. (2010b) substituting a 5 kHz 40-Hz AM sound which was in the tinnitus frequency region of the tinnitus subjects. Individuals with tinnitus and control subjects of comparable age and TH hearing function were studied. The results from the control group with regard to ASSR phase and amplitude were in agreement with earlier findings (Gander et al., 2010b) and are consistent with the interpretation suggested for those findings. However, the results from participants with tinnitus were different, and invite interpretation from current knowledge regarding neural changes associated with hearing loss and tinnitus.

One interpretation of impaired phase plasticity in the tinnitus group is that remodeling of phase occurred normally within sessions, but that persisting neural changes associated with tinnitus (these not present in controls) reset the phase changes between sessions in the tinnitus group. However, within the limits of our data, analyses of within-session phase shifts in the tinnitus and control groups did not support this interpretation. Alternatively, neural population activity associated with tinnitus may have interfered with the processing that occurs in A1 or in subcortical structures projecting to this region, in the tinnitus group. This possibility received limited but provocative support from the observation that phase shifts opposite to the normal phase change occurred in participants whose dominant tinnitus frequency was comparatively closer to the trained 5 kHz sound (r = −0.59, p < 0.06). This relationship could reflect an interaction between tinnitus-related synchronous neural activity occurring in the dominant tinnitus frequency region (Weisz et al., 2007) and synchronous neural activity driven by the 5 kHz 40-Hz AM training stimulus. A third possibility is that because ASSR amplitude increased over training in the tinnitus subjects suggesting an increased cortical representation in A1 for the trained sound, it may be considered that this effect obstructed changes in ASSR phase in this group. The relationship of changes in ASSR amplitude to changes in ASSR phase between tinnitus subjects was in the direction of such an effect (r = −0.328) but did not reach significance. It is of interest that ASSR amplitude increased significantly with training in the tinnitus group, but not in the control group of this study. Enhanced remodeling of ASSR amplitude could be consequent on inhibitory deficits that occur in central auditory structures with hearing loss (Scholl and Wehr, 2008) and tinnitus (Wang et al., 2009), which could permit additional neurons to be recruited into a representation for the trained sound. If this hypothesis is provisionally accepted, it implies that similar inhibitory changes were absent in controls who did not have tinnitus although they had a similar level of hearing loss. The absence of tinnitus in controls could signal comparatively better preserved inner hair cell function in these individuals despite outer hair cell damage contributing to their TH shifts (Kujawa and Liberman, 2009).

In contrast to group differences in remodeling of ASSR phase and amplitude, which reflect group differences in neural processing expressed in the region of A1, P2 amplitude (reflecting neural activity in non-primary regions) increased normally over training in both groups. The amplitude of the preceding N1 response did not change with training, indicating an effect specific to the P2 component of the N1/P2 waveform in agreement with earlier findings (e.g., Bosnyak et al., 2004; Ross and Tremblay, 2009). P2 amplitude was also larger on active compared to passive blocks pointing to its modulation by attention, but this effect did not interact with groups or with the effect of training on P2. The effect of attentional performance on P2 amplitude seen here agrees with observations by Gander et al. (2010b), although modulation of P2 amplitude by attention on other types of task is not always seen (cf. Hillyard et al., 1973; Carpenter et al., 2002) possibly relating to procedural variables and their effect on the preceding polarity-opposite N1. In contrast, enhancement of P2 amplitude by auditory training is a robust finding reported by many studies cited above. Changes in P2 amplitude induced by training in the control group of the present study and in earlier research by Gander et al. (2010b) were uncorrelated between-subjects with changes in ASSR amplitude, suggesting that these two responses reflect independent events occurring in auditory pathways. In contrast, in the tinnitus group of the present experiment these effects were correlated between-subjects (r = 0.78, p < 0.05). These findings suggest that neural activity in A1 (reflected by increased ASSR amplitude in the tinnitus group) may modulate P2 cortical sources in A2, but P2 sources can change independently of events occurring in the auditory core region via parallel thalamocortical projections or top-down pathways.

EFFECTS OF AUDITORY REMODELING ON TINNITUS

The stimulus procedure of this study was adopted from previous research so that we could compare neural plasticity in individuals with tinnitus and their aged-matched controls with results obtained from normal hearing subjects trained with the same method. There were, however, reasons to suggest that training with sounds in the tinnitus frequency region might also alter tinnitus. In earlier research (Roberts and Bosnyak, 2010a) we found that ASSR amplitude evoked by a 5 kHz 40-Hz AM sound in the tinnitus frequency region was reduced in individuals with tinnitus compared to hearing level matched controls, while masking in this region (which yielded residual inhibition) restored ASSR amplitude to control levels suggesting modified neural activity in or projecting to A1. Because ASSR amplitude increased during residual inhibition, we were interested to learn whether auditory training with a 5 kHz 40-Hz AM sound could increase ASSR amplitude in our tinnitus subjects, and if so, diminish their tinnitus percept in the 5 kHz region. For this reason we conducted a thorough assessment of tinnitus before, during, and after training. Consistent with results reported by Roberts and Bosnyak (2010b), non-normalized ASSR amplitude evoked by the 5 kHz 40-Hz AM sound tended to be lower in the tinnitus group compared to controls under passive conditions. However, even though training increased ASSR amplitude in the tinnitus group, the tinnitus percept (likeness rating) did not decrease at 5 kHz but showed an increase relative to 8 kHz instead (Figure 2B). On-line ratings of tinnitus loudness also tended to increase over sessions (Figure 6B). However, changes in ASSR amplitude with training did not correlate between-subjects with changes in either of these attributes of tinnitus. Alternatively, changes in the tinnitus spectrum after auditory training could reflect greater familiarity with the dimension of pitch after training. Noreña et al. (2002) observed changes in the shape of the spectrum in a single participant who was trained to discriminate among frequencies around four standard stimuli between 3279 and 6500 Hz. After training the contribution of frequencies above 8 kHz to the tinnitus percept was significantly reduced. Whether this effect reflected a reduction in cortical representation for the untrained sounds or greater familiarity with the trained stimuli could not be decided.

Sound therapies are based on the premise that neural plasticity can be harnessed to ameliorate phantom sound. Our results suggest that the presence of tinnitus may itself affect how neural activity is modified by auditory training in the tinnitus frequency region. Although we did not observe meaningful improvements in tinnitus, it remains possible that sounds with wider bandwidth trained for longer periods could be beneficial. In support of this possibility, treatment studies using the Neuromonics procedure (Davis et al., 2008), which delivers complex low-level sounds covering the tinnitus frequency (hearing loss) region, have reported reductions in tinnitus as well as improved minimum masking and loudness tolerance levels for a subset of tinnitus patients. Long-term exposure to low-level background sound also rescales loudness growth functions in normal hearing individuals (Formby et al., 2003) and, when engineered to cover the hearing loss region, improves loudness tolerance in hyperacusis patients (Noreña and Chery-Croze, 2007). These findings for tinnitus and hyperacusis are congruent with animal research showing that passive exposure to band-pass filtered low-level sound for weeks or longer suppresses neural activity and cortical representations in the exposure frequency band (Pienkowski and Eggermont, 2010).

LIMITATIONS AND QUESTIONS FOR FURTHER STUDY

Several limitations of the present results for understanding auditory plasticity in normal hearing and in tinnitus remodeling should be noted. One limitation that is the mechanism (or mechanisms) underlying the ASSR phase shift in normal hearing and in tinnitus are not presently known. In a further analysis of results from normal hearing participants, Gander et al. (2010b, Experiment 1) applied inverse modeling to the data of each subject in order to evaluate effects of attention and training on ASSR phase and amplitude in each hemisphere separately. ASSR amplitude was larger in the right than the left hemisphere in agreement with earlier reports (Ross, 2008), and increased with attention in both hemispheres but more so in the right hemisphere. In contrast, ASSR phase changed in unison in both hemispheres and did not differ between the hemispheres. ASSR phase was not affected by attention, but shifted toward the stimulus waveform with training while ASSR amplitude remained unchanged, underscoring the independence of the response attributes. These findings suggest that interhemispheric interactions between amplitude and phase are not likely to have contributed to changes in the responses with attention or auditory experience, although such analyses have yet to be carried out on the present data.

Changes in ASSR phase and amplitude within trials are also relevant to understanding experience-induced effects. ASSR phase is a circular variable, but the nature of the phase changes (whether large or small delays or advances) can be disambiguated by referencing the ASSR response in the time domain to the onset of sound. Within trial analyses by Gander et al. (2010b) showed that during the 976 ms of sound stimulation the ASSR waveform shifted gradually away from the time of stimulus onset toward the zero-crossing in the stimulus waveform, stabilizing with respect to the zero-crossing after about 300 ms in broad agreement with fine grained analyses reported by Ross et al. (2002). Auditory training added a further shift toward the zero-crossing as the response waveform moved closer to the stimulus waveform over sessions. The training effect on ASSR phase (a latency increase with respect to sound onset) was fully expressed over the initial 488 ms of the stimulus which was free of target events and persisted without diminution until stimulus offset. The latter result suggests that changes in ASSR phase resulting from auditory experience were not affected by resets of the ASSR that can be evoked when salient stimuli (for example, an unexpected change in carrier frequency or a noise burst) are delivered during auditory tasks (Rohrbaugh et al., 1990a; Ross et al., 2005; Bosnyak et al., 2007). We have not observed reset responses to target stimuli in our studies, likely because the target stimuli were close to the TH of detection and did not alter the AM rhythm or its carrier frequency. It should be noted that reset responses shift the ASSR waveform back toward stimulus onset (a latency decrease; Ross et al., 2005) which is opposite the phase change observed during auditory training. Reset responses are also larger when behavioral responding is required (Rohrbaugh et al., 1989), vanish as the TH of detection is approached (Ross, 2008), and have been associated with behavioral orienting or similar change detection processes (Rohrbaugh et al., 1990b; Ross et al., 2005). These findings suggest that experience-induced phase shifts and reset responses may reflect different underlying mechanisms. However, Rohrbaugh et al. (1990b) found that reset responses showed adaptation when measured in a second session. If the processes that underlie development of the ASSR after reset are the same as those responsible for its development with sound onset (Ross et al., 2005), reset responses and phase shifts with auditory training could reflect one and the same mechanism. Additional experiments will be required to uncover the mechanisms responsible for changes in ASSR phase induced by auditory experience and to explore the neural basis of such effects.

A further gap in our knowledge concerns the role of attention in modulating auditory plasticity in humans. Because our procedures involved active performance, we have for convenience described them as training procedures. However, it has shown that passive exposure to the 40-Hz AM training sound without task knowledge is by itself sufficient to change ASSR phase (Gander et al., 2010b, Experiment 1). Remodeling by passive exposure has also been reported for P2 amplitude by Sheehan et al. (2005), Ross and Tremblay (2009), and Gander et al. (2010b), while Tremblay et al. (2010) observed differential effects of attended performance on P2 amplitude recorded over the vertex compared to temporal-parietal regions. In our studies ASSR phase changes over sessions have tended to be greater on active blocks than on passive blocks, although interactions with block have not reached significance (Gander et al., 2010b). When collapsed over experiments (Bosnyak et al., 2004; Gander et al., 2010a,b, and the present findings) our results suggest that a stimulus exposure totaling 40 min (however, distributed in time) may be sufficient to yield a phase shift of up to 18° (depending on carrier frequency) in individuals without tinnitus, that persists up to six weeks without intervening experience. This raises the possibility that procedures more efficient than the current ones (which descended from animal studies of auditory neural plasticity) could be devised to investigate effects of attention, mechanisms of ASSR phase shifts, and how experience-induced changes in ASSR phase are modified by neural changes related to tinnitus.

Looking ahead, the present findings offer only a first glimpse into how neural changes in tinnitus alter the expression of neural plasticity in auditory pathways. It is well established that tinnitus spectra (Noreña et al., 2002; Roberts et al., 2008) and residual inhibition functions (Roberts et al., 2008) overlap the region of auditory TH shift. These results have been interpreted to suggest that what neurons in the tinnitus frequency region do generates tinnitus, and stopping what they do suppresses it (Roberts et al., 2010). This line of reasoning suggests that shifts in ASSR phase may remodel normally in individuals with tinnitus, if training is given for sounds below the tinnitus frequency region. Were this result to be obtained, additional evidence of an interaction of auditory training with frequency-specific activity in tinnitus expressed in A1 would be revealed. It is also of interest to determine how ASSR amplitude evoked by probes presented to the tinnitus frequency region is affected by training below the tinnitus spectrum, and how tinnitus percepts are modulated by such training. Training with multiple frequencies outside of the tinnitus frequency region has been reported to reverse tonotopic map distortion and reduce behavioral evidence of tinnitus in rats subjected to noise trauma (Engineer et al., 2011). Similarly, passive exposure to background sound sparing the tinnitus frequency region has been reported to reduce tinnitus in humans (Okamoto et al., 2010; Teismann et al., 2011), putatively by distributing lateral inhibition to the tinnitus generating neurons. However, as noted above, passive exposure to background sound covering the tinnitus frequency/hearing loss region for weeks to months has been also reported to reduce tinnitus in humans (Davis et al., 2008) and to rescale loudness growth in individuals experiencing hyperacusis (Noreña and Chery-Croze, 2007).

MATERIALS AND METHODS

PARTICIPANTS

Subjects with tinnitus (n = 12) were recruited by advertisements in the local newspaper, from the university ENT clinic, and our laboratory archive. Control participants (n = 12) were recruited from family and friends of the tinnitus subjects or from the local community. Controls reported no history of tinnitus or ear diseases. No subjects were receiving medication at the time of the study. Informed consent was obtained by procedures consistent with the Declaration of Helsinki and approved by the Research Ethics Board of McMaster University. One control participant withdrew after two sessions of auditory training owing to the occurrence of an unrelated medical illness. One tinnitus participant withdrew after the first auditory training session expressing concern that training might worsen his tinnitus. The remaining 22 participants completed training without incident. Participants were reimbursed for their parking fees and received an honorarium of $160 for completing the study.

DESIGN AND PROCEDURE

Intake session

Participants in the tinnitus group completed a structured interview which collected detailed information on the nature and personal history of their tinnitus. The THQ was administered to assess with a standardized procedure the impact of tinnitus on quality of life (Kuk et al., 1990). Audiological measurements included an otoscopic examination, compliance testing, and measurement of THs to the limit of hearing using a GSI 61 audiometer with Telephonics 296D200 (0.125–8.0 kHz) and Sennheiser HDA 200 (8.0–16 kHz) headphones (pulsed-tone method). Psychoacoustic properties of tinnitus were assessed by self-directed, computer-based tools (Roberts et al., 2008) that reported the ear of the tinnitus, its bandwidth (tonal, ringing, or hissing), loudness match for 11 sounds between 0.5 and 12.0 kHz, tinnitus frequency spectrum (likeness rating) over this same range, and a brief test for residual inhibition. Control participants completed the same intake procedure given to tinnitus subjects except for the omission of items pertaining to tinnitus.

Follow-up session

Tinnitus subjects returned one week after their last auditory training session for follow-up tinnitus measurements. The procedure was identical to their intake session except the intake questionnaire and audiological tests (audiogram, compliance) were omitted. Five tinnitus subjects did not complete the THQ in the follow-up session (the other measurements were completed) but provided their scores by mail afterwards.

AUDITORY STIMULUS

The stimulus for auditory training was a 5 kHz pure tone AM with a 40.96 Hz sinusoid (called 40 Hz above, 100% modulation depth following the modulation wave). Stimulus duration was 976.56 ms, allowing 40 AM pulses per stimulus (each stimulus constituting a “trial”). To determine sound level, each subject matched the loudness of the 5 kHz training stimulus to that of a 2 kHz 40-Hz AM reference tone presented at 65 dB SPL. The reference tone was identical to the training stimulus used in earlier research on normal hearing subjects (Gander et al., 2010b) permitting comparison of results across studies with sound level controlled. Matching also controlled for the possibility of abnormal loudness growth (recruitment) above 2 kHz where for some subjects in the tinnitus and control groups a degree of TH shift was present (Table 1 and Figure 2A). Stimuli were generated by a digital signal processor (Tucker–Davis RP2.1) and presented binaurally via ear inserts (Etymotic Research ER-2).

TRAINING PROCEDURE

During auditory training participants sat in a chair placed 1.4 m in front of a computer monitor in a sound attenuated (ambient noise level 16 dBA SPL), electrically shielded booth. Auditory stimuli were presented successively separated by an ITI in which behavioral responses were recorded (Figure 1A). Approximately 2/3 of the stimuli (determined randomly) contained a single amplitude-enhanced 40-Hz pulse occurring randomly at 415 ms, 610 ms, or 805 ms after stimulus onset (target). On active blocks (Figure 1B) the word “Listen” appeared in a text box on the computer screen, instructing the participant to listen for a target event. At stimulus offset the word “Listen” on the computer screen was replaced by text asking “Did you hear a target?” Instructions beneath this text instructed the participant to press a right mouse button if a target had occurred (“yes”) and a left mouse button if one had not (“no”). If the response was correct (hit or correct rejection), the text box turned green for 400 ms (feedback cue); if the response was incorrect (miss or false alarm) the text box turned red for 400 ms. A variable ITI between 1400 and 1600 ms commenced with each behavioral response, giving an average ITI (including the feedback cue) of about 1900 ms depending on behavioral response latency. The computer screen remained blank after the feedback cue and changed to read “Listen” when the next trial commenced.

EEG was recorded on the first, fourth, and seventh session of auditory training, always on the same week day and time of day for each subject. In each of these sessions participants received 20 blocks of trials, each block about 2.5 min long and containing 54 stimuli (see Figure 1B). On alternate blocks participants performed the training task described above (active blocks) or were instructed by text on the computer screen (“Stop responding and ignore stimulus”) to cease attending and wait until the next training block (passive blocks). Each session began with an active block. Sessions without EEG contained the same total number of trials as sessions with EEG except that all blocks were now active blocks.

Target events varied in the magnitude of their amplitude increase bracketing the TH of detection, so that a psychophysical function could be determined. Immediately prior to the first training session, a staircase procedure consisting of 80 successively presented stimuli (commencing with a 200% amplitude enhancement known to be detectable by inexperienced subjects) was used to measure the target detection TH for each participant. This TH was used to generate an individual stimulus set (TH, TH ±5%, TH ±10%, and TH + 20%) suitable for learning. During training an adaptive procedure was followed in which if two targets were detected more than 95% of the time, TH was reduced by 5% and the remaining targets adjusted accordingly. On the last day of training the target values bracketing the detection TH measured at their amplitude peak averaged 1.57, 1.90, 2.25, 2.58, 2.90, and 3.51 dB above the prevailing steady-state signal. The first two of these targets were below TH and usually not detectable.

In the tinnitus group, the participant's awareness of tinnitus and its perceived loudness were probed immediately before, at the midpoint, and immediately after each training session (see Figure 1B). For each measurement, two questions appeared successively on the computer screen, each positioned above a horizontally oriented slider. The first question asked “How aware are you of your tinnitus at this moment?”, and the second “How loud is your tinnitus at this moment?” Using a Powermate Controller (Griffin Technologies), subjects moved the slider to give their rating on a Borg CR100 scale with values ranging from 0 to 100 (Borg and Borg, 2001). On this scale a rating of 5 corresponded to “Almost Unaware” or “Extremely Soft,” 30 to “Moderately Unaware” or “Moderate” loudness, 50 to “Aware” or “Loud,” 70 to Very Aware” or “Very Loud,” and 95 to “Extremely Aware” or “Extremely Loud.” Subjects practiced moving the slider without any reference to tinnitus before the training session commenced.

ELECTROPHYSIOLOGICAL RECORDING

The EEG was sampled at 2048 Hz (DC to 417 Hz) using a 128-channel Biosemi ActiveTwo amplifier (Cortech Solutions, Wilmington, NC). The electrode array was digitized for each participant (Polhemus Fastrak) prior to recording. EEG data were stored as continuous data files referenced to the vertex electrode.

SIGNAL PROCESSING OF EEG DATA

Eye blink artifacts were removed from the raw continuous data files by the spatial filtering option of BESA (version 5.1.8, MEGIS Software GmbH, Gräfelfing, Germany). EEG responses (128 channels) were then epoched including 200 ms pre- and post-stimulus baselines.

Transient responses

EEG responses for ~75% of trials (rejecting trials with surviving artifacts >150 μV) were used for analysis of transient responses. The data were averaged and interpolated to the 81-channel “reference free” average reference montage of BESA using each participant's digitized electrode array. Subsequent filtering (0.2–20 Hz, zero phase) extracted P1, N1, P2, and N2 transient responses and the auditory SR. Responses were measured at electrode Fz where they reached their amplitude maxima. Peak amplitude and the corresponding latency were recorded for the latency windows 30–85 ms (P1), 85–140 ms (N1), 140–230 ms (P2), and 250–350 ms (N2).

40-HZ steady-state response

EEG responses for ~90% of trials (rejecting trials with amplitude changes >100 μV) were averaged for analysis of the ASSR, and filtered 40–42 Hz (zero phase) after conversion to average reference. The scalp topography of the ASSR and a digitized 128 electrode array are shown in Figure 1C (left panel) for a representative participant. The 128-channel data for each participant for the interval 244–952 ms were collapsed into a two-pulse wide waveform (Figure 1C, middle panel) and ASSR amplitude and phase determined at 40 Hz for each electrode by FFT (Figure 1C, right panel). Collapsing enhanced the signal-to-noise ratio and was adopted here and in previous research because changes in ASSR changes attributable to training or attention were found to be expressed throughout the stimulus interval (Gander et al., 2010b). ASSR amplitude was calculated as the total field power at 40 Hz summed over 128 electrodes. For calculation of ASSR phase a search algorithm, moving in steps of 0.5°, found the minimum angle width, encompassing electrodes on both sides of the dipolar field pattern, comprising 50% of the total 40 Hz power across the array. The value (in degrees) in the middle of that width was taken as the phase of the ASSR (Figure 1C). In infrequent cases where the absolute phase change between conditions was greater than π, phase was unwrapped by adding or subtracting 2π to minimize the phase difference. Phase determined by this method was very close to lines determined by spatial principal component analysis but was not influenced by noisy electrodes and spurious data that do not represent the ASSR. These methods of analysis had the advantage of using all of the unmodeled data available from each participant. In previous research we found that results obtained with these methods concurred with those obtained when ASSR amplitude and phase were analyzed at electrode Fz where the ASSR typically reaches its amplitude maximum (Gander et al., 2010a,b). The results also concurred with those obtained by inverse modeling of the ASSR field patterns (Gander et al., 2010a,b).

Because P2 amplitude was negative for some subjects reflecting their preceding polarity-opposite N1 response, P2 data were linear transformed by adding 1.9 to each data point prior to normalization, to remove negative values and prevent division by zero (after Gander et al., 2010a).

STATISTICAL EVALUATION

Repeated measures ANOVAS were performed using the General Linear Model of Statistica (version 6.0). Repeated measures having more than two levels were Greenhouse–Geisser corrected. Unless stated otherwise, significance level was set at α = 0.05 (two-tailed). Least significant difference (LSD) tests were used to describe significant main effects and interactions.

Behavioral data

Behavioral performance was evaluated for each participant by calculating the mean probability of a hit [P(Hit), a target reported when one was present] collapsed over target amplitudes and sessions, and the mean probability of a false alarm [P(FA), a target reported when target amplitude was zero] collapsed over sessions. The difference between these probabilities was used to assess group performance. A psychophysical function was also constructed for each participant and session by plotting P(Hit) as a function of target amplitude and fitting a logistic [f(x) = 0.5/{1 + exp[−slope × (amp increase − threshold)]} + 0.5] using a maximum likelihood method with the Palamedes psychophysics toolbox for Matlab (Prins and Kingdom, 2009). Changes in TH (the amplitude increase corresponding to 75% correct) over sessions were assessed for the tinnitus and control groups separately. These changes were modeled for each participant assuming that the slopes followed an exponential decay but allowing bidirectional changes such that the results were driven by the data (Prins and Kingdom, 2009).

It should be noted that the TH for target detection determined prior to training by the staircase procedure that was administered to each participant gave values (mean TH = 68% for tinnitus, 74% for controls, difference not significant) that were high compared to earlier experiments where young normal hearing subjects were trained with a 2 kHz 40-Hz AM sound (mean TH = 31%, Gander et al., 2010b). The reason for this difference may relate to the carrier frequency used in the present study and the presence of some degree of hearing loss at 5 kHz in tinnitus and control participants (Table 1). However, in the first training session most (but not all) of the targets calculated from each participant's TH quickly became detectable, giving THs determined from individual psychophysical functions (TH = 35.1% on day 1 of Figure 3B) that were closer to previous results for normal hearing subjects. Changes in THs over sessions gave a coherent picture of discrimination performance during training, but changes in slope did not, because for many subjects slopes were uncommonly steep in the initial training sessions. Therefore, we relied on TH changes to depict changes in performance over sessions (Figure 3B). It was also possible to construct a psychophysical function from the collapsed data of each group on sessions (Figure 3A).

EEG data

Because individual differences in ASSR amplitude are large, likely reflecting stable anatomical differences among subjects in the orientation and strength of ASSR generators and their summation across tonotopic maps in Heschl's gyrus, ASSR amplitude for each subject was normalized by dividing each participant's data by the mean of the passive block of their respective group on day 1 (after Gander et al., 2010b). This step referenced the effects of training and task to a common passive baseline within each group. For purposes of comparison ASSR phase and P2 amplitude were normalized by the same method, although these measures are typically less variable between-subjects than ASSR amplitude.
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Objectives: Auditory steady-state response (ASSR) amplitude enhancement effects have been reported in tinnitus patients. As ASSR amplitude is also enhanced by attention, the effect of tinnitus on ASSR amplitude could be interpreted as an effect of attention mediated by tinnitus. As N1 attention effects are significantly larger than those on the ASSR, if the effect of tinnitus on ASSR amplitude were due to attention, there should be similar amplitude enhancement effects in tinnitus for the N1 component of the auditory-evoked response. Methods: MEG recordings which were previously examined for the ASSR (Diesch et al., 2010a) were analyzed with respect to the N1m component. Like the ASSR previously, the N1m was analyzed in the source domain (source space projection). Stimuli were amplitude-modulated (AM) tones with one of three carrier frequencies matching the tinnitus frequency or a surrogate frequency 1½ octave above the audiometric edge frequency in controls, the audiometric edge frequency, and a frequency below the audiometric edge. Single AM-tones were presented in a single condition and superpositions of three AM-tones differing in carrier and modulation frequency in a composite condition. Results: In the earlier ASSR study (Diesch et al., 2010a), the ASSR amplitude in tinnitus patients, but not in controls, was significantly larger in the (surrogate) tinnitus condition than in the edge condition. Patients showed less evidence than controls of reciprocal inhibition of component ASSR responses in the composite condition. In the present study, N1m amplitudes elicited by stimuli located at the audiometric edge and at the (surrogate) tinnitus frequency were smaller than N1m amplitudes elicited by sub-edge tones both in patients and controls. The relationship of the N1m response in the composite condition to the N1m response in the single condition indicated that reciprocal inhibition among component N1m responses was reduced in patients compared against controls. Conclusions: In the present study, no evidence was found for an N1-amplitude enhancement effect in tinnitus. Compared to controls, reciprocal inhibition is reduced in tinnitus patients. Thus, as there is no effect on N1m that could potentially be attributed to attention, it seems unlikely that the enhancement effect of tinnitus on ASSR amplitude could be accounted for in terms of attention induced by tinnitus.
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INTRODUCTION

In previous studies it has been found that the amplitude of the magnetically recorded auditory steady-state response (ASSR) is enhanced for frequencies in the tinnitus frequency region (Diesch et al., 2004, 2010a,b). This enhancement effect may extend to nearby frequencies below this region (Diesch et al., 2004; Wienbruch et al., 2006). The ASSR may be elicited by trains of clicks and tone pips or by beats and sinusoidally amplitude-modulated (AM) tones. The source of the ASSR has been localized to the primary auditory cortex in the medial partition of Heschl's gyrus (Mäkelä and Hari, 1987; Gutschalk et al., 1999; Ross et al., 2000, 2002; Schoonhoven et al., 2003). Amplitude enhancement in tinnitus of stimulus-driven activity in the afferent auditory pathway may be interpreted to reflect the workings of gain control mechanisms inherent in the functioning of the subcortical auditory nuclei and the auditory cortex (Salvi et al., 2000; Syka, 2002; Eggermont and Roberts, 2004; Parra and Pearlmutter, 2007; Sun et al., 2009; Norena, 2010). However, because ASSR amplitude is also enhanced by attention (Ross et al., 2004; Bidet-Caulet et al., 2007; Gander et al., 2007, 2010; Müller et al., 2009), the effect of tinnitus on ASSR amplitude could in principle be an effect of attention in disguise. Those affected by tinnitus may direct attention to the auditory modality, to the ear affected by tinnitus, or even to the frequency or frequency range optimally corresponding to the equivalent tinnitus frequency or the dominant frequencies of the tinnitus spectrum. The two hypotheses are similar in that amplitude enhancement by attention of stimulus-evoked neural activity in the auditory pathway may be conceptualized in terms of attention-driven gain adjustment (Hillyard et al., 1998; Winkowski and Knudsen, 2006; Fritz et al., 2007; Winkowski and Knudsen, 2008). They differ in that the gain control hypothesis proper posits a modular autoregulatory process within the afferent auditory pathway while the gain-adjustment-by-attention hypothesis postulates that sensory activity is amplified by an interactive top-down process.

Not only the ASSR, but also several components of the transient auditory-evoked response, among them the auditory N1, are modulated by attention (Näätänen, 1992). The N1 component of the auditory-evoked potential and its magnetic counterpart, the N1m, occurs with a latency of approximately 100 ms in response to stimulus onset, stimulus offset, and stimulus change (Näätänen and Picton, 1987). The N1(m) receives contributions from the primary auditory cortex (Steinschneider et al., 1994), but the gravitational center of the N1(m) source has been localized to an auditory belt area in the planum temporale posterior to Heschl's gyrus (Pantev et al., 1995; Lütkenhöner and Steinsträter, 1998; Godey et al., 2001). While not much is known about attention effects on the offset and the change N1(m), there is ample evidence that the onset N1(m) shows attention enhancement effects (electrical: Hillyard et al., 1973; Picton and Hillyard, 1974), magnetic: (Arthur et al., 1991; Rif et al., 1991; Woldorff et al., 1993; Fujiwara et al., 1998). Moreover, N1 attention enhancement effects are significantly larger than ASSR attention enhancement effects (Okamoto et al., 2011). Thus, if the effect of tinnitus on ASSR amplitude were actually due to attention, similar, if not larger, amplitude enhancement effects should be found for the N1(m) component of the auditory-evoked response.

Previous studies on the N1 in tinnitus that reported tinnitus-related amplitude decrease rather than amplitude increase (e.g., Jacobson et al., 1991; Colding-Jorgensen et al., 1992; Jacobson and McCaslin, 2003; Walpurger et al., 2003) do not necessarily provide evidence against the attention hypothesis, as 1000 Hz sine tones exclusively were used as stimuli, whereas for most individuals affected the dominant tinnitus frequency is above 1000 Hz. Norena et al. (1999) also presented 1000 Hz tones and reported an increase of the slope of the N1 amplitude-level function in tinnitus patients and Kadner et al. (2002) obtained a steeper N1 amplitude-level function in tinnitus patients for tonal stimuli at the tinnitus frequency than for stimuli at lower frequencies. Thus, there remains a possibility that the N1 amplitude show attention-related enhancement effects mediated by tinnitus, especially with tonal stimuli close to the tinnitus frequency.

Here, we examine the N1m responses in a data-set that we have studied previously for the ASSR. Specifically, we look at N1m amplitude enhancement effects in tinnitus. If these were absent, it would seem unlikely that the tinnitus-associated ASSR amplitude enhancement effects observed previously (Diesch et al., 2004, 2010a,b) are mediated by attention1. Secondly, we compare the amplitude of the N1m elicited by composite stimuli to the linear superposition sum of the amplitudes of the N1m responses elicited by the individual component stimuli. The frequency bands of the auditory system are not independent, but rather constitute a multi-stage lateral, or reciprocal, inhibiton network (Shamma and Symmes, 1985; Müller and Scheich, 1988; Vater et al., 1992; Rhode and Greenberg, 1994; Suga, 1995; Sutter et al., 1999; Jen et al., 2002; Kopp-Scheinpflug et al., 2002). In the auditory cortex, integration of thalamocortical and intracortical inputs occurs over a range that spans a large proportion of the audible spectrum (Schulze and Langner, 1999; Kaur et al., 2004; Metherate et al., 2005). Attention affects sensory processing not only by increasing the gain, but also by increasing the selectivity of the receptive fields of single units (Fritz et al., 2007) and neural populations (Okamoto et al., 2007; Kauramäki et al., 2007; Neelon et al., 2011). Top-down control of reciprocal inhibition may be the mechanism or one of the mechanisms by means of which this increase of selectivity is accomplished. If it were, a putative tinnitus-related effect of attention on N1m amplitude should reduce the ratio of N1m response amplitude to composite to the superposition sum of N1m response amplitudes to component stimuli.

MATERIALS AND METHODS

MEG recordings of auditory-evoked responses that were previously examined for the ASSR (Diesch et al., 2010a) were analyzed with regard to the N1m component. Patients were included in the study if their tinnitus had lasted for six months or longer and featured a dominant tonal or quasi-tonal component that an equivalent tinnitus frequency of at least 1000 Hz could be determined for. Controls did not present with tinnitus. Both patients and controls were selected only if they showed some high-frequency hearing loss above an audiometric edge, where the audiometric edge was defined as that point on the frequency axis at which the hearing loss function exhibited its largest downward slope. Thirty-six subjects, 18 tinnitus patients and 18 healthy controls, participated in the original study. Subjects gave written informed consent following procedures approved by the ethics committee of the University of Heidelberg. Because musicians exhibit larger auditory-evoked response amplitudes and, therefore, deliver better signal-to-noise ratios than non-musicians when presented with spectrally complex sounds (Pantev et al., 1998a; Kuriki et al., 2006), half of the participants, eight of the patients and 10 of the controls, were selected to be musicians. Participants were assigned to the musician group if either they worked as professional musicians or earned a score of 25 or higher on the Advanced Measures of Music Audiation (AMMA) test (Gordon, 1989, 1998), or both. Thus, there were four groups, musicians with tinnitus (group MT, n = 8, mean age = 44.4 years, SD = 12.7, range: 21–63), non-musicians with tinnitus (group NT, n = 10, mean age = 51.4 years, SD = 11.0, range: 21–58), musicians without tinnitus (group MN, N = 10, mean age = 36.1 years, SD = 11.3, range: 21–52), and non-musicians without tinnitus (group NN, n = 8, mean age = 44.3 years, SD = 13.7, range: 23–58). The groups did not differ significantly in sex and handedness, but tinnitus patients were marginally older than healthy controls [F(3, 32) = 2.68, p < 0.07]. Patients and controls did not significantly differ in musicality. As a result of the selection procedure, musicians had higher AMMA scores than non-musicians [F(1, 28) = 64.5, p < 0.0001].

The absolute threshold of hearing was obtained for 12 tonal frequencies between 125 Hz and 15 kHz (Figure 1). Summary indices of hearing loss both in the stimulated and the non-stimulated ear were determined by computing averages across frequencies, i.e., from 125 Hz to 746 Hz for low frequency and from 1183 Hz to 15 kHz for high frequency hearing loss. The equivalent tonal frequency of the tinnitus was determined using a recursive two-interval forced-choice procedure, with pure tones presented in both of the intervals, which has proven a reliable measure of tinnitus frequency (Henry and Meikle, 2000; Henry et al., 2000). The tinnitus minimum masking level (TMML) was determined as the difference between the level that was just sufficient for masking the tinnitus and the threshold level at which the masker was just audible by using a narrow-band (0.7 critical bands) “low-noise noise” (Kohlrausch et al., 1997; Dau et al., 1999) masker the center frequency of which was equated with the tinnitus frequency. The German version of the Tinnitus Questionnaire (Hallam et al., 1988; Hallam, 1996) published by Goebel and Hiller (1994, 1998) with its subscales of tinnitus intrusiveness, cognitive and emotional distress, auditory and perceptual diffculties, somatic complaints, and sleep disturbances was used to measure tinnitus severity.
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Figure 1. Hearing loss, in dB HL, in the stimulated ear (red line) and the non-stimulated ear (green line). The inset bars show mean and standard deviation of the individually adjusted stimulus carrier frequencies for the sub-edge condition (S), the edge condition (E), and the (surrogate) tinnitus condition (T). NN: non-musicians without tinnitus, MN: musicians without tinnitus, NT: non-musicians with tinnitus, MT: musicians with tinnitus.


Hearing loss (Figure 1) was more pronounced for patients than controls both for low [125… 746 Hz: F(1, 32) = 6.7, p < 0.02] and for high frequencies [1.18… 15 kHz: F(1, 32) = 10.6, p < 0.005]. For high frequencies, the stimulated ear was significantly worse than the non-stimulated ear [F(1, 32) = 8.28, p < 0.01]. Musicality and its interactions were not significant. Audiometric edge frequency did not differ significantly between patients and controls or musicians and non-musicians. Musicians with tinnituss did not differ from non-musicians with tinnitus with regard to tinnitus frequency, TMML, the tinnitus questionnaire total score, and the tinnitus questionnaire subscale scores.

The stimuli for the MEG-study were AM sine tones with a duration of 8192 ms, 20 ms onset and offset cosine ramps, and a modulation depth of 100%. The offset-to-onset inter-stimulus interval was allowed to vary randomly between 800 and 1200 ms. There were three individually adjusted carrier frequencies matching the tinnitus frequency in patients and the “surrogate tinnitus frequency” 1½ octaves above the audiometric edge frequency in controls (tinnitus condition: T), the audiometric edge frequency (edge condition: E), and a frequency 1½ octaves below the audiometric edge (sub-edge condition: S). There were three modulation frequencies set to 38.6, 40.6, and 42.6 Hz (conditions 38, 40, and 42). All possible combinations of carrier and modulation frequencies occurred equally often both in a single tone (S38, S40, S42, E38, E40, E42, T38, T40, T42) and a composite tone condition (S38_E40_T42, S40_E42_T38, S42_E38_T40). Composite tones were created through linear superposition of single tones.

With regard to composite tones, there is an important difference between the ASSR and the N1m. Single tones elicited an ASSR with a frequency equal to the stimulus modulation rate. As to be expected (Lins and Picton, 1995; Lins et al., 1996; John et al., 1998; Fujiki et al., 2002; Kaneko et al., 2003), composite tones elicited three simultaneous SSRs with frequencies equal to the three stimulus modulation rates that were extracted separately using appropriate bandpass filters (Diesch et al., 2010a). Both single and composite tones elicited an N1m. However, it is not possible to decompose the composite tones N1m into component responses that one could attribute to the component tones. As a consequence, putative reciprocal inhibition among component N1m responses cannot be measured in the way that reciprocal inhibition between multiple ASSR components can be measured. For the ASSR, the amplitudes of the component responses in the composite stimulus condition may be compared to the respective same-modulation rate response in the single stimulus condition, with amplitude reduction in the composite stimulus condition indicating reciprocal inhibition and amplitude enhancement indicating reciprocal facilitation (Diesch et al., 2010a). For the N1m, one has to find an estimate of the composite stimulus condition N1m amplitude free of putative reciprocal inhibition or facilitation effects. An estimate may be obtained by computing the source amplitude of the equivalent current source fitted to the linear superposition of the field distributions accounted for by the single stimulus condition N1m sources which, in turn, may be approximated by simply computing the sum of the single stimulus condition N1m source amplitudes (Diesch and Luce, 1997).

The neuromagnetic field was recorded with a 122-channel gradiometer (Neuromag, Helsinki, Finland). The analog signal was lowpass-filtered (330 Hz), highpass-filtered (0.03 Hz), and digitized with a digitization rate of 1000 Hz. The stimuli were delivered monaurally through a plastic tube to the ear with the larger amount of hearing loss above 1 kHz. The stimulus presentation sequence was randomized. The stimulus level was set to 50 dB sensation level (dB SL), measured with the participant seated under the dewar, both for single tone stimuli and composite tone component stimuli. The stimulus level was lowered, if the resulting level of the composite stimuli was uncomfortable to the participant or the extent of the hearing loss was such that the limits of the transmission system were reached. The minimum stimulus level used was 35 dB SL. The stimulus level was lowered for four participants of group NT (3 × 35, 40 dB SL), three participants of group MT (2 × 35, 40 dB SL), and one participant of group NN (40 dB SL). However, for any one participant the same stimulus level (re sensation level) was used throughout. Due to their more pronounced high frequency hearing loss, the need to lower the stimulus level arose more frequently for tinnitus patients than for controls. Stimuli were equated re sensation level rather than in perceived loudness, because both ASSR and N1m amplitudes were intended to be studied as indicators of auditory system gain.

In accordance with the earlier ASSR analysis (Diesch et al., 2010a), the N1m was analyzed in the source domain using source space projection. To obtain the requisite spatial projection filter, the raw MEG signal was highpass-filtered at 1 Hz and lowpass-filtered at 30 Hz. Epochs of 500 ms duration including a 200 ms prestimulus baseline interval were extracted from the continuous data. Epochs exceeding 3000 fT/cm in amplitude were discarded. A grand average was computed across all stimulus conditions. Dipole source analysis was conducted using the BESA Ver. 5.2 software (MEGIS Software GmbH, Munich, Germany). A source model with two equivalent current dipoles, one in either hemisphere, was selected. Source fits were deemed acceptable if the equivalent sources were located in the supratemporal plane and the residual variance was 15% or less. The average residual variance obtained was 8.9% (SD = 3.73). Because of a bad source fit resulting from low signal amplitude one of the NT group participants was excluded from the N1m analysis. Following Hämälainen et al. (1993) and Robinson (1989), the unfiltered raw data were projected into the source domain, with the dipoles of the source model being used as the spatial projection filter. This resulted in two continuous source domain data streams representing activity of the auditory cortices of the left and the right hemisphere at the locations of the N1m sources. Figure 2 illustrates the outcome of the application of the source space projection filter, not to the raw data, however, but to the grand average that was computed across all stimulus conditions.
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Figure 2. Source space projection applied to the grand average of one representative participant. The signal was highpass-filtered at 1 Hz and lowpass-filtered at 30 Hz and exhibits prominent onset and offset N1m deflections.


The source domain time series were exported to MATLAB for further analysis. The exported continuous source domain data were highpass-filtered (1 Hz), lowpass-filtered (30 Hz), and selectively averaged with hemisphere and stimulus type, i.e., the three carrier frequencies of the single stimulus condition and the composite stimuli of the composite stimulus condition, as conditions for epochs of 500 ms duration. The modulation rate conditions were pooled in the averaging process. The epochs included a 200 ms pre-stimulus baseline interval. The N1m response peak was determined as the amplitude maximum within an analysis windows extending from 80 ms to 140 ms re-stimulus onset.

The N1m reciprocal inhibition ratio was defined as the ratio of source amplitude in the composite stimulus condition and the linear superposition sum of the source amplitudes in the three single stimulus conditions. Thus, larger reciprocal inhibition ratios indicate smaller amounts of reciprocal inhibition. The single stimulus condition N1m source amplitude data were submitted to a multivariate analysis of variance (SPSS GLM) with source amplitude as the dependent variable, hemisphere and tonal frequency as repeated measurement factors, and tinnitus status and musicality as grouping factors. Analysis of the data from the composite stimulus condition and of the reciprocal inhibition ratios was done accordingly, with hemisphere as a repeated measurement factor and tinnitus status and musicality as grouping factors.

RESULTS

In the single stimulus condition, there were two statistically significant main effects of N1m source amplitude, hemisphere [T2(1, 31) = 0.879, p < 0.0005] and tonal frequency [T2(2, 30) = 1.021, p < 0.0005]. The mean N1m source amplitude, across tonal frequencies, was larger in the contralateral (42.0 nAm) than in the ipsilateral hemisphere (30.5 nAm). Averaged across hemispheres, N1m amplitude was largest in the sub-edge condition (42.3 nAm), intermediate in the edge condition (35.0 nAm), and smallest in the (surrogate) tinnitus condition (31.4 nAm). The same pattern was shown by tinnitus patients and healthy controls both in the contra- and the ipsilateral hemisphere (Figure 3A). The difference between tinnitus patients and controls did not attain significance and neither did the grouping factor of musicality or any of the interactions. When the analysis was re-run with age and low and high frequency hearing loss in the stimulated and the non-stimulated ear as covariates, the effect of frequency was preserved [T2(2, 23) = 0.45, p < 0.02], but the effect of hemisphere was not [T2(1, 24) = 0.15, n.s.]. However, the interaction of musicality and hemisphere attained significance [T2(1, 24) = 0.19, p < 0.05]. The difference between contra- and ipsilateral hemisphere was larger for musicians than for non-musicians.
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Figure 3. (A) N1m source amplitude in the single stimulus condition for the contra- and the ipsilateral hemisphere, relative to the stimulated ear, in tinnitus patients and healthy controls for the tonal frequency conditions of sub-edge frequency, edge frequency, and (surrogate) tinnitus frequency. The error bars represent the standard error of measurement. (B) The reciprocal inhibition ratio, i.e., the ratio of source amplitude in the composite stimulus condition and the linear superposition sum of the source amplitudes in the three single stimulus conditions, in the contra- and the ipsilateral hemisphere, relative to the stimulated ear, of tinnitus patients, and healthy controls. The error bars represent the standard error of measurement. (C) Sub-edge, edge, and (surrogate) tinnitus single and composite stimulus condition ASSR source amplitude in tinnitus patients and healthy controls [as reported in Diesch et al. (2010a)]. The error bars represent the standard error of measurement.


On the face of it and in accordance with Colding-Jorgensen et al. (1992); Jacobson et al. (1991); Jacobson and McCaslin (2003); and Walpurger et al. (2003); mean N1m source amplitude was smaller for patients than controls (Figure 3A), but the difference failed to attain significance, possibly because of the use of individually adjusted tonal stimulus frequencies which may have generated additional between-subject variance. After two outliers with exceptionally large N1m amplitudes were removed from the group of musicians without tinnitus and the analysis was rerun using a hierarchical sum-of-squares decomposition approach (SPSS GLM SSTYPES = 1) which adjusted every term of the ANOVA model for the log of the individual audiometric edge frequency, not only the main effects of hemisphere [T2(1, 25) = 1.18, p < 0.0005] and frequency [T2(2, 24) = 1.16, p < 0.0005], but also the interactions between tinnitus status and musicality [F(1, 25) = 7.69, p < 0.01], tinnitus status and hemisphere [T2(1, 25) = 0.21, p < 0.05], and tinnitus status, hemisphere, and frequency [T2(2, 24) = 0.31, p < 0.05] attained significance. The difference between patients and controls was larger for non-musicians than musicians and larger for the ipsilateral than for the contralateral hemisphere, especially in the sub-edge condition. Simple effects testing revealed that patients showed marginally smaller N1m amplitudes than controls among non-musicians [F(1, 25) = 3.80, p < 0.07], for the ipsilateral hemisphere [F(1, 25) = 4.95, p < 0.05], and for the sub-edge condition within the ipsilateral hemisphere [F(1, 25) = 9.73, p < 0.005].

In the composite stimulus condition, the effects of hemisphere and musicality were statistically significant. N1m source amplitude was larger in the contralateral than in the ipsilateral hemisphere [T2(1, 31) = 1.159, p < 0.0005] and larger in musicians than in non-musicians [F(1, 31) = 4.578, p < 0.05]. The musicality-by-hemisphere interaction was marginally significant [T2(1, 31) = 0.133, p < 0.06]. The hemisphere difference was marginally larger for musicians (cH: 88.0 nAm, iH: 59.8 nAm) than non-musicians (cH: 55.1 nAm, iH: 40.5 nAm).

Tinnitus patients and healthy controls differed with regard to N1m reciprocal inhibition. The N1m reciprocal inhibition score, i.e., the ratio of source amplitude in the composite stimulus condition and the superposition sum of the source amplitudes in the three single stimulus conditions, was significantly larger in patients than in healthy controls [F(1, 31) = 8.9, p < 0.01]. Thus, the patients showed less reciprocal inhibition than the controls (Figure 3B). The factors of musicality and hemisphere and all the possible interactions they were part of did not attain significance.

For comparison, Figure 3C shows single tone ASSR amplitudes and composite tone ASSR component amplitudes (Diesch et al., 2010a). In patients, ASSR amplitude was significantly larger in the tinnitus than in the edge condition [F(1, 34) = 5.7, p < 0.025]. In controls, ASSR amplitude was significantly smaller in the edge [F(1, 34) = 20.2, p < 0.005] and the surrogate tinnitus condition [F(1, 34) = 4.8, p < 0.05] than in the sub-edge condition. There were significant interactions of mode of presentation (single, composite) and tinnitus status [F(1, 32) = 10.5, p < 0.005] and mode of presentation, carrier frequency, and tinnitus status [T2(2, 31) = 0.35, p < 0.01]. Inspection of the interactions shows that, except for the edge condition, ASSR amplitude was larger in the composite than in the single presentation condition in patients. Throughout, ASSR amplitude was smaller for the composite than the single condition in controls. The composite condition amplitude reduction in the edge condition was larger for controls than for patients.

DISCUSSION

When single tones were presented, the N1m source amplitude was larger in the hemisphere contralatersal than in the hemisphere ipsilateral to the stimulated ear. This laterality effect is in agreement with previous N1m findings (Pantev et al., 1998b). N1m amplitude was largest for sub-edge tonal frequencies, intermediate for edge frequencies, and smallest for (surrogate) tinnitus frequencies. This is in agreement with the observation that, above approximately 1000 Hz, N1m amplitude decreases as a function of frequency (Pantev et al., 1995; Fujioka et al., 2002; Gabriel et al., 2004). These findings were preserved when age and hearing loss were entered as covariates into the analysis. N1m source amplitude was not larger in tinnitus patients than in healthy controls in any of the tonal frequency conditions, the (surrogate) tinnitus frequency included. If anything, N1m source amplitude was smaller for patients than controls, but this apparent difference, which is in agreement with previous reports on the amplitude of the N1 in tinnitus (Jacobson et al., 1991; Colding-Jorgensen et al., 1992; Jacobson and McCaslin, 2003; Walpurger et al., 2003), did not attain statistical significance as a main effect. This may be due to the additional between-subject variance generated by the individual adjustment of stimulus carrier frequencies. Simple effects testing after inclusion of the audiometric edge frequency into the ANOVA model showed that, among non-musicians, for the hemisphere ipsilateral to the stimulated ear, and for the sub-edge frequency within the ipsilateral hemisphere, patients exhibited smaller N1m amplitudes than controls. This partially accords with the findings of Colding-Jorgensen et al. (1992); Jacobson et al. (1991); Jacobson and McCaslin (2003); and Walpurger et al. (2003); and it is tempting to interpret it in terms of a refractory state that the tinnitus signal may produce for the N1m generator according to Jacobson and McCaslin (2003). However, the difference between patients and controls was largest in the sub-edge condition within the ipsilateral hemisphere, not the (surrogate) tinnitus condition. It could also be the result of the fact that stimulus level had to be lowered below 50 dB SL more often for patients than for controls.

As in the single stimulus condition, in the composite stimulus condition the N1m amplitude was larger in the hemisphere contralateral than in the hemisphere ipsilateral to the stimulated ear. While this difference was not significant in the single stimulus condition, N1m amplitude was larger in musicians than in non-musicians in the composite stimulus condition. This finding corresponds to previous reports concerning the processing of spectrally complex stimuli in musicians (Pantev et al., 1998a; Kuriki et al., 2006; Baumann et al., 2008; but see Schneider et al., 2002 and Lütkenhöner et al., 2006 for evidence to the contrary).

Qualitatively, the pattern of N1m source amplitude findings in patients and controls matches the one for ASSR source amplitude in controls obtained in earlier studies. In Diesch et al. (2010a), ASSR source amplitude in controls was smaller in the edge and the surrogate tinnitus frequency conditions than in the sub-edge condition and the edge and the surrogate tinnitus frequency condition did not differ significantly. However, in tinnitus patients, ASSR source amplitude was significantly larger in the tinnitus condition than in the edge condition. ASSR amplitude is affected by attention (Ross et al., 2004; Bidet-Caulet et al., 2007; Gander et al., 2007, 2010; Müller et al., 2009) and the perception of tinnitus and activity enhancement effects associated with tinnitus have frequently been interpreted in terms of attentional processes (Newman et al., 1997; Cuny et al., 2004; Zenner et al., 2006; Searchfield et al., 2007; Knobel and Sanchez, 2008; Gu et al., 2010; Rauschecker et al., 2010). Accordingly, it seems important to come to a conclusion on the the ASSR enhancement effect in tinnitus. Given that N1m attention enhancement effects are significantly larger than ASSR attention enhancement effects in healthy controls (Okamoto et al., 2011), if the ASSR amplitude enhancement effect in tinnitus were an effect of attention, an amplitude enhancement effects should also be found for the N1m. However, in the current study, the amplitude enhancement effect was conspicuously absent from the N1m source amplitude data. This renders it unlikely that the enhancement effect of tinnitus on ASSR amplitude is due to top-down effect of attention and strengthens the hypothesis of autoregulatory gain control being inherent to the functioning of the subcortical nuclei of the afferent auditory pathway and the primary and non-primary auditory cortex fields.

The finding that the N1m reciprocal inhibition score was significantly larger in patients than in healthy controls indicates that reciprocal inhibition was reduced in patients and structurally matches earlier ASSR findings. Diesch et al. (2010a) studied the ASSR to single AM tones and the ASSR to superpositions of three AM-tones differing in carrier and modulation frequency. Modulation frequency-specific ASSR components were recovered by bandpass filtering. Compared to the response to single AM-tones, ASSR components in the composite stimulus condition were reduced in amplitude in healthy controls, but increased in tinnitus patients. In controls, multiple response components seemed to reciprocally inhibit one another, but in tinnitus patients there seemed to be reciprocal facilitation.

It may be argued that the reduction of reciprocal inhibition in tinnitus provides further evidence against the attention hypothesis. Attention affects sensory processing not only by increasing the gain, but also by increasing the selectivity of single unit receptive fields (Fritz et al., 2007) and of the response of populations of single units (Okamoto et al., 2007; Kauramäki et al., 2007; Neelon et al., 2011). As reciprocal inhibition among parallel sensory input streams is capable of sharpening the distinctiveness of each of them, the top-down control of reciprocal inhibition may be one of the mechanisms of attention. The reduction of reciprocal inhibition shown by tinnitus patients both with respect to the ASSR and the N1m is the opposite of what would be expected under the hypothesis of attention-directed modulation of sensory input streams.

The conclusion that attention does not account for the ASSR enhancement effect in tinnitus does not mean that there are no effects of tinnitus on attention and cognitive performance and no role of attention in tinnitus development and maintenance. Stroop paradigm, auditory working memory, and divided attention studies have provided evidence for attention and performance deficits in tinnitus patients (Andersson et al., 2000; Rossiter et al., 2006; Stevens et al., 2007) that suggests that tinnitus may curtail the focussing of attention on external stimuli. Neither does it mean that attention could not be involved in the plastic changes that generate gain change and activity enhancement effects in the primary afferent auditory pathway and the auditory cortex. The patients investigated in the present study on N1m amplitude and in the Diesch et al. (2010a) study on ASSR amplitude represented a chronic condition, with a reported mean duration of the tinnitus since its onset of 13 years, six months. While attention does not seem to account for tinnitus-related ASSR amplitude enhancement in this population, it is possible that this may be an altogether different matter in a population of acute patients. At least some forms of training-induced cortical plasticity (Polley et al., 2006; Fahle, 2009) may require top-down attentional control. This may also be true of the neuroplasticity that is induced by cochlear lesions and may result in tinnitus (Zenner et al., 2006).
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FOOTNOTES

1Following the logic laid out by Okamoto et al. (2011), the sustained field could also have been examined. We were prevented from doing this because an analog highpass filter with a cutoff frequency of 0.03 Hz was used in the original recording. Extraction and analysis of the sustained field require DC recordings.
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Models of tinnitus suggest roles for auditory, attention, and emotional networks in tinnitus perception. A model of tinnitus audibility based on Helson’s (1964) adaptation level theory (ALT) is hypothesized to explain the relationship between tinnitus audibility, personality, memory, and attention. This theory attempts to describe how tinnitus audibility or detectability might change with experience and context. The basis of ALT and potential role of auditory scene analysis in tinnitus perception are discussed. The proposed psychoacoustic model lends itself to incorporation into existing neurophysiological models of tinnitus perception. It is hoped that the ALT hypothesis will allow for greater empirical investigation of factors influencing tinnitus perception, such as attention and tinnitus sound therapies.
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INTRODUCTION

Tinnitus is thought to be the result of a cascade of events in the auditory pathways, often commencing with injury to the auditory periphery (Baracca et al., 2011; Zhou et al., 2011). After a peripheral lesion, the pattern of sensory input to the auditory cortex changes (Martin, 1995; Searchfield et al., 2004) believed to result in the brain adapting to new patterns of activity at sub-cortical (Kaltenbach et al., 2005) and cortical centers (Eggermont and Roberts, 2004) resulting in the perception of sound. Brain networks with elements not classically considered part of the auditory system then contribute to, or drive, the awareness and severity of tinnitus (Zenner et al., 2006; De Ridder et al., 2011). The severity of tinnitus is likely to be determined by a multi-layered process that involves auditory, attention, and emotional networks (Jastreboff, 1990; Kaltenbach, 2006; Zenner et al., 2006; De Ridder et al., 2011).

The majority of studies investigating tinnitus processing have approached it from a neuroanatomical or physiology tradition (Roberts et al., 2010) often using pain as an analogy (Moller, 2000). An additional approach is to consider tinnitus from a psychoacoustical perspective (Penner and Bilger, 1995) in which audibility is governed by context, memory, attention, and personality (Welch and Dawes, 2008). The process that the auditory system uses to identify and differentiate auditory objects has become known as auditory scene analysis (ASA; Bregman, 1990). In this paper we introduce an empirically testable model of tinnitus audibility based on Helson’s (1964) adaptation level theory (ALT) and we discuss potential roles for ASA in differentiating tinnitus from ongoing auditory activity, consistent with previous models describing pattern recognition roles in tinnitus perception (Jastreboff, 1990). Tinnitus audibility is defined here as a stimulus dimension to which many variables contribute to tinnitus being heard. Tinnitus loudness is one, but not the only, contributing factor to its audibility.

The multi-dimensional nature of tinnitus is well demonstrated by the incongruence between self-report of tinnitus magnitude and psychoacoustic intensity matches (Baskill and Coles, 1999). A person who suffers from tinnitus may report it as sounding very loud, but match it to a low-intensity external sound (Jakes et al., 1986). It is also known that the common report of tinnitus is far more frequent than complaints of tinnitus effects on quality of life (Gopinath et al., 2010). Such observations are consistent with models of tinnitus distress that identify it not solely as an auditory phenomenon, but a process incorporating emotion and reaction (Jastreboff, 1990; Zenner et al., 2006; De Ridder et al., 2011). The pioneering work of Heller and Bergman (1953) suggested that spontaneous auditory perceptions occur in a majority of people given an ideal signal detection context. Perception of tinnitus-like sounds occurs in between 64% (Tucker et al., 2005) and 94% (Heller and Bergman, 1953) of people without tinnitus when listening in a silent environment. This “tinnitus” audibility is governed to some degree by attention (Knobel and Sanchez, 2008). Prolonged auditory deprivation (through ear-plug use) is associated with an increase in sensitivity to sound possibly through an adaptive plasticity process leading to centrally mediated increase in gain; opposite effects are seen with sound stimulation (Formby et al., 2003). Such a mechanism may also be responsible for reduced tinnitus complaint with long-term stimulation with low-level sound (Norena, 2011). Tinnitus loudness, alone, does not determine severity but a multi-dimensional concept of tinnitus audibility, expressed by ALT, may have ramifications for treatments that incorporate sound to reduce audibility or detection of tinnitus.

ADAPTATION LEVEL THEORY

The complex processing responsible for tinnitus perception (Zenner et al., 2006; De Ridder et al., 2011) can be sub-served by a simple psychoacoustical model of audibility that accounts for auditory context, attention, and individual factors such as memory and personality. Helson’s (1964) ALT has been widely used in sensory perception and psychophysics to explain magnitude adjustments to context (Murch, 1973; Coren and Ward, 1989; Gescheider, 1997). Adaptation level effects and similar “differential contextual effects” (Marks and Arieh, 2006) have been demonstrated in perception of: touch, taste, olfaction (Marks and Arieh, 2006), pain (Rollman, 1979; Kyle et al., 2009), weight (Helson, 1948), temperature (Masuyama, 1994), loudness (Marks, 1994), vision (Helson, 1964), phobias (Lauterbach, 1979), and even market research (Della Bitta and Monroe, 1974). There are a number of overlapping terms to describe change in perception with repeated exposure including acclimatization, adaptation, stimulus failure, fatigue as well as habituation (Helson, 1964; Mazess, 1975; McBurney and Balaban, 2009). The use of the terms are often governed by the training of the author, for example, adaptation is often used in physiology to describe a change, possibly short-term, in the response of sensory systems following stimulation, habituation is a decrease in response after repeated stimulation, sensitization an increase in response with repeated stimulation. In many other fields adaptation is a general term indicating broad effects across all biological and social levels (Helson, 1964; Mazess, 1975), for example, affective adaptation involves psychological processes that reduce responses to emotional events (Wilson and Gilbert, 2008). Adaptation is a two-way process allowing both an increase or decrease in response (Helson, 1964). Consistent with its original use by Helson “adaptation” is used here to refer to change, but does not ascribe a physiological mechanism of change.

Adaptation level theory does not appear to have been applied to tinnitus before, but potentially explains some of the unusual psychoacoustic characteristics of tinnitus as well as appearing as a means to quantify the contrast between signal and background noise thought to be important for tinnitus “sound therapy.”

Sound therapy is aimed at facilitating the process of habituation of both tinnitus-induced reaction and tinnitus perception by decreasing the difference between tinnitus-related neuronal activity and background neuronal activity. Since all our senses work on the basis of differences between signals and background, and not on its absolute value, by decreasing the difference between the tinnitus signal and the background neuronal activity it is easier for the central nervous system to filter out or block tinnitus-related activity. (Jastreboff, 1999b, p. 491)

Adaptation level theory is a longstanding psychoacoustic theory commonly used to explain and quantify the differences in signal and background described by Jastreboff above. The basis of ALT is that no stimulus can be understood in isolation (Helson, 1964). The adaptation level is an anchor or reference point for sensory magnitude and discrimination (Helson, 1964; Coren and Ward, 1989). The strength of a stimulus is compared to the central point of reference (the adaptation level), sensations below the ALT are less, above greater, the larger the distance between the adaptation level and stimulus the stronger it is (Broadbent and Ladefoged, 1960; Lauterbach, 1979). Judgments of tinnitus magnitude are hypothesized to change over time according to situation, attention, and psychological factors. The adaptation level is the combined effects of present and past experience and is the level to which comparisons are made (Helson, 1964; Della Bitta and Monroe, 1974).

Helson (1964) postulated that the adaptation level was a weighted product of three components (external and internal): (1) Focal stimuli, (2) background or contextual stimuli, and (3) residuals. The focal stimuli are those being attended to, the background stimuli are the context, and the residual stimuli are the sum of factors such as past experience (i.e., memory) physiological state (arousal), and personality (Helson, 1964; Murch, 1973). We suggest that contributions of residuals, focal, and background stimuli need to be considered in judgment of tinnitus, along with the role of attention in emphasizing each elements importance. Helson (1964, p. 58) proposed that his ALT could be mathematically expressed simply as:

[image: image]

Where A is the adaptation level, X is the geometric mean of the focal stimuli, B is the background stimuli, and R are residuals (memory, arousal, and personality). The weighting coefficients p, q, and r determine the relative contributions to adaptation level. In its application to tinnitus we propose A represents the adaptation level of tinnitus (audibility) in the environment, X is the focal stimulus (tinnitus) magnitude, B is background sound (e.g., sound therapy) magnitude, R are residuals such as personality, and the weighting factors are related to attention and ASA. In the following discussion we suggest how these three components interact to create the tinnitus percept.

FOCAL (X) AND BACKGROUND (B) STIMULI

The processes involved in tinnitus perception are likely to be similar to the analysis of complex sounds (Zenner et al., 2006). ASA is the process in which we try to make sense of our soundscape and solve the “the cocktail party” problem of extracting important sounds from background noise (Cherry, 1953; Winkler et al., 2009; McLachlan and Wilson, 2010). Tinnitus may be considered the focal or stimulus of interest, while background noises are competitive stimuli. ASA consists of at least two processes: a primitive process based on signal segregation, and a schema-based learning process (Bregman, 1990; Alain and Arnott, 2000). The process of sound object perception requires memory, attention as well as processing of the auditory signal; many of these processes have recently come into focus for the generation and maintenance of tinnitus (Zenner et al., 2006; Haab et al., 2009; De Ridder et al., 2011).

Griffiths and Warren (2004) proposed four general principles of object analysis that can also be applied to analysis of tinnitus:

1. Analysis of information from the sensory world.

2. Separation of auditory object (tinnitus) from sensory world.

3. Extraction and generalization of sensory information within the same dimension (audition).

4. Generalization between senses.

Tinnitus is unusual in that its internal representation conflicts with our sensory expectations and ability to generalize to experience. Tinnitus is perceived as a distinct auditory object (Principle 1) patients report specific tinnitus sounds and seek to identify their source (Feldmann, 1992). Tinnitus is recognized as comprising a combination of frequency, intensity, and temporal patterns that enable the individual to differentiate between tinnitus’ auditory signature against other sounds (Principle 2) so successful is the auditory system at this task probably aided by attention (see discussion on weighting factors) and Gestalt-like grouping [similar to figure-ground in visual perception (Qiu and Von Der Heydt, 2005)] that masking may not be achievable (Feldmann, 1971). Tinnitus appears to “pop out” from environmental sound; this effect is also seen for sounds that are incongruent with the soundscape (Leech et al., 2009; Fishman and Steinschneider, 2010). Past experience may shape object formation. Audibility of tinnitus probably requires encoding and analysis of repeating patterns or “predictive regularity” (Winkler et al., 2009). Mismatch between activity and expectations (memory) of auditory object representation (such as multi-sensory interaction to confirm source of sounds, e.g., vision and touch) may underpin Feldman’s (1992) description of tinnitus as having a different reality to normal auditory objects.

The mechanisms underpinning interaction of sound with tinnitus (Principle 3) are not well understood. True sounds can cover (mask) each other by reducing probability of detection, interfere with different identifying features (example pitch), or disruption of meaning (Kidd et al., 2002). There are two general mechanisms of auditory masking. One mechanism, “energetic” masking, occurs when one sound interferes with the process of encoding another sound at the level of the inner ear and auditory nerve, such as when the basilar membrane traveling wave of the masker obscures or “swamps” that of the signal (Kidd et al., 2002; Scott et al., 2004). The other mechanism of sound masking occurs when a sound of interest cannot be extracted from another on the basis of its content or cognitive load; this is a central process of masking and has been termed “informational” masking (Oh and Lutfi, 1999; Kidd et al., 2002; Durlach et al., 2003; Scott et al., 2004; Watson, 2005; Gutschalk et al., 2008; Leech et al., 2009). Tinnitus masking is believed to be the result of central processing (Penner, 1987) as: (1) it does not always occur in a frequency specific manner, (2) masking sound presented to the ear opposite the perceived location of tinnitus can successfully mask tinnitus, and (3) tones may mask tinnitus described as a broadband sound (Feldmann, 1971). However, the precise mechanism of tinnitus masking remains uncertain. The central auditory masking effect known as informational masking may, along with other mechanisms such as suppression (Jastreboff, 1999b), contribute to reducing tinnitus detectability in sound. In informational masking the signal may be represented, but detection is affected because of competition for limited processing capacity between signal and masker (Watson, 2005). For example, competing speech makes hearing conversation difficult because of the information it contains, as well as any masking from overlapping spectral characteristics. Informational masking is likely to be influenced by attention and could be considered a weighting factor for tinnitus audibility in our ALT model of tinnitus.

The generalization of tinnitus (Principle 4) may lead to a conflict between tinnitus and our expectations for an auditory object; this conflict is possibly crucial to explain the annoyance and attention paid to tinnitus (Feldmann, 1992; De Ridder et al., 2011). Unlike true sounds tinnitus does not have a source that can be seen, touched or correlated to other sensory input (Feldmann, 1992). This conflict with the environment and memory of true sound characteristics may trigger adaptive tuning (Grossberg et al., 2004), attention, and inhibitory mechanisms that would normally sub-serve a role in improving sound source identification, consequently further driving attention to the tinnitus perception.

The level of sound in the environment affects tinnitus perception (Heller and Bergman, 1953) this observation is important for understanding the role of ALT in the psychoacoustics of tinnitus. Most psychoacoustic evaluations are undertaken in the very quiet environment of sound treated audiological booths, quite unlike the normal soundscape of the individual with tinnitus. Tinnitus sufferers will report, and magnitude estimations support, tinnitus as a loud intrusive sound, however, psychoacoustical tinnitus loudness matches are low, rarely greater than 20 dB above threshold (Penner, 1986). Attempts to explain the difference between the sufferers rating of tinnitus magnitude and loudness match to external sounds have centered on loudness recruitment (Penner, 1986). Loudness recruitment occurs in the presence of hearing loss and is an elevation in threshold without an increase in loudness discomfort levels; this results in a reduced dynamic range and more rapid growth of loudness (Penner, 1986). Studies attempting to accommodate for recruitment in tinnitus loudness match have provided mixed results (Penner, 1986). Henry and Meikle (1996) undertook monaural and binaural measures of loudness growth at both reference and tinnitus frequencies. Variability in loudness match that was attributed to loudness growth was only 25%. Consequently much of the paradoxical loudness of tinnitus remains unexplained (Henry and Meikle, 1996). ALT potentially explains some of the paradox, as it has in pain perception research. Pain is often used as a model for tinnitus (Moller, 2000). Patients with chronic pain have higher thresholds for unpleasantness, and experimental pain stimuli (e.g., electrical stimulation) are less intense and unpleasant than in pain free volunteers (Rollman, 1979; Boureau et al., 1991). According to ALT persons experiencing chronic pain have higher internal anchor points for pain, which lowers the subjective severity of induced experimental pain (Rollman, 1979; Boureau et al., 1991).

If these findings are applied to tinnitus some of the variability between psychoacoustic loudness matches and magnitude estimations may be explained. The experimental condition and simple addition of a comparison sound can bias the adaptation level. In magnitude estimations tinnitus is usually compared to the quiet environment of the consultation room or research laboratory. Loudness matches using an external matching sound are not compared to the absence of sound, but instead to a new adaptation level which incorporates the test stimulus with the existing reference point of tinnitus. The relationship between the stimulus (matching sound) and prevailing level (tinnitus) determines its perceived magnitude and quality. The mere presence of a comparison stimulus alters the adaptation level, creating a new anchor point so that tinnitus is matched to an external matching sound at a level that is lower than anticipated.

RESIDUALS (R)

The residual component of Helson’s theory consists of psychological and individual factors that can influence perception. Memories of sound, past experience, arousal level, and personality will have a strong or negligible effect on tinnitus depending on the individual residuals influencing factors such as an individual’s signal detection criterion (Welch and Dawes, 2008). Memories and past experience may prime tinnitus and sound therapy effects. The detection and maintenance of tinnitus in the sensory and cognitive domains will interact with individual differences in health, coping, acceptance, motivation, and personality to determine magnitude of response (Helson, 1964; Revelle, 1995). If tinnitus is seen as being behaviorally important (Jastreboff and Hazell, 2004) or perceived out of context, conflicting with reality (Feldmann, 1992) it will take on greater importance relative to other sounds. A loss of control over the environment, such as the uncontrollable experience of sounds that have no auditory source in the environment (tinnitus), may lead to learned helplessness including a reduction in coping behaviors (Overmier, 2002). Welch and Dawes (2008) found that, in a population sample of 32 year olds, those who experienced tinnitus were less close to others, less constrained, and more negatively emotional. It was concluded that personality traits biased tinnitus reporting and influenced tinnitus signal detection (Welch and Dawes, 2008).

WEIGHTING FACTORS (p, q, AND r)

Increasing evidence points toward the role of attention in tinnitus perception (Cuny et al., 2004). In ALT, attention has an important role in determining focus and possibly weighting of different components to the adaptation level. Alertness and orientation effects are likely to affect the perception of loudness (Stallen, 2008). The sound levels in different environments (busy office, quiet bedroom, and party) can increase or decrease audibility of tinnitus in a manner predicted by ALT. If there is a reduction in background sound levels or a change in focus there will be a greater weighting to tinnitus. In an interesting addition to the classic Heller and Bergman (1953) experiment of listening for sound in quiet, Knobel and Sanchez (2008) manipulated attention while keeping background sound constant. When simply listening for sounds 68.2% of individuals heard tinnitus, when involved in a visual attention task this dropped to 45.5%, and only 19.7% experienced hearing sounds in silence when completing a stacking task (“Tower of Hanoi”; Knobel and Sanchez, 2008). Interpreting the results in an ALT framework the focus (X, tinnitus) and background (B, silence) were constant, as were residuals (R) for the given individual, but the weighting factors (p, q, and r; attention and arousal) varied. Greater cognitive load reduced tinnitus perception. In situations where attention and higher executive function are directed to non-tinnitus activities (e.g., work) processing of tinnitus may take a lower priority to that required when in a low-demand situation (e.g., relaxing at home at the end of a hard days work). Cognitive resources are needed to maintain distinction between target and distractor (Lavie, 2005); attention load on non-auditory activities is less likely to see emergence of tinnitus perceptions (Knobel and Sanchez, 2008). Detection and attention are strongly intertwined and the unusual percept of tinnitus may become a magnet to attention and draw resources from useful cognitive processing to detrimental processing of tinnitus; explaining reduced cognitive performance amongst sufferers (Andersson et al., 2000; Cuny et al., 2004). It is a common clinical observation that tinnitus patients will say the tinnitus is not a problem when they are busy. Involvement in non-tinnitus focused activities such as work, hobbies and exercise, may change how and if people react to the tinnitus percept. Tinnitus counseling, psychological-based treatments, and simple attention training (Henry and Wilson, 2002) may reduce the weighting on residual factors, contributing positively to reductions in tinnitus magnitude.

MECHANISMS OF “ADAPTATION”

Like ASA and streaming (Griffiths and Warren, 2004; Snyder and Alain, 2007), tinnitus is probably the result of complex interactions at multiple levels of the auditory system. Tinnitus and sound organization may begin as early as the cochlear nucleus (Kaltenbach, 2006; Pressnitzer et al., 2008; Brozoski et al., 2012) with the auditory cortex (Micheyl et al., 2007; Roberts et al., 2010) and information processing centers (Giraud et al., 1999; Griffiths and Warren, 2002, 2004) playing important roles. Detection of auditory targets (such as tinnitus) can be considered to consist of three central processes and associated brain topography: perceptual discrimination, interaction between frontal and temporal regions; stimulus-response association, temporo-parietal regions; post-perceptual processing, right temporo-parietal region (Shahin et al., 2006). Following detection tinnitus may become a problem due to multiple overlapping networks one of which is a distress network (consisting of the anterior cingulate cortex, amygdale, and anterior insular) with memory mechanisms playing a role in awareness of tinnitus and reinforcement of distress (De Ridder et al., 2011).

Adaptation level theory is a psychophysical theory and does not attempt to ascribe a physiological mechanism to change in tinnitus, but it can accommodate many existing models. There are many potential mechanisms which could account for a changed audibility of tinnitus over different timescales including habituation (Jastreboff, 1999a), reversal of cortical reorganization (Okamoto et al., 2010), and gain related processes (Norena, 2011). The perception of tinnitus in therapeutic sound is, perhaps, analogous to hearing sounds of interest in background noise. The ability to hear target sounds in noise, such as tinnitus, may involve habituation to the noise and also, possibly, bottom-up driven attention, refractoriness, and stimulus-specific adaptation (Lagemann et al., 2010) and top-down process such as selective attention (Jacobson et al., 1996; Alain and Arnott, 2000). Stimulus-specific adaptation effects appear to occur throughout the auditory pathways (Robinson and McAlpine, 2009) from early auditory processing (Marks and Arieh, 2006) to the auditory cortex (Micheyl et al., 2007; Rabinowitz et al., 2011). Neurons in the auditory system require some form of adaptation system to cope with the dynamic range of sounds and changes in the environment over time (Dean et al., 2005, 2008). Dean et al. (2005) demonstrated that individual neurons in the inferior colliculus of guinea pigs adjusted to stimulus statistics (such as the mean) of the most commonly occurring sounds, possibly through spike frequency adaptation (a decline in the frequency of firing over time with constant stimulation). Robinson and McAlpine (2009) believe that shifts in response range are determined by stimulus statistics and contextual importance (such as prior experience); which is consistent with Helson’s (1964) ALT. Change in tinnitus could be due to such alterations in the underlying distribution of neural activity or decrease in criteria set for detection (Welch and Dawes, 2008). According to Welch and Dawes (2008) theory the placement of signal detection criterion reflects the individual’s predisposition to detect a given level of activity. Two people with the same injury related neural activity may or may not experience tinnitus on the basis of this signal detection criterion. The criterion may differ as a consequence of the person’s personality but may be adaptable if the individual is able to understand that this criterion is under an internal locus of control (Welch and Dawes, 2008). It is possible that tinnitus sound therapy may exert its effects not only through changing the relative distributions of tinnitus and non-tinnitus auditory activity but also through an increase in detection criterion.

APPLICATION OF ALT TO TINNITUS SOUND THERAPY

The presence of sound has been known to reduce tinnitus audibility for centuries (Stephens, 2000) with wearable tinnitus maskers being first introduced in the 1970s (Vernon and Schleuning, 1978), however, there is a great deal of debate as to the usefulness of sound as a treatment (McKenna and Irwin, 2008; Hobson et al., 2010) its modes of effect and appropriate level and type of sound (Tyler, 2006). The first sound therapy approaches attempted to relieve tinnitus by totally, or more often partially, masking the tinnitus. Acceptable tinnitus masking was believed to occur when the sound used to mask tinnitus was more tolerable than the tinnitus itself (Vernon et al., 1990; Vernon and Meikle, 2000). Recent therapies which use sound are based on habituation (Jastreboff and Hazell, 1993) or desensitization (Davis, 2006) principles and have demonstrated longer-term modifications of tinnitus reaction and perception (Henry et al., 2006; Davis et al., 2007; Bauer and Brozoski, 2011).

Alongside differing theoretical basis one of the most obvious differences in the use of sound in these therapies is the level used. Vernon et al. (1990) believed that for masking to be effective, two conditions had to be met: (1) the sound must either cover or partially cover the perception of tinnitus, (2) the masking sound must be more acceptable to the sufferer than their tinnitus sound (Vernon et al., 1990). Most clinicians believe that total masking, so that tinnitus is inaudible, is not achievable without conflicting with comfort, consequently lower levels of therapeutic sound have been advocated (Tyler, 2006). Jastreboff (1999b) proposed an effectiveness function for sound levels to be used in the habituation-based Tinnitus Retraining Therapy (TRT). The function was proposed to be governed by five factors:

(1) Stochastic resonance (enhancement of the signal by adding low-level noise); (2) dependence of the signal’s strength on its contrast with the background; (3) total suppression of the signal preventing and retraining and consequently habituation; (4) partial suppression (“partial masking”) which does not prevent retraining but does make it more difficult, as the training is performed on a different stimulus than the original; (5) activation of limbic and autonomic nervous systems by too loud or unpleasant sounds yielding increase of tinnitus and contracting habituation. (Jastreboff, 1999b, p. 492)

The most effective level (mixing point) governed by these five factors was proposed to occur at approximately 30 dB SL (Jastreboff, 1999b). Although the use of sound at the tinnitus mixing point, as described by Jastreboff (1999b), has found wide acceptance clinically, there is limited evidence at this point that it is superior (or not) to other sound levels. A greater (although not statistically significant) change in minimum masking level (MMLs) and higher percentage of patients with improvement (40% or greater improvement in two or more questionnaires) has been shown with directive counseling combined with sound at or just below mixing level (83.3%) compared to counseling with just audible sound (66.7%; McKinney et al., 1999). Trials of masking versus TRT (Henry et al., 2006) and the neuromonics treatment (Tavora-Vieira et al., 2011) suggest that some people achieve greater reductions in severity with higher of levels of sound initially, with longer-term benefits with a lower level of sound. The relationship between the mixing point and MML have been examined in short-term laboratory-based evaluations (Searchfield et al., 2002; Huang et al., 2006). Huang et al. (2006) determined that the mixing point occurred at approximately 90% of MML. Searchfield et al. (2002) were able to identify a reliable mixing point in 63% (17 of 27) of participants at an average level of 18 dB SL (range 1–43.5 dB SL, 10–97.5% of the dynamic range between threshold and MML). Some of these mixing points were within the range of sounds that could theoretically result in stochastic resonance effects. The average mixing point was approximately 70% of the MML. The lowest combined tinnitus and stimulus annoyance a simple embodiment of Jastreboff (principle 5) occurred at 34% of the range from threshold to MML. The research findings of Searchfield et al. (2002) suggest ideal therapeutic levels lower than Huang et al. (2006) and the theoretical function of Jastreboff (1999b). The experimental differences may be explained, at least in part, by the presentation methods to obtain mixing point (randomized; Searchfield et al., 2002 versus descending sequence from MML; Huang et al., 2006). The results may also not be directly comparable to Jastreboff’s effectiveness function, because of the short-term nature of the experiments (Searchfield et al., 2002) versus hypothesized long-term benefit (Jastreboff, 1999b). In any case, given the limited and conflicting evidence for the benefit of one intensity of therapeutic sound over another, it would appear reasonable to suggest that further studies are required to define the optimal relationship between tinnitus and sound level (Tyler, 2006). ALT may assist in quantifying appropriate therapeutic sound levels for a given individual from a psychoacoustic point of view.

The fact that adaptation level is a weighted mean of external and internal stimuli implies that the influence of one class of stimuli may be counteracted by sufficient emphasis on other classes of stimuli. (Helson, 1964, p. 61)

The uncertainty surrounding ideal therapeutic sound parameters are not solely limited to intensity. According to ALT the level of sound is not the only consideration for tinnitus magnitude reduction; attention, arousal, personality, and other factors such as memory are critical components to the detection and audibility of tinnitus. Orientation is an important consideration in ALT (Lauterbach, 1979). The strength of orientation (extent to which change is attended to) depends on the distance between the stimulus perceived and its adaptation level. Theoretically this would imply that less orientation to tinnitus would occur when therapeutic sound is close to the adaptation level (Figure 1). This ideal level may be similar to Jastreboff’s mixing point. Both neutral (Jastreboff, 1999b) and sound evoking emotions (such as music; Davis, 2006) have been advocated as ideal treatment sounds. A change in stimulus characteristics may result in orientation to the tinnitus signal, consequently constant signals might be advantageous, while, on the other hand, emotive (residual) factors such as stress may be reduced through pleasant music, that by its nature fluctuates. The adaptation level may also be influenced by attention to the signal (Figure 1B), hence protocols advocating simple attention training exercises to move focus away from tinnitus to other sounds or activities (Henry and Wilson, 2001; Tyler et al., 2007; Seydel et al., 2010) may result in greater adaptation, and less orientation, to the tinnitus. Tinnitus sound therapy is multi-factorial and much about its optimization and modes of effect remain to be discovered. ALT offers a means to explore the contribution of emotional and attention capturing aspects of sound on tinnitus, in addition to its physical characteristics.


[image: image]

Figure 1. (A) Theoretical relationship between orienting response (OR) to tinnitus in a background sound B as a function of different tinnitus adaptation levels (ALTIN1, ALTIN2, and ALTIN3; B < AL; based on Lauterbach, 1979, Figure 2). The curves represent signal distribution. The OR is greater to the more audible tinnitus (OR ALTIN2). An increase in background sound level (horizontal arrow) should reduce orientation to the tinnitus (illustrated for one adaptation level, OR ALTIN2 reducing to ALTIN2, the direction of change is shown by the vertical arrow). (B) OR before (top curve) and after (bottom curve) attention training. Less focus on tinnitus should reduce the strength of OR to tinnitus (shown for ALTIN2).



SUMMARY

In our interpretation of ALT applied to tinnitus: the intensity of the signal representing tinnitus may be constant but its contribution to tinnitus audibility and perceived magnitude will be determined by attention, background noise, and residual factors (individual’s personality, depression, anxiety) all influenced by environmental factors such as arousal, adaptation level will be raised by stress, and reduced by counseling (Figure 2). Tinnitus audibility will depend both on adaptation level and contrast effects (Figure 2D). Based on our preliminary evidence and the theory of ALT we speculate that the most effective level for tinnitus sound therapy will be close to the adaptation level for tinnitus, similar to the mixing point proposed by Jastreboff (1999b); this level will vary greatly depending on individual factors and the ability (or training) of the individual to shift focus away from tinnitus to other activities, and the interaction between therapeutic sound and individual arousal.


[image: image]

Figure 2. Theoretical relationship illustrating adaptation effects on tinnitus audibility (based on Lauterbach, 1979, Figure 1). “ALTIN” is the adaptation level (center of reference) at a point in time, B represents the level of background sound in the environment (B < AL), d is the difference between the adaptation level for tinnitus and background sound (contrast). The larger the d value (AL − B) the better the perceived audibility of tinnitus. (A) Normal level of tinnitus (ALTIN1) for an individual. (B) Adaptation level (ALTIN2) raised due to emotional events, stress, anxiety (ALT’s residual factor). (C) Adaptation level (ALTIN3) reduced due to management of residual factors through counseling or psychological therapy. (D) Same adaptation level (ALTIN3) with raised background sound level (representing sound therapy and counseling); tinnitus audibility d is reduced due the combined effect of a lower adaptation level and reduced contrast. The minimum masking level (MML) is illustrated as an upper theoretical limit to which sound may influence the adaptation level of tinnitus.



On the one-hand ALT could be considered a simplistic interpretation of tinnitus perception, on the other hand this is its advantage, testing the theory allows the possibility of a mathematical solution to tinnitus audibility. Whether tinnitus perception can be mathematically quantified, in the manner that weight (Helson, 1948) and temperature (Masuyama, 1994) have been, is debatable. Tinnitus is very heterogeneous and influenced by a great many factors, but that does not mean that the principles of ALT and the research methods it informs need be dismissed, merely that its implementation will require a great deal of well controlled research. ALT implies that sound therapy and counseling (or psychological management) will contribute to tinnitus audibility in the short-term, and this might be maintained by adaptive mechanisms leading to long-term reduced focus on tinnitus such as habituation. It is our intention to systematically study tinnitus perception using the ALT framework.

CONCLUSION

It has been the posit of this paper that tinnitus audibility can be explained (and mathematically expressed) as the weighted product (governed by attention and ASA) of the tinnitus signal, context (background sound), and psychological/cognitive factors (memory and personality). ALT, put simply, is a psychoacoustic, mathematical, expression of the relationship between tinnitus and the environment expressed by other authors (Jastreboff, 1999b; Tyler, 2006) but ALT enables a more analytical approach to determining the best combination of factors for a reduction in tinnitus audibility. The model has not attempted to explain the impact of tinnitus, although ALT can be applied to model affective reaction (Wilson and Gilbert, 2008). There is ample evidence for context effects in sensory perception and ALT is one example of how tinnitus perception might be studied. The theoretical relationship between tinnitus, background sound, and residual factors is consistent with evidence from population data (Welch and Dawes, 2008), observational studies (Knobel and Sanchez, 2008), and laboratory studies (Searchfield et al., 2002). ALT predicts that both sound therapy and attention training should result in a reduction in the perceived magnitude of tinnitus. However, the exact role of ALT has to be tested. Any model of tinnitus needs to be open for critique and modification as evidence becomes available. Violations from the model may be as, or more, interesting than the original theory. The neural networks involved in tinnitus, ASA, and sound therapy are complex; computation network models (Husain, 2007) are likely to make important contributions to modeling the effects of sound therapy and its further development. ALT may be a useful starting point to model tinnitus audibility networks.
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Tinnitus is a common and often incapacitating hearing disorder marked by the perception of phantom sounds. Susceptibility factors remain largely unknown but GABAB receptor signaling has long been implicated in the response to treatment and, putatively, in the etiology of the disorder. We hypothesized that variation in KCTD12, the gene encoding an auxiliary subunit of GABAB receptors, could help to predict the risk of developing tinnitus. Ninety-five Caucasian outpatients with a diagnosis of chronic tinnitus were systematically screened for mutations in the KCTD12 open reading frame and the adjacent 3′ untranslated region by Sanger sequencing. Allele frequencies were determined for 14 known variants of which three (rs73237446, rs34544607, and rs41287030) were polymorphic. When allele frequencies were compared to data from a large reference population of European ancestry, rs34544607 was associated with tinnitus (p = 0.04). However, KCTD12 genotype did not predict tinnitus severity (p = 0.52) and the association with rs34544607 was weakened after screening 50 additional cases (p = 0.07). Pending replication in a larger cohort, KCTD12 may act as a risk modifier in chronic tinnitus. Issues that are yet to be addressed include the effects of neighboring variants, e.g., in the KCTD12 gene regulatory region, plus interactions with variants of GABAB1 and GABAB2.

Keywords: KCTD12, association analysis, tinnitus, cortical inhibition

INTRODUCTION

Tinnitus is an unpleasant and often agonizing condition marked by the phantom perception of sound. According to recent epidemiological estimates, 25% of the US general populations are affected with one in three subjects reporting daily tinnitus (Shargorodsky et al., 2010). While there is evidence of a genetic susceptibility to tinnitus (Sand, 2011), a complex mode of inheritance suggests the presence of multiple risk genes, and comparatively small effect sizes for any single risk allele. Heritability estimates vary from 0.11 to 0.39 (Petersen et al., 2002; Kvestad et al., 2010). Owing to the lack of linkage studies, the search for candidate genes in primary tinnitus is hypothesis-driven. A well-established theoretical framework for tinnitus has been provided by the disruption of GABAB receptor signaling in animal models (Szczepaniak and Møller, 1995, 1996) that may explain altered cortical inhibition in patients (Eichhammer et al., 2004). More recently, a key role for GABAB receptors has been confirmed by the effects of receptor agonists on tinnitus symptomatology (Zheng et al., 2012), renewing the interest in controlled clinical trials (Westerberg et al., 1996). In the light of these developments, further characterization of the GABAB receptor complex is advocated, including the genes encoding the respective receptor structures.

An auxiliary subunit that associates tightly with the carboxy terminus of GABAB2 receptors is KCTD12 (also known as PFET1 or BTB/POZ domain-containing protein), a potassium channel tetramerization domain-containing protein (Bartoi et al., 2010). Coassembly of KCTD12 and GABAB2 changes the properties of the GABAB(1,2) core receptor by increasing agonist potency, by altering G-protein signaling, and by promoting desensitization (Schwenk et al., 2010). Effects on the pharmacology and the kinetics of GABAB receptors occur in various cochlear cell classes, e.g., in type I fibrocytes of the spiral ligament and in type I vestibular hair cells (Resendes et al., 2004). Knockdown of the KCTD12 ortholog right on leads to improper neuronal differentiation in the zebrafish auditory pathway (Kuo, 2005). Unlike other KCTD proteins, however, KCTD12 is also widely expressed in the adult mammalian brain (Metz et al., 2011) and, therefore, likely to act beyond early periods of maturation. KCTD12 is encoded by an intronless gene on human chr13q21 for which only limited data are presently available in hearing disorders. To determine the impact of this candidate gene on chronic tinnitus, we systematically screened the entire open reading frame for genetic variants, and compared observed allele frequencies to published reference data.

MATERIALS AND METHODS

In 95 German outpatients (67 men and 28 women, age 50.6 ± 12.1 years, mean ± SD) consulting for chronic tinnitus, the diagnosis was confirmed by a detailed neurootological examination including otoscopy, stapedius reflexes, middle ear pressure measurements, and pure tone audiometry. For the present study, only patients with subjective tinnitus were included. Tinnitus severity was assessed by the Tinnitus Questionnnaire (TQ) (Goebel and Hiller, 1994). An additional 50 subjects with chronic tinnitus (40 men and 10 women, age 49.3 ± 11.3 years, mean ± SD) formed an extension sample and underwent the same diagnostic workup as outlined above. All participants were Cauacasians and a majority originated from the Upper Palatinate region of Bavaria. All provided informed consent and the study was approved by the local ethics committee at the University of Regensburg.

Genomic DNA was extracted from lymphocytes using standard procedures prior to amplification of the KCTD12 open reading frame and adjacent 3′ sequence by PCR. Briefly, two overlapping amplicons of 438 bp (a) and 819 bp (b) were generated using the following primer pairs: 5′-CGG TTG CAG CTC CTG AGT-3′ (forward, a), 5′-AGC TCT GGC AGC TCG AAG TA-3′ (reverse, a), 5′-CTC GTG CTG CCC GAC TAC TT-3′ (forward, b) and 5′-GAC AGG TCT CAC CCA GCT AC-3′ (reverse, b). PCR products were purified with ExoSAP-IT (GE Healthcare, Freiburg, Germany) for Sanger sequencing, and for the identification of variants against the human genome reference (Genome Reference Consortium Build 37, February 2009 release). In the extension sample, only amplicon b was sequenced. Multiple sequence alignments were conducted with DNA Dynamo 1.0 (Blue Tractor Software, UK). Linkage disequilibrium and conformity with Hardy–Weinberg equilibrium was measured with HaploView 4.2 (Barrett et al., 2005). PS V2.1.15 (Dupont and Plummer, 1990) was used for power simulations. KCTD12 allele frequencies from a large reference population of European ancestry (NHLBI GO Exome Sequencing Project, ESP) were retrieved with the Exome Variant Server (URL: http://evs.gs.washington.edu/EVS/). ESP allele frequency data were compared to the frequencies observed in tinnitus using Fisher's exact tests. T-tests were employed to compare self-reported tinnitus severity in carriers and non-carriers of the minor KCTD12 alleles. STATA 8.0 (Stata Corporation, College Station, TX, USA) was used for descriptive statistics. The Shapiro–Wilk statistic served to test the null hypothesis of normally distributed TQ scores. The level of statistical significance was set at p < 0.05. All p-values are uncorrected for multiple testing.

For estimating the functionality of confirmed sequence variants, evolutionary conservation in primates was assessed with a phylogenetic hidden Markov model-based method, phastCons, that describes the process of DNA substitution at each site in a genome and the way this process changes from one site to the next (Siepel et al., 2005). Computational annotations of SNP function (Xu and Taylor, 2009) were obtained from the SNPinfo WebServer (URL: http://snpinfo.niehs.nih.gov/snpfunc.htm, accessed Dec. 2011). In silico predictions of structural effects at the amino acid level were based on information from homologous proteins using metaPrDOS at default parameters (Ishida and Kinoshita, 2008).

RESULTS

We confirmed the existence of two coding variants, F87F (rs73237446) and T178T (rs34544607), plus one previously described, non-coding variant in the gene's 3′ UTR (rs41287030) at heterozygosities of 0.01, 0.10, and 0.02, respectively. All genotype distributions conformed to the Hardy–Weinberg equilibrium (p > 0.75). No novel sequence variants emerged and 11 KCTD12 variants listed in dbSNP were absent from our sample (rs141180437, rs116710456, rs143013358, rs694997, rs146434030, rs141477426, rs144225285, rs139291676, rs151278314, rs142368706, and rs140689403, Table 1). When allele frequencies in subjects with chronic tinnitus were compared to reference frequencies from a large control population of European ancestry, an increased prevalence of the minor allele was noted for T178T (0.0494 vs. 0.0263, p = 0.04). To put this finding into perspective, the original screening sample was augmented by 100 chromosomes from a second set of patients, whereupon the MAF in cases dropped to 0.0458 for rs34544607, weakening the association with tinnitus (p = 0.07). Power simulations, based on the entire sample of patients diagnosed with chronic tinnitus and on ESP control data, indicated that we should expect a statistical power of >80% to detect a susceptibility factor with an allelic relative risk of >1.77 for the T178T variant. The number of tinnitus cases needed to reach this power was estimated at 363.

Table 1. Allele frequencies for the KCTD12 sequence screened in subjects with chronic tinnitus as compared to frequencies in a large control population.

[image: image]

We next examined whether KCTD12 variants could serve as predictors of tinnitus severity. Overall, TQ scores followed a Gaussian distribution (Figure 1) and averaged 37.1 ± 16.3 (mean ± SD) out of 84 points (N = 144). By this measure, tinnitus was rated mild (0–30 points) in 55 subjects (38.2%), moderate (31–46 points) in 46 subjects (31.9%), severe (47–59 points) in 29 subjects (20.1%), and extreme (60–84 points) in 14 subjects (9.7%). There was no significant difference in mean TQ scores or in the degree of concomitant hearing loss between carriers and non-carriers of the minor allele at rs34544607 (p = 0.52 and p = 0.48, respectively, t-test, Figure 2). A positive family history of tinnitus in first-degree relatives did not predict rs34544607 genotype (p = 0.67, Fisher's exact test). As we encountered only one carrier of rs73237446, and only two carriers of rs41287030, the interplay of these substitutions with tinnitus severity, hearing loss, or with a family history of tinnitus could not be fully judged.
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Figure 1. Distribution of TQ scores in 144 subjects with chronic tinnitus does not deviate from the expected Gaussian curve (p = 0.22).
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Figure 2. Stratification of TQ scores by hearing loss and KCTD12 minor allele carrier status. Open circles indicate T178T carriers, filled circles indicate homozygous carriers of wildtype alleles. The degree of hearing loss is expressed as the binaural pure tone average involving air conduction across seven test frequencies (0.125, 0.25, 0.5, 1, 2, 4, and 8 kHz).


Using the degree of evolutionary conservation as a surrogate parameter of functionality, both rs73237446 and rs34544607 scored high on the comparative genomics scale (Figure 3). Further in silico analyses confirmed that rs73237446 maps to the potassium channel tetramerization domain (Figure 3) whereas residue 178, encoded by rs34544607, maps to a disordered region of KCTD12 (Figure 4) which may affect the molecular recognition of proteins and DNA. The non-coding variant rs41287030 is only poorly conserved among primates but could have acquired a functional role in the recent past. Thus, rs41287030 would appear to alter a micro RNA binding site and may thereby inhibit protein translation (see the corresponding SNPinfo entry for prediction results).
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Figure 3. Comparative genomic analysis of the KCTD12 sequence screened. Only confirmed variants are shown. F87F (rs73237446) and T178T (rs34544607) map to regions (x-axis) highly conserved in primates. Conservation scores (y-axis) for the potassium channel tetramerization domain (delimited by residues 36 and 125) are plotted in red.
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Figure 4. In silico structural analysis of the KCTD12 protein. KCTD12 residues are plotted on the x-axis. Eight prediction scores on the y-axis (see legend) are combined using metaPrDOS to locate disordered regions based on homologies with other proteins (blue line). T178T (rs34544607) maps to a relative maximum, i.e., a region that may affect interactions with other proteins or DNA. A default false positive (FP) threshold of 5% was applied.


DISCUSSION

Screening of the KCTD12 ORF in chronic tinnitus extends preliminary results on genomic variation as obtained from 88 subjects with congenital deafness (Kuo, 2005). As in the earlier study, no novel sequence variants were identified. However, a trend was observed for association of chronic tinnitus with a highly conserved, synonymous substitution, rs34544607. The relevance of this finding is unclear in view of the moderately sized sample and the use of an external reference population. It is conceivable that some control subjects from the ESP may have experienced mild, subclinical forms of tinnitus, increasing the likelihood of a type II error. Pending replication of this association trend at a larger scale, the mechanism by which rs34544607 can affect hearing also remains to be elucidated. Possible explanations for synonymous mutations' functionality are offered by interference with RNA processing, or by changes in translation kinetics that affect protein folding (Sauna and Kimchi-Sarfaty, 2011). Phenotypically, rs34544607 carriers may be indistinguishable from other subjects unless treated with baclofen or another GABAB receptor agonist. If rs34544607 truly impacts on GABAB signaling, we should expect electrophysiological measures of cortical inhibition to discriminate between carriers and non-carriers. Electrophysiological data (motor threshold, short-interval intracortical inhibition, intracortical facilitation, and cortical silent period) were available only in a subset of our sample and did not suggest a major effect. The degree of hearing loss did not predict rs34544607 carrier status but further stratification by etiology (noise-induced vs. congenital) is recommended in future studies. With regard to rs41287030, the current lack of publicly available control data and a MAF < 0.01 in tinnitus subjects call for a re-examination in a larger population of affecteds and controls in order to test for a possible association with the phenotype.

Taken together, the present results implicate genetic variation in a GABAB receptor auxiliary subunit as a possible risk modifier in chronic tinnitus. More research is also invited to address KCTD12 promoter variants, and to explore the interaction with variants in genes encoding other elements of the receptor complex, e.g., GABAB1 and GABAB2 proteins.
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Music-induced cortical plasticity and lateral inhibition in the human auditory cortex as foundations for tonal tinnitus treatment
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Over the past 15 years, we have studied plasticity in the human auditory cortex by means of magnetoencephalography (MEG). Two main topics nurtured our curiosity: the effects of musical training on plasticity in the auditory system, and the effects of lateral inhibition. One of our plasticity studies found that listening to notched music for 3 h inhibited the neuronal activity in the auditory cortex that corresponded to the center-frequency of the notch, suggesting suppression of neural activity by lateral inhibition. Subsequent research on this topic found that suppression was notably dependent upon the notch width employed, that the lower notch-edge induced stronger attenuation of neural activity than the higher notch-edge, and that auditory focused attention strengthened the inhibitory networks. Crucially, the overall effects of lateral inhibition on human auditory cortical activity were stronger than the habituation effects. Based on these results we developed a novel treatment strategy for tonal tinnitus—tailor-made notched music training (TMNMT). By notching the music energy spectrum around the individual tinnitus frequency, we intended to attract lateral inhibition to auditory neurons involved in tinnitus perception. So far, the training strategy has been evaluated in two studies. The results of the initial long-term controlled study (12 months) supported the validity of the treatment concept: subjective tinnitus loudness and annoyance were significantly reduced after TMNMT but not when notching spared the tinnitus frequencies. Correspondingly, tinnitus-related auditory evoked fields (AEFs) were significantly reduced after training. The subsequent short-term (5 days) training study indicated that training was more effective in the case of tinnitus frequencies ≤ 8 kHz compared to tinnitus frequencies >8 kHz, and that training should be employed over a long-term in order to induce more persistent effects. Further development and evaluation of TMNMT therapy are planned. A goal is to transfer this novel, completely non-invasive and low-cost treatment approach for tonal tinnitus into routine clinical practice.
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INTRODUCTION

Chronic tinnitus is a prevalent symptom/syndrome that can severely affect a patient's ability to lead a normal life and can induce psychiatric distress, which may even be associated with the risk of suicide (Coles, 1984). Chronic tinnitus is one of the most common auditory disorders, currently affecting 10–15% of the general adult population (Heller, 2003). In Germany, for instance, there are about 3 Million tinnitus sufferers in need of medical help, and about 1 Million people with tinnitus fail to cope with or compensate for their tinnitus.

The contemporary view on tinnitus biology is that, although tinnitus may be triggered by injury to the inner ear, the neural generators are most readily found centrally. While the neural generators may be primarily auditory, non-auditory centers often participate. Studies of noise-induced tinnitus have given rise to the general theory that tinnitus is triggered by injury to inner ear hair-cell populations. One consequence of such injury is a loss of lateral inhibition in the cortical frequency areas which map to those areas which have been primarily damaged in the periphery; this leads, in turn, to augmented excitation in the regions spectrally neighboring the lesion. This change projects to plastic adjustments in the central auditory system, culminating in altered cortical activity. The theory also holds that central auditory system plasticity is the main centerpiece of these adjustments, whereby reduced auditory nerve input triggers a shift in the balance of excitation and inhibition centrally. This shift leads to the emergence of a tripartite complex of changes that includes hyperactivity, increased bursting activity, and increased synchrony. Such changes reflect a loss of inhibitory drive to neurons, particularly of glycinergic and GABAergic systems, however, increases in excitation via upregulations of glutamatergic and cholinergic systems may also be involved. Such changes are found at multiple levels of the auditory pathway and even in some non-auditory centers, including somatosensory and limbic regions (Martin et al., 1993; Ochi and Eggermont, 1997; Cazals et al., 1998; Norena and Eggermont, 2005; Bauer et al., 2008). This view is consistent with the three-sided nature of tinnitus, which includes auditory, attentional, and emotional components.

To date, there is no standard cure for tinnitus (Rauschecker et al., 2010). One major problem is that there are several different treatment target candidates in the brain (e.g., auditory cortex, thalamus, dorsal/ventral cochlear nuclei, inferior colliculus, cochlear nerve, and the limbic system (Langguth et al., 2010). However, it appears plausible to assume that the auditory cortex should be a treatment target because changes in the auditory cortex must exist when tinnitus is consciously perceived.

During recent years, music has been intensively used as a tool for human brain investigations. Music relates to many human brain functions, such as perception, action, cognition, emotion, learning, and memory, and is therefore an ideal tool to investigate how the human brain works and how different brain functions interact. The positive effects which music, in its various forms, has on the human brain, are not only important in the framework of basic neuroscience but they also have considerable neuro-rehabilitative potential (Pantev and Herholz, 2011).

One of the key features in the processing of auditory information in central auditory structures is lateral inhibition. The afferent auditory pathway is not only formed by excitatory neural connections but also by inhibitory networks. A central auditory pathway neuron is characterized by its tuning curve. Each neuron has a characteristic frequency (CF) to which it is most responsive and is surrounded by other neurons, so that, together, they tonotopically span a range of CFs. If the neuron is excited from a lower level, it not only projects excitation to higher levels but also distributes inhibition laterally via interneuron collaterals to adjacent neurons with higher or lower CFs. This inhibition effect depends on the firing rate of the neuron and on the number of collaterals.

Based on two major foundations—music-induced plasticity and lateral inhibition of the human auditory cortex (which will be discussed in more detail in subsequent sections)—we have developed and evaluated a novel, individualized music training procedure capable of significantly alleviating the perceived loudness of tinnitus. The strategy is based on the notion that circumscribed, hyper-synchronous neuronal activity in the auditory cortex is critical for the emergence of tinnitus perception and it is motivated by neuro-scientific data indicating that maladaptive cortical reorganization processes are associated with tinnitus generation and maintenance. The treatment regimen consists of regularly listening to so-called “tailor-made notched music training (TMNMT),” which is characterized by a suppressed frequency band centered at the individual tinnitus frequency. By having patients listen to this modified music, we intend to decrease tinnitus-related hyper-synchronous auditory cortical activity through the attraction of lateral inhibition. As a consequence, the tinnitus would be perceived as becoming less loud and less distressing. Cumulative tinnitus alleviation would indicate long-term plasticity effects that could be expressed in both primary and secondary auditory cortical structures. A crucial aspect of the TMNMT is that patients are motivated to, and able to, select and listen to their favorite music. Listening to enjoyable music is likely to activate cortical attention networks and also the reward mechanisms of the brain, both of which would promote long-term plasticity. Moreover, in our TMNMT evaluation studies we have not relied solely on behavioral outcome measures; we also recorded tinnitus-related primary and non-primary auditory cortical neuronal activity by means of magnetoencephalography (MEG). We hypothesized that behavioral markers of tinnitus alleviation would correlate positively with electrophysiological markers of tinnitus-related change in auditory cortical neural activity.

MUSIC-INDUCED PLASTICITY IN THE HUMAN AUDITORY CORTEX

In higher mammals including humans, neurons as well as some of their interconnections are formed prenatally into neural networks. For many years, the prevailing opinion was that network connections between neurons are generated primarily during cerebral maturation processes and that they would not change later. However, humans respond with considerable flexibility to new challenges throughout their entire life. Over the last three decades, experimental evidence has demonstrated that the connectivity of the adult brain is only partially determined by genetics and development during the childhood, and may be substantially modified through sensory experiences during adulthood. Thus, the functional organization of the adult brain adjusts in response to the alteration of behaviorally relevant input and processing. This was first demonstrated in a series of classical animal studies (Merzenich et al., 1983a,b; Jenkins et al., 1990; Kaas et al., 1990; Gilbert and Wiesel, 1992; Recanzone et al., 1993; Irvine and Rajan, 1995; Rauschecker et al., 1995, 1997).

The development of new, non-invasive techniques for recording brain activity has enabled neuroscientists to prove the existence of plasticity in functional neuronal networks in humans. One of these techniques, MEG [the magnetic counterpart of electroencephalography (EEG)], has become an established method for the non-invasive study of the spontaneous and evoked activity of the human cortex (Hari, 1990). The main sources of this activity are the pyramidal cells, which generate currents that flow tangentially to the surface of the head. Although MEG measurements provide only a macroscopic view of brain function, the spatial and, especially, the temporal-resolution achieved with this technique is sufficient to give indications of the functional organization and reorganizational plasticity of the human cortex by localizing the sources of evoked magnetic fields, which are elicited by different peripheral stimulation. Thus, using MEG, which allows non-invasive measurement in human subjects, changes in the cortical maps similar to those observed in the primate cortex can be demonstrated.

AUDITORY PLASTICITY IN MUSICIANS

Music relates to many brain functions and is therefore an ideal tool to investigate how the human brain works. Zatorre et al. (Zatorre et al., 2007) showed that playing a musical instrument, for example the violin, is a highly complex task (cf. Figure 1). The whole body, including almost all sensory systems, is involved in the performance process and has to be coordinated to high degree of synchrony and accuracy. As the arms support the violin and move the bow, and the hand fingers the strings, feedback from the somatosensory perception of the body posture and fingertips is constantly integrated to fine-tune each and every movement. The auditory system has the major control function in this process, analyzing the musical correctness of the sounds produced by the violin, and using this auditory feedback to fine-tune the motor functions and therefore improve the sounds produced. Apart from the motor and sensory systems, memory and attentional, as well as emotional, systems are also involved. Because of this complex interaction, music has developed, over the last 10 years, as a tool for studying brain plasticity in different sensory modalities and as an effective way of changing the brain's functional organization and interaction between brain areas for the purpose of neuro-rehabilitation. It has been demonstrated, in a series of experiments, that musical training has pronounced effects on functional and structural human brain plasticity.
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Figure 1. (From Zatorre et al., 2007) The figure illustrates the feedback and the feedforward interactions that occur during music performance. As a musician plays an instrument, motor systems control the fine movements needed to produce sound. The sound is processed by auditory circuitry, which, in turn, is used to adjust motor output to achieve the desired effect. Output signals from premotor cortices are also thought to influence responses within the auditory cortex, even in the absence of sound, or prior to sound; conversely, motor representations are thought to be active on hearing sound, even in the absence of movement. There is, therefore, a tight linkage between sensory and production mechanisms.


On the structural level, larger brain volume has been demonstrated in musicians compared to non-musicians in several brain areas; (auditory processing; Schlaug et al., 1995a,b; Schneider et al., 2002; Gaser and Schlaug, 2003; Bermudez et al., 2009); (visuo-spatial processing; Gaser and Schlaug, 2003; Bermudez et al., 2009); motor control: corpus callosum and precentral gyrus (Schlaug et al., 1995a; Gaser and Schlaug, 2003; Bangert and Schlaug, 2006); and cerebellum (Hutchinson et al., 2003). Such differences not only apply to gray matter: differences in white matter, between musicians and non-musicians, have also been found (Oechslin et al., 2010).

On the functional level, fundamental differences between musicians and non-musicians regarding the processing of sounds, were found not only in the auditory (Pantev et al., 1998; Tervaniemi et al., 2001; Koelsch et al., 2002; Shahin et al., 2003; Fujioka et al., 2004, 2005; Van Zuijen et al., 2004, 2005; Besson et al., 2007), but also in the somatosensory and the motor cortices (Elbert et al., 1995; Lotze et al., 2003). Therefore, in addition to the main modality, neural interactions between modalities are also enhanced in musically trained people (Schulz et al., 2003). The interplay and integration of several modalities are key elements of musical training and performance, and the multimodal integration and co-activation of the cortical areas involved during training might be an important mechanism supporting the training effects within each modality. Generally, the conditions which are most important for cortical reorganization to occur are: (1) the expansion of cortical representation through the increased use, or behaviorally relevant stimulation, of the respective receptor pool and (2) a heavy training schedule, coupled with high-levels of motivation, in a behaviorally relevant context. The results of these different studies performed on musicians confirm that extensive training has a specific and profound effect on the functional organization of the auditory cortex.

LABORATORY DEMONSTRATIONS OF AUDITORY PLASTICITY

Most studies of musically induced plasticity of the auditory cortex have been based on musicians with years of extensive training. However, training musically naive subjects for a short time in a laboratory environment is even better suited to the direct evaluation of short-term training effects and the possibility of inducing short-term plastic changes.

In one study we investigated this question by having adults, in the laboratory, learning to discriminate spectral versus virtual modes of pitch perception in ambiguous “virtual” melodies (Schulte et al., 2002). A clear change in perception was accompanied by a distinct increase in the transient gamma band response that has been found to be associated with integrative cognitive functions, such as the binding process during object recognition. An independent component analysis, which was performed on the MEG data, indicated greater synchronization of the cortical networks involved in the generation of the evoked gamma band activity after participants had achieved the ability to perceive the virtual melody. In a further study (Menning et al., 2000), we found that frequency discrimination training over the course of 3 weeks led to rapid behavioral improvements that were accompanied by enhanced N1m and mismatch responses to pitch deviations, therefore demonstrating rapid, short-term training-induced plastic changes in the human auditory cortex. In a similar fMRI study, two randomly assigned groups were compared, one of which received auditory discrimination training over the course of 1 week (Jancke et al., 2001). The results showed a differential pattern. Subjects, who improved over the course of the training and also showed improved auditory acuity, had decreased neural activity in auditory areas (planum temporale and superior temporal sulcus) on fMRI testing. Subjects who did not improve over the course of the training, and subjects in the control group (no training), did not have changes in their auditory cortical activity on fMRI measurements before and after 1 week. These results demonstrate that short-term auditory training leads, in general, to plastic changes within the human auditory cortex for the task that is trained, however, these also depend upon the effectiveness of the training for the individual concerned.

As described in Figure 1, playing music is all about the multimodal integration of different sensory modalities and motor functions. We, therefore, asked the following question: is it this multimodal integration that makes musical training so effective in promoting plasticity in the human auditory cortex? Multisensory integration was defined by Meredith and Stein (Meredith and Stein, 1983) as a greater neuronal response to a stimulus consisting of a combination of modalities, compared with the sum of neuronal responses to each stimulus modality separately. The different sensory modalities interact, functionally reorganize, and contribute to new qualities of perception that convey information not inherent in each single modality. We, therefore, put the hypothesis forward that the strong effects of musical training on cortical reorganization might be due to the multimodal nature of musical training. Specifically, we hypothesized that sensorimotor-auditory training, in the context of piano playing, leads to greater plasticity in the human auditory cortex than mere auditory training. This hypothesis was tested in a study of twenty-three non-musicians with no formal musical training, who were assigned randomly to either sensorimotor-auditory or to auditory experimental groups (Lappe et al., 2008). Training-induced plasticity was evaluated by comparing the mismatch negativity responses (MMN) and the performance in an auditory melody discrimination test before and after training.

For the MEG measurements before and after training, we used three- and six-tone piano sequences (Figure 2A). Deviant sequences differed from the standard sequence in that the last tone of the sequence was three semitones lower. During a 2 week training period, the sensorimotor-auditory group learned to play the I–IV–V–I chord progression (Figure 2B) in broken chords, using both hands, from a visual template that was easy to read for musical novices (Figure 2C).
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Figure 2. (From Lappe et al., 2008). (A) Tone sequences for the standard and deviant stimuli that were used in the MEG measurements before and after training. (B) Musical score of the I–IV–V–I chord progression in c-major in broken chords that was used as a training sequence for SA and A training. (C) Visual templates for the SA training for each broken chord of the training sequence. Numbers represent the fingers (thumb, 1; index finger, 2; etc.) with which the subjects were supposed to press the corresponding piano keys. On each template, the image of the piano keyboard was depicted and the finger placement was marked. For each chord, the notes were to be played in ascending order first, and then descending again (compare score in B).


In contrast, subjects in the auditory group merely listened to all of the training sessions of one randomly assigned subject from the sensorimotor-auditory group and had to judge the correctness of the heard sequences. As expected, auditory discrimination of short melodies improved more strongly in the group that received the piano training, compared to the listening group, as assessed by both the behavioral test and the electro-physiological MMN data, which are displayed in Figure 3. The source waveforms and statistical analysis clearly showed that the training effect, as seen in the increase from pre- to post-training sessions, was much larger in the sensorimotor-auditory group than in the auditory group. The multimodal sensorimotor-auditory training in non-musicians therefore resulted in greater plastic changes in the auditory cortex than auditory-only training, and this indicates the strength of the effect of sensory-motor practice on auditory representations. In this study we manipulated the subjects' experiences in a well-controlled laboratory setting, randomly assigned them to different groups, and the auditory input was identical for both the sensorimotor-auditory and the auditory group. The study, therefore, enabled us to conclude that musical instrument training which involves both the sensorimotor and the auditory system leads to stronger functional changes in auditory cortical areas than mere auditory training.


[image: image]

Figure 3. (Modified from Lappe et al., 2008) Group averages of the source waveforms which were obtained after performing source space projection before and after training for both groups (SA = Sensorimotor-Auditory; A = Auditory), stimulus conditions, and hemispheres. Data for the three-tone sequences are shown in the top four panels and data for the six-tone sequences in the bottom four panels. Within each set of four panels, SA group data are shown in the top row, and A group data are shown in the bottom row. Data from the left hemisphere (LH) are presented on the left and those of the right hemisphere (RH) on the right. Thin lines indicate pre-training (pre) data and thick lines post-training (post) data.


PLASTICITY INDUCED BY FUNCTIONAL DEAFFERENTATION

The experiments describe above show the influence of long-term (musical) and short-term (laboratory) training on the processes of cortical reorganization within the human auditory cortex. A complementary approach to investigating plasticity is to remove a band of frequencies from familiar sounds such as music, and determine how brain responses to the eliminated sounds are affected (a functional deafferentation approach).

In a study following this approach (Pantev et al., 1999), normal-hearing subjects listened attentively, for 3 h on 3 consecutive days, to music of their choice from which a narrow frequency band centered at 1 kHz had been removed (notching). Immediately before and after listening to the notched music, MEG measurements of auditory cortical representations were measured for a “test” stimulus (band-passed noise centered at the notched region) and a “control” stimulus (band-passed noise centered one octave below the notched region). The music had been manipulated in such a way that a notch between 0.7 and 1.3 kHz, centered on 1 kHz, was produced using a band rejection filter. It was presented binaurally through earphones at a moderate loudness (about 60–70 dB SPL). The presence of the notch ensured that, during this period of music listening, there was practically no afferent input to cortical neurons tuned to frequencies around 1 kHz. After listening to notched music, the root-mean-square (RMS) values and strength of the corresponding N1m cortical source were decreased in the case of the test stimulus, whereas they remained almost unchanged for the control stimulus. This demonstrated that the notching-out of a band of frequency-specific auditory input decreased the cortical representation of these same frequencies in just a short time period.

These results provide evidence that different organizational structures of cortical representational maps can occur or develop within a time frame as short as a few hours, in this case following functional deafferentation of the adult human auditory cortex. The time course of this notching effect is consistent with animal studies in which selected regions of the cochlea have been deafferented by electrolytic lesions (Robertson and Irvine, 1989). While the reduction in responsiveness at the functionally deafferented cortical region cannot be explained by a habituation effect, lateral inhibition is a very likely explanation (cf. Kadner et al., 2002; Pantev et al., 2004). In this case the neurons with CFs within the notched area of the music were inhibited by their neighboring neurons with CFs outside of the notch, which were stimulated by the music. This short-term plasticity effect, however, reversed within 24 h. An important question is whether longer exposure would extend the duration of this effect. We will return to this question later, where the method of notching is applied to the treatment of tonal tinnitus. That research was based on foundation studies of lateral inhibition in the human auditory cortex, to which we turn next.

LATERAL INHIBITION OF THE HUMAN AUDITORY CORTEX

Lateral inhibition plays an important role in the functioning of our sensory modalities. In 1865, Ernst Mach described the “Mach bands” in the visual modality, which are explained by lateral inhibition (Mach, 1865). The model of lateral inhibition within the auditory system was derived from the classic visual lateral inhibition scheme (Von Békésy, 1967). The afferent auditory pathway is formed not only from excitatory neural connections; inhibitory networks also play an important role (as described in the Introduction section). On the basis of one of our previous studies (Pantev et al., 2004), we proposed that inhibition in the human auditory cortex, as mediated by lateral connections, is an active mechanism that innervates inhibitory neurons and causes the attenuation of the auditory evoked response.

Habituation, in contrast, is a neural mechanism that suppresses the activity of neurons, which are repeatedly activated. Habituation seems to play an important role both in suppressing irrelevant neural activity and in enhancing the neural activity elicited by irregular sensory inputs. The “tinnitus retraining therapy” (Jastreboff and Hazell, 1993) focuses on this habituation mechanism. In our first study (Pantev et al., 2004) we compared the decrease in auditory cortical activity induced by habituation vs. lateral inhibition within the same experiment and within the same subjects.

LATERAL INHIBITION AND HABITUATION

In this study we used a forward masking paradigm and examined the effects of white noise (WN) and comb filtered noise (CFN) maskers. The amplitude spectrum of the CFN consisted of a series of pass and eliminated-band sections with identical widths on the logarithmic frequency scale (Figure 4).
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Figure 4. (Modified from Pantev et al. (2004) Amplitude spectra of the comb filtered noise (CFN), the pass-band stimulus (PB), and the eliminated-band stimulus (EB) (rows a, b, and c, respectively). The frequency components of the PB-stimulus correspond to pass-band sections of the CFN, whereas those of the EB-stimulus correspond to eliminated-band sections of the CFN.


Each complex sound contained five spectral components corresponding either to the pass-band sections of the CFN pass-band stimulus (PB stimulus) or to the eliminated-band sections of the CFN eliminated-band stimulus (EB stimulus). The PB- and EB- stimuli evoked N1m responses originating mainly from non-primary auditory structures (Pantev et al., 1995) and, in both cases, this response was reduced in amplitude following a preceding masker (CFN or WN) The main finding, however, was that when a preceding CFN masker was used, the source strengths of the N1m responses elicited by the EB stimuli were significantly lower than those responses that were elicited by the PB stimuli. In contrast, the N1m amplitudes elicited by the both stimuli were not significantly different following the WN masker. Thus, the neural mechanisms causing the N1m decrements depended on the combination of the masking sound and the test sound. The PB stimulus was composed of frequencies corresponding to the pass-bands of the CFN, meaning that those frequencies occurring within the pass-bands were stimulated throughout the presentation of the masker and PB stimulus. Consequently, in this case, the habituation effect must have played a major role in decreasing the N1m response following the CFN masker. On the other hand, the EB stimulus was composed of frequencies corresponding to the eliminated-bands of the CFN and thus only contained the frequency bands neighboring the CFN spectral components. This meant that the neurons responding to the EB stimulus had not been excited during the preceding CFN masker, the consequence of which was that lateral inhibition must have caused the main N1m decrement. In summary, these results indicated that the inhibitory effect mediated by the lateral connections (EB condition) was stronger than the habituation effect (PB condition).

We have also investigated the amount to which the lateral inhibition effect may be dependent on the inter-stimulus interval. Using CFN forward-maskers of 3 s duration and the same test stimuli (TS) (PB and EB) as in the previously described experiment, we then varied the inter-stimulus interval between them (0.5, 1, and 2 s). In this experiment (Okamoto et al., 2004), we demonstrated again that the lateral inhibition effect on the N1m evoked response was significantly larger than the corresponding habituation effect. The N1m decrement was maximal when the time interval between the CFN and the TS was short (0.5 s) but was still detectable at intervals up to 2 s. From this experiment we concluded that stimulating the auditory system for several seconds with a sound containing sharply defined spectral contrasts (CFN) results in a temporal change in the responsiveness of the auditory cortex to complex spectral pattern sounds. Cortical responses corresponding to the non-stimulated frequency bands were more strongly reduced than those responses corresponding to the TS. Thus, the lateral inhibition effect at the level of the auditory cortex was a reasonable explanation, and the experimental results we obtained provided evidence that the effect of inhibition decayed over several seconds.

Several electroencephalographic studies on habituation of the auditory cortex showed that the amplitude of the N1 response was most strongly attenuated when the preceding and subsequent sound stimuli had the same frequency as the test frequency (Butler, 1968; Picton et al., 1974; Pantev et al., 1975; Näätänen and Picton, 1987; Näätänen et al., 1988). However, in addition to this effect upon the neural group with the same receptive field, neural activity corresponding to frequencies adjacent to the test stimulus might play an important role for the neural response (Sutter and Loftus, 2003; Jääskeläinen et al., 2004; Okamoto et al., 2004; Pantev et al., 2004). In the previous experiments the eliminated bandwidths of the CFN were always the same (i.e., 1/4 octave) and so the effect of the width of the eliminated-band itself on the test stimulus remained unknown. We devised a further study to investigate whether an explanation in terms of lateral inhibition in the region of the eliminated-band frequency could be experimentally proved. Therefore, interfering masking sounds, which differed in the frequency domain, were presented between two successive 1 kHz pure tone TS. The masking sounds were WN and various band-eliminated noises (BENs) (1/8, 1/4, 1/2, and 1 octave bandwidths) centered at 1 kHz. The main finding here was that the N1m amplitude corresponding to the 1 kHz test tone was most strongly reduced when the preceding BEN had a 1/4 octave eliminated bandwidth. These experimental results can be explained mainly by the effect of lateral inhibition (Von Békésy, 1967; Ehret and Merzenich, 1988; Burrows and Barry, 1990; Rhode and Greenberg, 1994; Suga, 1995; Sutter et al., 1999) because, in this case, the eliminated bandwidth corresponds to one critical band (CB).

SIMULTANEOUS NARROW-BAND NOISE

The aforementioned studies used forward masking paradigms to investigate lateral inhibitory effects in the human auditory cortex. However, inhibitory neural interactions within human cortical tonotopic maps elicited by complex sounds continue to be poorly understood. A well-known concept in this context is the “CB” introduced by Fletcher (Fletcher, 1940). This concept describes neural groups with similar receptive fields as being part of the same CB and assumes only slight interactions between frequency-distant neuronal populations. However, neural activities elicited by distinct frequencies can influence each other. Jääskeläinen et al. (Jääskeläinen et al., 2004) observed a significant decrease in N1m-induced by a preceding masker despite the TS and masker differing by two octaves. Single cell recording studies applying simultaneous masking paradigms also demonstrated that the frequency tuning curves of auditory cortical neurons had lower and upper inhibitory side bands (Sutter et al., 1999; Sutter and Loftus, 2003; O'Connor et al., 2005). These results indicated that when sounds are presented simultaneously their interaction has non-linear frequency characteristics.

We investigated this aspect of neural interaction further using two simultaneously presented narrow-band noises (NBNs). TS1 consisted of one single NBN with a 40 Hz bandwidth centered at 1000 Hz. The five other TS consisted of two simultaneously presented NBNs each with a 20 Hz bandwidth and center frequencies set equally apart from 1000 Hz. The center-frequency differences between the two NBNs were 1/4 (TS2), 1/2 (TS3), one (TS4), two (TS5), and four (TS6) CBs, respectively. The N1m amplitude was maximal in the case of TS4 (1 CB) and minimal in the case of TS1 (single NBN). The N1m source strength increased gradually until the frequency difference between NBNs matched the CB (from TS1 to TS4) and then decreased with further increment of the frequency difference (Okamoto et al., 2005).

Two simultaneously presented sound stimuli normally activate two distinct neural groups with receptive fields corresponding to the frequency characteristics of these stimuli. However, if the stimulating sounds have very similar frequencies, the receptive fields might overlap, meaning that, within this overlapping region, a single neural group may be excited by the separate stimuli. The frequency overlap gradient between conditions might have caused a gradient in N1m source strength (TS1 > TS2 > TS3 > TS4). However, the receptive field organization of the auditory system alone cannot explain the results we obtained (TS4 > TS5; TS4 > TS6). Auditory neurons corresponding to the frequency components of one of the NBNs of TS5 or TS6 not only receive excitatory ascending inputs from that NBN, but also receive lateral inhibitory inputs from the other NBN, which was separated by more than one CB. Our finding that the N1m amplitude again reduced in response to these stimuli, which were separated by more than one CB, indicates that lateral inhibition mainly works between separate neural groups, which are activated through different peripheral band-pass filters. The results also provide some new insights into these mechanisms, which cause non-linear interactions between excitatory and inhibitory neurons when activated by sounds of different frequencies.

ASYMMETRIC LATERAL INHIBITION

In summary, lateral inhibition in the auditory system seems to contribute to improving the perceptual contrast by enhancing the spectral edge of the sound stimuli, as we have demonstrated in the human auditory cortex. However, it is not so well-known whether the lateral inhibitory effects of neural connections from the lower and higher spectral regions are similar or different. The auditory peripheral organ, the cochlea, has an asymmetric anatomical composition (Kiang and Moxon, 1974), however, the frequency tuning curve asymmetry becomes less evident in the central auditory neurons (Katsuki et al., 1958; Suga, 1995).

We hypothesized that lateral inhibition in the central auditory pathway might also be asymmetric in order to compensate for the frequency tuning curve asymmetry originating in the cochlea. To test this hypothesis, we measured auditory evoked fields (AEFs) elicited by a TS following exposure to various maskers with single-octave bandwidths eliminated and center frequencies differing in 1/6 octave steps. The goal was to investigate lateral inhibitory effects of the lower and higher spectral edges of BENs on the auditory evoked responses to a subsequent TS. We used a 1000 Hz TS throughout this experiment. The differences in the frequency domain between the TS at 1000 Hz and the lower spectral edges of the BENs were 1/6 octave (BEN1), 2/6 octave (BEN2), 3/6 octave (BEN3), 4/6 octave (BEN4), and 5/6 octave (BEN5). The smallest N1m response occurred after exposure to BEN1 and the largest after exposure to BEN3. The N1m response was also smaller following BEN4 and BEN5 than BEN3, however, the decrease was not symmetric, and was more pronounced for the lower-frequency spectral edge than the higher edge.

This result (Okamoto et al., 2007a) implied that the lower spectral edge of the BEN caused a larger decrease in N1m than the higher spectral edge. We therefore conclude that the asymmetric lateral inhibition in the central auditory pathway contributes by adjusting the asymmetric neural activities originating in the cochlea. This adjustment results in sharper frequency contrasts and better auditory performance.

EFFECTS OF ATTENTION ON LATERAL INHIBITION

Another very important issue is the relationship between lateral inhibition and attention. In most day-to-day situations we are exposed to many different types of sound signals simultaneously, yet we can easily perceive selected sounds simply by paying attention to them. This process can be tuned by the enhancement of neural responses corresponding to task-relevant stimuli (gain), by suppression of task-irrelevant neural activities via lateral inhibition (sharpening), or by both.

Previous EEG (Hillyard et al., 1973; Picton et al., 1974) and MEG (Woldorff et al., 1993) studies observed that focused auditory attention increased the N1 auditory response. The sharpening effect of attention, however, had not been demonstrated. We therefore investigated the sharpening effects of focused auditory attention on the population-level frequency tuning in the human auditory cortex by means of MEG. We posited that attention might strengthen not only the excitatory neural connections but also the inhibitory networks (cf. Figure 5), which would contribute to finer frequency tuning and better auditory performance.
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Figure 5. (Modified from Okamoto et al., 2007a,b) A hypothesized neural network in the human auditory system. Left: a schematic diagram of hypothesized neural activity corresponding to a stimulus frequency from the peripheral to the central auditory pathway. Neural activity becomes sharper at more central levels, especially in the high-frequency range. Right: a hypothetical excitatory and inhibitory neural network from the peripheral to the central auditory pathway. Red lines indicate excitatory neural connections and blue lines indicate inhibitory connections. Solid blue lines projecting from lower to higher frequencies have stronger inhibitory effects than the dashed blue lines projecting from higher to lower frequencies.


In this experiment, we used a TS that was presented either independently or simultaneously with four different BENs queued in a random sequence. Neuronal activities evoked by BEN and TS could be divided into three categories: activity evoked exclusively by BEN, activity evoked exclusively by TS, or activity evoked by both BEN and TS (Figures 6B1–B4, light gray, dark gray, black areas, respectively). As shown in Figure 6, the activity of auditory neurons, which can be activated by both BEN and TS decreases as BEN becomes wider and/or frequency tuning becomes sharper. Thus, the diminution of overlapping areas (Figure 6, black areas) and the enlargement of areas activated solely by TS (Figure 6, dark gray areas) illustrate improved population-level frequency tuning. The TS was a 1000 Hz amplitude-modulated tone (40 Hz), and the BENs were prepared as follows: spectral frequency bands with widths of 20 Hz (BEN20), 40 Hz (BEN40), 80 Hz (BEN80), or 160 Hz (BEN160) centered on the 1000 Hz TS carrier frequency were eliminated from WN. To investigate the effects of attention, we contrasted two different attentional conditions: active listening and distracted listening. The results indicated that the population-level frequency tuning became sharper when attention was directed to the auditory domain (Okamoto et al., 2007b).
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Figure 6. (Modified from Okamoto et al., 2007a,b) Attentional modulation of frequency tuning. (A) Different effects of attention (gain, sharpening, and combined (gain plus sharpening) models) modulate the population-level neural activities corresponding to the 1000 Hz test stimulus. (B1–B4) The relationship between neural activities elicited by BEN and TS as predicted by the different attention models. Light gray areas represent neural activities exclusively elicited by BEN and dark gray areas represent neural activities exclusively elicited by TS. Black areas indicate overlap: neurons in these areas had already been activated by BEN when TS appeared. Dark gray areas represent N1m source strength reflecting TS onset. B1 displays neural activities evoked without focused auditory attention. B2, B3, and B4 illustrate the gain model, the sharpening model, and the combined (gain plus sharpening) model, respectively. Diagrams on the left illustrate BENs with broad spectral notches; diagrams on the right illustrate BENs with narrow spectral notches. It is notable that the size ratios of the dark gray areas between the narrow BEN and the wide BEN differ between models: B3 and B4 have ratios much closer to one than B1 and B2, reflecting the sharpening effect of attention on population-level frequency tuning.


Previous studies have shown that lateral inhibition in the auditory system (Von Békésy, 1967; Suga, 1995; Pantev et al., 2004; Okamoto et al., 2005, 2007a) can sharpen frequency tuning in the auditory cortex. The inhibitory system, intensified by focused auditory attention, might have sharpened the population-level frequency tuning via the top-down auditory pathway. Therefore, focused auditory attention cannot only amplify excitatory neural activity (gain effect) but also inhibitory neural activity, leading to the sharpening of population-level frequency tuning in the human auditory cortex.

Although top-down auditory focused attention can amplify and sharpen neural activity in the human auditory cortex, the question is still unsettled about whether these attentional effects depend upon the specific location of neurons within the tonotopic maps. Psychoacoustic studies have indicated that frequency-specific auditory attention sharpens the tuning for an attended relative to an unattended frequency. This was reflected in a detection advantage for the former compared to the latter (Hafter et al., 1993; Hubner and Hafter, 1995).

Spectral cues are definitely important for neural processing in noisy environments. Based on the results described previously, we investigated whether population-level frequency tuning can be modulated by differential stimulus sequencing under auditory focused attention in awake humans (Okamoto et al., 2010a). We presented various pure tones of different frequencies (TS) simultaneously with BENs. BENs were notched with widths of one quarter (1/4 CB), one half (1/2 CB), or one CB (1 CB), centered at the frequency of the simultaneously presented TS (Figure 7). We contrasted two different attentional conditions within subjects: “constant sequencing” and “random sequencing.” In the constant sequencing session, identical frequency TS were presented successively, with simultaneous presentation of either the 1/4, 1/2, or the 1 CB BEN. In the random sequencing session, TS with different frequencies were randomly presented. Crucially, the overall bottom-up auditory input was identical between constant sequencing and random sequencing conditions. During all conditions, subjects were instructed to focus their attention on the auditory stimuli.
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Figure 7. (Modified from Okamoto et al., 2009) Concept and time course of auditory stimulation in the constant sequencing and random sequencing conditions. Pass-bands and stop-bands of the band-eliminated noises (BENs) are represented by the light gray and white areas, respectively. The notch-bandwidth of a BEN (white area) is either 1/4, 1/2, or 1 critical band. Target and non-target test stimuli (TS) are represented as red lines with gap (target TS, requiring a button press) and black lines without gap (non-target TS), respectively. During the constant sequencing condition (upper graph), the TS is a series of identical frequencies, whereas during the random sequencing condition (lower graph) the TS has different frequencies. The TS frequencies differed between constant sequencing blocks. In total, identical bottom-up auditory inputs are provided during the constant sequencing and random sequencing conditions.


The N1m responses were larger when the TS had a constant frequency, compared to random TS frequencies, particularly when BENs with narrow eliminated-bands were simultaneously presented. Moreover, while there was no sequencing effect in the wide BEN condition, the narrow BENs showed an enhanced N1m source strength for the constant sequencing as compared to the random sequencing condition.

These results suggest that constant stimulus sequencing under focused auditory attention may cause sharper and larger neural activity at the attended (constantly presented) frequency, and broader and smaller neural responses at the other frequencies, compared to the random sequencing condition. Our findings further suggest that constant stimulus sequencing during auditory focused attention can improve population-level frequency tuning in humans in a frequency-specific manner by enhancing lateral inhibition around the attended frequency.

UNANSWERED QUESTIONS

The results discussed above support the hypothesis that N1m amplitude evoked by test tones centered in the notch of BEN stimuli is reduced compared to control conditions by the distribution of lateral inhibition into the notch region from the activated side band regions. A question raised by the findings is how they relate with the results of other studies investigating the effects of BEN stimuli on brain activity and with studies investigating the effect of BEN stimuli on auditory perception. Norena and Eggermont (2003) reported that the spontaneous firing rates of neurons coding the eliminated-band frequencies increased during an interval of BEN in the primary auditory cortex of ketamine-anesthetized cats, compared to an unnotched noise condition. Further, detection thresholds for the band-eliminated frequencies are decreased (improved) in human subjects following notched compared to broadband noise (Wiegrebe et al., 1996; Norena et al., 2000). Norena and Eggermont (2003) suggested that a shift of the balance of excitation and inhibition toward reduced inhibition in the notched region could explain an increase in spontaneous firing rates in this region and lead to an increase in driven activity accounting for threshold improvement. However, this interpretation is not favored by our findings, which point to an increase in lateral inhibition distributed into the notched region. Alternatively it could be proposed that enhanced spontaneous activity or Zwicker tones experienced in the notched region reduce N1m responses by a forward masking mechanism. However, this account does not appear to explain the scope of our findings as efficiently as does the simple hypothesis of lateral inhibition distributed to the notched region. It may be relevant that the cortical sources of the N1m localize predominantly to the auditory belt area and may be modulated “top-down” by attention as well as by changes in the response properties of neurons in primary auditory cortex that have been investigated in anesthetized animals.

THE BRIDGE BETWEEN CORTICAL PLASTICITY, LATERAL INHIBITION AND THE TREATMENT OF TONAL TINNITUS

In general, adaptive plasticity in the auditory cortices of musicians as well as non-musicians, based on and induced by musical training, is a very positive phenomenon. Training-induced alterations in the cortical map correspond to perceptual correlates, which indicate superior performance. These changes are excellent examples of the “bright side” of auditory cortical plasticity, which can enable extraordinary proficiencies. However, cortical plasticity also has “dark sides” (Elbert and Heim, 2001). When auditory cortical plasticity goes wrong, serious symptoms and pathologies can result, for example, if a peripheral lesion, which is normally by itself manageable, is influenced by an intense and stressful experience, such as the fear of serious disease, in conjunction with particular limbic system activation. In such a case, maladaptive auditory cortical reorganization, such as that which underlies tinnitus, can be triggered.

When auditory cortical plasticity has negative effects, such as tinnitus, this is, fortunately, not completely irreversible; the process of plasticity itself can be utilized in order to reverse or reduce these maladaptive changes. Such rehabilitative plasticity functions by reestablishing normal cortical functional organization to a certain degree. In order to accomplish this goal in tinnitus patients, we use the phenomenon of lateral inhibition. As demonstrated in Chapter 2, lateral inhibition can suppress interfering neural activity in the human auditory cortex. Subjective tinnitus is among the most prevalent symptoms likely to be caused by aberrant and interfering neuronal activity.

Recent auditory neuroscience research has suggested that an imbalance of excitatory and inhibitory neural interactions within the auditory cortex could lead to the perception of tinnitus (Eggermont and Roberts, 2004), however, neurophysiological tinnitus treatment has so far focused mainly on habituation mechanisms. We suggest that making use of lateral inhibition within the auditory cortex could be a valuable alternative strategy for suppressing tinnitus perception (Pantev et al., 1999, 2004). Our goal was to develop a highly specific auditory treatment strategy using an acoustic carrier (music) that could be listened to for a long time with pleasure and attention, and which would have the potential to specifically enhance lateral inhibitory impact in the human auditory cortex. In the following section, we are introducing and describing our treatment approach in detail.

“LONG-TERM” AND “SHORT-TERM” TMNMT FOR TONAL TINNITUS

Based on hypotheses derived from previous findings regarding tinnitus [e.g., Eggermont and Roberts (2004); Roberts et al. (2010)], music-induced cortical plasticity [e.g., Pantev et al. (1999)], and lateral inhibition [e.g., Pantev et al. (2004); Okamoto et al. (2005, 2007a,b)], we developed a novel tinnitus treatment strategy which specifically targets tonal tinnitus, the most frequent tinnitus subtype (http://www.tinnitusarchive.org).

This section will briefly introduce our treatment rationale. Firstly, tinnitus is likely to be the result of maladaptive plasticity in the central auditory pathway (Eggermont and Roberts, 2004). It is reasonable to assume that maladaptive changes in the auditory cortex must exist if tinnitus is present, because the tinnitus perception arises here (Eggermont, 2006). More specifically, neuronal populations in the auditory cortex which code external sounds with similar acoustic properties to the tinnitus frequency reported by patients with tonal tinnitus, are very likely to be involved in tinnitus perception (Muhlnickel et al., 1998; Diesch et al., 2004). These neuronal populations are presumably characterized by hyperactivity and hyper synchronicity (Rauschecker et al., 2010) and are, obviously, potential treatment targets but we require a non-invasive method of working specifically with them. An acoustic input with specific properties would allow us to target those particular neural populations in a non-invasive way. Secondly, maladaptive plastic changes are generally reversible (Flor et al., 1995; Candia et al., 1999; Giraux et al., 2001) and behavioral (re-)training may be one way to achieve this. Thirdly, music is a powerful agent that can be used as a neuro-rehabilitative strategy to induce adaptive cortical plasticity and reverse maladaptive plasticity (Wan and Schlaug, 2010). Music itself is not only a dynamic broadband acoustic stimulus but can also capture the attention of the listener and trigger positive emotional responses. Finally, the attenuation effects of lateral inhibition on the amplitude and synchronicity of neuronal activity in the human auditory cortex appear to be stronger than the attenuation effects of habituation (Okamoto et al., 2004; Pantev et al., 2004).

On the basis of these core assumptions and the series of experimental results reviewed in the previous sections, we developed TMNMT. This training strategy focuses on tonal tinnitus, which patients usually describe as sounding “beep”-like or “whistle”-like. In our experience the individual tinnitus frequency, in most cases of tonal tinnitus, can be matched psycho-acoustically. We assume that neuronal populations in the auditory cortex that code the tinnitus frequency are involved in tinnitus perception (Muhlnickel et al., 1998; Diesch et al., 2004; Roberts et al., 2010), and it is thus the goal of TMNMT to specifically target these neurons in the individual tinnitus patient.

From our perspective, based on the previously outlined knowledge about functional cortical reorganization and plasticity, we feel it is reasonable to assume that the maladaptively reorganized auditory cortex of a tinnitus patient can be retrained to certain degree by frequent stimulation using specifically and individually tailored, attractive and behaviorally relevant auditory input (her/his favorite music).

We believed that regular training over the course of several months was necessary because many examples from the literature on human cortical plasticity [e.g., Candia et al. (1999)] indicate that training is most effective and its effects are most persistent if the training is performed intensively and with perseverance.

Regarding the auditory input for the treatment, we are convinced that music is an excellent choice for several reasons. Firstly, music is enjoyable: almost everyone can name songs or musical works that he or she likes to listen to. Positive emotions are experienced during musical listening (Salimpoor et al., 2011) and this implies that attention is attracted to preferred music. Various evidence shows that focused attention promotes cortical plasticity [e.g., Polley et al. (2006)] and this suggests to us that if the listener really enjoys the training by, for example, being able to choose to listen to their favorite music, they will be most open to attention-induced plasticity.

Secondly, most types of contemporary music, e.g., pop or rock music, cover a broad frequency spectrum, with considerable amounts of energy in the higher-frequency range. With such music it is therefore possible to target typical tinnitus frequencies, which are usually high (http://www.tinnitusarchive.org). The aim of modifying the music is to reduce the activity/synchronicity of neuronal populations involved in tinnitus perception. One feasible way to achieve this would be to stimulate these neurons less than all other auditory neurons. In practice we believe this can be achieved by removing part of the energy spectrum from the training music, specifically the spectrum of energy corresponding to the tinnitus frequency range. The result is literally “notched” music, exposure to which would deprive the specific neuronal population that codes the tinnitus frequency, relative to the populations responsible for coding other frequencies. We thus hypothesize that TMNMT would induce a circumscribed auditory functional deafferentation (Pantev et al., 1999) and transient sensory input deprivation. This deprivation would lead to a reduction in the level of excitation of auditory cortical neurons coding the notched frequencies, among them the tinnitus frequency. This reduction in excitation level may be caused by the (transient) strengthening of locally weakened inhibitory impact in the auditory cortex. The consequence for sufferers of chronic tinnitus should be reduction in tinnitus loudness.

TMNMT EVALUATION

To date, we have completed two major studies by means of which we evaluated the efficacy of TMNMT. The first study (Okamoto et al., 2010b; Stracke et al., 2010) was a proof-of-concept trial. The second study (Teismann et al., 2011, for details see below) was conducted in order to extend the results of the initial study, to advance the training strategy and to gain further insight regarding potential patient characteristics that may modulate the training outcome. From our perspective, the strength of both studies was that we not only evaluated tinnitus perception behaviorally but we also analyzed and evaluated tinnitus-related auditory cortical neuronal activity electrophysiologically, by means of MEG.

LONG-TERM TMNMT

For the proof-of-concept trial (Okamoto et al., 2010b; Stracke et al., 2010), we recruited a relatively small, but homogeneous with respect to their tinnitus, group of 39 patients. The participants, aged between 18 and 60 years, suffered from chronic (>12 months duration), unilateral, tonal tinnitus, with tinnitus frequencies ≤ 8000 Hz. The patients exhibited neither severe hearing loss nor neurological or psychiatric diseases. Before beginning training, the patients were assigned to one of three groups: target, placebo or monitoring. The assignment to target or placebo was executed pseudo-randomly and was double-blinded. Patients selected the music they most enjoyed. The target group received the real TMNMT: from their music, the frequency band of one octave width surrounding the individual tinnitus frequency was removed. The placebo group received placebo notched music therapy: the frequency band of one octave width around the tinnitus frequency remained unfiltered and, instead, the frequency range above and below this band was notched with a slowly moving filter of one octave width. The moving notch did not change the music more than the constant notch thus it was not possible to differentiate between the target and placebo music. The patients of the monitoring group were just listening to their usual music.

The TMNMT was performed over the course of 12 consecutive months. During this time period, the patients listened to their notched music for 1–2 h every day, using closed headphones supplied by us and characterized by an appropriate frequency response. The patients were instructed to listen to their notched music in a quiet environment, selecting their own moderate loudness. It was not mandatory to focus on the training music, however, if one is listening to his/her favorite music, it is very likely that attention will be directed to it. Once per week, following a strict routine, the patients assessed their perceived tinnitus loudness (as well as tinnitus-related annoyance, awareness, and handicapping) by means of a visual analogue scale. Every 6 months, tinnitus-related auditory cortical evoked activity was measured by means of MEG.

The results of this proof-of-concept study demonstrated the specific efficacy of TMNMT. After completing their training, the perceived tinnitus loudness (Figure 8), as well as tinnitus-related primary and non-primary auditory cortical evoked activity (Figure 9), was significantly reduced for patients in the target group, compared to their pre-training baseline. In contrast, in both the placebo and monitoring groups, no significant changes from the baseline were found. One interesting finding was the significant positive correlation between tinnitus loudness change and change in primary auditory cortical evoked activity. Those patients who showed more pronounced tinnitus loudness reductions demonstrated the stronger ASSR source strength ratio reductions. Approximately 80% of patients in the target group experienced loudness alleviation to some degree, and the average reduction in tinnitus loudness in this group was approximately 25%.
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Figure 8. (Modified from Okamoto et al., 2010a,b) Normalized tinnitus loudness change after 6 and 12 months of treatment (or monitoring) relative to baseline (=0) for the three patient groups (target TMNMT, placebo TMNMT, and monitoring). Positive change values reflect impairment; negative change values reflect improvement. The bars indicate group averages and each “×” indicates an individual data point. The error bars denote confidence intervals. As indicated by the confidence interval bars, only the changes in the target group were statistically significant.
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Figure 9. (Modified from Okamoto et al., 2010a,b) Change in normalized tinnitus-related auditory cortical evoked activity after 6 and 12 months of treatment (or monitoring) relative to baseline (=0) for the three patient groups (target TMNMT, placebo TMNMT, and monitoring). Positive change values reflect increase in activity; negative change values reflect decrease in activity. The bars indicate group averages and each “×” indicates an individual data point. The error bars denote confidence intervals. Auditory steady state response (ASSR) change values are reflected by white bars and N1m change values are reflected by gray bars. As indicated by the confidence interval bars, only the changes in the target group were statistically significant.


SHORT-TERM INTENSIVE TMNMT

Motivated by the findings of the proof-of-concept trial, we ran a second study (Teismann et al., 2011) in order to further develop and evaluate TMNMT. In the previous study, based on theoretical and practical considerations, we had included only patients with tinnitus frequencies ≤ 8000 Hz. This time, we also included patients with tinnitus frequencies > 8000 Hz. In order to better target these patients with notched music, we “flattened” the energy spectrum of the training music, i.e., we digitally redistributed energy from lower to higher-frequency ranges and thus enriched the energy spectrum in the higher-frequency range (Figure 10).
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Figure 10. Schematic illustration of the energy spectra of original (i.e., unmodified) music (black line), notched music (green line), and flattened notched music (blue line). The red arrow indicates the tinnitus frequency, at which the notches are centered.


To investigate whether tinnitus frequency modulates TMNMT efficacy, we divided the patients into two groups on the basis of their tinnitus frequency, with 8000 Hz as the grouping criterion. We also shortened and intensified the TMNMT considerably. In the previous study, the patients had listened to approximately 720 h of notched music over the course of 12 months. In contrast, in the second study, the patients listened to 24 h of notched music over the course of 5 consecutive days. In order to study the temporal dynamics of the training effects, we assessed tinnitus perception in the second study quite intensively. Finally, to investigate the persistency of the training effects, we applied a post training observation phase of 31 days.

In the second study we did not apply a placebo TMNMT. All patients received the target TMNMT, including the selection of their most enjoyable music and the removal of the frequency band of one octave width centered at the individual tinnitus frequency. However, to minimize potential placebo effects, patients were told, prior to the onset of the study, that they would receive either the target or a placebo TMNMT. After the completion of the study, the patients were debriefed.

The results of this study demonstrated that the short and intense TMNMT had been effective, though only for the patient group characterized by tinnitus frequencies ≤ 8000 Hz. TMNMT efficacy was reflected by reduction in perceived tinnitus loudness and tinnitus-related distress, as well as by a reduction in tinnitus-related non-primary auditory cortical evoked neuronal activity. Furthermore, the results indicated that the reductions in tinnitus loudness and evoked cortical activity achieved in this very short TMNMT scenario persisted for no longer than 2 weeks. The tinnitus-related distress alleviation, however, appeared to be longer lasting.

On the basis of these two studies, it can currently be concluded that TMNMT is effective in reducing reported tinnitus loudness by an average of about 20% (with greater reductions in some cases), specifically for patients who suffer from chronic tonal tinnitus and who do not exhibit a greater than moderate hearing loss. Importantly, TMNMT efficacy could be demonstrated on different time scales and with varied training intensities. There are hints from pertinent literature on training-induced cortical reorganization, however, that longer-term training would probably induce more persistent and possibly permanent effects. In addition, there are hints that certain patient prerequisites, such as a very high tinnitus frequency, could counteract TMNMT efficacy. Crucially, TMNMT can specifically influence tinnitus-related auditory cortical activity.

KNOWN TMNMT RELATED ISSUES

There are several issues associated with the application of TMNMT. In the following section we will discuss some of the most relevant challenges.

Tinnitus frequency determination

Obviously, the success of TMNMT will stand and fall by the reliable determination of the tinnitus frequency. Unfortunately, identifying the tinnitus frequency is not a trivial task (Tyler and Conrad-Armes, 1983; Moore et al., 2010). Firstly, the tinnitus frequency cannot be measured objectively, but has to be matched subjectively by the patient who has to compare test tones of different frequencies to his tinnitus percept. Secondly, depending upon certain prerequisites, like the actual tonal quality of the tinnitus percept (for example, rather clear tone vs. “dirty” tone, ringing, or chirping) or hearing loss [which is often associated with frequency selectivity impairment (Okamoto et al., 2011)], it is more or less difficult for patients to compare the frequency of their tinnitus to the frequency of a test tone. Thirdly, in our experience, patients vary in their ability to compare the frequency of their tinnitus to the frequency of a test tone, probably depending upon factors such as musical education. Fourthly, there are certain typical pitfalls, such as octave confusion, that need to be considered (Moore et al., 2010). Finally, it is also our experience that tinnitus frequency matches become more reliable (i.e., vary less) with training.

In our studies, in order to match the patient's tinnitus frequency we use a high-frequency audiometer (up to 16 kHz), testing with a frequency resolution of 1/24th octave. In cases of bilateral tinnitus, we perform tinnitus matching according to the ear in which the tinnitus is perceived as being loudest. In the case of unilateral tinnitus, we use the ear in which tinnitus is perceived. If tinnitus is perceived as being “in the head,” or if it is equally loud in both ears, we use the better hearing ear. During the matching procedure we start at different frequencies in order to first collect a number of potential tinnitus frequency “candidates.” In a second step, we test these candidates against each other in a two-forced-choice procedure. After identifying the “winner” candidate, we test this winner against all its octaves between 1000 and 16000 Hz, again applying a two-forced choice procedure. We usually repeat this procedure on different days before the tinnitus frequency is finally determined.

Music energy spectrum

The energy spectrum of the acoustic stimulus is one critical factor that would influence TMNMT efficacy. Unfortunately, unlike WN, for example, music does not contain an equal amount of energy evenly distributed over the whole frequency range. Rather, the amount of energy generally drops considerably with increasing frequency. Thus, in terms of energy distribution, music is a more appropriate training stimulus for patients with a rather low tinnitus frequency than those with rather high tinnitus frequencies. Fortunately, from our experience, music is surprisingly “robust” against alterations of its energy spectrum so that, even though modifications like the removal of a whole octave or the “flattening” of the energy spectrum may appear to be aggressive manipulations of the music, the results most often still sound like enjoyable music to which we are able to pay attention for a considerable time.

Worthy of note is our observation that the energy distribution across frequency differs markedly between different types of music. While rock or pop music usually already contains a relatively flat spectrum, including a comparatively significant amount of high-frequency energy, this does not hold true for other music types, such as vocal music or single instruments. Even the spectrum of classical orchestral music is, from our experience, less suitable compared to common, contemporary popular music because of having less evenly distributed energy.

Equipment

The equipment used for TMNMT also appears to be a critical factor in the efficacy of the treatment. Ideally, the carefully, individually tailored acoustic input should be transmitted through the ear-canal, middle-ear, and cochlea into the central auditory pathway with as little distortion as possible. The frequency responses and transferring characteristics of the devices used to play and transduce the notched music are, therefore, critical. This includes the music player, the amplifier, the headphones, and specific device configurations such as the equalizer settings. The goal would be to achieve true-to-the original, authentic tailor-made notched music replay. We therefore use headphones with maximally linear and flat frequency response. In addition, it is important to ensure that ambient noises, which are usually of broadband type and, of course, not specifically notched, would not interact with the music modification in an unwanted manner. Thus, in addition to instructing the patients to perform the TMNMT in a preferably quiet environment, we also have recommendations regarding the necessary equipment.

OUTSTANDING QUESTIONS

Several important TMNMT-related questions remain to be answered. In the following sections we will focus on three of these questions.

NON-TONAL TINNITUS

It remains to be determined whether TMNMT could be effective in the case of non-tonal tinnitus types. For instance, a substantial number of patients report that their tinnitus sounds in some way “noise-like” (http://www.tinnitusarchive.org). From attempts at tinnitus matching it is known that, in such cases, the tinnitus percept can be compared to narrowband or broadband noise stimuli. It is usually far more difficult to match noise-like compared to tonal tinnitus percepts, and this implies that matches that are obtained in the former case would be less reliable. Moreover, a practical problem associated with the notched music treatment of noise-like tinnitus would be that rather wide frequency bands (e.g., two or three octaves) would have to be removed from the training music, which may result in qualitatively changed, distorted and less enjoyable music.

SEVERE HEARING LOSS

Obviously, TMNMT can only be effective if the acting frequencies of the stimulus are actually perceived by the patient. Unfortunately, almost all tinnitus patients have hearing loss to a certain degree (Eggermont and Roberts, 2004). In our TMNMT evaluation studies, we have so far focused on patients with no greater than moderate hearing loss (i.e., ≤ 35 dB HL in study one and ≤ 50 dB HL in study two). Many patients with tinnitus, however, have severe hearing losses, especially older patients, and this usually affects the frequencies that need to be perceived in order for TMNMT to be effective. It therefore appears unlikely that music modification alone could be enough to effectively treat such patients. From our perspective, it would be important to think about strategies for making TMNMT available for tinnitus patients with more severe hearing losses.

HOW DOES TMNMT WORK?

We have argued that the beneficial effects of TMNMT are due to the suppression of tinnitus-related neural activity by lateral inhibition distributed into the notched region. Unlike our initial 3 day study of notched sounds described earlier (Pantev et al., 1999) in which brain responses reverted to their pre-listening levels over 24 h, TMNMT was experienced daily for 12 months (Okamoto et al., 2010a,b), and the effect on brain responses persisted after period of 6 and 12 months (cf. Figure 9) implying persisting changes in auditory cortex. Noteworthy, there are other treatment studies, which have reported improvements in tinnitus (Davis et al., 2007; Tass et al., 2012) and reductions in loudness growth in individuals with hyperacusis (Norena and Chery-Croze, 2007). Davis et al. (2007) report reduction of tinnitus loudness after exposure to complex sounds covering the hearing loss regions where tinnitus frequencies localize, whereas Tass et al. (2012) demonstrate tinnitus loudness reduction to sequential presentation of four pure tones (coordinated reset) with a distance of one or two octaves to the tinnitus frequency (for reviews see Hoare et al., 2011; Roberts and Bosnyak, 2011). Because the sounds used in these studies covered a considerable frequency range, our results with TMNMT raise the possibility that notching out the specific tinnitus frequencies in cases of tonal tinnitus may confer added benefit. Additional research will be needed to assess this question. It should also be noted that listening to background sound for extended periods (which our subjects did) could rescale auditory sensitivity (Formby et al., 2003; Norena and Chery-Croze, 2007). Thus, listening to notched music could reduce the perceived loudness of sound in the notched frequency region, which could have been reflected in our brain measurements. Several models of tinnitus suggest that enhanced sensitivity to sound and tinnitus go together, and that procedures that benefit one will also benefit the other. Therefore, further evaluations of the different approaches are necessary in order to be able to make a final decision, which are most important factors contributing to the outcome of customized sound treatment of tonal tinnitus.

A further question concerns the effect of long-term exposure to background sound on auditory neural representations. Until recently it was believed that passive auditory experience did not change auditory representations in the mature brain unless the sounds possessed behavioral relevance (Polley et al., 2006). However, recent animal studies (Pienkowski and Eggermont, 2011, 2012; Zhou and Merzenich, 2012) have demonstrated that long-term stimulation with band-pass noise or multi-frequency stimuli resulted in reduced spontaneous firing rates and reduced responsiveness of primary auditory cortex neurons corresponding to the stimulated frequencies. At the low- or high-frequency edge region (about one octave wide) enhanced neural activity was found. At first glance, these results appear to be contradictory to our own results where reductions in neural activity were observed in the band-eliminated regions of the listened to sound. However, there are many differences between the two experimental approaches. In the aforementioned animal studies neither hearing loss nor tinnitus was present, whereas in our experiments tinnitus was present and hearing loss as well. The effect of exposure to environmental sounds could be different depending on the level of background neural activity, which is likely elevated in tinnitus. In our study we used favorite music, a behaviorally and emotionally relevant sound stimulus for the subjects that may have elevated neural activity in the band-pass regions but suppressed it in the band-eliminated regions. In contrast, the above-mentioned animal studies used irrelevant noises as sound stimuli. In order to perceive behaviorally relevant environmental sound signals through the noise, the animals may have needed to increase the sensitivity of neurons, whose characteristic frequencies were not covered by the spectrum of the TS. Clearly, understanding the neural effects of long-term sound exposure is important not only for the prevention of hearing disorders but also for treating tinnitus (Okamoto et al., 2010b, 2011; Pienkowski and Eggermont, 2012).

LOOKING AHEAD

We strive for two important goals. The first is the further optimization of the TMNMT strategy. This includes, among other things, examining the effectiveness of the tinnitus treatment as a function of the width of the spectral notch in TMNMT and experimentally testing the combination of TMNMT with complementary strategies, including tinnitus counseling. We assume that the enrichment of TMNMT with further effective strategies should induce a significant increase in the effects of rehabilitative reorganizational cortical plasticity in the tinnitus networks, and might potentially prolong the alleviation of the tinnitus percept.

The second goal is to transfer the optimized TMNMT strategy into clinical practice. This step involves evaluating the treatment efficacy in a large sample of tinnitus patients. The applicability of TMNMT depends substantially on its practicability, an important aspect of which is the quality and usability of the tools, which provide the treatment to patients. The goal is to develop professional and high-quality “state of the art” hard- and software-solutions, which are easy for the tinnitus patients to use and would win their acceptance. We plan to carefully evaluate the efficacy of the optimized TMNMT in a large sample of patients with tonal tinnitus [about 65% of tinnitus patients suffer from tonal tinnitus (Stouffer and Tyler, 1990)]. The clinical trial will involve regular audiological, psychophysical, neuroimaging, and psychometric outcome evaluations, and the optimized treatment is expected to induce significant reductions of tinnitus loudness, distress, and handicap.

In summary, the TMNMT approach can be considered as an enjoyable, low-cost, and presumably causal treatment that is capable of specifically alleviating tinnitus perception. In these times of restricted resources within the health system, it is of paramount importance to develop cost-efficient rehabilitation programs. Another important potential advantage of TMNMT is that, by being taught to perform the training on their own, patients are educated to carry the responsibility for their own future well-being. This is in line with current trends in healthcare systems, to treat the patient as a responsible partner able to undertake shared decision-making. The expected results will be of great interest for the community of oto-rhino-laryngologists, audiologists, neurologists, and psychotherapists far beyond the current research environment.
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Chronic subjective tinnitus is characterized by abnormal neuronal synchronization in the central auditory system. As shown in a controlled clinical trial, acoustic coordinated reset (CR) neuromodulation causes a significant relief of tinnitus symptoms along with a significant decrease of pathological oscillatory activity in a network comprising auditory and non-auditory brain areas, which is often accompanied with a significant tinnitus pitch change. Here we studied if the tinnitus pitch change correlates with a reduction of tinnitus loudness and/or annoyance as assessed by visual analog scale (VAS) scores. Furthermore, we studied if the changes of the pattern of brain synchrony in tinnitus patients induced by 12 weeks of CR therapy depend on whether or not the patients undergo a pronounced tinnitus pitch change. Therefore, we applied standardized low-resolution brain electromagnetic tomography (sLORETA) to EEG recordings from two groups of patients with a sustained CR-induced relief of tinnitus symptoms with and without tinnitus pitch change. We found that absolute changes of VAS loudness and VAS annoyance scores significantly correlate with the modulus, i.e., the absolute value, of the tinnitus pitch change. Moreover, as opposed to patients with small or no pitch change we found a significantly stronger decrease in gamma power in patients with pronounced tinnitus pitch change in right parietal cortex (Brodmann area, BA 40), right frontal cortex (BA 9, 46), left temporal cortex (BA 22, 42), and left frontal cortex (BA 4, 6), combined with a significantly stronger increase of alpha (10–12 Hz) activity in the right and left anterior cingulate cortex (ACC; BA 32, 24). In addition, we revealed a significantly lower functional connectivity in the gamma band between the right dorsolateral prefrontal cortex (BA 46) and the right ACC (BA 32) after 12 weeks of CR therapy in patients with pronounced pitch change. Our results indicate a substantial, CR-induced reduction of tinnitus-related auditory binding in a pitch processing network.

Keywords: tinnitus, coordinated reset neuromodulation, pitch, phantom perception, gamma band activity, electroencephalography

INTRODUCTION

Non-pulsatile subjective tinnitus is an auditory phantom phenomenon that is present in up to 15% of the population (Eggermont and Roberts, 2004). Tinnitus generation is considered to have a central basis, typically being initiated by damage to the peripheral hearing system (Eggermont and Roberts, 2004; Weisz et al., 2005, 2006). Cortical map reorganization is related to tinnitus (Robertson and Irvine, 1989; Muhlnickel et al., 1998; Lockwood et al., 2002; Moller, 2003; Yang et al., 2011). However, according to an MEG study, map reorganization cannot explain the emergence of tinnitus in a satisfactory manner (Weisz et al., 2006). Another important tinnitus-related phenomenon is the emergence of pathological neural synchrony (Ochi and Eggermont, 1997; Norena and Eggermont, 2003; Seki and Eggermont, 2003; Weisz et al., 2005, 2007; De Ridder et al., 2011b). In general, pathologically increased delta activity emerges in cortical regions deprived of afferent input (Steriade, 2006). In the context of tinnitus, pathologically enhanced neuronal synchronization was observed in the primary auditory cortex of animals following damage to the inner ear (Ochi and Eggermont, 1997; Norena and Eggermont, 2003; Seki and Eggermont, 2003) as well as in tinnitus patients (Llinas et al., 1999; Weisz et al., 2005, 2007; De Ridder et al., 2011b). Apart from a significant reduction of alpha band power (Weisz et al., 2005) abnormally strong synchrony was observed in tinnitus patients in the delta band (Weisz et al., 2005), theta band (De Ridder et al., 2011b), and gamma band (Weisz et al., 2007), e.g., in temporal areas. Several studies confirmed that pathological neural synchronization is related to the tinnitus percept (Dohrmann et al., 2007; Kahlbrock and Weisz, 2008; De Ridder et al., 2011b). However, a conscious perception of the tinnitus requires the involvement of larger networks of brain areas relevant to awareness and salience (De Ridder et al., 2011a).

Indeed, apart from auditory cortical areas also non-auditory areas such as amygdala, cingulate cortex, and parahippocampus are involved in the tinnitus generation, in particular, in patients with tinnitus distress (Rauschecker, 2005; Vanneste et al., 2010; De Ridder et al., 2011a). Furthermore, an altered functional interaction between non-auditory and auditory areas with abnormal synchrony seems to be a hallmark of tinnitus distress (Schlee et al., 2009a).

To specifically counteract the electrophysiological correlate of tinnitus, i.e., the pathological neural synchrony, in a previous proof of concept study we have used a non-invasive desynchronizing stimulation technique, acoustic coordinated reset (CR) neuromodulation (Tass et al., 2012). CR neuromodulation has been developed computationally (Tass, 1999, 2003b) and is essentially based on fundamental dynamical self-organization principles (Tass, 2003a, b) as well as on the intimate relationship between neuronal dynamics and connectivity (Yuste and Bonhoeffer, 2004). As shown in theoretical and computational studies, CR neuromodulation causes a desynchronization (Tass, 2003b) which in turn shifts neural networks with spike timing-dependent plasticity (Gerstner et al., 1996; Markram, 1997) from a synchronized state with strong synaptic connectivity to a desynchronized state with weak connectivity (Tass and Majtanik, 2006; Hauptmann et al., 2007; Tass and Hauptmann, 2009). By doing so, the network unlearns pathological connectivity and pathological synchrony. Put otherwise, it undergoes an anti-kindling (Tass and Majtanik, 2006). CR neuromodulation has initially been developed for the application to electrical deep brain stimulation (DBS) in Parkinson’s disease (Tass, 2003b). For this, brief electrical high-frequency pulse trains are sequentially delivered via different stimulation contacts of an implanted lead. In animal experiments acute desynchronizing effects (Neiman et al., 2007) as well as long-lasting desynchronizing after-effects (Tass et al., 2009) of electrical CR have been verified.

As shown computationally, due to the underlying biophysics and non-linear dynamics, CR neuromodulation can be applied invasively with electrical stimuli as well as non-invasively by means of sensory, e.g., auditory stimuli (Popovych and Tass, 2012; Tass and Popovych, 2012). Accordingly, in a proof of concept study the initially DBS-oriented CR concept was transformed into a non-invasive, acoustic treatment for subjective tonal tinnitus (Tass et al., 2012). Relying on the tonotopic organization of the central auditory system, the electrical brief high-frequency pulse trains were replaced by CR tones with different frequencies centered around the patient’s individual tinnitus frequency. The CR approach aims at a desynchronization of a synchronized focus in the tonotopically organized auditory cortex located in an area corresponding to the dominant tinnitus frequency and the belonging tinnitus spectrum (Norena et al., 2002). To this end, we sequentially delivered CR tones, where the goal of each CR tone is to cause a phase reset or at least a soft phase reset (i.e., a phase reset achieved by an iterated administration of that CR tone (see Tass, 2002) of the pathological slow-wave oscillation in the delta frequency band in a neuronal sub-population tonotopically related to the frequency of the particular CR tone (Tass et al., 2012).

In a prospective, randomized, single blind, placebo-controlled proof of concept trial in 63 patients with chronic tonal tinnitus (“RESET study”) CR treatment turned out to be safe and well-tolerated and resulted in a highly significant decrease of tinnitus loudness and symptoms as measured by VAS and tinnitus questionnaire (TQ) scores (Tass et al., 2012). Furthermore, as shown by means of EEG recordings, after 12 weeks of treatment with acoustic CR neuromodulation pathologically elevated delta and gamma activity were both decreased in a network of brain areas comprising primary and secondary auditory cortex as well as non-auditory, e.g., prefrontal areas (Tass et al., 2012). By the same token, the tinnitus-related reduction of alpha activity was reversed and alpha activity re-increased in auditory and prefrontal areas (Tass et al., 2012). In a relevant number of patients CR neuromodulation induced a tinnitus pitch change predominantly lowering tinnitus frequencies (Tass et al., 2012). Theoretical studies have predicted long-lasting (Tass and Majtanik, 2006) and cumulative (Hauptmann and Tass, 2009) desynchronizing effects of CR neuromodulation.

We here study if the tinnitus pitch change, observed in the RESET study, correlates with a reduction of tinnitus loudness and/or annoyance, and if the changes of the pattern of brain synchrony in tinnitus patients depends on whether or not the patients undergo a pronounced tinnitus pitch change. For this, we compare two groups of patients with very similar tinnitus relief, but significantly different tinnitus pitch change. According to previous studies different perceptual characteristics of tinnitus may be coded by an altered network activity of multiple parallel overlapping dynamic neural networks (De Ridder et al., 2011a). Also, it has been shown that different auditory modalities may be coded by different mechanisms and also by spatially separate neuronal networks: sound identification and sound localization were shown to depend on specialized and spatially distinct pathways (Clement et al., 1999; Alain et al., 2001; Banai et al., 2011). Clement et al. (1999) proposed that pitch and loudness are processed in separate modules of the auditory memory. Developmental trajectories of the abilities to detect auditory amplitude and frequency modulation were also shown to be distinct (Banai et al., 2011). Moreover, experiments in non-human primates indicate that an activation of primary sensory areas is not sufficient for the generation of the percept, and associative areas located in, e.g., frontal and parietal lobes are involved in sensory perception (Romo and Salinas, 2003; Lemus et al., 2009a, b). In summary, following current notions on parallel processing of different aspects of auditory information in general and in phantom perception in particular, we might expect differences in the change of brain synchrony in auditory, but also in non-auditory areas between our two patient groups, treated with acoustic CR neuromodulation and differing in the amount of their tinnitus pitch change.

The long-lasting and cumulative therapeutic (i.e., clinical) effects of acoustic CR neuromodulation along with its long-lasting desynchronizing effect on the pathological, tinnitus-related neuronal synchrony, both observed in our proof of concept study (Tass et al., 2012), are in accordance with these theoretical predictions. However, the CR-induced tinnitus pitch change was not predicted theoretically. In fact, the pitch change indicates CR-induced neuroplastic changes. We shall discuss possible mechanisms that may cause a CR-induced tinnitus pitch change below.

MATERIALS AND METHODS

PARTICIPANTS

The current work is based on existing data from patients who participated in a multicentric randomized, controlled clinical trial on Acoustic CR Neuromodulation in the Treatment of Chronic Tinnitus, performed in Germany between 2009 and 2010 (“RESET study1,” Identifier: NCT00927121; Tass et al., 2012). For the present study patients were selected based on the following criteria: (i) EEG data had to be available for both baseline and the 12 weeks visit; (ii) clinical data, i.e., VAS loudness, VAS annoyance, and matched tinnitus pitch, had to be available for both base line and the 12 weeks visit. From the total population of 63 patients one patient dropped out of the study before the 12 weeks visit. For another patient there were no EEG data available, and in two patients matched tinnitus pitch could not be determined as tinnitus was absent at the 12 weeks visit. Thus 59 patients were selected for further analysis. All patients suffered from chronic subjective tonal tinnitus.

TREATMENT

Patients were stimulated for 12 weeks using a portable acoustic device and comfortable earphones (Tass et al., 2012). In the RESET study patients were randomly allocated to receive acoustic CR neuromodulation (group G1–G4) or placebo stimulation (G5): G1 (n = 22), G2 (n = 12), G3 (n = 12), G4 (n = 12), and G5 (n = 5). G1–G3 all received stimulation for 4–6 h every day. G4 and G5 all received stimulation for 1 h max every day. Stimulation signals were generated based on a specific formula reflecting the logarithmic tonotopic organization of the auditory cortex and on the matched tinnitus (frequency ft) with an equal number of tones placed below and above the tinnitus frequency (except for placebo). Stimulation tones were perceived by patients as equally loud and just super-threshold. Four tones per cycle were played in random order with three stimulation cycles followed by two silent cycles. The four tones are based on a patient specific list of frequencies (see Tass et al., 2012): G1, G3, G4 (f1 to f4); G2 (G2, prior to each cycle four frequencies are chosen from f1 to f12, with the constraint that each cycle has to contain one frequency from each of the four groups f1 to f3, f4 to f6, f7 to f9, and f10 to f12); G5 based on a modified tinnitus frequency [fp = 0.7071 ft/(2n), fp within 300–600 Hz]. The stimulation tones are equidistantly placed on a logarithmic scale within the interval [0.5·ft, 2·ft] for G1–G4 and within [0.5·fp, 2·fp] for G5. Cycle repetition rate was 1.5 Hz for G1, G2, G4, and G5 whereas in G3 the rate was harmonized to the patient’s specific EEG data (Tass, 2003b; Tass et al., 2009; based on the highest peak in the delta frequency band). A readjustment of stimulation parameters was performed at each visit, provided the matched tinnitus frequency had changed. Visits took place after 1, 4, 8, 12, and 16 weeks. Data for this paper come from baseline and the 12 weeks visit as EEG recordings for all patients were performed at these visits. At each visit, tinnitus loudness and annoyance were assessed off-stimulation (at least 2.5 h after cessation of CR neuromodulation) and consecutively on-stimulation (15 min after turning on CR neuromodulation) using a VAS scale for loudness (VAS-L) and annoyance (VAS-A) ranging from 0 to 100. In this study we only use the off-stimulation VAS scores, because EEG recordings were performed off-stimulation. A pure tone matching procedure was used to determine the best matching tinnitus pitch (from 100 to 10,000 Hz). Patients were instructed to match the frequency of a pure tone to the perceived pitch of their tinnitus. During this procedure intensity and frequency of the matching tone were controlled by the patient. Tinnitus matching started either well below or well above the patient’s tinnitus frequency. The patient had to adjust the matching tone to his/her tinnitus. Patients had to confirm a best matching pitch at least twice. The matching tone was repeatedly interrupted to facilitate the comparison between matching tone and tinnitus.

In general, the CR treatment was safe and well-tolerated and resulted in a highly significant decrease of tinnitus symptoms as measured by VAS and TQ scores (Tass et al., 2012): After 12 weeks of therapy a strong significant reduction (29.6–37.3 points) of VAS-L/VAS-A in G1 and G3 in the on-stimulation condition (p ≤ 0.01 compared to baseline) was observed. This significant effect persisted in the off-stimulation condition for G1/G3 VAS-L/VAS-A (18.0–28.8 points p < 0.004). G2 (the noisy CR group) and G4 (stimulation time of 1 h/day) showed less pronounced reduction of tinnitus symptoms (for more details see Tass et al., 2012). In contrast, the placebo group G5 showed neither on- nor off-stimulation significant changes in VAS-L/VAS-A scores after 12 weeks. TQ scores were significantly reduced compared to baseline in G1–G4 with the strongest improvements in G1 and G3 (Tass et al., 2012). In contrast, there were no significant changes in TQ score in the placebo group G5.

DATA COLLECTION

Each patient underwent two recording sessions: on day 1 before start of treatment and after 12 weeks, minimum 2 h after stopping the last stimulation session. Subjects were instructed to retain from caffeinated beverages on the day of the recording to exclude caffeine induced changes of EEG activity. Patients were seated in upright position in a comfortable chair. EEG recordings were obtained in a dimly lit room in a Faraday cage. EEG data were collected from 128 surface electrodes using a HydroCel Geodesic Sensor Net. All electrodes were referenced to Cz. The EEG signals were amplified with the Net Amps 200 amplifier (Electrical Geodesics Inc, Eugene, USA), digitized at 1 kHz and analogous bandpass filtered from 0.1 to 400 Hz. Recordings were performed in the awake state during alternating 2 min intervals with eyes closed and eyes open. For all patients we selected the eyes closed data for further analysis, since they were less affected by artifacts. Photogrammetry was performed for all subjects using Geodesic Photogrammetry System, and the individual head shape was modeled for every subject in each EEG session. Offline the scalp EEG was re-referenced to an average reference. Signals were additionally digitally filtered with a 0.8–130 Hz digital filter. Each EEG recording was corrected for blink and eye movements in BESA using the surrogate model approach in BESA (Brain Electrical Source Analysis, MEGIS Software, 5.3 version; Scherg et al., 2002). Recordings were further analyzed in MATLAB (The Mathworks, Natick, MA, USA) using EEGLAB2. All EEG segments that contained large muscle or other artifacts were removed. The mean length of the recordings after artifact correction was 3 min 24 s ± 23 s.

DATA ANALYSIS

Pearson correlation was performed between changes of VAS-L, VAS-A, matched tinnitus pitch (i.e., difference before and after CR treatment) and the corresponding modulus of the change of matched tinnitus pitch. We set out to investigate how spontaneous oscillatory brain activity changes in patients with pronounced tinnitus pitch change as opposed to patients with zero or minimal pitch change. Accordingly, to investigate differences in the changes of spontaneous oscillatory brain activity between patients with pronounced and with minimal/zero tinnitus pitch change, we created two groups of patients with a sustained relief of tinnitus symptoms as measured by VAS-L and VAS-A: (i) pitch change (PC) group, (ii) no tinnitus pitch change (NPC) or minimal tinnitus pitch change group. Sustained, clinically relevant relief of tinnitus symptoms, i.e., the minimal clinically important difference (MCID), was defined as ΔVAS ≤ -10 points (n = 34; Adamchic et al., submitted). This group of patients was divided into two equally large sub-populations based on the modulus of the individual pitch change ratio: Patients in the NPC group had a modulus of the pitch change ratio < 0.3, whereas patients in the PC group had pitch change ratio≥ 0.3. Pitch change ratio was defined as (modified pitch at 12 weeks visit/initial pitch at baseline) -1. Thus, 50% of patients were classified to the PC group and 50% to the NPC group. According to the significant positive correlation between VAS-L or VAS-A and the modulus of the change of the matched tinnitus pitch (see Results), the PC group had a greater VAS improvement (ΔVAS-L = -29.4 ± 10.8, n = 17) compared to the NPC group (ΔVAS-L = -25.1 ± 18.9, n = 17). To exclude the influence of different magnitudes of the reduction of tinnitus symptoms between the PC and NPC group on the further analysis, we excluded the patient with the greatest VAS-L improvement from PC and the patient with the smallest VAS-L improvement from NPC, in this way creating two groups (PC, n = 16 and NPC, n = 16) with a rather similar reduction of tinnitus symptoms, but significantly different matched pitch changes (Table 1).

Table 1. Clinical characteristics of NPC and PC groups, mean (SD).

[image: image]

None of the patients from the placebo group was classified to belong to PC. A current density analysis of the recorded electrical activity was performed in 3-D Talairach/MNI space using the sLORETA software package (Pascual-Marqui, 2002). sLORETA computed three-dimensional linear solutions for the EEG inverse problem with a three-shell spherical head model adapted to the Talairach human brain atlas digitized at the Brain Imaging Center of the Montreal Neurological Institute. sLORETA images represent the electrical activity of each voxel in terms of the amplitude of the computed current source density (CSD) in that voxel (μA/mm2). LORETA has been validated using functional magnetic resonance imaging (fMRI) and positron emission tomography (PET; Pascual-Marqui et al., 1994; Vitacco et al., 2002; Mulert et al., 2004; Pizzagalli et al., 2004; Zumsteg et al., 2005). Also, it was shown that even deep structures with subcallosal cingulate and mesial hippocampal foci could be correctly identified by LORETA (Pizzagalli et al., 2004; Zumsteg et al., 2005). sLORETA is an advanced, further improved version of LORETA (Pascual-Marqui et al., 2002). The solution space used in this study was restricted to the gray matter voxels that belonged to cortical and hippocampal regions, comprising a total of 6430 voxels at a spatial resolution of 5 mm. The effects of the differential change of the matched tinnitus frequency on the spontaneous brain activity as assessed by sLORETA in the PC and the NPC group were revealed between the two groups with a voxel-by-voxel paired-groups comparison of the current density distribution applying t-statistical non-parametric mapping (SnPM; Robertson and Irvine, 1989). For this, a paired-groups design (A1–A2) = (B1–B2) was used, where A1 and A2 stand for the CSDs in the PC group (before vs. after CR therapy, respectively) and B1 and B2 stand for the CSDs in the NPC group (before vs. after CR therapy, respectively). In this way, we detected brain regions where oscillatory activity was specifically reduced or increased after 12 weeks of CR treatment in the PC group as opposed to the corresponding changes in the NPC group. The significance levels used were p < 0.05. sLORETA source localization was performed on the basis of fixed frequency bands: delta (1–3 Hz), theta (4–7 Hz), alpha1 (8–9 Hz), alpha2 (10–12 Hz), beta1 (13–18 Hz), beta2 (19–21 Hz), beta3 (22–30 Hz), and gamma (30–45 Hz). Put otherwise, previously we have shown that CR therapy induces significant power changes in different frequency bands and specific brain areas (Tass et al., 2012). We here study, how these changes depend on whether or not the tinnitus pitch changes strongly.

To study whether the CSD changes, that showed up as significant differences between PC and NPC groups in particular Brodmann areas (BAs), were correlated with tinnitus pitch changes or VAS changes, CSDs were extracted from spherical volumes of interest (radius 5 mm) centered on the voxels with maximal significance value in each of these BAs. These CSD values were used for a partial correlation analysis with data from matched tinnitus pitch, VAS-L and VAS-A in all 59 patients. By using partial correlations we measure the relationship of two variables with the effect of a control variable being removed. In our case we correlated changes of CSD extracted from spherical volumes of interest for a certain frequency band with pitch changes, controlling for VAS and vice versa, thus obtaining correlations specifically for pitch and VAS. Additionally, we assess functional connectivity as a pattern of statistical dependencies between separate brain regions. For this, we do not make any specific assumptions concerning the directional interactions between the brain regions under study. Measures of linear dependence (coherence-type) between two multivariate time series may be expressed as the sum of the lagged linear and instantaneous linear dependences (Pascual-Marqui, 2007b). However, any measure of instantaneous dependence is likely to be contaminated with a non-physiological contribution due to volume conduction (Pascual-Marqui, 2007b). Pascual-Marqui (2007a) introduced a technique that removes the instantaneous, non-physiological contribution resulting from volume conduction. Accordingly, this measure of dependence can be applied to a large number of brain areas simultaneously. We calculated lagged linear connectivity (lagged coherence) for the same frequency bands as used for the sLORETA analysis. Calculations of lagged linear connectivity were performed using regions of interest (ROI), constructed for each hemisphere by defining all voxels located within a radius of 5 mm around designated seed points. Seed points were placed in the BAs that showed significant differences between PC and NPC and were defined as the voxel with the highest significance in a selected BA (see Results). In other words, we constrained our connectivity analysis to those brain areas which showed differential effects of CR therapy depending on whether or not tinnitus pitch changed strongly. Connectivity data were subjected to repeated-measures ANOVA (rmANOVA) with the within-group factor Time (1, base line; 2, after 12 weeks of acoustic CR neuromodulation) and between-group factor Group with two levels: PC and NPC. Where rmANOVA showed significant effects, post hoc t-tests were applied.

RESULTS

Baseline characteristics of the patient population are presented in Table 2.

Table 2. Patient’s characteristics at baseline (n = 59).

[image: image]

No significant correlation was observed between changes in VAS-L or VAS-A and tinnitus pitch change ratio when all patients (n = 59) were included into the analysis (Table 3).

Table 3. Correlation (p value) between change inVAS-L, VAS-A, and tinnitus pitch change ratio.
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However, in patients with decreased tinnitus pitch the pitch change ratio positively correlated with both a decrease in VAS-L (r = 0.37, p = 0.01; n = 46) and VAS-A (r = 0.48, p < 0.01; n = 46; Figure 1).
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Figure 1. Changes in VAS-L (A) and VAS-A (B) as a function of a tinnitus pitch change ratio. Patients are divided into two groups: (1) tinnitus pitch decrease (blue, n = 46); (2) tinnitus pitch increase (green, n = 13 or red dashed line after removal of an outlier, n = 12). An outlier patient is marked by the red circle.



A complementary trend was observed in patients with an increase in their tinnitus pitch (Figure 1). However, possibly due to the low number of patients (n = 13), the correlation between the increase of the tinnitus pitch and the VAS-L and VAS-A changes did not reach significance: correlation between the increase of the tinnitus pitch change ratio and VAS changes were r = -0.37, p = 0.11 for VAS-L and r = -0.25, p = 0.42 for VAS-A. One patient (an “outlier”) had a much greater tinnitus pitch change ratio, i.e., = 1.49 than all other patients. However inclusion of this patient into the analysis set did not dramatically affect the results (Figure 1). Based on these findings, the modulus of the tinnitus pitch change was used for further analysis. A reduction of the tinnitus symptoms negatively correlated with the modulus of the tinnitus pitch change (Figure 2; Table 3). In general, we found a high correlation between the CR-induced changes in ΔVAS-L and ΔVAS-A, i.e., r = 0.92 (baseline to 12 weeks, p < 0.01).
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Figure 2. Changes in VAS-L (A) and VAS-A (B) as a function of the modulus tinnitus pitch change ratio with all patients included (n = 59, solid red line) or with the outlier (marked by the red circle) excluded from the analysis (n = 58, dashed blue line).



Standardized low resolution brain electromagnetic tomography revealed regions were oscillatory activity was specifically reduced or increased after 12 weeks of treatment in the PC group as compared to the changes in the NPC group. A significantly different effect on the power of the oscillatory activity after 12 weeks of CR therapy between the two groups was observed in the gamma band in PC compared to NPC in the following areas: left parietal cortex (BA 40), right frontal cortex (BA 9, 46), left frontal cortex (BA 4, 6), and left temporal cortex (BA 22, 42; Figure 3). In these brain areas gamma band power decreased significantly more strongly in the PC group.
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Figure 3. EEG source localization (sLORETA) power maps for the PC–NPC paired-groups comparison. (A) Alpha2 (10–12 Hz) increased (color-coded red) in the right and left anterior cingulate cortex (BA 24, 32). (B) Gamma band power decreased (color-coded blue) with pitch change in the left parietal (BA 40), left temporal (BA 22, 42), right frontal (BA 9, 46), and left frontal (BA 4, 6) cortex.



In addition, we found a differential effect of the CR therapy on the power of the oscillatory activity in the alpha2 band: The power of alpha2 increased significantly more strongly in the PC as compared to the NPC group in the right anterior cingulate cortex (ACC; BA 32, 24). No significant results were found for any other frequency bands. BAs containing significant voxels are listed in Table 4.

Table 4. Locations (Talairach coordinates) of maximal t-values in each BA containing significant voxels revealed by comparing oscillatory power changes between groups (PC and NPC) by means of sLORETA.
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The modulus of the tinnitus pitch change ratio correlated negatively (controlling for VAS-L, i.e., statistically ruling out the influence of VAS-L) with the CSD changes in the gamma band in the left temporal cortex r = - 0.31, p = 0.02 (volumes of interest center x -58, y -45, z 16; BA 22). Changes in the VAS-A negatively correlated with changes in CSD (controlling for the modulus of the tinnitus pitch change ratio, i.e., statistically ruling out the influence of the modulus of the tinnitus pitch change ratio) in the alpha2 band in the right frontal cortex r = -0.33, p = 0.01 (volumes of interest center x 6, y 37, z 11; BA 24; Figure 4). The correlation between modulus of the pitch change ratio and CSD gamma power remained significant (r = -0.29, p = 0.03, n = 58) also after removing the outlier from the complete (n = 59) dataset.
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Figure 4. Significant negative partial correlation between relative change of CSD gamma power and modulus of tinnitus pitch change ratio (A) with all patients included (r = -0.31, p = 0.02, solid red line) or with the outlier excluded (r = -0.29, p = 0.03, dashed blue line). The outlier patient is marked by the red circle. A significant negative correlation (r = -0.33, p = 0.01, n = 59) between relative change of anterior cingulate CSD alpha power and difference in VAS-A (B).



No further significant correlations between clinical data and CSD were found for other regions and bands.

Repeated-measures ANOVA of functional connectivity values between BAs containing significant voxels revealed a significant interaction of Group (PC vs. NPC, F = 5.3, p = 0.03) for the right BA 32 – BA 46 connectivity. Subsequent post hoc t-tests showed a significantly lower linear connectivity at the end of 12 weeks than at the baseline (p = 0.007). Comparison between NPC and PC at the 12 weeks visit revealed significantly lower functional connectivity in the gamma band between the right dorsolateral prefrontal cortex (DLPFC; BA 46) and the right ACC (BA 32) in the PC group (p = 0.008; Figure 5). Accordingly no significant differences in functional connectivity were found between PC and NPC at baseline (p > 0.05).
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Figure 5. Connectivity contrast analysis between PC and NPC patients. rmANOVA analysis was applied to those brain areas which showed differential effects of CR therapy depending on whether or not tinnitus pitch changed strongly (see Figure 3). Decreased gamma lagged linear connectivity can be seen in PC patients between right ACC (BA 32) and DLPFC (BA 46).



DISCUSSION

To our knowledge, this is the first study in a group of tinnitus patients that reveals an association of therapy-induced changes in tinnitus pitch to both a reduction of tinnitus symptoms and changes in oscillatory brain activity.

Notably, we observe a significant correlation between long-lasting CR therapy-induced changes of tinnitus pitch and changes of tinnitus loudness and annoyance. These findings are in agreement with a study conducted by Baguley et al. (2005) who showed that intravenous infusion of lidocaine in tinnitus patients leads to a short-term reduction of tinnitus loudness and annoyance paralleled by a tinnitus pitch reduction of roughly similar size. In that study, the measurement of pitch change, however, was performed with VAS and no analysis of an interdependence between changes in tinnitus loudness or annoyance and tinnitus pitch was performed. Another, substantial difference to our study is that changes of pitch as well as reduction in VAS-L and VAS-A disappeared 20 min after lidocaine injection, whereas VAS and matched tinnitus pitch measurements in our study were performed minimally 2.5 h after cessation of the acoustic CR neuromodulation.

In another study, investigating the treatment of tinnitus with chronic electrical neurostimulation of the vestibulocochlear nerve, the transformation of the tinnitus spectrum per se was perceived by patients as pleasant (Bartels et al., 2007). The significant correlation between changes in tinnitus loudness, tinnitus annoyance and changes in tinnitus pitch, obtained in our study, demonstrates the relation of the perceived CR therapy-induced tinnitus pitch change to the change of tinnitus symptoms.

Significant group differences in oscillatory brain activity are a reduction in gamma power over the left superior temporal gyrus, the left supramarginal gyrus and the left premotor cortex and the right DLPFC and an accompanying enhancement in alpha2 power in frontal lobe in patients with tinnitus pitch change. Human functional imaging studies indicate that supramarginal gyrus (left > right) is a part of a distributed and dynamic brain network that subserves pitch memory (Gaab et al., 2003). The area with reduced gamma activity in the left temporal lobe also roughly overlaps with the planum temporale (PT), a large region, located in the superior temporal plane posterior to Heschl’s gyrus (Westbury et al., 1999). PT was proposed to be a computational interface segregating incoming sound patterns that are then used for comparison with the previously stored patterns (Griffiths and Warren, 2002). The association of a CSD change in this area with changes in tinnitus pitch suggests that changes in the left superior temporal region might be more associated with changes in processing of tinnitus pitch per se. This region might not be the locus of conscious perception of pitch change, but instead a relay-station necessary for processing and gating pitch related information to higher-order cortical areas involved in the tinnitus aversive network.

Another region with lower gamma in the PC group roughly corresponds to the DLPFC. The right DLPFC was proposed to be a part of the tinnitus network related to the affective components of tinnitus (Schlee et al., 2009a, b; Vanneste et al., 2010; Langguth et al., 2011). It is also a part of a fronto-parietal network proposed to perform the retrieval and comparison of incoming auditory information (Arnott et al., 2005). Frontal regions were also shown to play a role in the maintenance of tonal patterns and auditory working memory, e.g., experimental evidence even suggests that the prefrontal cortex has cells related to auditory memory (Bodner et al., 1996; Chao and Knight, 1996; Celsis et al., 1999). Thus the prefrontal cortex could be one of the higher-order centers in the tinnitus aversive network that integrates sensory (e.g., tinnitus pitch) aspects of tinnitus possibly coming from PT with other modalities (Jastreboff, 1990; Mirz et al., 2000). An increase in alpha2 oscillatory brain activity in the PC group was found in a region corresponding to ACC. This is in line with data reported by Vanneste and De Ridder (2011) where the stimulation of DLPFC in tinnitus patients resulted in an increase of alpha activity in ACC. Moreover in our study CSD changes in the anterior cingulate area negatively correlated with changes in tinnitus annoyance. These results correspond to data obtained from patients suffering with pain where a correlation between changes in ACC activity and pain perception was observed (Davis et al., 1997).

Furthermore, we found a decreased connectivity in the gamma band between DLPFC and ACC regions in patients with tinnitus pitch change. The DLPFC has anatomical connections to the ACC permitting functional connectivity between these two areas (Pandya et al., 1981; Petrides and Pandya, 1999). In particular, gamma band oscillations appear to be crucial for the binding of information originating from different sources into coherent percept (Singer and Gray, 1995; Schulte et al., 2002; Herrmann et al., 2010). This finding is in line with previous data showing a modulation of activity in the ACC as a result of rTMS or transcranial direct current stimulation of the prefrontal cortex over the DLPFC (Paus et al., 2001; Vanneste and De Ridder, 2011). Remarkably decreased functional connectivity in the gamma band was also found between the right DLPFC and ACC after transcranial direct current stimulation of DLPFC (Vanneste and De Ridder, 2011). Premotor cortex was proposed to have hidden sensory function, however it’s relation to tinnitus is not yet clear (de Lafuente and Romo, 2002).

In summary, our study revealed changes in a distributed brain network which involved the left superior temporal and supramarginal gyrus, dorsolateral prefrontal region, and the ACC. CSD in the gamma band positively correlated with the modulus of the tinnitus pitch change in the region of the superior temporal gyrus (BA 22) indicating that this region may be related to processing and gating tinnitus pitch related information to higher-order cortical hubs of the tinnitus network. The ACC, in turn, could be more associated with affective tinnitus distress, being one of the higher-order centers in tinnitus network.

What mechanism may turn a greater tinnitus pitch change into a greater change of tinnitus annoyance and loudness? Different auditory modalities were proposed to be coded by different mechanisms and spatially separate brain networks (Clement et al., 1999; Alain et al., 2001; Banai et al., 2011). Thus, one can assume that different perceptual characteristics of tinnitus (e.g., pitch and loudness) could also be coded by spatially and functionally parallel and overlapping brain networks. This notion would be in line with the notion that tinnitus arises as the result of altered activity in multiple parallel overlapping dynamic brain networks (De Ridder et al., 2011b). Thus, tinnitus characteristic pitch associated with a negative emotional context related to tinnitus, can lead to the formation of a strong, aversive memory trace of this particular sound in a separate brain network specific for pitch processing and memory. This may at the same time be paralleled by increased synchronized neural activity, indicating its more intensive involvement, in the brain network subserving perceptual modality, i.e., pitch related to negative emotions. According to the binding theory (Singer and Gray, 1995; Schulte et al., 2002; Herrmann et al., 2010) different features of an object have to be combined into a coherent percept to be consciously perceived. Oscillatory neural activity in the gamma band have been proposed to be a representation of this binding process (Singer and Gray, 1995; Schulte et al., 2002; Herrmann et al., 2010). From the standpoint of auditory binding, the sLORETA results obtained in our study can be interpreted to reflect a substantial, CR-induced reduction of a tinnitus-related auditory binding process. Moreover persistent tinnitus would support this aversive emotional association and hinders its decline (De Ridder et al., 2011a). In this network superior temporal gyrus and/or PT could play the role of a tinnitus pitch processing and gating center and constitute a distinctive part of a pitch aversive network. After having been processed by this pitch hub, the information might enter a non-specific network comprising DLPFC for sensory information integration and ACC for associative and emotional processing. A change in tinnitus pitch might break the synchrony in one part of the tinnitus network of brain areas that otherwise supports aversive emotional associations and prevents from a decline of the memory of the tinnitus. In the absence of a reinforcement these aversive associations may gradually diminish and, finally, fade away. A destruction of such aversive emotional associations may, in turn, contribute to the reduction in chronic tinnitus distress.

As shown here, the amount of tinnitus pitch change determines in which way the amount of pathological (gamma) and physiological (alpha) synchrony in a network of tinnitus-related brain areas together with the interactions between different hubs within that network change. However, the question of the underlying physiological mechanism of the CR-induced tinnitus pitch change still remains open. Given the tonotopic organization of the primary auditory cortex, a CR-induced tinnitus pitch change may likely correspond to a spatial shift of the synchronized, tinnitus-related synchronous focus within the primary auditory cortex. Based on the dynamical mechanisms of action of CR neuromodulation (Tass, 2003a, b; Tass and Majtanik, 2006; Hauptmann et al., 2007; Tass and Hauptmann, 2009) asymmetries of both the stimulation and the network subjected to stimulation might cause such an effect. For instance, in an elegant modeling study on the emergence of the Zwicker tone (Zwicker, 1964; Franosch et al., 2003), an auditory after-effect, the impact of a spatial gradient of the lateral inhibition in the auditory cortex on the neuronal dynamics in the central auditory cortex has been explored. It was shown that a gradient of the lateral inhibition has significant impact on the neuronal dynamics and, in particular, that a noise reduction mechanism together with a dominantly unilateral inhibition is able to explain the emergence of the Zwicker tone. A gradient of the lateral inhibition combined with a spatially equidistant delivery of acoustic stimuli might explain a spatial shift of a synchronous focus in the primary auditory cortex. By the same token, in case of a spatially well-balanced lateral inhibition asymmetries of the arrangement of the CR tones (with respect to the patient’s individual tonotopic organization of the primary auditory cortex) might also cause a spatial shift of the synchronous focus in the primary auditory cortex. This issue will be in the focus of forthcoming theoretical and experimental studies.

Our results support the idea that tinnitus might be a consequence of altered activity in multiple parallel and overlapping dynamic networks. In this network elementary sensory dimensions may be represented by segregated mechanisms and networks that probably involve cortical areas encoding sensory features of the stimulus as well as prefrontal and cingulate regions necessary for perception.

Additional studies are required to further deepen our understanding of the involvement of pitch processing networks in the pathophysiology of tinnitus. Such studies will further elaborate which brain areas are critically involved in pitch processing in auditory phantom perception and how these areas interact with or depend on areas required for the percept to reach consciousness.

FOOTNOTES

1ClinicalTrials.gov

2 http://sccn.ucsd.edu/eeglab
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Electric stimulation of the auditory nerve via a cochlear implant (CI) has been observed to suppress tinnitus, but parameters of an effective electric stimulus remain unexplored. Here we used CI research processors to systematically vary pulse rate, electrode place, and current amplitude of electric stimuli, and measure their effects on tinnitus loudness and stimulus loudness as a function of stimulus duration. Thirteen tinnitus subjects who used CIs were tested, with nine (70%) being “Responders” who achieved greater than 30% tinnitus loudness reduction in response to at least one stimulation condition and the remaining four (30%) being “Non-Responders” who had less than 30% tinnitus loudness reduction in response to any stimulus condition tested. Despite large individual variability, several interesting observations were made between stimulation parameters, tinnitus characteristics, and tinnitus suppression. If a subject's tinnitus was suppressed by one stimulus, then it was more likely to be suppressed by another stimulus. If the tinnitus contained a “pulsating” component, then it would be more likely suppressed by a given combination of stimulus parameters than tinnitus without these components. There was also a disassociation between the subjects' clinical speech processor and our research processor in terms of their effectiveness in tinnitus suppression. Finally, an interesting dichotomy was observed between loudness adaptation to electric stimuli and their effects on tinnitus loudness, with the Responders exhibiting higher degrees of loudness adaptation than the Non-Responders. Although the mechanisms underlying these observations remain to be resolved, their clinical implications are clear. When using a CI to manage tinnitus, the clinical processor that is optimized for speech perception needs to be customized for optimal tinnitus suppression.
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INTRODUCTION

Tinnitus is an auditory disorder known as “ringing of the ears or head” which affects 50 million Americans and an estimated 600 million worldwide, according to the American Tinnitus Association (ATA; www.ata.org). Its severity can range from being temporary and unobtrusive to debilitating and life-impairing. Tinnitus has steadily increased by 18% per year since 2001 in soldiers returning from the Global War on Terror, and is currently the number one cause of service-connected disability (ATA, 2011). Although management treatments and therapies are available, there currently exists no cure (Goodey, 2007).

While neural mechanisms causing tinnitus and hearing loss are not identical, the incidence of tinnitus is highly correlated with, and believed to be related to hearing loss (Axelsson and Ringdahl, 1989). A study by the National Study of Hearing showed that hearing impairment is the dominant factor in predicting the occurrence of prolonged spontaneous tinnitus (Coles et al., 1988; Tyler, 2000). Although not all individuals experiencing tinnitus have hearing loss, those who have a hearing loss experience an 83% higher risk of developing tinnitus over those who do not have a hearing loss (Nondahl et al., 2002). Interestingly, when these individuals are fit with hearing aids, approximately half of hearing aid users with tinnitus report that their amplification also provides either partial or total relief from their tinnitus (Surr et al., 1985).

Individuals with more severe hearing loss may receive a cochlear implant (CI) to help restore hearing (Zeng, 2004). While most individuals who have tinnitus are not profoundly deaf (Tyler, 2000), a reported 66–86% of CI users indeed experience tinnitus (Tyler and Kelsay, 1990; Hazell et al., 1995; Miyamoto et al., 1997; Quaranta et al., 2004; Bovo et al., 2010). Evidence of cochlear electrical stimulation has been noted to benefit tinnitus, and CIs have been suggested as a potential therapeutic since they became commercially available in the early 1980s (House and Brackmann, 1981). In recent years, the benefit of CI on tinnitus has been widely reported in many studies. Efficacy rates range from 34 to 93% (Tyler and Kelsay, 1990; Miyamoto et al., 1997; Pan et al., 2009; Bovo et al., 2010). On the other hand, a smaller percentage of 16.7–41.5% of CI users reports no effect of the CI on their tinnitus (Tyler and Kelsay, 1990; Miyamoto et al., 1997; Bovo et al., 2010).

Significantly, most studies investigating CI effects on tinnitus have used standard multichannel CIs using speech processors optimized for speech. Observational questionnaires comparing pre- and post-implantation tinnitus have found reduction in tinnitus intensity or loudness (Ito and Sakakihara, 1994; Miyamoto et al., 1997; Ruckenstein et al., 2001), decreased annoyance, and general reports that “the majority of patients thought that their CI was helpful in tinnitus suppression” (Souliere et al., 1992). Changes in tinnitus pitch and timber following implantation have also been noted (Souliere et al., 1992; Miyamoto et al., 1997). These effects have been attributed to surgical insertion of the intra-cochlear electrode (Baguley and Atlas, 2007) as well as plastic changes in the auditory system brought about by CI use (Quaranta et al., 2004; Baguley and Atlas, 2007). Of note, current candidacy requirements for CI implantation are strictly based on hearing capabilities, as measured by severe-to-profound sensorineural hearing loss that is not substantially improved by hearing aids, and speech recognition test scores in the United States, Canada, and the United Kingdom (UK Cochlear Implant Study Group, 2004; Balkany et al., 2007; Amoodi et al., 2012). Because clinical processors used in CIs are designed to improve speech perception (Wilson et al., 1991; Zeng et al., 2008), their effects on tinnitus are usually considered to be secondary.

There is limited literature on optimizing electric stimulation for tinnitus suppression. Rubinstein et al. (1999) used high-rate stimulation to produce a pattern of spontaneous-like firing similar to that seen in the healthy auditory nerve, which is thought to represent the auditory “code for silence.” He tested the effectiveness of high-rate stimulation [4800 pulses per second (pps)] in three Cochlear CI users with tinnitus and found that one subject showed level-dependent tinnitus suppression with complete adaptation to the electric stimulus, one subject showed tinnitus suppression only in the presence of a stimulus percept, and one subject reported no change in tinnitus at her maximal comfort level of stimulation (Rubinstein et al., 2003). On the other hand, Dauman et al. (1993) explored low-rate bipolar stimulation in two Cochlear CI patients, finding that 125 pps stimuli was the most effective in that it required the lowest amount of current to achieve suppression, and that the effectiveness of stimulation could vary by place. A parametric study exploring various combinations of stimuli parameters also found low-rate stimuli effective at completely suppressing tinnitus in a single Advanced Bionics HiRes CI user (Zeng et al., 2011). In this study we sought to corroborate these findings in a larger subject size using various CI devices. The goal of the present study is twofold: (1) to use flexible research processors to systematically vary electric stimulation parameters and measure their effects on tinnitus suppression, and (2) to identify relationships between tinnitus characteristics and electric stimulation to tinnitus suppression.

MATERIALS AND METHODS

SUBJECTS

Subjects who had chronic tinnitus and a CI were screened for the study. Prior to enrollment, subjects completed an online tinnitus survey, including a questionnaire about their hearing loss and tinnitus, the Beck Depression Inventory (BDI), Beck Anxiety Inventory, Tinnitus Handicap Index, and Tinnitus Severity Index. They also provided audiological records, which included their speech recognition scores as assessed by the standardized Hearing in Noise Test (HINT; Nilsson et al., 1994). Subjects who had not been evaluated by a physician for their tinnitus, had a treatable type of tinnitus, or were on medications or other treatments for their tinnitus were excluded from the study. All subjects perceived their tinnitus for a minimum of six months.

Thirteen CI users with chronic tinnitus, 11 female and two male of average age 60.8 ± 13.6 years (mean ± SD) participated in the study (Table 1). Etiology of hearing loss varied, and all subjects had severe to profound hearing loss in the non-implanted ear except for S11, who had sudden sensorineural hearing loss in one ear and normal hearing in the other. Average duration of hearing loss was 27.9 ± 11.7 years and subjects had an average CI use of 5.15 ± 3.8 years with at least one year of experience. Six subjects used Cochlear devices, four used Advanced Bionics, and three used Med-El. These CI users had sentence recognition ranged from 0 to 100%, and covered the full range from poor to good performers (Nilsson et al., 1994; Friesen et al., 2001).

Table 1. Patient demographics.
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TINNITUS CHARACTERISTICS

Patient tinnitus characteristics are shown in Table 2. Prior to testing, patients were asked if “their tinnitus has improved since cochlear implantation.” Seven (54%) patients reported “Yes” or “sometimes,” while five subjects (38%) reported “No” and one subject was unsure. All patients had experienced tinnitus for a minimum of one year, ranging from 1 to 49 years with an average of 20.5 ± 15.3 years. Tinnitus Handicap Inventory (THI) scores showed 38% of subjects (5 of 13) with moderate handicap, 31% (4 of 13) with mild handicap, and 31% (4 of 13) with slight or no tinnitus handicap. Ninety-two percent (12 of 13) of patients had minimal depression (the lowest grade possible) based on the BDI, and one subject experienced mild depression.

Table 2. Patient tinnitus characteristics.
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Average baseline loudness rating (LR) of their tinnitus was 4.4 ± 1.9 on a numeric scale from 0–10 (Table 3). Subjects reported a variety of different sounds descriptive of their tinnitus. The most common sound perceived was humming (85%, 11 subjects), followed by ringing and roaring (both 77%, 10 subjects each), then buzzing and the “inside of a seashell” (both 69%, nine subjects each). Two subjects reported hearing music alongside their tinnitus.

Table 3. Tinnitus characteristics.
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STIMULI AND PROCEDURE

All stimuli were delivered to the subject's CI using a research processor, controlled by a customizable research interface connected to a computer. Use of the customizable research interfaces allowed fixed pulse trains to be continuously delivered to only a single electrode at a given stimulation rate, place, or level, as distinct from commercial speech processors. Stimuli were fixed, charge-balanced, biphasic anodic-first pulse trains, delivered with a given stimulation rate (low: 100 or 200 pps and high: 5000 pps), stimulation place (apical, middle, or basal electrode) and stimulation level (corresponding to soft, medium, and loud) for a total combination of 18 stimuli conditions. Stimulated electrodes were selected as the apical- and basal-most electrodes, as well as the electrode in the middle of the array. Apical, middle, and basal electrodes were selected, respectively as electrodes 22, 11, and 1 for Cochlear devices; 1, 8, 16 for Advanced Bionics; and 1, 6, and 12 for Med-El (see Figure 1). Loudness levels were determined via subject feedback, using a LR numeric scale from 0 to 10 (0 = no sound, 10 = very uncomfortable) as a guide. On this scale, LR 3 corresponded to “soft,” LR 5 to “medium,” and LR 7 to “loud but comfortable.”

 •For Cochlear users, electric stimuli were delivered through a programmable SPEAR3 Speech Processor (Hearworks, Pty, Melbourne, Australia) and controlled via the Woomera software (Cochlear Ltd., Sydney, Australia); source code was written in Motorola DSP563xx assembly language. Subjects adjusted the volume to the appropriate loudness using a dial on the speech processor.

 •For Advanced Bionics users, electric stimuli were delivered via a research interface provided by Advanced Bionics Corporation and controlled via the BionicEar Data Collection System software (Advanced Bionics LLC; Sylmar, CA, USA).

 •For Med-El users, electric stimuli were delivered via the Diagnostic Interface Box connected to the CIS-PRO + processor and controlled using the CI.Studio+ 2.0 software (Med-El Corporation, Innsbruck, Austria). The clinical mapping software was used to turn off all but one electrode, which was set at the appropriate stimulation rate. A steady state sound was then delivered directly through the processor via an audio input cable to activate that given electrode.
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Figure 1. Electrode stimulation site by condition and CI manufacturer. Diagrammatic representations of electrode arrays are presented by CI manufacturer, with the stimulated electrode number listed above the appropriate electrode (shaded in black) for apical (left), middle (center), and basal (right) stimulation conditions.


Prior to each trial, baseline tinnitus was assessed as the LR of the tinnitus prior to delivery of the test stimulus. Fixed, unmodulated pulse trains were then delivered to a single electrode at a fixed stimulation level for 6 min. LRs of the tinnitus and the electric stimuli were each reported by the subject every 30 s for the duration of the stimuli. Tinnitus was allowed to return to baseline prior to the next testing condition. S10 had a dead region in the basal region of her cochlea secondary to radiation for a cerebellar tumor (Moore et al., 2000); S3, S6, S7, and S9 did not complete testing conditions. Testing conditions were presented in a randomized order. Due to thorough evaluation of stimulation conditions and time required between trials, total testing time could span two full days for each subject.

All patients gave informed, written consent and protocols were approved by the Institutional Review Board at the University of California Irvine.

ANALYSIS

LRs for tinnitus and electric stimuli were reported as loudness adaptation percentages, calculated as such:
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where Lt is LR at time t and L0 is the initial LR at time t = 0. A value of −100% means that the tinnitus or sound is inaudible (Lt = 0), while 0% means that the tinnitus or sound is unchanged from the baseline (Lt = L0). The adaptation data were fitted using the following equation:
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where s represents the plateaued adaptation percentage, calculated as the average of the final five loudness estimates in terms of percentage of the original loudness at the onset of stimulation. τ represents the time constant at which the loudness percept adapted. For cases where no adaptation occurred, both s (plateaued adaptation percentage) and τ (time constant) were set to 0.

Subjects were also classified based on their responses to the tested stimuli. Tinnitus suppression outcome were based on a 30% cutoff; a tinnitus suppression of 30% or more was considered “successful” while suppression of less than 30% was considered as “no suppression.” Thus, subjects tested in this paradigm fit into one of two categories: “Responder” subjects, whose tinnitus adapted to at least one condition by 30% or more, or “Non-Responder” subjects, whose tinnitus remained uninfluenced by electric stimulation.

Statistical analyses were performed for all subjects. Data were analyzed using Generalized Estimating Equations to control for repeated measures, using a linear scale response outcome of the minimum tinnitus adaptation percentage, or plateaued adaptation and time constant of the curve-fit variables for adaptation of the electric stimulus (SPSS/PASW Statistics 18; Somers, NY, USA).

Another Generalized Estimating Equations model using binary logistic regression was used to evaluate effects of stimulation parameters on tinnitus suppression outcome of greater or less than −30%. All regression models were built using rate, place and level as main effects; two-way interactions were consequently assessed. The statistical significance of each regression coefficient was determined using Wald Chi-square analyses, and the model was reduced by backward elimination. Variables of clinical interest were evaluated in the final model, and post-hoc analyses were performed based on pairwise contrasts.

RESULTS

TINNITUS SUPPRESSION

Figure 2 shows representative data from three subjects (S1, S2, and S5) at a high rate (5000 pps) and an apical electrode, with the loudness of the electric stimuli at soft, medium and loud levels represented in columns. Subjects S1 and S2 (in the first two rows) show loudness adaptation of both the tinnitus (filled circles) and the electric stimuli (open triangles). Note in the first panel S1 particularly—-both the tinnitus and electric stimulus adapted from a soft level (LR: 3) to a barely audible sensation (LR: 1) for a total adaptation of −66.7%. Subject S2 also showed loudness adaptation to both her tinnitus and the electric stimuli, with her tinnitus percept adapting completely to −100% (LR: 0) in the medium and loud conditions. Subject S5 is a bilateral user who showed no loudness adaptation to the tinnitus in either ear (right ear: filled circles; left ear: X's) or the electric stimuli (open triangles).
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Figure 2. Representative data from three subjects at a high rate (5000 pps), apical electrode. Plots show tinnitus and electric stimulus loudness percepts across time at three different loudness levels for three representative subjects. Loudness levels are shown in columns; subjects S1, S2, and S5 are displayed in rows. For S1 and S2, plots show LRs (scale: 0–10) of tinnitus (filled circles) and electric stimuli (open triangles). S5 is a user who reported bilateral tinnitus; tinnitus from her right ear (filled circles) is shown alongside tinnitus from her left ear (filled X's), and electric stimuli (open triangles).


Figure 3 shows the spread of suppression across tinnitus subjects, with each circle representing a single trial condition. Of 227 trials tested, 37% (83 of 227) were successful conditions that elicited a tinnitus suppression of 30% or more, represented by the dotted line in Figure 3. Of these, 49% (41/83) of the successful conditions yielded complete tinnitus suppression, where the tinnitus percept dropped to be completely imperceptible (LR: 0). Sixty-nine percent (9 of 13) of subjects responded to at least one condition tested: S1, S2, S3, S6, S8, S9, S10, S11, and S13. For subjects with bilateral tinnitus, ears responded uniformly: both ears responded to stimuli for S3, S6, and S8; neither ear responded for S5.
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Figure 3. Spread of suppression, by subject. The spread of variability in tinnitus suppression percentage across all conditions is shown for each subject. Subjects are listed across the x-axis and grouped as Responders (left) or Non-Responders (right). Each open circle represents the maximal tinnitus suppression for a given condition. Bilateral tinnitus percepts for subjects S3, S5, S6, and S8 are listed by ear. Symbols at −100% suppression (complete adaptation) were shifted by up to 5% for visualization purposes. A dotted line is shown at −30% suppression to indicate the cutoff for successful suppression.


The large individual variability produced no significant effect of stimulation rate, place of stimulation, or loudness level of the electric stimulus on tinnitus suppression outcome. However, subjects who responded to one stimulus were much more likely to respond a second stimuli (χ2 = 93.5, df = 1, p < 0.001, likelihood ratio Chi-square test). Subjects who responded to at least one stimuli responded to a minimum of 27% of conditions tested (S9) and up to 78% conditions tested (S1) for an average of 50% of successful conditions.

Figure 4 shows the percentage of successful suppression conditions based on the total number of conditions tested, with low rate stimuli represented as open bars and high rate stimuli as filled bars. A binary logistic regression model found a significant effect of loudness level on tinnitus suppression (p = 0.049, Wald Chi-square analysis), along with a significant rate-level interaction (p = 0.030). Only loud sounds were significantly more effective than soft sounds (p = 0.027). The significant rate-level interaction showed additionally that, for high rate sounds, medium sounds were more effective than soft sounds (p = 0.043) and loud sounds (p = 0.008). No other significant effects or interactions were found.
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Figure 4. Percentage of successful suppression conditions, by condition. Percentage of successful conditions (achieving tinnitus suppression of −30% or greater) of conditions tested are reported by stimulus condition. Open bars denote low rate stimuli; filled bars denote high rate stimuli. Electrodes for an apical, middle and basal place are grouped in clusters, and loudness levels are shown for each electrode (S = soft; M = medium; L = loud).


RESPONDER VERSUS NON-RESPONDER SUBJECTS

We sought to evaluate adaptation differences to external sounds (electric stimulus) as compared to internal ones (tinnitus) under the same stimulation conditions. Figure 5 (top panel) shows a distinctive pattern of tinnitus adaptation between Responder (filled circles) and Non-Responder (open circles) subjects averaged over all conditions. No significant effects of stimulation rate, place or level were found on the overall degree of tinnitus adaptation in these subjects.


[image: image]

Figure 5. Adaptation of tinnitus and electric stimuli, Responders versus Non-Responders. Tinnitus adaptation is shown across time in the top panel, averaged across Responder (filled circles) and Non-Responder subjects (open circles). Electric stimuli adaptation is shown across time in the bottom panel, averaged across Responder (filled triangles) and Non-Responder subjects (open triangles). Error bars indicate SEM.


Similarly, Figure 5 (bottom panel) shows a distinctive pattern of loudness adaptation to the external electric stimulus between Responder (filled triangles) and Non-Responder (open triangles) subjects. Responders exhibited a significantly greater degree of plateaued stimulus adaptation (−29%) than Non-Responders (−22%), but a similar rate of loudness adaptation τ= 0.03 (Responders) versus τ= 0.02 (Non-Responders). Effects of loudness adaptation were significant at T(225) = 1.686, p = 0.030. The similar patterns between Responders and Non-Responders suggest that mechanisms of tinnitus adaptation may be related to loudness adaptation to external stimuli.

DISCUSSION

COMPARISON TO PREVIOUS STUDIES

Our findings are in line with published results reporting effectiveness of electrical stimulation of the auditory nerve via a CI to suppress tinnitus. In our study, a fixed pulse train delivered to a single electrode of the CI effectively suppressed tinnitus for 69% of our subjects, while published efficacy rates of the CI range from 46 to 93% (reviewed by Pan et al., 2009). Two recent studies reported 80–95% of their subjects to respond positively to the CI (van de Heyning et al., 2008; Arndt et al., 2011). While our efficacy rates are not as high, our study populations are also different. These two studies focus on individuals with incapacitating unilateral tinnitus and deafness, implanted primarily for their tinnitus, while our subjects are individuals with bilateral hearing loss treated by cochlear implantation who have coincident tinnitus. By nature of our study design and patient selection, our subjects are also those whose tinnitus was resistant to complete suppression by the CI (hence seeking relief in our study). Furthermore, we found additional tinnitus benefit in four subjects who did not initially report tinnitus benefit with their own speech processor.

CHARACTERIZING DIFFERENCES BETWEEN RESPONDER AND NON-RESPONDER SUBJECTS

We evaluated demographics, hearing loss, and tinnitus profiles, and past medical histories of the two groups of subjects to identify any characteristic differences of the two groups. However, no significant differences were found between the Responder and Non-Responder groups with regard to gender, age, duration of hearing loss, duration of CI use, CI ear implant, CI device type (manufacturer), tinnitus duration, tinnitus severity (TSI), tinnitus handicap (THI), anxiety levels (BAI), or depression status (BDI). No differences were found in patient self-report of if their CI was beneficial to their tinnitus or not. No significant differences were found in general health status between the two groups either, based on self-reported past medical history of: endolymphatic shunt, vestibular neurectomy, chronic upper respiratory infection, noise exposure, sudden hearing loss, vertigo, Meniere's disease, chronic ear infections, abnormal bone growth, otorrhea, balance problems, hypertension, hypothyroidism, anemia, head tumor, autoimmune disorder(s), genetic disorder, heavy smoking, excessive caffeine use, chronic pain, insomnia, anxiety, depression, allergies, sinus congestion, or chronic infection. Interestingly, all four subjects with reported previous history of motor vehicle collision (MVC; S3, S8, S11, and S13) were Responders while none of the four Non-Responders reported having been involved in a MVC [T(8) = 2.530, p = 0.035].

Lastly, only one of the tinnitus sound component qualities was seen more highly associated with Responder subjects: Responders were significantly more likely than Non-Responders to have pulsatile-type tinnitus, T(8) = 3.162, p = 0.013. No significant differences were noted for individuals with tinnitus components of: buzzing, humming, ringing, blowing, hissing, roaring, whistling, constant high pitches, constant low pitches, water-like, seashell sounds, sizzling, or any other reported sounds. Furthermore, no differences were seen between the groups either in baseline levels of tinnitus, or in the overall standard deviation (or variability) of baseline tinnitus for each subject.

EFFECTIVENESS OF SOUND STIMULI BY TINNITUS QUALITY

We also ran an analysis comparing effectiveness of each of the eighteen stimuli by the sound components of tinnitus (Table 4). No stimuli were significantly more or less effective for tinnitus with buzzing, humming, blowing, constant high pitches, constant low pitches, water-like, seashell sounds, or any “other” reported sound components. However, for several sounds, particular stimuli were found to be significantly more effective for subjects reporting that given tinnitus sound component, than for subjects who did not report that sound. For example, individuals reporting tinnitus with a “roaring” component achieved a significantly greater amount of tinnitus suppression with a low rate, soft stimuli to an apical electrode as compared to subjects without a roaring tinnitus component, T(14.140) = 2.853, p = 0.013; T-values are reported in Table 4. Ringing was the only sound that was predictive of negative predictability; namely, individuals with ringing tinnitus were less likely to respond to high rate stimuli of a soft-loudness level to either middle or basal electrodes. Tinnitus with a pulsatile component was easily suppressed with any of the six loud sound conditions except to an apical electrode with a low stimulation rate.

Table 4. Effectiveness of sound stimuli by tinnitus quality.
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TINNITUS AND ELECTRIC STIMULUS ADAPTATION: INSIGHTS INTO UNDERLYING MECHANISMS

Loudness adaptation to externally presented electric stimuli in these subjects, as compared to simultaneous tinnitus adaptation, may also be insightful to mechanisms of tinnitus production. Despite a large variability in tinnitus response between subjects, a significant level-dependence was observed for tinnitus adaptation, with loud sounds achieving more tinnitus adaptation than soft sounds. While this may be partially attributed to a masking effect of electric stimuli on the tinnitus percept (Vernon, 2000; Vernon and Meikle, 2000), simple masking may not fully explain the observed results.

First, a large variability in tinnitus suppression results may indicate a heterogeneous population of tinnitus subjects. Where a final common pathway has been implicated for the perception of tinnitus (Shulman et al., 2009), evidence of tinnitus-related activity has been observed from the peripheral auditory system, through the brainstem and up to the cortex (Muhlnickel et al., 1998; Eggermont and Roberts, 2004; Roberts et al., 2010; Kaltenbach, 2011). Variability in both tinnitus characteristics described and responses to the stimuli tested here may indicate tinnitus manifesting from different sources.

Next, patterns of adaptation to electric stimuli are different from those to tinnitus adaptation. Loudness adaptation to electric stimuli showed significant effects of stimulation rate (p = 0.011), stimulation place (p = 0.000), and stimulation level (p = 0.020) (similar results were found in Tang et al., 2006), while tinnitus suppression is unaffected by these same parameters. This suggests that neural mechanisms underlying loudness adaptation to electric stimuli are likely distinct from those underlying tinnitus adaptation.

Despite these differences, electric stimuli are able to elicit tinnitus suppression in a subset of this heterogeneous group of tinnitus subjects. Responder individuals who experienced tinnitus suppression here also exhibited a higher degree of adaptation to the electric stimuli, while Non-Responders achieved a lesser degree of adaptation to both their tinnitus and the electric stimulation percepts. This result supports the auditory gain hypothesis, in which increased central gain in response to reduced input from the periphery results in tinnitus (Salvi et al., 2000; Norena, 2011). If physiological mechanisms underlying loudness growth are mediated by cochlear and central non-linearities (Zeng and Shannon, 1994; Moore, 2004) and loudness adaptation may be mediated by a central feedback loop dependent on peripheral nerve activity (Tang et al., 2006), then our observation here of increased stimulus adaptation in Responder individuals may indicate that their tinnitus is such that the external stimulus, applied at the auditory periphery, can induce adaptation to the tinnitus as well. Accordingly, Non-Responders who exhibit less adaptation to both the stimulus and their tinnitus may have tinnitus which originates more centrally within the auditory system, making their tinnitus less susceptible to adaptation via peripheral stimulation.

CLINICAL IMPLICATIONS

We also compared an individual's tinnitus suppression outcome using our testing paradigm to their self-reported answer to the question “Has your tinnitus improved since cochlear implantation?” In Table 5, we see the patient's self-reported answer as “Helpful” or “Not Helpful” in rows, with any actual, validated effectiveness using the sounds in our study reported in columns as “Effective” or “Not Effective.” Nearly half (6 of 13 subjects; 46.2%) of the subjects inaccurately predicted actual effectiveness with our testing paradigm. Of these, two subjects predicted that their CI was helpful towards their tinnitus while not actually finding any effective sounds, while four subjects reported no benefit of their CI, but found relief with our testing stimuli.

Table 5. Expected versus actual effectiveness of tinnitus suppression through the CI.
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While this result could be explained by inaccurate reporting by the subjects of actual helpfulness of their CI, it seems less likely that subjects would be oblivious to a significant change to a bothersome percept and more likely that tinnitus suppression achieved using a CI with stimulation parameters ideal for speech understanding may be different from that using a CI optimized for tinnitus suppression. This effect is further clarified in Figure 6, which shows this relationship between speech recognition (using their own clinical speech processors) and tinnitus suppression (using research processors) for each subject, with Non-Responders in open diamonds and Responders in filled diamonds. The lack of correlation shown here (R2 = 0.02, p = 0.68, Pearson correlation) suggests that optimal stimulation patterns may indeed be distinct for speech understanding and tinnitus suppression needs. Thus, in order to use a CI to manage tinnitus, the clinical speech processor should be programmed not only for speech perception but also by using stimulus parameters optimal for achieving tinnitus suppression in that particular patient.


[image: image]

Figure 6. Correlation of speech recognition with tinnitus suppression. The relationship between tinnitus suppression (x-axis) and speech recognition scores (y-axis) is shown for Responders (filled diamonds) and Non-Responders (open diamonds).


Furthermore, the two subjects (S4 and S5) who reported that their CI was helpful but did not find relief with our stimuli did find relief from stimulation of the CI, albeit outside the context of our research stimuli. S4 found no relief with any of our 18 stimuli, but reported a “relaxing” and calming effect from the afternoon she got home from our testing until she woke up the next morning. The tinnitus in her implanted ear had disappeared from a “roar into a slight whistle,” and the patient felt calm and relaxed with an “unexpected and unusual relief from tinnitus.” She had experienced unrelenting tinnitus for 21 years. This was only the third time and by far the longest relief she had ever experienced from her tinnitus; the previous times had lasted only for minutes. This anecdotal report suggests a possible long-term effect of electric stimulation on tinnitus that needs to be explored in the future.

S5 also experienced profound relief of her tinnitus with use of her CI, although her relief is immediate with activation of her implant. With her CIs inactivated, her tinnitus is regularly at a LR 7–8 (“loud but comfortable” to “maximal comfort”) loudness. Activation of her CIs (she is a bilateral user) brings her tinnitus down nearly instantaneously to a LR 0, or complete imperceptibility in environments with ambient noise. With CIs activated, her tinnitus does not exceed a LR 2 (“very soft”) level even in a sound-attenuating booth; tinnitus suppression via electric cochlear stimulation is clearly effective for this patient. Some subjects may require multiple electrodes to be activated and/or dynamic stimulation to successfully achieve tinnitus suppression, as compared to our single-electrode, fixed stimulation tested here. Of note, 13% (30 of 227) of trials resulting in exacerbation of tinnitus were noted in the conditions tested here. This is consistent with exacerbation of tinnitus associated with CI use that has been noted in a small but notable number of patients (10%) in other studies (Quaranta et al., 2004).

Lastly, we wanted to draw attention to any link between tinnitus and musical hallucinations in acquired deafness, with absence of evidence to suggest epilepsy or psychosis. One individual contacted us with tinnitus, but complaining especially of musical hallucinations. She was not enrolled in the study for unrelated reasons, but upon questioning, two enrolled subjects (one responder and one non-responder) reported musical hallucinations. Reported sounds varied from old Elvis songs to marching band and church bells; interestingly, no individual reported any lyrics or verbal hallucinations. Non-psychotic auditory hallucinations appear to be an underreported phenomenon associated with acquired deafness and especially in the elderly (Griffiths, 2000; Auffarth and Kropp, 2009).

CONCLUSION

Tinnitus suppression is possible via electrical stimulation of the cochlea in a subset of “Responder” subjects. A large variability between subjects, as well as the lack of a “most-effective” stimulus type (with respect to stimuli parameters: rate, place, or level), is indicative of the heterogeneity of the underlying tinnitus pathophysiology and individualized percept. These findings elucidate differences between two populations of individuals with tinnitus, Responders and Non-Responders, who not only respond to their tinnitus differently, but also exhibit different patterns of loudness adaptation to externally presented electric stimuli. These findings support the auditory gain hypothesis of tinnitus and suggest there may be characteristic differences in tinnitus generation between Responder and Non-Responder groups. It should be noted that while this study is to our knowledge the largest of its kind, the study size may nevertheless be relatively small given the grand diversity of tinnitus. Tinnitus suppression appears to be possible, but parameters of effective stimuli for tinnitus suppression may need to be customized for the individual.
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Background: Repetitive transcranial magnetic stimulation (rTMS) has been studied as a treatment option for chronic tinnitus for almost 10 years now. Although most of these studies have demonstrated beneficial effects, treatment results show high interindividual variability and yet, little is known about predictors for treatment response. Methods: Data from 538 patients with chronic tinnitus were analyzed. Patients received either low-frequency rTMS over the left temporal cortex (n = 345, 1 Hz, 110% motor threshold, 2000 stimuli/day) or combined temporal and frontal stimulation (n = 193, 110% motor threshold, 2000 stimuli at 20 Hz over left dorsolateral prefrontal cortex plus 2000 stimuli at 1 Hz over temporal cortex). Numerous demographic, clinical, and audiological variables as well as different tinnitus characteristics were analyzed as potential predictors for treatment outcome, which was defined as change in the tinnitus questionnaire (TQ) score. Results: Both stimulation protocols resulted in a significant decrease of TQ scores. Effect sizes were small, however. In the group receiving combined treatment, patients with comorbid temporomandibular complaints benefited more from rTMS than patients without those complaints. In addition, patients with higher TQ scores at baseline had more pronounced TQ reductions than patients with low TQ baseline scores. Also, patients who had already improved from screening to baseline benefited less than patients without initial improvement. Conclusions: The results from this large sample demonstrate that rTMS shows only small but clinically significant effects in the treatment of chronic tinnitus. There are no good demographic or clinical predictors for treatment outcome.
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INTRODUCTION

Subjective tinnitus is defined as a perception of sound that is not linked to an internal or external sound source. It is considered a common symptom affecting about 10–15% of adults (Hoffman and Reed, 2004) some of which are considerably impaired in their everyday lives. Chronic tinnitus is often accompanied by hearing loss, comorbid depression, sleeping problems, anxiety, and psychological stress (Halford and Anderson, 1991; Langguth, 2011). Tinnitus sufferers are considered a heterogeneous group of patients which might be divisible into several subgroups with different underlying pathophysiologies and thus benefiting from different treatment options (Landgrebe et al., 2010). Various criteria for subtyping have been proposed based both on clinical experience (Levine et al., 2008; Lindblad et al., 2011) and on empirical data (Tyler et al., 2008; Vielsmeier et al., 2011). However, it still remains a major challenge to identify useful criteria for identifying clinically relevant subtypes.

Studies using positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) indicate altered neuronal activity in the central auditory system in patients with chronic tinnitus (for a review see Lanting et al., 2009). These alterations supposedly result from reorganization processes in the central nervous system that occurs as a consequence of abnormal auditory input (Eggermont, 2005). Furthermore, altered activity has also been found in non-auditory areas such as the frontal cortex or the amygdalohippocampal area (for a review see Adjamian et al., 2009). As repetitive transcranial magnetic stimulation (rTMS) is able to modify cortical excitability, it has been introduced as a new treatment option for chronic tinnitus. rTMS is a non-invasive technique applying magnetic fields for the purpose of modulating neural activity. These magnetic fields are produced by a pulsed electrical current flowing through a coil which is placed on the scalp. The magnetic fields pass through the skull and induce an electrical current in the underlying cortical neurons. If applied repetitively, long lasting changes in the excitability of directly stimulated cortical neurons as well as in functionally connected areas can be obtained. It depends on stimulation parameters if those changes act in an inhibitory or excitatory way (Ridding and Rothwell, 2007). Studies on the motor cortex revealed that low-frequency rTMS (≤q1 Hz) inhibits neural activity whereas high-frequency rTMS (≥q5 Hz) increases cortical excitability (Fitzgerald et al., 2006). As rTMS turned out to be effective in other hyperexcitability disorders like auditory hallucinations (Hoffman and Cavus, 2002), several studies investigated the effectiveness of low-frequency rTMS over auditory cortical areas in patients with chronic tinnitus (Kleinjung et al., 2005; Plewnia et al., 2007b; Smith et al., 2007; Khedr et al., 2008). Recently, the frontal cortex was examined as an additional target area as well (Kleinjung et al., 2008; Kreuzer et al., 2011). While the majority of those studies reported beneficial effects of rTMS on tinnitus severity, treatment outcomes varied highly across patients (Langguth et al., 2008a; Frank et al., 2010; Plewnia, 2011). It would, therefore, be of high clinical relevance to find out, which patient characteristics are predictive for treatment outcome as it would then be possible to offer rTMS more systematically to those patients who will most likely show positive response. Moreover, the mechanisms by which rTMS exerts beneficial effects on tinnitus are still incompletely understood (Langguth et al., 2008a; Mennemeier et al., 2011). More detailed knowledge about clinical and demographic characteristics of treatment responders may also shed light on the neurobiological mechanisms of rTMS in the treatment of tinnitus.

Some previous studies which examined the effect of rTMS on chronic tinnitus already reported an influence of clinical characteristics on treatment outcome. Tinnitus duration was found to have an effect on treatment response in studies using single sessions (De Ridder et al., 2005; Plewnia et al., 2007a) and repeated sessions of rTMS (Kleinjung et al., 2007; Khedr et al., 2008, 2010) showing that patients with shorter tinnitus duration improve more than patients with longer tinnitus duration. Some studies also indicate that patients with normal hearing develop better treatment response than patients with hearing loss (Fregni et al., 2006; Kleinjung et al., 2007) and that patients with left or bilateral tinnitus benefit more from left-sided rTMS than patients with right-sided tinnitus (Frank et al., 2010). Still, these results are debatable as there are just as many studies suggesting that tinnitus duration (Folmer et al., 2006; Rossi et al., 2007; Burger et al., 2011) or tinnitus laterality (Kleinjung et al., 2007; Rossi et al., 2007; Khedr et al., 2008) do not have any influence on treatment outcome, or that rTMS contralateral to the tinnitus side is most efficient (Khedr et al., 2010). In addition to these diverging results, most of the mentioned studies investigated only small samples and examined only the influence of demographical data, tinnitus side, and tinnitus duration on treatment outcome. Although there are studies which have taken additional characteristics into account (Kleinjung et al., 2007; Frank et al., 2010; Burger et al., 2011), there are many variables left which have not been considered yet. The aim of the current study is, therefore, to identify predictors for treatment outcome, including a larger amount of clinical and demographic variables as potential predictors. In order to identify the possible existence of different predictors for treatment with temporal and for combined frontal plus temporal rTMS, both treatment protocols were examined separately. The analysis has been conducted on pooled data stored in the database of the tinnitus research initiative (TRI) (Landgrebe et al., 2010), providing large sample sizes and thus allowing generalization of results.

MATERIALS AND METHODS

SUBJECTS

Taken as a whole, data from 538 patients with chronic tinnitus were analyzed. 345 (248 men, 97 women; mean age 50.14 ± 13.10 years) patients were treated with left temporal rTMS. The remaining 193 patients (135 men and 58 women, mean age 51.12 ± 11.91 years) received a combined frontal and temporal treatment. rTMS was either done in the course of different clinical trials (Kleinjung et al., 2005, 2008, 2009b, 2011; Langguth et al., 2006b, 2008b) or as compassionate use treatment between 2003 and January 2011. As the studies of Kleinjung et al. (2009b, 2011) revealed no enhancing effect of Levodopa or Bupropion on rTMS outcome, data of those studies were included in the current analysis. All participants were treated at the Tinnitus Center at the University of Regensburg, Germany and gave written informed consent after comprehensive explanation of the procedures. Patient data was kept confidential throughout all analyses, which have been approved by the local ethics committee. Patients with a history of epilepsy, cardiac pacemakers or other contraindications to TMS were excluded from treatment.

CLINICAL ASSESSMENT AND OUTCOME MEASUREMENT

Demographical and clinical characteristics were assessed by using the Tinnitus Sample Case History Questionnaire (Langguth et al., 2007a). Characteristics of both patient groups are given in Table 1. As not every variable was available for every patient, the table provides sample sizes for each variable separately. For calculation of the hearing level [dB HL], all thresholds measured in pure-tone audiogram from 125 Hz to 8 kHz and from both sides were averaged. If hearing was too bad to assess a threshold, the value was set to 110 dB. Tinnitus pitch was defined as the geometric mean of the lower and upper bound frequency [Hz] measured during the audiological examination.

Table 1. Demographical data and clinical characteristics for both treatment groups.
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Assessment of treatment effects was performed using standardized procedures as established in the TRI database (Landgrebe et al., 2010). This follows the consensus for patient assessment and outcome measurement approved by tinnitus experts from many countries during an international tinnitus conference in 2006 (Langguth et al., 2007a).

REPETITIVE TRANSCRANIAL MAGNETIC STIMULATION

Patients were treated with rTMS on 10 consecutive working days, receiving one of two possible treatment protocols. Either low-frequency rTMS was applied over the left temporal cortex (1 Hz, 2000 stimuli/day) or a combined stimulation over the left temporal (1 Hz, 2000 stimuli/day) and left dorsolateral prefrontal cortex (20 Hz, 40 trains with 50 stimuli and an intertrain interval of 25 s) was performed. As both protocols differ substantially with respect to stimulation sites and number of stimuli, data from the 1 Hz and 20 + 1 Hz treatment were analyzed separately. For both protocols, stimulation intensity was set at 110% of the individual resting motor threshold but never higher than 60% of maximal stimulator output. Motor threshold was defined as the minimal intensity sufficient to produce motor-evoked potentials of at least 50 μV in the left thenar muscle in five out of 10 trials. Localization of the stimulated areas was either done with a neuronavigational system or by using a standard procedure based on the 10–20 system (Langguth et al., 2006b). As there is no evidence for neuronavigation being superior to the 10–20 system (Langguth et al., 2010), data were pooled without taking the localization method into account. For all patients, a Medtronic system with a figure-of-eight coil (90 mm outer diameter; Alpine Biomed, Minneapolis, MN, USA) was used with the handle of the coil pointing upwards.

DATA ANALYSIS

Statistical analysis was performed with PASW statistics 18 (SPSS Inc, Chicago, IL). All analyses were conducted separately for the 1 Hz and the 20 + 1 Hz group. The data analysis was based on data of the TRI Database. Data management was conducted according to the Data Handling Plan (TRI-DHP V07, 09.05.2011). Data analysis for the combined frontal and temporal group was conducted according to the Standard Operating Procedure (TRI-SA V01, 09.05.2011) thereby following a study-specific Statistical Analysis Plan (SAP) that was written according to the SAP template (TRI-SAP 005, 26.10.2011). Data from the temporal group were analyzed analogously. All documents are to be found under http://database.tinnitusresearch.org/. Tinnitus severity was assessed at four time points using the German Version of the tinnitus questionnaire (TQ; Goebel and Hiller, 1994): before rTMS treatment (“screening,” “baseline”), after the last treatment session (“day 12”) and after a follow-up period of three months (“day 90”). Screening data were collected when patients visited the Tinnitus Center for the first time (generally during tinnitus consultation hours), whereas baseline data were collected immediately before treatment started. To test for changes in tinnitus severity from baseline to day 12 as well as from baseline to day 90, paired t-tests were used. Responder rates were calculated with responders defined as patients having improved by five points or more in the TQ score (Kleinjung et al., 2007; Frank et al., 2010). To identify predictors for treatment outcome, all variables listed in Table 1 were included as potential predictors. Besides demographical data and hearing loss, several tinnitus characteristics and selected somatic disorders like headache or neck pain were analyzed. Differences of TQ scores between baseline and day 12 as well as between baseline and day 90 were used as variables for treatment outcome. As the baseline score was used as subtrahend, negative values describe an improvement in tinnitus severity whereas positive values describe a worsening of tinnitus.

In a first step, correlations between the dependent variables and all predictors were conducted. Dependent on levels of measurement, product-moment correlations, point biserial correlations, or eta were used. ε2 is a measure of explained variance and thus indicates, how much of the dependent variable's variance can be explained by the independent variable. In a second step, those predictors showing significant correlations with the independent variables were analyzed in a multiple regression analysis. All statistical tests were two-tailed, unadjusted for multiple comparisons and a value of p < 0.05 was used to determine statistical significance. In correlation analyses, pair-wise deletion of missing values was applied. In regression analysis, missing values were deleted list-wisely. Data in the text are given as mean ± standard deviation.

RESULTS

rTMS was well tolerated, no serious adverse effects were observed. Paired t-tests revealed a significant change of tinnitus severity at day 12 for both temporal [T(332) = 6.54, p < 0.001, d = 0.36] and combined treatment [T(180) = 3.61, p < 0.001, d = 0.27]. At day 90, tinnitus severity was still significantly decreased in patients receiving combined stimulation [T(154) = 2.35, p = 0.012, d = 0.20] whereas in patients receiving temporal stimulation the effect did not reach significance any more [T(291) = 1.88, p = 0.061, d = 0.11] (see Figure 1). Both groups showed similar responder rates which were stable over time: among the patients receiving temporal stimulation, 37% improved by five points or more on the TQ score at day 12 and 36% at day 90. In the group treated with temporal plus frontal stimulation, 38% of patients were classified as responders at day 12 and 38% at day 90.


[image: image]

Figure 1. Line chart including mean values and standard errors of TQ scores before (“screen,” “baseline”) and after (“day 12,” “day 90”) rTMS treatment for both treatment groups.


Only some of the predictors were significantly correlated with treatment outcome and these correlations were, though statistically significant, only weak to moderate ones (see Table 2). In both groups, TQ difference from screening to baseline and treatment outcome on both day 12 and day 90 were negatively correlated. This means that those patients in which the TQ score increased from screening to baseline benefited more from treatment with rTMS than patients with improvement from screening to baseline. Furthermore, in both treatment groups, the TQ score on baseline was negatively correlated with treatment outcome on day 12 and day 90. Accordingly, patients with higher TQ scores at baseline had more pronounced TQ reductions after rTMS than patients with low TQ baseline scores. A similar result appeared for the BDI score on baseline: the higher the score on baseline, the more decrease in tinnitus severity was observed. However, this latter result is only true for treatment outcome on day 12 and only in the group receiving temporal stimulation.

Table 2. Correlations between treatment outcome and predictors for both treatment groups.
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In the group receiving combined treatment more investigated variables had a significant effect on treatment outcome. First, tinnitus manifestation (constant vs. intermittent) was correlated with treatment outcome on day 12 with patients with constant tinnitus benefiting more from rTMS than patients with intermittent tinnitus. This effect could not be depicted for data on day 90 though. Finally, a significant influence of comorbid temporomandibular complaints on treatment outcome was found. Patients suffering from temporomandibular complaints experienced more benefit from rTMS than patients without temporomandibular complaints.

As can be seen in Table 2, ε2 was quite low with 5.8% being the highest value. Those 5.8% are explained by “tinnitus pitch.” However, the category being responsible for this minimal correlation is “low pitch.” Since the sample sizes of the “low pitch” groups are very small (see Table 1) the result is assumed to be an idiosyncratic effect of the small samples. The same is true for the variable “event related to onset of tinnitus.” All remaining correlations did not reach statistical significance.

Regression analysis was conducted separately for both treatment groups and time points. Only variables significantly correlated with treatment outcome were included in the analyses. Consequently, each analysis contained a different number of independent variables. In all analyses, the TQ difference from screening to baseline proved to be a significant predictor for treatment outcome. For the group receiving temporal stimulation, TQ score at baseline appeared as an additional predictor for treatment outcome on day 90 but did not reach statistical significance in the remaining analyses (see Table 3). BDI score on baseline, which was only included in one regression model (temporal stimulation, day 12), was detected as a significant predictor in this model. Furthermore, in the group receiving combined stimulation, temporomandibular complaints predicted treatment outcome on both day 12 and day 90, whereas tinnitus manifestation (intermittent vs. continuous) did not serve as a relevant predictor for treatment outcome any more. The coefficients for determination in the different models range from 0.065 to 0.111.

Table 3. Results of multiple regression analyses for both treatment groups: standardized regression coefficients (β).
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DISCUSSION

The current results from a large sample indicate that rTMS significantly decreases tinnitus severity in tinnitus patients. Owing to the large sample size, the rather small change in TQ scores (between 4–10%) reaches statistical significance while the effect sizes are only small to moderate. Of course, the question arises if this small decrease in tinnitus severity can be considered not only statistically significant but also clinically relevant. It has to be taken into account that—apart from behavioral therapy (Hesser et al., 2011b)—there are no therapeutic tools for chronic tinnitus available for which the evidence of efficacy has already been clearly provided by metaanalyses. Facing this lack of highly effective therapeutic alternatives, the observed improvement of at least 5 points in the TQ score in 36–38% of all treated patients is a remarkable result, which represents—at least for these responders—a clinically relevant tinnitus reduction. Although the mean TQ score reduction and the effect size of rTMS are small, it brings improvement to patients who would otherwise have no real therapeutic alternatives. The small effect sizes should, therefore, not lead to the conclusion that rTMS is not efficient enough to be examined in future studies. The small effect sizes rather point to the potential of rTMS, but also to the need for future studies to further improve treatment outcome by applying rTMS over new stimulation sites or by changing stimulation frequencies (Kleinjung and Langguth, 2009a).

Regarding the stimulation protocol, both temporal and combined stimulation resulted in a decrease of tinnitus severity on day 12, but significant improvement on day 90 was only observable in the patients receiving combined stimulation. This result is consistent with the finding of Kleinjung et al. (2008) suggesting that combined stimulation has longer lasting effects on chronic tinnitus than temporal stimulation only.

Regarding predictors for treatment outcome, some of the characteristics analyzed were significantly correlated with treatment outcome. These correlations have to be interpreted with caution however, as they are only weak to moderate ones. Two parameters were significantly correlated to treatment outcome in both treatment groups: the change of tinnitus severity from screening to baseline and the tinnitus severity at baseline. Furthermore, in the group receiving combined stimulation, patients with comorbid temporomandibular complaints benefited more from rTMS than patients without temporomandibular complaints. Additionally, depressivity at baseline (assessed by the BDI score) was significantly correlated with treatment outcome on day 12 in patients receiving temporal stimulation. In the group receiving combined stimulation, patients with constant tinnitus showed more improvement on day 12 compared to patients with intermittent tinnitus. However, those latter results were not found for treatment outcome on day 90 indicating that neither depressivity nor tinnitus manifestation exert considerable influence on long-term effects of rTMS. This assumption is supported by regression analysis which reveals that only two of the parameters mentioned remain as significant predictors of treatment outcome: change of tinnitus severity from screening to baseline and suffering from temporomandibular disorder (for patients receiving combined treatment only).

In detail, the changing TQ score from screening to baseline is the strongest predictor for treatment outcome, reaching statistical significance for both treatment groups and both day 12 and day 90. This robust finding is remarkable since the time interval between screening and baseline was not standardized and varied across patients. Patients worsening from screening to baseline benefited more from rTMS than patients who had improved between screening and the beginning of rTMS treatment. A similar relationship has been observed in a recent rTMS study (Kreuzer et al., 2011). Other earlier rTMS studies did not analyze whether changes of tinnitus severity before treatment start has an influence on treatment effects. Several explanations can be provided for this relative robust finding of an influence of the pre-treatment changes on treatment effects. The change between screening and baseline may reflect anticipation effects which are known from waiting list control groups (Hesser et al., 2011a). Thus, the inverse relationship between score changes before treatment and score changes during treatment could be explained by anticipation alone. Those patients, who improved already before treatment because of anticipation show less further improvement during treatment, because they have to catch up the anticipation effect first, whereas those who increase with their score between screening and baseline, have a more pronounced reduction during treatment since they realized, that their worries about the coming rTMS treatment, which might have caused the increase of the scores, were unwarranted.

From a more neurobiological approach the observed effect can be explained by the known dependency of rTMS effects on the history of synaptic activity of the stimulated brain area.

It has been shown that priming of cortical excitability with transcranial direct current stimulation modulates the effects of rTMS both over the motor cortex (Lang et al., 2004; Siebner et al., 2004) and to a lesser extent over the visual cortex (Lang et al., 2007). Based on these findings it has been suggested that effects of rTMS depend critically on the history of neuronal activity. Clinical effects can then be interpreted as normalization of pathologically increased activity (Siebner et al., 2004) providing an explanation why effects from healthy controls cannot be extrapolated on effects on patients with pathologically enhanced activity.

Thus, if we assume that the change in the tinnitus score before begin of TMS is reflected by changes of neuronal excitability in the stimulated area (van der Loo et al., 2009), then the observed inverse relation between changes before and during treatment could be explained as an rTMS induced enhancement of homeostatic mechanisms. Further studies should use neuroimaging methods for assessing neuronal activity at different time points before, during and after rTMS to further identify to which extent changes of neuronal activity before treatment beginning influence treatment effects. Moreover, it is strongly recommended that future clinical trials include multiple baseline assessments to identify the potential influence of pre-treatment dynamics on treatment effects and to rule out individual tinnitus oscillation patterns possibly interfering with treatment effects.

Although tinnitus severity at baseline was no significant predictor in the regression analysis, it correlates significantly with treatment outcome—a result that is consistent with previous studies reporting a negative relation between tinnitus severity at baseline and treatment outcome as well (Frank et al., 2010; Burger et al., 2011). Patients with a higher TQ score on baseline showed stronger reductions in TQ scores than patients who had low scores at the beginning. As Frank et al. (2010) already conjectured, this might be partly due to the fact that treatment outcome was defined as the difference between the TQ score on baseline and day 12/day 90. This approach assumes that a reduction of five points is of comparable clinical relevance no matter if this reduction is from a score of 65 to 60 (7.7% improvement) or from 25 to 20 (20% improvement). This is probably not the case and it remains a matter of debate whether the actual improvement perceived by the patient is better expressed by the percentaged change of TQ scores or by the difference of TQ scores (Zeman et al., 2011). Future studies should try to bring clarity to this issue.

Apart from tinnitus severity itself, only one additional characteristic had an important influence on treatment outcome: the presence or absence of temporomandibular complaints. Patients with temporomandibular complaints benefited significantly more from combined frontal and temporal rTMS than patients without these complaints. It has been suggested that in tinnitus patients with temporomandibular complaints, abnormal somatosensoric input from the trigeminal nerve may be critically involved in the pathophysiology of tinnitus (Levine et al., 2008; Vielsmeier et al., 2011). Moreover in patients with so-called somatic tinnitus treatment interventions aiming at normalizing afferent somatic input have shown benefit (Bezerra Rocha et al., 2008; Biesinger et al., 2008).

In addition to its effect on cortical neurons rTMS always exerts an effect on peripheral nerves and muscles. Peripheral effects of rTMS have been shown to reduce pain perception (Zunhammer et al., 2011) and it has also been suggested that the peripheral effects of rTMS may be involved in tinnitus reduction after single sessions of rTMS (Vanneste et al., 2011). Thus, one could speculate that in patients with comorbid temporomandibular problems tinnitus might be especially sensitive for modulation of sensory input resulting in tinnitus reduction via peripheral effects of rTMS on the temporal muscle.

However, the ability to modulate tinnitus by jaw-, head-, or neckmovements was not related to treatment success, contradicting the explanation that patients who are especially sensitive to somatosensoric input benefit more from rTMS.

Beyond that, it is not directly evident why the effect of temporomandibular complaints is only seen in the group of patients who received combined stimulation whereas those complaints had no effect on treatment outcome in patients treated with temporal stimulation only. It seems somewhat implausible that frontal stimulation is crucial for the improvement in patients with temporomandibular complaints, since it is much more likely to reach the temporal muscle and the trigeminal nerve through temporal stimulation. Theoretically, left frontal rTMS might have had a beneficial effect on temporomandibular complaints, similar like on experimental pain (Fierro et al., 2010; Brighina et al., 2011). Unfortunately, current data contain no information about improvement of temporomandibular complaints after rTMS. It is, therefore, uncertain if improvement of temporomandibular complaints and tinnitus co-occur or if only tinnitus improves while temporomandibular complaints remain unchanged.

Thus, replication of the current exploratory results is needed to rule out the possibility that the effect of temporomandibular complaints on treatment outcome is—though being statistically significant—a random effect only observable in the present sample of patients.

None of the remaining characteristics (see Table 1) are suitable predictors for treatment outcome. Consequently, previous results indicating that tinnitus duration (Khedr et al., 2008, 2010; Kleinjung et al., 2007), hearing loss (Fregni et al., 2006; Kleinjung et al., 2007), or tinnitus laterality (Frank et al., 2010) may predict treatment outcome are not supported. The current study used a large sample of patients with chronic tinnitus. It is, therefore, highly improbable that the failure to identify a clear set of reliable predictors is due to insufficient statistical power. Consequently, there are only three possible factors which might have caused these results: the outcome measures, the predictors or the relationship between them. This means that the TQ (and the use of its difference between two time points, respectively) might not be a suitable outcome measure. Perhaps, a rating scale for tinnitus loudness, the tinnitus handicap inventory or any other measure might have given different results. The TQ was used as it is a well-known standard measure for tinnitus severity. Future research should analyze however, if the TQ shows enough sensitivity to change or if another outcome measure should be preferred. Furthermore, although numerous clinical variables were included as predictors for treatment outcome, it is possible that we still missed relevant characteristics. No previous study reported that rTMS might be particularly effective in patients with temporomandibular complaints—maybe just because those complaints were not measured. The same could be the case with other variables we simply did not ask for. This assumption is supported by the finding that the predictors entered into regression analyses explain only between 6.5% and 11.1% of variability in rTMS outcome. Another possibility is that clinical characteristics are less relevant for treatment outcome than neurophysiological or neuroimaging characteristics. Since the neurobiological mechanisms induced by rTMS are known to depend on the neuronal activity of the stimulated brain area, neuroimaging and electrophysiological methods may be better suitable for predicting rTMS effects (Langguth et al., 2006a, 2007b; Plewnia et al., 2007b). In this context it may be of relevance that there is only a relatively weak correlation between clinical characteristics and imaging data (Schecklmann et al., 2011a). Finally, the possibility cannot be ignored that there might be no further associations between predictors and treatment outcome—an interpretation which suggests that in many patients, it might not be rTMS specific effects which are responsible for treatment response but rather unspecific effects caused by regular physician contact and counseling. It should not be neglected, however, that several placebo-controlled studies already controlled for those effects and proved that rTMS is superior to placebo in the treatment of patients with chronic tinnitus (Kleinjung et al., 2005; Plewnia et al., 2007b; Rossi et al., 2007; Marcondes et al., 2010). Another placebo-controlled non-crossover study with an adequate sample size should try to bring further clarity to this issue (Landgrebe et al., 2008).

The most important conclusion that can be drawn from our results is that rTMS shows only small effects in the treatment of chronic tinnitus. These effects are considered clinically significant, however. There are no good demographic or clinical predictors for treatment outcome. The observed inverse relationship between changes before treatment beginning and during treatment argues for the use of multiple baseline assessments in future clinical trials. The finding that patients suffering from temporomandibular complaints benefit more from a treatment with rTMS than patients without temporomandibular complaints suggests that the effects by which rTMS exerts clinical effects may also involve the peripheral nervous system. If the clicking sounds produced during rTMS treatment are additionally taken into account (Schecklmann et al., 2011b), the influence of rTMS on chronic tinnitus might be the sum of central, somatosensoric, and auditory stimulation processes. A closer insight into this interplay may help to refine the treatment of chronic tinnitus with rTMS.
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Can temporal repetitive transcranial magnetic stimulation be enhanced by targeting affective components of tinnitus with frontal rTMS? A randomized controlled pilot trial
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Objectives: Low-frequency repetitive transcranial magnetic stimulation (rTMS) of the temporal cortex has been investigated as a new treatment tool for chronic tinnitus during the last years and has shown moderate efficacy. However, there is growing evidence that tinnitus is not a pathology of a specific brain region, but rather the result of network dysfunction involving both auditory and non-auditory brain regions. In functional imaging studies the right dorsolateral prefrontal cortex has been identified as an important hub in tinnitus related networks and has been shown to particularly reflect the affective components of tinnitus. Based on these findings we aimed to investigate whether the effects of left low-frequency rTMS can be enhanced by antecedent right prefrontal low-frequency rTMS. Study Design: Fifty-six patients were randomized to receive either low-frequency left temporal rTMS or a combination of low-frequency right prefrontal followed by low-frequency left temporal rTMS. The change of the tinnitus questionnaire (TQ) score was the primary outcome, secondary outcome parameters included the Tinnitus Handicap Inventory, numeric rating scales, and the Beck Depression Inventory. The study is registered in clinicaltrials.gov (NCT01261949). Results: Directly after therapy there was a significant improvement of the TQ-score in both groups. Comparison of both groups revealed a trend toward more pronounced effects for the combined group (effect size: Cohen’s d = 0.176), but this effect did not reach significance. A persistent trend toward better efficacy was also observed in all other outcome criteria. Conclusion: Additional stimulation of the right prefrontal cortex seems to be a promising strategy for enhancing TMS effects over the temporal cortex. These results further support the involvement of the right DLPFC in the pathophysiology of tinnitus. The small effect size might be due to the study design comparing the protocol to an active control condition.
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INTRODUCTION

Subjective tinnitus is characterized by the perception of sound or noise in the absence of an objective physical sound source (Moller, 2003). There is convincing evidence from functional imaging (Crippa et al., 2010; Lanting et al., 2010) and neurophysiologic studies (Weisz et al., 2007a,b) that tinnitus is related to abnormal functioning of the central auditory system (Moller, 2003). Based on these findings repetitive transcranial magnetic stimulation (rTMS) of the temporal and temporoparietal cortex has been proposed as a potential treatment for chronic tinnitus (Eichhammer et al., 2003).

Transcranial magnetic stimulation (TMS) is a non-invasive tool for inducing electric currents in the brain (Hallett, 2000). Fast oscillating magnetic fields created by a strong electric current circulating within a coil, penetrate the skull and result in depolarization of superficial cortical neurons (Ridding and Rothwell, 2007). rTMS can induce alterations of neuronal activity that outlast the actual stimulation period for a considerable amount of time (Hallett, 2000). Therefore, this technique has gained increasing attention as a potential clinical tool for the treatment of different neuropsychiatric disorders. Although the direct effects of the magnetic field are limited to directly stimulated superficial brain areas (Siebner et al., 2003), indirect effects can also occur in functionally connected remote areas (Hallett, 2000; Siebner et al., 2000). Such remote stimulation effects have also been demonstrated in thalamic regions after temporal rTMS by using voxel-based morphometry (May et al., 2007).

Several clinical studies consistently showed a reduction of tinnitus severity after repeated 1 Hz rTMS applied to the temporal cortex, whereas sham treatment had no effect (Kleinjung et al., 2005; Plewnia et al., 2007; Rossi et al., 2007; Smith et al., 2007). However, treatment results are burdened by only moderate improvement and high inter-individual variability indicating the need for optimization strategies.

As hypothesized already more than 20 years ago (Jastreboff, 1990) and confirmed by recent neuroimaging findings, tinnitus is related to (i) abnormal activity in both auditory and non-auditory brain regions (Lanting et al., 2009; Leaver et al., 2011) and to (ii) abnormal functional connectivity between these regions (Schlee et al., 2008, 2009a,b; De Ridder et al., 2011). In these studies the right dorsolateral prefrontal cortex has been identified as an important hub (Schlee et al., 2008, 2009a,b; Vanneste et al., 2010a). It has been hypothesized that this area might especially be related to the affective components of tinnitus (Vanneste et al., 2010a; De Ridder et al., 2011; Langguth et al., 2011). It has even been speculated that based on the emotional relevance, involved limbic and paralimbic structures may effectively switch the perceived signal on and off (Rauschecker et al., 2010).

This is in line with electrophysiological studies that demonstrated the relevance of dysfunctional top-down inhibitory mechanisms originating in the prefrontal lobe for tinnitus generation (Norena et al., 1999). The critical relevance of the DLPFC for tinnitus annoyance has been affirmed by recent studies that demonstrated symptom reduction after bifrontal tDCS (Vanneste et al., 2010b; Frank et al., 2011). Furthermore, it has been shown that rTMS over the DLPFC is apt to modulate the activity in functionally connected central limbic pathways such as the anterior cingulated cortex (Paus et al., 2001). Modulation of neuronal activity in the anterior cingulate, parahippocampus, and auditory cortex has also been reported in tinnitus patients after transcranial direct current stimulation of the prefrontal cortex (Vanneste and De Ridder, 2011).

A further rationale for low-frequency stimulation of the right DLPFC derives from affective research. Frontal asymmetry is known to influence emotion regulation and the emotional reaction to sensory stimuli (Davidson, 1992; Schmidt and Hanslmayr, 2009). It has also been shown that low-frequency rTMS of the right DLPFC exerts antidepressant effects of similar magnitude like high frequency rTMS of the left DLPC, which is conventionally applied in depressive disorders (Schutter, 2010).

Based on these data and the right lateralized alterations of frontal cortex activity in tinnitus patients (Schlee et al., 2008) we hypothesized that low-frequency rTMS of the right DLPFC might enhance treatment effects of low-frequency rTMS in tinnitus patients and compared the combined prefrontal and temporal rTMS therapy in tinnitus patients with the standard procedure of temporal rTMS.

PATIENTS AND METHODS

Fifty-six patients with chronic unilateral or bilateral tinnitus were enrolled in the study after having given written informed consent. The study has been registered with clinicaltrials.gov (http://clinicaltrials.gov/ct2/show/NCT01261949), was approved by the local ethics committee and performed according to the declarations of Helsinki. All patients suffered from disturbing tinnitus and had tried several standard treatment modalities such as cognitive behavioral therapy, hearing aids, white-noise generators, vasodilators, or antidepressants in the past. Normal middle ear status was demonstrated by tympanometry, stapedius reflex tests, and otoscopy. Patients with a history of seizures, a suspected diagnosis of organic brain damage, as well as patients with cardiac pacemakers, mobile metal implants, or implanted medication pumps were excluded. Sample characteristics are provided in Table 1. All data in the text and table is given as mean ± SD. rTMS was applied with the use of a Medtronic system with a figure-8 coil (Cool B-65 Butterfly; Medtronic, Minneapolis, MN, USA). Patients were enrolled in the study on a Monday and received stimulation on 10 subsequent working days. Patients were randomly assigned to one of two treatment protocols. One protocol (standard protocol) consisted of 2000 stimuli at a frequency of 1 Hz and an intensity of 110% resting motor threshold (RMT) over the left auditory cortex. In the second treatment protocol (combined protocol), low-frequency stimulation (1000 stimuli, 1 Hz, 110% motor threshold) applied to the right DLPFC preceded left temporal stimulation (1000 Stimuli, 1 Hz, 110% RMT). Thus, the total number of applied stimuli per session was identical for both groups. Stimulation was administered over the right DLPC and the left temporal cortex regardless of handedness or tinnitus laterality (Kleinjung et al., 2007b, 2008). The handle of the coil was pointing upward. Thus, the induced current in the brain was directed approximately perpendicular to the location of the superior temporal gyrus. During treatment the coil was held with a mechanical arm. In the combined stimulation group, the TMS coil was localized over the right DLPFC according to a standard algorithm by moving the coil from the optimal position for stimulation of the left abductor minimi 6 cm in the anterior direction and transferring this spot to the contralateral hemisphere in respect of the distance to the sagittal axis of the skull (George et al., 1995). The RMT was determined over the left motor cortex for the right abductor digiti minimi and defined as the lowest intensity at which at least four of eight consecutive MEPs were 50 mV in amplitude while the muscle being investigated was at rest. Tinnitus severity was assessed before treatment (baseline), at the end of treatment (week 2), and during a certain follow-up period after rTMS treatment (week 4 and week 12). Tinnitus assessments included the German versions of the tinnitus questionnaire (TQ; Goebel and Hiller, 1994), the Tinnitus Handicap Inventory (Kleinjung et al., 2007a), the Beck Depression Inventory (Beck and Steer, 1984), several tinnitus numeric rating scales (loudness, discomfort, annoyance, distractibility, unpleasantness; Landgrebe et al., 2010), and a quality of life scale (WHOQOL-BREF; Murphy et al., 2000).

Table 1. Clinical and demographic characteristics (mean ± SD).
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STATISTICAL ANALYSIS

The data analysis was based on data of the Tinnitus Research Initiative Database. Data management was conducted according to the Data Handling Plan (TRI-DHP V07, May 9th, 2011). Data analysis was conducted according to the Standard Operating Procedure (TRI-SA V01, May 9th, 2011), thereby following a study-specific Statistical Analysis Plan (SAP-003, May 18th, 2011) that was written according to the SAP template (TRI-SAP V01, May 12th, 2011). All documents are to be found under http://database.tinnitusresearch.org/.

The statistical analysis was performed on an intention-to-treat basis including all patients who participated in at least one measurement time point using a last observation carried forward or backward approach. Primary outcome was the change in TQ scores from baseline to week 2. For this purpose, we conducted an analysis of variance (ANOVA) with the within-subjects factor time (baseline vs. week 2) and the between-subjects factor group (combined vs. temporal group). Secondary outcome measures and exploratory analyses included chi-square tests for the variables group and treatment response which was defined as amelioration of at least 5 points in the TQ. We pooled the group of responders and non-responders of both treatments and compared them in regard to demographic and clinical characteristics with chi-square and t-tests. Furthermore, we compared baseline corrected TQ scores (week 2 minus baseline) between the treatment groups with Student’s t-tests. In addition, we again conducted an ANOVA with the factor group (between-subjects factor) and time (within-subjects factor), this time including five measurement time points (screening, baseline, week 2, week 4, and week 12). This ANOVA was also computed for all other secondary outcome parameters (i.e., THI, BDI, and WHOQoL-BREF). Furthermore, we compared baseline corrected TQ scores (week 2 minus baseline; week 4 minus baseline) between the treatment groups. The statistical threshold for alpha error was set at 0.05. The analysis of secondary outcome parameters followed an exploratory approach, without corrections for multiple comparisons.

RESULTS

Both stimulation protocols were well tolerated, and all patients except one completed the treatment. This patient (combined stimulation group) refused further stimulation after day 3 because she feared a possible deterioration of the symptoms. A total of seven patients (including the one mentioned before) did not complete the course of the study (not shown up for follow-up-visit without giving further explanation). Three of them were treated in the combined stimulation group, four in the conventional group. Transient mild to moderate headache and feelings of twitching muscles at the stimulation site were reported as side effects. Serious adverse or side effects were not observed.

Primary outcome analysis indicated a significant change over time for both groups as indicated by a significant main effect of time (F = 6.1; df = 1.54; p = 0.017), but no group differences (main effect of group: F = 0.8; df = 1.54; p = 0.375; interaction effect time by group F = 0.434; df = 1.54; p = 0.513).

Response rate was comparable between groups (combined: 40%; temporal: 37%; χ2 = 0.1; df = 1; p = 0.800). Effect sizes were near zero for the non-responder groups (combined: d = 0.085; temporal: d = 0.104) and medium to high for the responder groups (combined: d = 0.700; temporal: d = 0.454). Contrasts between these groups indicated no significant differences for age, gender, tinnitus laterality, duration, and hearing loss. We only found an effect for the change in TQ and THI from screening to baseline for the non-responder group in contrast to the responder group of the combined treatment (TQ: T = 2.156; df = 24; p = 0.041; THI: T = 3.675; df = 24; p = 0.001), i.e., there was a reduction of questionnaire scores from screening to baseline for the non-responder (TQ: −5.2 ± 11.7; THI: −5.6 ± 7.7) and an increase for the responder group (TQ: 3.5 ± 6.1; THI: 5.8 ± 8.0).

Comparable to the primary outcome analysis, ANOVAs with five time points for TQ, THI, and BDI indicated significant main effects of time (all Fs > 2.3; df = 4.212; all ps < 0.065) and neither significant effects of group (all Fs < 2.6; df = 1.53; all ps > 0.115) nor time by group (all Fs < 0.9; df = 4.216; all ps > 0.462). Post hoc tests indicated an amelioration of symptoms after beginning of treatment and a return to baseline levels during the last follow-up (see Figure 1), i.e., tinnitus scores were significantly bettered for week 2 and week 4 in contrast to screening, baseline and follow-up.
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Figure 1. (A) Tinnitus Questionnaire Score (TQ; mean ± SEM), (B) Tinnitus Handicap Inventory (THI; mean ± SEM), and (C) Beck Depression Inventory (BDI; mean ± SEM).



Baseline corrected group contrasts (week 2 minus baseline; week 4 minus baseline) indicated no significant differences for week 2 (all ps > 0.265) and week 4 (all ps > 0.088) for TQ, THI, and BDI. Range of effect sizes were between 0.168 and 0.461 (0.176 for primary outcome analysis) indicating more pronounced improvement for the combined group in contrast to the temporal group for all variables.

DISCUSSION

The main finding of this trial is that additional low-frequency stimulation of the right DLPFC failed to significantly improve the effects of low-frequency temporal stimulation in the treatment of tinnitus. However, on a descriptive level the combined treatment protocol yielded better results in all assessment instruments that have been applied. Primary outcome analysis showed an effect size of 0.176 (group contrast in week 2) indicating a small effect according to Cohen (1988). Thus, the effect size was smaller than expected resulting in limited power and the failure to demonstrate significant effects. In this context it should be noted that significant improvement after rTMS was observed in both stimulation groups. The effect size for responders from temporal stimulation was medium (d = 0.45) for the responders from the combined stimulation protocol high (d = 0.70) according to Cohen (1988). Interestingly, the responder group differed significantly from non-responders in the change of THI and TQ scores from screening to baseline (non-responders: mean effect −4 TQ/7 THI points; responders: mean effect +2 TQ/THI points). This might be interpreted as a hint for the induction of homeostatic effects by TMS (Siebner et al., 2004). Further analysis did not reveal any differences between responders and non-responders in respect to gender, age, tinnitus duration, laterality, number of previous treatments, hearing loss, numeric rating scales, and values (screening/baseline) for THI, BDI, and TQ.

A further important finding was the decrease of mean baseline values for TQ, THI (for the 1/1-Hz group), and BDI from screening to baseline. This effect was similar in both stimulation groups and may have several reasons. First screening scores are based on completion of the TQ at home before the first consultation in our tinnitus clinic. The examination and consultation in the tinnitus clinic, which also involves counseling, may have resulted in the reduction of the tinnitus scores. Alternatively the improvement can be interpreted as an anticipation effect. Similar effects were observed in patients enrolled in waiting list control groups (Hesser et al., 2011).

Facing the fact that the combined stimulation group has been compared to an actively treated control group [that has undergone an already established standard treatment protocol (Kleinjung et al., 2005; Plewnia et al., 2007; Rossi et al., 2007; Smith et al., 2007)] it would be a bit too early to draw the conclusion that the small effect sizes might not possibly reflect clinically relevant changes especially taking into consideration the much higher effect sizes of the responder group. Even if this pilot study might have been designed with limited power presumptions, the results suggest at least that the applied combined study protocol did prove to be non-inferior in comparison to the established stimulation pattern of 1 Hz to temporal targets.

In this study all patients received rTMS over the left temporal cortex and in the combined group additionally over the right DLPFC. For both targets it remains a matter of debate, whether a more individualized strategy may not be more efficient. For the temporal cortex there are conflicting results whether stimulation ipsi- or contra-lateral to the perceived tinnitus laterality is more efficient (Frank et al., 2010; Khedr et al., 2010). We chose left temporal stimulation in all patients for better comparison with previous studies that investigated enhancement strategies for rTMS (Kleinjung et al., 2008, 2011; Langguth et al., 2008). With respect to frontal stimulation individualized targeting based on function imaging data revealed conflicting results as well (Kimbrell et al., 1999; Herwig et al., 2003) and more consistent antidepressant efficacy has been reported for low-frequency rTMS over the right DLPFC independent from imaging data (Schutter, 2010).

There is growing evidence from many recent neuroimaging studies that the influence of non-auditory brain structures may have been underestimated in the pathophysiology of chronic tinnitus in the past. A study investigating long-range connectivity of brain areas in patients suffering from chronic tinnitus by means of magnetoencephalography detected mainly the prefrontal cortex and the orbitofrontal region as hubs in tinnitus related networks (Schlee et al., 2009b). Moreover with increasing tinnitus duration non-auditory areas seem to gain importance in tinnitus related networks in comparison to auditory areas (Schlee et al., 2009b). But not only the DLPFC and neighboring regions seem to be of decisive relevance; also the left hippocampus (Landgrebe et al., 2009), parahippocampus (Lockwood et al., 1998; Schecklmann et al., 2011), the anterior (Plewnia et al., 2007) and posterior cingulate cortex (Vanneste et al., 2010a; Schecklmann et al., 2011), the temporoparietal junction (=auditory association area; Shulman, 1995; Giraud et al., 1999; Lockwood et al., 1999; Gardner et al., 2002), the dorsolateral prefrontal cortex (Mirz et al., 2000; Voisin et al., 2006), and the cerebellum (Lanting et al., 2009) have consistently been shown to exert functional influence in chronic tinnitus.

Possibly other rTMS techniques with different target locations, frequencies, and stimulation protocols (e.g., burst protocols; Arfeller et al., 2009; Kleinjung and Langguth, 2009) might represent promising approaches. Very recently a new rTMS coil, the so-called double-cone-coil with increased stimulation depth in the brain, has been introduced. Based on the use of this device it has been shown that a direct modulating influence of rTMS can be exerted to the limbic system, namely the anterior cingulate cortex (Hayward et al., 2007). In first clinical trials this new technique has been proven to be safe and its application is feasible and well tolerated (personal communication S Vanneste and D de Ridder).

Even if the present study has not been placebo controlled, the results further support the efficacy of low-frequency rTMS for the treatment of tinnitus as demonstrated in previous studies (Kleinjung et al., 2005; Plewnia et al., 2007; Rossi et al., 2007; Smith et al., 2007). The inter-individual variability has been high in both treatment groups, highlighting the relevance of a more individualized treatment approach. The limited accuracy of the coil positioning procedure over the DLPFC together with the large anatomic inter-individual variability of the DLPFC in Brodman Area 9 and Brodman Area 46 (Herbsman et al., 2009) may play a role in this context as well as potential genetic influences on neuromodulatory effects as proposed for the BDNF polymorphisms (Cheeran et al., 2008). It has been shown that clinical characteristics have only limited value for predicting treatment outcome (Frank et al., 2010). Neuroimaging such as electro- or magnet-encephalography may be more promising for identifying patients who may respond well on specific stimulation protocols (Lorenz et al., 2010; Vanneste et al., 2011). This may lead to the development of individualized multi-site-rTMS-stimulation techniques for the treatment of tinnitus, but also in other indications such as depression or chronic pain.
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Despite being more and more common, and having a high impact on the quality of life of sufferers, tinnitus does not yet have a cure. This has been mostly the result of limited knowledge of the biological mechanisms underlying this adverse pathology. However, the last decade has witnessed tremendous progress in our understanding on the pathophysiology of tinnitus. Animal models have demonstrated that tinnitus is a pathology of neural plasticity, and has two main components: a molecular, peripheral component related to the initiation phase of tinnitus; and a system-level, central component-related to the long-term maintenance of tinnitus. Using the most recent experimental data and the molecular/system dichotomy as a framework, we describe here the biological basis of tinnitus. We then discuss these mechanisms from an evolutionary perspective, highlighting similarities with memory. Finally, we consider how these discoveries can translate into therapies, and we suggest operative strategies to design new and effective combined therapeutic solutions using both pharmacological (local and systemic) and behavioral tools (e.g., using tele-medicine and virtual reality settings).
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INTRODUCTION

Worsened in Western countries by the deleterious combination of population aging and increased noise pollution, tinnitus—the perception of sound in silence—is a major problem of public health (Nicolas-Puel et al., 2002; Nondahl et al., 2007; Belli et al., 2008; Muluk and Oguzturk, 2008). Unfortunately, and despite the fact that tinnitus strongly alters the quality of life of sufferers (Nicolas-Puel et al., 2002; Nondahl et al., 2007; Belli et al., 2008; Muluk and Oguzturk, 2008), no effective therapeutic strategy exists. Thus, tinnitus is the target of intense research by biomedical scientists investigating the physiology and the pathophysiology of the auditory system. The understanding of the neurobiological basis of tinnitus also bears major theoretical problems, which are of interest to a broad range of neuroscientists (Eggermont and Roberts, 2004; Guitton, 2006; Guitton and Dudai, 2007). Which alterations of neural systems can lead to the development of a stable phantom percept? Since tinnitus is actually an “off-line” sound, can it be compared to memory, which allows the “off-line” recall of past events? Are the neurobiological mechanisms underlying these two apparently distinct phenomena similar? In recent years, tremendous progresses in our understanding of some of the biological basis of this devastating pathology have been made (Guitton et al., 2003; Eggermont and Roberts, 2004; Guitton and Dudai, 2007).

In the last decade, animal research has clearly demonstrated that tinnitus is a pathology of synaptic plasticity (Guitton et al., 2003; Guitton and Dudai, 2007). However, the research done using animal models has also pointed to dual aspects of the biological mechanisms underlying the ontogeny of tinnitus. Indeed, if tinnitus originates into the cochlea, at the level of the synapse between the auditory hair cells and the primary auditory neurons, its perception and long-term maintenance involves complex networks in the central nervous system, both in auditory and in non-auditory (among them limbic) structures. Thus, the biology of tinnitus comprises both molecular and system-level components.

Considering the most recent experimental results, we will describe some of the biological mechanisms underlying tinnitus, specifically the phase of initiation and of long-term maintenance of tinnitus, keeping in mind the dual molecular/system aspects of this pathology of synaptic plasticity. We will then discuss these aspects from an evolutionary perspective, and present, in light of the most recent developments in tinnitus research, similarities between tinnitus and memory, to suggest theoretical frameworks to further tinnitus research. Finally, we will consider how a better understanding of the molecular and system-level mechanisms of tinnitus can translate into new, innovative, and effective targeted therapeutic strategies, both pharmacological and behavioral.

MECHANISMS OF TINNITUS

CELLULAR LEVEL

The common goal of all the research performed on tinnitus is to get closer to understanding the biological mechanisms of tinnitus, in order to develop therapeutic solution to cure this pathology. Toward that end, the lingering question for most researchers in the field has been to identify the origin of tinnitus, i.e., both the anatomical location of the dysfunction that leads to tinnitus, and the molecular mechanisms underlying this abnormal phenomenon (Eggermont and Roberts, 2004; Eggermont, 2006; Guitton, 2006; Guitton and Dudai, 2007).

Heated debates arose in the field of tinnitus regarding the anatomical origin of tinnitus, exacerbated by the fact that tinnitus is not a single pathology, but rather a multiform symptom (see Guitton, 2006 for review). Tinnitus can appear concomitantly to hearing lost, to presbycusis, to drug intoxication, to neurinoma …. Thus, various origins could account for various forms of tinnitus. However—and despite this heterogeneity—the final result is the same (i.e., the transmission of an abnormal message through the auditory pathways), suggesting that, at least for some forms of tinnitus, a common biological basis could be identified.

Since in most cases tinnitus co-appears with problems of the inner ear, clinical evidence has suggested a peripheral origin for the majority of tinnitus (Loeb and Smith, 1967; Nicolas-Puel et al., 2002; Guitton, 2006). The cochlea—the primary auditory organ, i.e., the structure dedicated to the transduction of acoustic signals into biological neural messages—represented a candidate of interest for a “tinnitus generator.” However, in order to solve this fascinating enigma, researchers were in need of appropriate animal models. Two specific sub-types of animal models of tinnitus contributed to major advances in the identification of some of the molecular pathways involved in this genesis: first, a particular form of drug-induced tinnitus—salicylate-induced tinnitus—and second, noise-induced tinnitus. When applied at high enough concentration, salicylate treatment is known to induce tinnitus in 100% of cases, characterize as being high-pitch, short-term. and reversible (Cazals, 2000; Guitton et al., 2003; Puel and Guitton, 2007). Thus, salicylate-induced tinnitus represents an ideal, highly controlled, experimental model (Guitton et al., 2003; Guitton and Dudai, 2007; Puel and Guitton, 2007). However, the clinical relevance of salicylate-induced tinnitus is rather low. In contrast, noise-induced tinnitus presents a completely opposite profile. Noise overexposure produces long-term, mostly irreversible, and clinically highly relevant tinnitus. However, not all subjects (human or animal) exposed to high levels of noise will develop tinnitus (Heffner and Harrington, 2002; Guitton and Dudai, 2007).

These two opposite models of tinnitus were instrumental for understanding the biological mechanisms underlying the initiation phase of tinnitus. As an abnormal auditory perception, the biological message which is perceived as tinnitus should originate somewhere in the early neural pathways. Thus, the synapse between the sensory inner hair cells and the primary auditory neuron and the primary auditory neurons themselves are interesting candidates for the site of initiation of tinnitus. Animal models helped us to decipher how salicylate treatment could lead to the genesis of an abnormal neural signal. Indeed, salicylate is a potent inhibitor of cyclooxygenase. The blockade of this enzyme triggers an increase in the concentration of arachidonic acid in cell membranes (Guitton and Puel, 2004). Some ion channel receptors, and particularly the NMDA receptors of glutamate, are highly sensitive to the lipid composition of cell membranes. Accumulation of arachidonic acid thus mechanically “stretches” NMDA receptors, increasing their opening probability (Miller et al., 1992; Casado and Ascher, 1998). That is exactly what happens in the mammalian cochlea (Guitton et al., 2003; Guitton and Puel, 2004; Ruel et al., 2008). Interestingly, in the cochlea, this mechanism was demonstrated first in vivo using a unique combination of pharmacological and behavioral techniques (Guitton et al., 2003, 2005; Guitton and Dudai, 2007), before being confirmed in vitro (Peng et al., 2003; Ruel et al., 2008). In vivo studies demonstrated that the local intracochlear application of NMDA antagonists was able to abolish the perception of behaviorally assessed tinnitus induced by the cyclooxygenase inhibitors salicylate and mefenamate (Guitton et al., 2003, 2005; Guitton and Dudai, 2007). In vitro electrophysiological studies confirmed that salicylate was able to specifically act on cochlear NMDA receptors both in cultures of primary auditory neurons and in cochlear slices (Peng et al., 2003; Ruel et al., 2008).

However, drug-induced tinnitus accounts for only a very limited proportion of tinnitus in humans (Nicolas-Puel et al., 2002). Clinically, the main direct cause of tinnitus is overexposure to noise (Loeb and Smith, 1967; Guitton, 2006; Nicolas-Puel et al., 2002). Noise overexposure can produce various alterations of auditory function, ranging from very subtle changes of cochlear micro-mechanics to major hearing loss and deafness (Avan et al., 2000; Kossowski et al., 2001; Le Prell et al., 2006; Ohlemiller, 2008). Overexposure to noise has also been demonstrated to trigger tinnitus in animals (Heffner and Harrington, 2002; Heffner and Koay, 2005; Guitton and Dudai, 2007). Data obtained using combined pharmacological and behavioral strategies in rats demonstrated that it was possible to extend the mechanism unveiled with salicylate-induced tinnitus to long-term noise-induced tinnitus (Guitton and Dudai, 2007). Indeed, local intracochlear application of NMDA receptor antagonists was able to prevent the occurrence of noise-induced tinnitus in 100% of cases, when applied around the time of induction of tinnitus by noise overexposure (Guitton and Dudai, 2007). This blockade was specific to NMDA receptors, as AMPA receptor antagonists, and 5-HT receptors antagonists did not prevent the onset of tinnitus (Guitton and Dudai, 2007). Furthermore, in the case of noise-induced tinnitus, the sensitivity of this process to NMDA receptor blockade remains for several days after the initial noise overexposure (Guitton and Dudai, 2007). Thus, the initial phase of both salicylate-induced and noise-induced tinnitus is dependant on NMDA receptor activity in primary auditory neurons.

SYSTEM LEVEL

The evidence that tinnitus originates from single synapses in the periphery of the auditory system does not, however, contradict the involvement of central parts of the auditory system. Sensory messages originate from the peripheral organs, but perception itself is a phenomenon subserved by system activity, i.e., sub-cortical and cortical neural networks. Tinnitus is not different from other sensory phenomena.

After a phase of initiation, corresponding to the ontogeny of tinnitus in the cochlea, tinnitus undergoes a phase of long-term maintenance. Likely, the biological mechanisms sustaining tinnitus during this second phase are hybrid: localized mechanisms within the cochlea, and distributed mechanisms alongside the central—auditory and non-auditory—neural networks (Eggermont and Roberts, 2004; Guitton, 2006).

Auditory neural networks are central in the perception of tinnitus, as well as in its long-term aspects. Central auditory pathways are known to be the target of intense plasticity (Bledsoe et al., 2003). Occurrence of tinnitus triggers various forms of alteration in central auditory structures. In parallel to the research done on the molecular basis of tinnitus, intense research has been performed to unveil the neural networks affected by the presence of tinnitus (Eggermont and Roberts, 2004; Eggermont, 2006; Noreña et al., 2006).

An important phenomenon confirms the system-level involvement in the pathophysiology of tinnitus. Indeed, while the vast majority of tinnitus appears concomitantly to hearing loss, the onset of tinnitus often correlates with stressful events rather than with the onset of hearing loss (Guitton, 2006; Nicolas-Puel et al., 2002). This apparent paradox is easy to explain when considering that, under normal conditions, the human brain is able to “filter” aberrant neuronal activities propagated along auditory structures—which would be perceived as tinnitus—from the flow of pertinent sensory information. Considering the clinical reality of tinnitus, it is easy to further the analogy between tinnitus and memory, by considering that anxiety and other negative emotions act as reinforcing factors. Initially, tinnitus exists below the threshold of perception, and is thus “masked” and unperceived. Following a stressful event, a transient increase of anxiety levels triggers a lowering of the threshold of perception. Tinnitus is consequently “unmasked,” and begins to be actually perceived. Finally, the perception of tinnitus triggers more anxiety, which in return reinforces tinnitus (Figure 1). Data obtained in animal models showing that anxiety induced by a serotonergic agent was able to exacerbate the perception of tinnitus support this system-based mechanism (Guitton et al., 2005).
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Figure 1. Modulation of the perceived intensity of tinnitus by anxiety. Phase 1: Tinnitus exists below the threshold of perception, in an unperceived state. Phase 2: The occurrence of a stressful event lowers the threshold of perception. Tinnitus thus gets unmasked, and begins to be perceived. Phase 3: Tinnitus triggers anxiety, which in turn reinforce the perception of tinnitus, leading to a “vicious circle.”


The relationship between tinnitus and anxiety strongly suggests that, among the non-auditory pathways, the limbic system is involved in the long-term maintenance of tinnitus (Guitton et al., 2005; Guitton, 2006). For instance, salicylate treatment known to induce tinnitus elicits plastic changes in limbic structures—notably in the amygdala—in addition to central auditory structures (Wallhäusser-Franke et al., 2003; Mahlke and Wallhäusser-Franke, 2004). Furthermore, the limbic system—the “emotional brain”—can be strongly activated by perceptual cues, leading to powerful conditioning, such as auditory fear conditioning (Apergis-Schoute et al., 2005; Ben Mamou et al., 2006). Thus, the neuronal circuitry underlying the link between auditory memories and emotional systems exists within the brain, providing a biological substrate for a limbic modulation of off-line auditory information.

One of the effects of this mobilization of central systems, whether related or not to the primary auditory pathways, is the impact of tinnitus on social behaviors. Indeed, tinnitus is often accompanied by significant alterations of high-level cognitive functions, particularly inter-individual and social interactions. Such alterations clearly add to the burden of tinnitus on the patients and their families, and strongly impair the professional activities of the sufferers. Similar effects have been demonstrated in animals, using standardized assessment of social behavior (Guitton et al., 2008; Guitton, 2009). When perceiving tinnitus, animals exhibit striking alterations of their social behavior: tinnitus-perceiving animals actively seek inter-individual contact, but once the social interactions are initiated, they are unable to sustain them (Guitton, 2009).

EVOLUTIONARY PERSPECTIVES: SIMILARITIES WITH MEMORY

CELLULAR LEVEL

Since evolutionary processes favor the selection of the most efficient phenotypes, how could the conditions for a synaptic pathology such as tinnitus have emerged in the highly evolved mammals' auditory system? The biological mechanisms of tinnitus, as described earlier, calls for a direct comparison with memory, both at the molecular and at the system-levels. Memory—the retention of information over time—is considered to be supported at the biological level by the plasticity of neurons and neuronal structures.

Although normal neurotransmission between the inner hair cells and the primary auditory neurons involves AMPA receptors of glutamate and not NMDA receptors, NMDA receptors still exist in the mammalian cochlea, and are activated under certain conditions, e.g., during the regrowth process after excitotoxic injury (d'Aldin et al., 1997). Thus, auditory neurons still have the potential for NMDA receptor dependant structural plasticity.

With its nature of NMDA receptor dependant mechanism, and its temporal pattern, the slow synaptic plasticity associated with the initiation of tinnitus shares striking similarities with what is observed in memory, especially during the consolidation period (Shimizu et al., 2000; Dudai, 2004; Ben Mamou et al., 2006; Takehara-Nishiuchi et al., 2006). Both phenomena are dependant on NMDA receptors containing the 2B subunit (NR2B). Indeed, the involvement of this particular subunit is known to be critical for memory formation (Nicoll and Malenka, 1995; Rosenblum et al., 1996; Sotres-Bayon et al., 2007). Similarly, studies in animal model have demonstrated that a NR2B-targetted blockade of cochlear NMDA receptor activity using the pharmacological agent ifenprodil—a NR2B antagonist—was sufficient to abolish the perception of long-term noise-induced tinnitus in rats (Guitton and Dudai, 2007). Another cue lies in the fact that salicylate treatment known to induce tinnitus triggers modifications of the expression of the transcription factor c-fos (Wallhäusser-Franke et al., 2003; Mahlke and Wallhäusser-Franke, 2004), which is considered to be one of the markers of a memory-related form of neural plasticity (Reijmers et al., 2007). In addition, salicylate treatment induces changes in the expression of the transcription factor CaRF1, involved in the regulation of BDNF (Singer et al., 2008). Accordingly to molecular similarities between tinnitus and memory (Guitton and Dudai, 2007), this consolidation-like period should correspond to a phase in which tinnitus is still labile, i.e., a period during which tinnitus could be erased by pharmacological agents, as it has been demonstrated for non-consolidated memory in other systems (Berman and Dudai, 2001). Indeed, during this period, tinnitus can be abolished by cochlear application of NMDA antagonists (Guitton and Dudai, 2007), akin to what is observed in memory (Berman and Dudai, 2001).

Primary auditory neurons seem to share with cortical neurons the same NMDA-dependant plasticity (Guitton and Dudai, 2007). Whereas in cortical neurons this property leads to the formation of memory, in the periphery, it can lead to the initiation of tinnitus (memory of a sound …). Finally, memories are dynamic and may enter anew into a labile state when retrieved, in a process called reconsolidation (Dudai, 2006). Tinnitus could actually undergo the same fate, or be in a state comparable to “constant-reconsolidation.” Given the fact that consolidated auditory fear memories have been shown to be dependant on NMDA receptors activity (Ben Mamou et al., 2006), this last comparison between tinnitus and memory opens important avenues in the development of new therapeutic strategies to cure tinnitus, as well as in our understanding of some of the biological mechanisms underlying memory.

SYSTEM LEVEL

If the first stage of tinnitus could be qualified as a consolidation-like process, what is the fate of tinnitus once this critical period is over? This question of long-term maintenance of tinnitus is critical for the understanding of this pathology, and for the development of therapeutic strategies. A first possibility would be that tinnitus “stays” in the periphery, but under the dependence of other molecular pathways. A second hypothesis, which bears fascinating conceptual avenues, is that over time tinnitus progressively recruits several anatomical structures (Figure 2)—the peripheral auditory system, the central auditory system, the limbic system, and higher-order brain structures (Eggermont and Roberts, 2004; Eggermont, 2006; Guitton, 2006; Guitton and Dudai, 2007). This distribution of the tinnitus engram from one location to multiple locations strongly echoes the process of system-level consolidation which appears in memory (Dudai, 2004, 2006). From an initial location—the cochlea for tinnitus, and the medio-temporal lobe for different forms of memory (Dudai, 2004)—the engram moves forward to complex networks of structures within the brain (Dudai, 2004). This second hypothesis would thus explain how tinnitus with a peripheral origin may undergo centralization (Figure 2). The significant plasticity observed along the auditory structures after acoustic trauma—evidenced both at the molecular (Milbrandt et al., 2000; Wallhäusser-Franke et al., 2003; Mahlke and Wallhäusser-Franke, 2004) and system-levels through electrophysiological recordings (Willott and Lu, 1982; Kimura and Eggermont, 1999; Kaltenbach et al., 2004; Eggermont, 2006; Noreña et al., 2006)—may partly account for the translocation of the engram corresponding to tinnitus.
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Figure 2. Tinnitus and memory. Analogies between the consolidation process occurring in memory and the translocation of the engram from the medio-temporal lobe to complex cortical networks; and the putative consolidation-like process which may lead to the translocation of tinnitus from the cochlea to complex neuronal networks.


This comparison between the neuronal substrates of tinnitus and those of memory could also be extended with another “off-line” percept: chronic pain. In this case, the two phenomena also share striking similarities at the molecular level, and a parallel fate at the system-level. The early comparison between tinnitus and “phantom limb” sensation, though not completely appropriate as tinnitus is not defined by the perception of a sound in the context of total hearing loss, may still contain interesting elements for neuroscientists to explore. Recent data suggested that it is possible to reverse some of the functional brain abnormal activity responsible for the perception of tinnitus in animals by using brief electrical stimulations of the neural circuitry (Engineer et al., 2011). Of course, direct translation of these experiments in humans could be problematic, as “erasing” neural activity in auditory structures could have deleterious impact on functions such as language. Furthermore, the specificity of such approach could be questioned. However, such results strongly reinforce the notion of system involvement in the physiopathology of tinnitus.

THERAPEUTIC IMPLICATIONS

CELLULAR LEVEL

Identification of defined molecular pathways, in a specific cellular type and in a constrained anatomical location, allows for the development of targeted pharmacological strategies. The development of finely targeted therapeutic strategies is one of the key trends of modern research in pharmacology. There are numerous advantages of targeted strategies, including the decrease in the drug concentration required to obtain a therapeutic result and the diminution of unwanted side effects. However, the in situ real life application of such strategies is often bound by multiple practical problems. Indeed, even drugs specifically designed to act on a particular receptor often have a reverse side. For instance, in highly modulated biological systems, blocking one single sub-type of a receptor may not be enough to block the biological function, as compensatory mechanisms may take place. In addition, even the most particular sub-type of a receptor may exist in different biological networks within an organism. Furthermore, despite the targeting of a particular receptor, the limited expression of this receptor may require the use of large concentrations of pharmacological agents, thus loosing part of the advantage of using targeted strategies.

Such difficulties, however, seem to be less marked in the case of tinnitus. Indeed, the cochlea offers all the characteristics of an appealing target for organ-directed pharmacological approaches. Due to its morphological characteristics, the cochlea is a natural chamber of perfusion. The sensory hair cells are surrounded by liquids which are easily reachable through the round window membrane via a trans-tympanic approach. Furthermore, the contacts between the cochlear fluids and the cephalo-spinal fluid are extremely limited, allowing the use of pharmacological agents without risking the contamination of other neuronal structures.

As mentioned above, both salicylate-induced and noise-induced tinnitus can be blocked in animals by local (cochlear) application of NMDA antagonists (Guitton et al., 2003; Guitton and Dudai, 2007). Local application allows the use of very small doses of pharmacological agent, without major side effects in the brain. The time window of sensitivity to NMDA antagonists is several days after the trauma itself, which provides a long enough time to act to cure tinnitus. However, local organ-targeted molecular pharmacology approaches could still be used after these first several days following the insult. Indeed, as NMDA receptors seem to be common molecular integrators at the first stages of tinnitus, other molecular pathways could be involved in the later plastic changes underlying tinnitus. The molecular pathways critically involved in pathophysiological mechanisms of auditory structures represent appealing candidates for pharmacological targets to cure long-term tinnitus. Among them, cytoskeletal plasticity, with proteins such as Microtubule-associated Proteins (MAPs) or activity-dependent cytoskeletal protein (Arg3.1, also known as Arc) represents an interesting molecular pathway to investigate (Ladrech et al., 2004; Panford-Walsh et al., 2008). MAP has been reported to play a key-role in several pathophysiological conditions in the cochlea, ranging from synaptic reorganization following noise overexposure in the cochlea (Ladrech et al., 2004), to reaction to aminoglycoside toxicity (Ladrech and Lenoir, 2002). Expression of several MAP isoforms (in particular the MAP2c isorform, known for its role during the development of neurons) appears to be tightly regulated during the repair processes that occur in primary auditory neurons after excitotoxic injury in the cochlea, as well as after cochlear intoxication by amikacin, one of the well-known ototoxic drug (Ladrech and Lenoir, 2002; Ladrech et al., 2004). In this last case, the MAP pathway has been suggested to play a key role in the survival of the remaining damaged sensory cells (Ladrech and Lenoir, 2002). Results obtained on animal models of salicylate-induced tinnitus demonstrated change of Arg3.1 and BDNF during salicylate treatment in auditory structures, reinforcing the interest of cytoskeleton proteins as potential targets of research for tinnitus (Panford-Walsh et al., 2008; Singer et al., 2008). An alternative way to look at this problem of dysfunction of cochlear plasticity in tinnitus is to modulate the GABA-dependant inhibition in the cochlea. Recent works demonstrated that intra-cochlear application of midazolam [a GABA(A) receptor modulator] resulted in the reversion of salicylate-induced perception in animals (Panford-Walsh et al., 2008).

Finally, similar molecular approaches that aim at other structures of the auditory pathways could be developed. The inferior colliculus, which has the advantages of being a relatively early subcortical structure of the auditory pathways, and of being the seat of significant levels of plasticity, represents a very interesting target for pharmacologically-based therapies (Suga et al., 2000; Bledsoe et al., 2003; Guitton, 2006). Thus, molecular targeting to cure tinnitus could aim not only the periphery, but also at the central auditory structures.

SYSTEM LEVEL

As stated above, discoveries made—and to come—of the molecular pathways involved in the generation and maintenance of tinnitus will lead to important therapeutic applications. However, understanding and recognizing the system-level aspect of tinnitus also bears promise for the development of possible therapeutic strategies to cure tinnitus. It particularly allows for the optimization of the design of advanced therapeutic strategies (Figure 3). Although non-pharmacological strategies cannot abolish the perception of tinnitus, system-based strategies have been proven to have some effectiveness in helping sufferers to relieve some of the symptoms of tinnitus. In other words, some system-based strategies (masking, behavioral therapies) can help the sufferers to learn to “live with tinnitus.” In the context of a pathology which cannot yet be cured, such interventions should not be neglected. The system-level characteristics of tinnitus provide the biological mechanisms to explain how such complementary therapeutic strategies operate.
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Figure 3. Conceptual framework to design therapeutic strategies to cure tinnitus.


Understanding of the system dynamics in tinnitus pathophysiology, particularly the limbic component of tinnitus maintenance, allows for the development of more complex combined pharmacological strategies, as suggested earlier (Guitton et al., 2005; Guitton, 2006, 2009). Indeed, one of the most promising ways to cure tinnitus is the development of “hybrid” approaches, combining one specific pharmacological agent aimed at the causal mechanisms of tinnitus and acting on the abnormal neurotransmission in the cochlea with a second less specific pharmacological agent aimed at the symptoms, and regulating the abnormal neuromodulation in centralized neural networks (Figure 3). For instance, an NMDA antagonist locally applied in the cochlea could be used in combination with a drug acting on anxiety levels (Guitton, 2006). In this same line of idea, results obtained in animal suggested that injection of an anxiolytic with action on potassium channels were able to suppress the perception of salicylate-induced tinnitus (Lobarinas et al., 2011). Such molecule, which regulates both neural activity and anxiety levels, could indeed be an interesting candidate for innovative therapeutic strategies.

Understanding the system dynamics can also lead to other non-pharmacological therapeutic strategies. Indeed, the involvement of system dynamics in the maintenance of tinnitus is also what sustains the relative effectiveness of behavioral strategies. In this perspective, the utilization of tele-medicine and virtual reality settings is likely to represent the future of tinnitus-oriented behavioral therapies. Virtual settings, in which multimodality prevails (Guitton, 2010; Lortie and Guitton, 2011), offer indeed new possibilities for behavior-based therapies. The utilization of virtual settings is clearly a way to optimize behavioral therapies. Based on sensory process, tinnitus could be a potential target for behavioral therapeutical strategies based on the use of virtual tools.

CONCLUSION

The last decade has witnessed tremendous advances in our understanding of the biological basis of tinnitus. Currently, one of the main challenges in tinnitus research is not necessarily to explore further the biology of tinnitus, but rather to translate these fundamental discoveries into clinical applications. If we succeed in doing so, all—researchers, clinicians, and more importantly the patients—will benefit. Biomedical researchers would see their discoveries applied, the feedback given would help to improve their animal models; the clinicians would finally be able to propose effective therapies to the patients; and the patients would finally have a cure. The present review described some promising ways to treat tinnitus. However, the fact that most evidence are coming from behavioral and anatomical studies rather than clear report of specific synaptic modifications in tinnitus strongly suggest that more work on the synaptic physiology of this pathology is needed.

Given the complexity and the heterogeneity of tinnitus, mono-factorial strategies are likely to fail. Rather, a combination of all the possible therapeutic weapons should ideally help us fight this pathology. From a theoretical point of view, tinnitus, as a pathology of synaptic plasticity involving both molecular pathways central for neuronal adaptation, and neuronal networks involved in higher cognitive functions, could represent a powerful model to further our understanding of the remarkable capacity of the brain to adapt to environmental changes and to compute new stimuli.

In conclusion, only a combined understanding of the molecular and of the system-level dimensions of tinnitus will lead to the emergence of innovative and effective therapeutic solutions to help to cure this pathology and provide relief to the sufferers.
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Gamma-aminobutyric acid and glutamic acid levels in the auditory pathway of rats with chronic tinnitus: a direct determination using high resolution point-resolved proton magnetic resonance spectroscopy (1H-MRS)
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Damage to the auditory system following high-level sound exposure reduces afferent input. Homeostatic mechanisms appear to compensate for the loss. Overcompensation may produce the sensation of sound without an objective physical correlate, i.e., tinnitus. Several potential compensatory neural processes have been identified, such as increased spontaneous activity. The cellular mechanisms enabling such compensatory processes may involve down-regulation of inhibitory neurotransmission mediated by Γ-amino butyric acid (GABA), and/or up-regulation of excitatory neurotransmission, mediated by glutamic acid (Glu). Because central processing systems are integrated and well-regulated, compensatory changes in one system may produce reactive changes in others. Some or all may be relevant to tinnitus. To examine the roles of GABA and Glu in tinnitus, high resolution point-resolved proton magnetic resonance spectroscopy (1H-MRS) was used to quantify their levels in the dorsal cochlear nucleus (DCN), inferior colliculus (IC), medial geniculate body (MGB), and primary auditory cortex (A1) of rats. Chronic tinnitus was produced by a single high-level unilateral exposure to noise, and was measured using a psychophysical procedure sensitive to tinnitus. Decreased GABA levels were evident only in the MGB, with the greatest decrease, relative to unexposed controls, obtained in the contralateral MGB. Small GABA increases may have been present bilaterally in A1 and in the contralateral DCN. Although Glu levels showed considerable variation, Glu was moderately and bilaterally elevated both in the DCN and in A1. In the MGB Glu was increased ipsilaterally but decreased contralaterally. These bidirectional and region-specific alterations in GABA and Glu may reflect large-scale changes in inhibitory and excitatory equilibrium accompanying chronic tinnitus. The present results also suggest that targeting both neurotransmitter systems may be optimal in developing more effective therapeutics.

Keywords: tinnitus animal model, 1H-MRS, GABA, glutamate, dorsal cochlear nucleus, inferior colliculus, medial geniculate, primary auditory cortex

INTRODUCTION

Chronic tinnitus affects a large number of people, with perhaps 3–5 percent of the tinnitus population significantly disturbed by their condition. Exposure to damaging high-level sound is likely the leading cause of tinnitus in young people (Muhr and Rosenhall, 2011) and the second leading cause in older adults (Nondahl et al., 2002). Damage to the peripheral auditory system, in the long-term, reduces afferent input to the central auditory system and appears to stimulate compensatory central changes. The compensation, or perhaps overcompensation, may produce the sensation of sound where none exists, i.e., tinnitus. The neural correlates of tinnitus identified in animal studies are summarized in Table 1. Cellular mechanisms responsible for these changes have been hypothesized to include a down-regulation of inhibitory neurotransmission, such as that mediated by the neurotransmitter Γ-amino butyric acid (GABA) and/or an up-regulation of excitatory neurotransmission, such as that mediated by the excitatory neurotransmitter glutamate (Glu). Can alterations in the concentration of these compounds be directly detected in the brains of animals with objectively confirmed evidence of tinnitus?

Table 1. Candidate compensatory mechanisms potentially responsible for compensatory “restoration” of central function following sensory organ damage.
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Over the past decade animal models have contributed significantly to the neuroscience of tinnitus (Roberts et al., 2010). While diverse, all animal models assume that the sensation of tinnitus results from relatively primitive alterations in central auditory processing. In animals, tinnitus is induced by manipulations, such as high-level sound exposure, that commonly produce tinnitus in humans. The presence of tinnitus can be revealed by appropriately designed psychophysical procedures (Brozoski and Bauer, 2008). In the present experiment, the brains of rats with psychophysical evidence of sound-induced chronic tinnitus were imaged, and point-resolved proton magnetic resonance spectra (1H-MRS) were obtained from tissue volumes localized to areas in the auditory pathway that have been identified in one or more studies as potentially involved in mediating tinnitus. Analyzed areas included the dorsal cochlear nucleus (DCN), the inferior colliculus (IC), the medial geniculate body (MGB) or auditory thalamus, and primary auditory cortex (A1).

Recent technical improvements have enabled the acquisition of well-resolved spectra from small tissue volumes. Point-resolved spectroscopy (PRESS) can be used to optimize signal strength from small volumes, while ultra-short echo times can be used to reduce signal multiplets thereby improving peak dispersion and the resolution of complex spectra such as those obtained from brain tissue. Insertion of asymmetric variable power RF pulses into the probe sequence can be used to reduce the otherwise intrusive water peak that obscures signals above 3 ppm (Mlynarik et al., 2008). Separation of spectral lines and extraction of weak signals can be further enhanced by using very high-level magnetic fields and additionally through the use of a tunable pickup coil (Odintsov, 2011).

In the present investigation spectra were obtained from brain volumes of interest (VOI). The brain spectra were calibrated against spectra obtained from glass phantoms, filled with known concentrations of GABA and Glu, and comparable in size to the VOI. GABA and Glu were selected for analysis because they are, respectively, the major inhibitory and excitatory neurotransmitters in the auditory pathway; their concentrations are at detectible levels in small brain volumes, and they have been identified as potentially playing a significant role in tinnitus.

MATERIALS AND METHODS

SUBJECTS

Twenty adult male Long–Evans rats (Harlan, Indianapolis, IN), 90 days old at the start of the experiment, were individually housed and maintained at 25°C with a 12/12 h reversed light/dark schedule. Ten months prior to spectroscopy 16 of the animals participated in a study examining the effect of supplementary dietary taurine on tinnitus. The experimental protocol was approved by the Laboratory Animal Care and Use Committee of Southern Illinois University School of Medicine and the University of Illinois at Urbana Champaign.

TINNITUS INDUCTION

Half of the animals (n = 10) were unilaterally exposed once to band limited noise for 1 h. These subjects will be referred to as “exposed.” The remaining animals (n = 10) were treated identically, but unexposed. They will be referred to as “unexposed.” Sound exposure parameters were identical to those reported previously to produce tinnitus in rats (Bauer and Brozoski, 2001; Brozoski et al., 2012). All subjects, exposed and unexposed, were anesthetized to an areflexive state, using either an isoflurane/O2 mixture (Aerrane, Baxter Healthcare Corp., Deerfield, IL, USA), or a ketamine/xylazine mixture (24.6 and 3 mg/kg, respectively; ketamine, Ketaset, Fort Dodge Animal Health, Fort Dodge, IA; xylazine, Anased, Lloyd Laboratories, Shenandoah, IA). For the exposed animals, peak level was 116 dB (SPL) centered at 16 kHz, with the noise band falling to ambient level at 8 kHz and 24 kHz. The sound was delivered monaurally using a speaker driver (FT17H, Fostex, Tokyo, Japan) in a custom enclosure funneling the sound to a flexible tube that fit snugly into the auditory canal. Sound levels were calibrated using a Brüel and Kjaer (Norcross, GA, USA) Pulse sound measurement system (Pulse 13 software), equipped with a 3560C high-frequency module, and a 4138 pressure-field microphone (Brüel and Kjaer) coupled to the transducer using rubber tubing with the internal dimensions of an adult rat external auditory canal. All sound levels reported in the present experiment are unweighted pressure levels re 20 μ Pa.

HEARING LEVELS

Hearing thresholds were determined immediately before and after exposure (for exposed rats) using auditory brainstem-evoked potentials (ABR). They were also obtained at the conclusion of tinnitus testing. ABR measurements were obtained using either a TDT System 3 Real Time Signal Processing System running BioSig32 and SigGen (Tucker Davis Technologies, Alachua, FL, USA), or an IHS Smart EP System, running IHS High Frequency Software (v. 2.33) and using IHS high frequency transducers (HFT9911–20–0035, Intelligent Hearing Systems, Miami, FL). Evoked responses were differentially recorded from a subcutaneous vertex needle electrode referenced to an electrode at the occiput. Evoked responses for 10 msec epochs following stimulus onset were amplified × 100,000, bandpass filtered (100–3000 Hz), and averaged for 512 repetitions of each frequency-intensity level combination. Digitized records of the evoked responses (40 μ sec resolution) were exported to Excel (Microsoft, Redmond, WA, USA) for analysis and threshold determination. Hearing thresholds for each ear were defined by the lowest stimulus level that produced statistically distinct and visually distinct evoked waveforms, defined as the maximum peak-to-peak deflection within the 10 msec window following stimulus onset. Custom applications written for Excel were used for analysis.

TINNITUS ASSESSMENT

Tinnitus was measured after sound exposure, using a behavioral assay shown to be sensitive to tinnitus in rats, and described in detail elsewhere (Bauer and Brozoski, 2001; Brozoski et al., 2012). Briefly, an operant conditioned-suppression procedure was used to determine the animal's perception of test tones and silent periods embedded in an ambient of low level (60 dB, SPL) broad-band noise (BBN). The key feature of the procedure was that animals were required to discriminate between the presence and absence of sound when tested with a variety of sounds varying in composition, frequency, and level. While the features of tinnitus in rats (and humans) cannot be directly known, it is certain that tinnitus cannot sound like silence. The animals were tested daily in commercial operant test chambers (Lafayette Instruments, Mod. 80001, Lafayette, IN, USA) equipped with lid-mounted speakers. Speaker-off periods (i.e., silence) had a special significance because lever pressing for food during the silent periods led to a foot shock at the end of that period. The behavior of interest was lever pressing during randomly presented test sounds (1 min duration) that substituted for some of the speaker-off presentations (also 1 min duration). Assessment sessions consisted of 10 randomly inserted, non-contiguous, presentations. Two of the 10 were always silent (i.e., speaker-off) periods. The remaining eight presentations were of a randomly selected tone or noise, with different levels in each presentation. Lever pressing was quantified using a relative rate measure, the suppression ratio (R). R was determined as a running measure for successive 1 min segments of each session using the formula R = B/(A + B), where A was the number of lever presses in the preceding 1 min segment and B the number of lever presses in the current 1 min segment. R can vary between 0 and 1. A value of 0 is attained when lever pressing in the current minute is 0, a value of 0.5 when lever pressing in the current minute is equal to that of the previous minute and a value of 1 when lever pressing in the previous minute is zero. R provided a running index of behavior, in 1 min segments, and enabled a quantitative comparison between subjects as well as unbiased compilation of group data. R is a useful index of perceptual performance in that it is very sensitive to short-term behavioral effects, such as those produced by sensory events, but it is very insensitive to gradual behavioral effects, such as those produced by changes in motivational status, for example, satiation. In the context of the present procedure, it was expected that exposed rats with tinnitus would have lower R values than unexposed rats, when tested with stimuli that resembled their tinnitus. All test sessions were 60 min in duration. Further details of the psychophysical procedure appear in an open-source document (Brozoski et al., 2012).

Exposed and unexposed rats were treated identically and tested in parallel. Individual animal and group discrimination functions were derived from the final 3–5 sessions of each test series, where performance variability was minimal. Test stimuli were BBN, and 8, 10, 16, 20, 24, and 32 kHz tones. Each stimulus was tested across a range of levels from low to high audibility. Evidence of tinnitus was determined by the divergence of group discrimination functions. For subjects with tinnitus, test stimuli that resembled their tinnitus served as a signal for response (lever press) suppression. In contrast, for unexposed subjects without tinnitus, the signal for suppression was silence. Test stimuli with sensory features resembling tinnitus, therefore, produced greater suppression (i.e., fewer lever presses) in subjects with tinnitus. Previous research (Bauer and Brozoski, 2001) has shown that Long–Evans adult rats, unilaterally exposed to high-level band-limited noise centered at 16 kHz, show evidence of tinnitus in a range between 10 and 30 kHz.

SPECTROSCOPY: PREPARATION

Prior to spectroscopy, each animal in its home cage, was placed in a double-wall sound insulated booth for 20 h without food but with freely available water. The objective was to equate the baseline acoustic environment for all subjects, and to reduce the acoustic ambient to a low-level. The sound floor in this environment across the audible frequency range for rats was less than 10 dB (SPL). Ten minutes prior to spectroscopy, animals were pretreated i.p. with 10 mg/kg 3-mercaptopropionic acid (product M5801, Sigma-Aldrich, St. Louis, MO) to arrest post-mortem GABA inflation (van der Heyden and Korf, 1978). Immediately before acquisition, animals were given a lethal dose of anesthetic (Euthasol, Virbac, Ft. Worth, TX), decapitated, the mandible removed, and excess muscle tissue dissected away from the skull. The head was placed in a polyethylene holder along with a 1 mm diameter glass capillary filled with CuSO4 (3 mM). The image phantom of the capillary indexed the left hemisphere, making VOI laterality unambiguous.

SPECTROSCOPY: CALIBRATION

Prior to spectrum acquisition, glass vessels 2 mm in diameter were prepared with either 10 mM of GABA or 10 mM of Glu dissolved in sterile normal saline. Initial attempts to include one or more calibration vessels along with the brain during spectrographic data acquisition distorted the field, making shimming impossible. Therefore, calibration spectra were obtained either before or after acquisition of brain spectra. Initial calibrations were done with GABA and Glu in combination with compounds, such as creatine, that were expected to produce unwanted spectral lines potentially obscuring those of GABA and Glu. Spectrograms of the mixtures were used to identify GABA and Glu peaks, from among their multiplets, that provided the clearest separation from background. Calibration and peak selection were further refined using arrays of phantoms distributed in the field of view as shown in Figure 1. Taking into account all calibration results, GABA levels were determined using the peak at 2.18 ppm and Glu using the peak at 3.68 ppm (Figure 2).
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Figure 1. Calibration of GABA spectra using an array of phantoms, each containing 10 mM GABA in sterile normal saline, distributed across the imaging field of view. Using multiple phantoms arrayed throughout the field of view illustrates optimized field shimming and selection of the least-variant spectral peak, from among the multiplets at each location, used to quantify the compound of interest (in this example, GABA).
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Figure 2. Calibration spectra of GABA and Glu, obtained using the same scanning parameters (see Methods for details) used to capture VOI spectra. The peak, from among the multiplets, used to quantify GABA and Glu is shown by the pointer.


SPECTROSCOPY: DATA ACQUISITION

At the conclusion of behavioral testing, the rats were individually imaged and volume-localized 1H-MRS spectra were determined. Spectra were obtained using a vertical bore Varian Unity/Inova 600 mHz NMR spectrometer with a 14.1 T magnet. To reduce the displacement error of microvolume localized 1H-MRS, caused by large chemical shifts in the strong magnetic field, a hybrid short-pulse sequence, obtained from R. Gruetter (Mlynarik et al., 2008), was used. The pulse sequence was optimized for signal acquisition in the spectral band containing the neurochemicals of interest, i.e., GABA and Glu. Signals were further optimized using a tunable pickup coil (Odintsov, 2011).

For each animal, an initial MRI brain scan was used to locate the VOI for 1H-MRS. Contiguous transverse (i.e., coronal) slices, 0.5 mm thick (26 μ m planar resolution), were obtained, extending 13 mm caudally from Bregma (26 slices total). VOI for 1H-MRS were determined within the auditory pathway as indicated in Table 2. The VOI for each auditory region was kept constant and its placement was made as standard as possible using image reference points. 1H-MRS spectra were obtained bilaterally in the order indicated in Table 2, with acquisition parameters optimized for each VOI. When shimming, the water peak for all spectra was held constant at 4.7 ppm, and its line width minimized (typically 30–45 Hz). Three hundred scan repetitions were adequate to resolve all spectra, with the exception of the DCN (Table 2).

Table 2. 1H-MRS acquisition parameters.
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SPECTROSCOPY: DATA ANALYSIS

Spectra, as TIFF images, were imported into Image J (ver. 1.44p, http://imagej.nih.gov/ij). Peaks in closest approximation to the calibration peaks for GABA and Glu, were outlined, and the area under each curve (AUC) for each was determined. AUCs were expressed in spectrum baseline (i.e., curve lower bound) units in order to correct for image gain. AUC values were copied to an Excel (2007, Microsoft, Redmond, WA) spreadsheet for analysis. The AUC of each neurochemical was converted to concentration level (mM), taking into account VOI volume, calibration vessel volume, known calibration concentration, and calibration AUC, as indicated in Equation 1.
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Pair-wise comparisons were made between exposed and unexposed VOI. Reported significance levels were derived from independent t-tests.

RESULTS

EVIDENCE OF TINNITUS

Significant tinnitus was evident in the exposed rats approximately four months after exposure. The protocol in the present experiment (exposure before psychophysical training and testing), reveals tinnitus as a downshift in discrimination functions. This happens because the sensory correlate of speaker-off periods, i.e., tinnitus in exposed animals, is the conditioned stimulus for response suppression. Therefore, stimuli resembling the speaker-off sensation suppress responding. Frequency-specific suppression was evident in both individual (Figure 3) as well as group data (Figure 4), between 16 and 24 kHz. Individual subjects showed some variation in the frequency range of their suppression, from rather narrow (Figure 3A) to broad (Figure 3B). This may reflect the tonality of their tinnitus. In addition, some individuals showed evidence of tinnitus plus hyperacusis. Nevertheless, all of the exposed rats showed some evidence of tinnitus.
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Figure 3. Examples of tinnitus in individual rats.(A) A rat with focal narrow-band tinnitus in the vicinity of 20 kHz, and (B) A rat with rather broad-band tinnitus localized between 10 and 24 kHz. Error bars show the standard error of the mean of the unexposed group. Relative rate of lever pressing, as indicated by the suppression ratio (see Text), is shown on the y-axis, and test stimulus across stimulus levels (dB, SPL) is shown on the x-axis.
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Figure 4. Frequency-specific group evidence of tinnitus. The statistics in each panel represent a comparison of exposed and unexposed groups for stimulus levels above the OFF setting. As in Figure 3, relative lever pressing is shown on the y-axis and test stimulus across levels is shown on the x-axis. Error bars show the standard error of the mean.


GABA AND Glu LEVELS

1H-MRS data were collected at the conclusion of psychophysical testing. Data from six exposed and five unexposed rats were included in the spectral analysis. Data from seven initial rats were used to adjust and optimize experimental parameters and were not included in the final analysis. Data from two rats were discarded when pituitary tumors were detected. Mean age at the time of spectroscopy was 19.8 and 17.8 months, respectively, for the exposed and unexposed animals. The mean interval between exposure and spectroscopy was 16.2 months. Acquisition of spectra from one animal, along with attendant field shimming, required approximately 7 h to complete. One session was run per day. Spectra for the four auditory areas of interest, DCN, IC, MGB, and A1, are summarized in Figures 5–8. Each figure depicts selection of the VOI in the top panel, a representative individual spectrum from that VOI in the center panel, and estimated GABA and Glu average levels for exposed and control animals in the bottom panel. GABA and Glu estimated mM levels are reported separately for each hemisphere, ipsilateral, and contralateral, with respect to sound exposure. Decreased GABA concentration was evident only in the MGB, with the greatest decrease, relative to unexposed controls, obtained in the contralateral MGB (Figure 7; p = 0.033). GABA levels in the exposed MGB were 0.38 mM (±0.18) contralateral and 1.62 mM (±0.64) ipsilateral, as compared to unexposed levels of 2.77 mM (±1.04) contralateral and 2.57 mM (±1.39) ipsilateral. Error (±) is the standard error of the mean. Therefore, a GABA decrease, and potential loss of GABA-mediated inhibition, was most evident in the auditory thalamus in the direct pathway from the exposed ear, i.e., the contralateral MGB. Small GABA increases may have been present bilaterally in A1 (Figure 8) and in the contralateral DCN (Figure 5) however, these differences were not statistically significant.
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Figure 5. GABA and Glu levels (mM/ml) in the dorsal cochlear nucleus (DCN) of exposed and unexposed rats. Top panel: size and location of the VOI; Mid panel: a typical individual 1H-MRS; Lower panel: group average GABA and Glu levels. Error bars show the standard error of the mean. Asterisk next to the axis label indicates the direct pathway with respect to the trauma-exposed ear. Asterisk next to the data bar indicates statistical significance (p ≤ 0.05).
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Figure 6. GABA and Glu levels (mM/ml) in the inferior colliculus (IC) of exposed and unexposed rats. No significant differences were obtained between exposed and unexposed animals in the IC. Graphic parameters as in Figure 5.
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Figure 7. GABA and Glu levels (mM/ml) in the medial geniculate body (MGB) of exposed and unexposed rats. GABA and Glu concentrations were significantly lower in the contralateral MGB of exposed animals. Graphic parameters as in Figure 5.
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Figure 8. GABA and Glu levels (mM/ml) in primary auditory cortex (A1) of exposed and unexposed rats. Although differences between exposed and unexposed animals were not statistically significant, significance levels may have been masked by measurement variability stemming from field anisotropy rather that neurochemical variability. Graphic parameters as in Figure 5.


Glu level variation, both within and between treatment groups, was higher than GABA variation. Despite the variation, Glu was significantly (p = 0.039) elevated in the exposed ipsilateral DCN, 18.77 mM (±9.76) while unexposed was 12.36 mM (±2.32). Contralateral DCN Glu levels were not significantly different in exposed and unexposed rats. The contralateral exposed level was 6.52 mM (±5.00) while unexposed was 3.08 mM (±2.09) (Figure 5). Exposed ipsilateral and contralateral Glu levels were elevated in A1 with respect to unexposed controls, but not significantly so (Figure 8; p = 0.082, ipsilateral; p = 0.145, contralateral). However, significance was negatively impacted by high variation in spectra obtained from A1. Field shimming was difficult for A1, and this suggested that the measurement variation may have been a consequence of field anisotropy near the periphery, rather than intrinsic tissue factors. A1 exposed ipsilateral Glu was 3.12 mM (±1.64) while unexposed was 1.32 mM (±0.54). Exposed contralateral A1 Glu was 2.60 mM (±1.55) while unexposed was 0.81 mM (±0.59).

In the MGB Glu was significantly decreased contralaterally (1.24, ± 0.67 vs. 4.55, ± 1.13; p = 0.029) and non-signficantly increased ipsilaterally (4.36, ± 1.91 vs. 2.59, ± 1.11; p = 0.448). In summary, these results suggest enhanced Glu-mediated excitation in the DCN, and potentially in A1, although variation in cortical levels obscured significance. In the IC, exposed vs. unexposed differences in both GABA and Glu were small (Figure 6).

HEARING THRESHOLDS

The sound exposure used to produce tinnitus was unilateral. This was done to preserve free-field hearing thresholds, a requirement for psychophysical testing. Immediately after exposure (peak sound level at 116 dB, SPL), exposed ear hearing thresholds, as indicated by ABR, were elevated approximately 60 dB at 20 kHz (Figure 9, top panel). Thresholds for unexposed ears were not affected by the exposure. At the conclusion of psychophysical testing, and prior to MRS data collection, ABR thresholds for exposed ears returned to normal levels (Figure 9, bottom panel). Recovery of threshold sensitivity is typical for this level of exposure (Bauer and Brozoski, 2001) in Long Evans rats.
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Figure 9. Auditory brainstem response thresholds for exposed and unexposed rats. Top panel: thresholds before and immediately after acoustic exposure. Significant threshold elevation was evident only in the exposed ear. Bottom panel: thresholds prior to spectroscopy show normal levels in both groups. Error bars show the standard error of the mean.


DISCUSSION

VOLUME LEVEL VS. NEUROTRANSMITTER LEVEL

The present results indicated that there was a GABA decrease in the MGB and Glu increase in both the DCN and A1, accompanying chronic tinnitus in a rat model. This would support the hypothesis that region-specific loss of inhibition and increased excitatory neurotransmission, underpins chronic acoustically induced tinnitus. However, support of the neurotransmitter hypothesis must be tempered when taking into account limitations of the current method. Neurochemical concentrations were determined ex vivo using point-resolved 1H-MRS and a 14.1 T magnet. Spectra were effectively resolved from volumes down to 4.5 mm3 (i.e., the DCN volume). But the reported levels reflect concentrations of the compounds of interest throughout the tissue volume from which spectra were obtained. Using an MRI scan of each brain, care was taken to place the measurement volume entirely within each area of interest. Within each VOI, however, 1H-MRS cannot distinguish concentrations in specific sub-VOI compartments, for example, within neurotransmitter vesicles. In addition to their role as neurotransmitters, GABA and Glu also participate in general metabolic functions, for example as components of the tricarboxylic acid cycle GABA shunt. A further complexity is that GABA is derived from Glu by enzymatic decarboxylation. Therefore, the concentration levels reported in the present research cannot be construed as neurotransmitter levels. However, in the present experiment comparisons were made between exposed and unexposed rats, treated identically except for one high-level sound exposure. On average the sound exposure occurred 16 months prior to spectroscopy. It is unlikely that general metabolic consequences of the exposure would linger to influence the results. A reasonable interpretation would be that between-treatment-group variation in GABA and Glu levels reflects functional changes heavily dependent upon neurotransmitter variation (Stagg et al., 2011b).

REPORTED LEVELS, CALIBRATION, AND COMPARISON TO OTHER ESTIMATES

The GABA and Glu levels reported in the present study were concentrations determined in reference to external calibration standards (see Methods). In contrast, many 1H-MRS studies report relative levels with respect to an internal standard, which is another signal within the spectrum, such as that of N-acetyl aspartate (Stagg et al., 2011a), or water (Puts et al., 2011). When using an internal standard it must be assumed that the standard compound remains constant in concentration across conditions and VOI. The advantage of using an internal standard is that variation in local measurement conditions, for example shimming parameters, does not affect the reported values. The primary disadvantage of using an internal standard is that concentration of the standard compound might not be constant across individuals and conditions, thus affecting the reported ratios. A second disadvantage is that only relative level ratios can be reported, actual concentration levels remain unknown. When using an external standard, as in the present research, physical concentration levels are known and internal standard variation is irrelevant. However, when using an external standard, accuracy is dependent upon the calibration method. The external method described in the present study attempted to establish both realistic and stable calibration conditions (Figures 1 and 2). Calibration spectra were determined from phantoms similar in volume to the VOI and filled with realistic concentrations of GABA and Glu. Calibration spectra were also determined proximate in time to the brain spectra. Unfortunately attempts to simultaneously calibrate by including phantoms along with the brain at the time of data acquisition were not fruitful. Calibration phantoms included along with the brain produced field distortions that made shimming impossible. Also, placing phantoms alongside the brain put the phantoms in the field periphery where locally poor isotropy yielded calibration spectra of low quality.

Glu levels reported in the present study varied between 0.81 and 18.77 mM, while GABA levels varied between 0.09 and 2.77 mM, depending upon the VOI. These ex vivo levels are comparable to levels reported by others using similar 1H-MRS methods. Mlynarik et al. (Mlynarik et al., 2008) reported whole rat brain Glu levels of 10.3 (±8%) and GABA levels of 1.5 (±13%) mM/kg. In comparison to contemporary studies using traditional quantitative analytic methods, Glu levels reported in the present study were within range while GABA levels were somewhat higher. For example a recent report by (Zhu et al., 2011) using current-generation high performance liquid chromatography and whole brain homogenates, reported adult rat brain GABA levels of about 0.5 (±25%) mM/mg and Glu levels of 10 (±10%) mM/mg. The GABA discrepancy between the present study and that of (Zhu et al., 2011) may derive from differences between the methods, liquid chromatography depending upon solvent extraction from whole brain homogenates, and 1H-MRS depending on spectra derived from in situ tissue in the auditory pathway. It may also be that in the present study there was some GABA inflation, despite the use of 3-mercaptopropionic acid to arrest post-mortem elevation. A GABA inflation error, if present, should have affected exposed and unexposed rats equally since GABA (and Glu) levels were determined using the same procedural sequence for all animals (Table 2).

GABA DECREASE IN THE MGB

It has been hypothesized that a loss of inhibition in the central auditory pathway underpins chronic tinnitus (Holt et al., 2010; Wang et al., 2011; Brozoski et al., 2012). Indirect evidence supporting the hypothesis comes from pharmacological studies where systemically administered GABA agonists have been shown to decrease or eliminate behavioral evidence of tinnitus (Brozoski et al., 2007b, 2010; Yang et al., 2011). The hypothesis is also indirectly supported by studies showing increased levels of spontaneous neural activity in animals with evidence of tinnitus (Brozoski et al., 2002; Kaltenbach and Godfrey, 2008; Middleton et al., 2011). The role of the MGB, i.e., the auditory thalamus, in tinnitus is currently not well defined. Recent imaging evidence suggests that altered thalamic circuits may gate abnormal brainstem spontaneous activity to the cortex and limbic structures in tinnitus patients (Rauschecker et al., 2010). The MGB is an obligatory relay for ascending auditory information. Loss of inhibition in the MGB could increase the impact of spontaneous brainstem activity on higher processes, and induce the perception of sound in the absence of peripheral stimulation. Understanding the function of GABA in the MGB is currently evolving. The density of post-synaptic GABA-A receptors is quite low (Halonen et al., 2009). However, GABA-A receptors containing a δ subunit in substitution for the more common γ subunit, have a high density in the MGB compared to other forebrain areas (Halonen et al., 2009; Richardson et al., 2011). δ-subunit-containing GABA-A receptors appear to be primarily extra-synaptic and are responsible for mediating tonic inhibition (Richardson et al., 2011). This suggests that ambient extracellular GABA is important for regulating the general balance of inhibition/excitation in the MGB. Tinnitus may be mediated by loss of inhibitory volume transmission in the MGB mediated by down-regulation of extracellular GABA. Although the density of GABAergic interneurons in the rat MGB is apparently very low (Winer and Larue, 1996), glia have been shown to be a significant source of GABA in other brain areas (Olah et al., 2009). The loss of MGB GABA reported in the present experiment may reflect decreased extracellular-levels as well as lowered levels in glia. The net decrease in inhibition would increase rostral excitation.

Llinas et al. (2005) present a cortico-thalamic network model to account for tinnitus and other neuro-psychiatric disorders. In their model, cortical pyramidal cell feedback to the auditory thalamus, both indirectly, via the thalamic reticular nucleus, and directly, enables low-frequency thalmo-cortical oscillation. In this model, loss of afferent inhibitory input to the thalamus is hypothesized to lead to “edge effect” enhancement of low-frequency (8 Hz) oscillation, the result being the sensation of tinnitus. Interestingly the model also predicts increased low-frequency oscillation, and presumably, associated tinnitus, in the presence of “protracted hyperpolarization of thalamic cells” (Llinas et al., 2005). Therefore, in the Llinas model, elevated GABA intrinsic to the MGB would be expected to produce chronic tinnitus. The present results, however, show just the opposite, with MGB GABA decreased in rats with tinnitus. Further research with cellular-level resolution will be required to answer more detailed questions concerning the role of GABA in specific circuits.

Glu INCREASE IN DCN

In addition to lowered MGB GABA levels, the present research also showed moderately elevated Glu levels in the DCN. Increased spontaneous neural activity in the DCN is associated with tinnitus in rodent models (Brozoski et al., 2002; Kaltenbach et al., 2004), while altered tonotopic organization of the auditory cortex has also been associated with tinnitus in rats (Yang et al., 2011). In fact there may be widespread increases in central gain functions following sensory loss, such as that produced by traumatic high-level sound exposure (Norena, 2011). Adaptive alterations in brain function are primarily mediated by plastic glutamatergic synapses via long-term potentiation (LTP) and long-term depression (LTD) (Zhuo, 2009; Lovinger, 2010; Kullmann and Lamsa, 2011). While LTP and LTD, as characterized in vitro, have durations of only an hour or so, it is clear that the same processes are involved in chronic changes that have been reported in adult rat A1 in the context of specific pharmacological and acoustic exposures (Hogsden et al., 2011). Increased Glu levels in the DCN and A1 found in the present study, in rats with chronic tinnitus, may well reflect very long-term increases in excitatory neurotransmission. Both LTP and LTD have been identified in DCN local networks (Tzounopoulos et al., 2007). Furthermore, Glu associated alterations of cochlear nucleus function have been identified following cochlear damage (Zeng et al., 2009).

NULL EFFECT IN THE INFERIOR COLLICULUS (IC)

Given considerable evidence that the IC is involved in chronic tinnitus in animals (Brozoski et al., 2007a; Holt et al., 2010) and humans (Gu et al., 2010), it was somewhat surprising that neither GABA nor Glu levels in the IC were different in exposed versus unexposed animals (Figure 6). One explanation may be that average neural activity level was only slightly elevated in the IC of exposed animals. While significantly involved in tinnitus, the neural correlate in the IC may involve alterations in patterns of neural activity, such as infrequent bursts of high-frequency spikes and decreased inter-spike interval variance (Bauer et al., 2008), rather than gross level increases. As such, volume GABA and Glu alterations may not be evident. It also might be noted that studies reporting loss of IC GABA receptors after cochlear damage, also report permanent threshold elevations (Dong et al., 2010). In the present study hearing thresholds were essentially normal at the time of tinnitus testing and spectroscopy (Figure 9, bottom panel).

IMPLICATIONS FOR TINNITUS THERAPY

There is no generally effective therapeutic intervention for tinnitus in current clinical application. In contrast, in animal models of tinnitus, several GABA agonists have been found to effectively attenuate or eliminate evidence of tinnitus (Brozoski et al., 2007b, 2010; Yang et al., 2011). Interestingly, while peripheral blockade of cochlear glutamatergic NMDA receptors has been shown to attenuate acoustic-trauma-induced tinnitus in a rat model (Guitton and Dudai, 2007), administration of the systemic NMDA antagonist ketamine, was not effective (Yang et al., 2011). Clinically, neither GABA agonists, for example the many available benzodiazepine derivatives, nor NMDA antagonists, have been shown to be effective in well-controlled trials. The present research suggests that a combined approach, targeting both decreased GABA function and elevated Glu function, may be more fruitful.
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Gap prepulse inhibition and auditory brainstem-evoked potentials as objective measures for tinnitus in guinea pigs
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Tinnitus or ringing of the ears is a subjective phantom sensation necessitating behavioral models that objectively demonstrate the existence and quality of the tinnitus sensation. The gap detection test uses the acoustic startle response elicited by loud noise pulses and its gating or suppression by preceding sub-startling prepulses. Gaps in noise bands serve as prepulses, assuming that ongoing tinnitus masks the gap and results in impaired gap detection. This test has shown its reliability in rats, mice, and gerbils. No data exists for the guinea pig so far, although gap detection is similar across mammals and the acoustic startle response is a well-established tool in guinea pig studies of psychiatric disorders and in pharmacological studies. Here we investigated the startle behavior and prepulse inhibition (PPI) of the guinea pig and showed that guinea pigs have a reliable startle response that can be suppressed by 15 ms gaps embedded in narrow noise bands preceding the startle noise pulse. After recovery of auditory brainstem response (ABR) thresholds from a unilateral noise over-exposure centered at 7 kHz, guinea pigs showed diminished gap-induced reduction of the startle response in frequency bands between 8 and 18 kHz. This suggests the development of tinnitus in frequency regions that showed a temporary threshold shift (TTS) after noise over-exposure. Changes in discharge rate and synchrony, two neuronal correlates of tinnitus, should be reflected in altered ABR waveforms, which would be useful to objectively detect tinnitus and its localization to auditory brainstem structures. Therefore, we analyzed latencies and amplitudes of the first five ABR waves at suprathreshold sound intensities and correlated ABR abnormalities with the results of the behavioral tinnitus testing. Early ABR wave amplitudes up to N3 were increased for animals with tinnitus possibly stemming from hyperactivity and hypersynchrony underlying the tinnitus percept. Animals that did not develop tinnitus after noise exposure showed the opposite effect, a decrease in wave amplitudes for the later waves P4–P5. Changes in latencies were only observed in tinnitus animals, which showed increased latencies. Thus, tinnitus-induced changes in the discharge activity of the auditory nerve and central auditory nuclei are represented in the ABR.

Keywords: prepulse inhibition, gap detection, noise exposure, behavioral model of tinnitus, auditory brainstem responses

INTRODUCTION

Until recently, there were no reliable behavioral models to determine whether or not animals perceive the phantom sound known as tinnitus. Recently a test was developed by Turner et al. (Turner et al., 2006) based on the modification of the acoustic startle.

The mammalian acoustic startle response, which is elicited by sudden, loud sound, is characterized by muscle contractions of the face, neck, limb, and back resulting in a crouching posture. The primary startle reflex-eliciting circuit consists of the dorsal and ventral cochlear nucleus (DCN and VCN), cochlear root neurons, and the lateral superior olive, which deliver startle stimulus information to the caudal pontine reticular nucleus that mediates the startle via its projections to relevant muscles (Koch, 1999). The force produced during the startle can be enhanced or suppressed in the course of fear-potentiation via projections from structures such as auditory cortex, thalamus, amygdala, and hippocampus (Koch, 1999; Swerdlow et al., 2001; Li et al., 2009). Preceding the startle stimulus 30–500 ms with a non-startle-eliciting sensory input diminishes the startle amplitude. This “prepulse inhibition” (PPI) of the startle is mediated by a gating pathway comprised of the cochlear nucleus, inferior colliculus (IC), superior colliculus, and pedunculopontine tegmental nucleus, which project to the caudal pontine reticular nucleus.

The tinnitus test developed by Turner et al. (Turner et al., 2006) uses a gap embedded in different narrow gap-carrier bands as a prestimulus (gap-PPI) that reduces the startle amplitude. Animals perceiving tinnitus in a specific frequency band are predicted to have diminished detection of gaps embedded in gap-carrier bands similar to the tinnitus frequency. The ongoing tinnitus thus, masks the gap. This reduces the gating efficiency of the gap, producing a larger startle. This test thus not only detects tinnitus but also reveals its frequency content.

As the test relies on a pre-attentive modification of reflex behavior and the PPI doesn't require learning (Swerdlow et al., 2000; Fendt et al., 2001; Li et al., 2009), it takes less time and effort compared to tests requiring training (Jastreboff et al., 1988; Bauer and Brozoski, 2001; Heffner and Harrington, 2002; Ruttiger et al., 2003; Lobarinas et al., 2004), enabling simultaneous testing of many animals over long time periods. Gap-PPI is not influenced by threshold shifts limited to one ear (Bauer and Brozoski, 2001; Turner et al., 2006), which is important in studies using noise over-exposure to induce tinnitus.

To date, gap-PPI has been reliably used to demonstrate noise- and salicylate-induced tinnitus in rats, mice, and gerbils and has been validated with other conditioning techniques (Bauer and Brozoski, 2001; Turner et al., 2006, 2012; Yang et al., 2007; Turner and Parrish, 2008; Longenecker and Galazyuk, 2011; Nowotny et al., 2011). Here, we apply this test to guinea pigs, which have become a model species for auditory neuroscience because of easier accessibility of their cochleas and auditory brainstems for manipulations and recordings compared to rats and mice. We describe the basic features of the guinea pigs' startle and gating and show that noise exposure results in gap-PPI deficits comparable to that shown in rats.

While ABR's have been used to measure hearing threshold and can detect hearing loss, recent studies show that thresholds can recover after noise exposure even in the face of defective auditory nerve synapses and decreased ABR wave I amplitudes (Kujawa and Liberman, 2009; Lin et al., 2011), which can be one factor in the development of tinnitus. Therefore, changes in the ABRs can be used as an objective measure of tinnitus in addition to the gap detection testing. Furthermore, ABRs could reveal areas of the auditory brainstem that are involved in the tinnitus pathology.

The ABRs recorded here were comprised of five positive and four negative peaks (Figure 1) as described previously for guinea pigs and cats (Wada and Starr, 1983a; Simha et al., 1988; Melcher et al., 1996a; Hsu et al., 2008; Gourevitch et al., 2009). In the ongoing discussion about the generators of certain components of the ABR, there is a general consensus that the first wave or P1–N1 is generated by the VIIIth nerve (Wada and Starr, 1983a; Simha et al., 1988; Melcher and Kiang, 1996; Melcher et al., 1996a,b). There is evidence that P2 is generated by the anteroventral and posteroventral cochlear nucleus (Buchwald and Huang, 1975; Simha et al., 1988; Melcher and Kiang, 1996; Melcher et al., 1996a,b). Contribution of the trapezoid body is seen starting with the N2 wave (Wada and Starr, 1983a,b,c; Simha et al., 1988). Wave P3 as well as N3 is attributed to superior olivary complex (SOC) and medial nucleus of the trapezoid body (MNTB) (Achor and Starr, 1980; Gardi and Bledsoe, 1981; Simha et al., 1988; Melcher and Kiang, 1996; Melcher et al., 1996a,b). P4 and N4 have been found to represent SOC and the lateral lemniscus (LL) or the trapezoid body (Buchwald and Huang, 1975; Wada and Starr, 1983b; Simha et al., 1988; Popelar et al., 2008). There is also a general consensus that P5 is generated by the IC and/or the LL (Melcher and Kiang, 1996; Melcher et al., 1996a,b; Popelar et al., 2008).
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Figure 1. ABR waveform morphology. Typical waveform (12 kHz, 80 dB SPL) illustrating the peaks (P) and troughs (N) of the ABR waves measured in guinea pig.


We recorded ABRs to tonal stimulation (4, 6, 7, 8, 9, 12, 16 kHz) in 10 dB steps up to 90 dB SPL. Latencies as well as interpeak latencies and amplitudes of all five positive and negative waves were measured after recovery from TTS. These parameters were compared between normal, non-exposed animals, and noise exposed animals that had or had not developed tinnitus and this comparison was done for stimulus frequency regions inside and outside the tinnitus frequency region based on the results of the behavioral gap detection testing.

Part of the behavioral test results were used as confirmation of tinnitus occurence in a different study (Dehmel et al., 2012).

METHODS

ANIMALS

Male pigmented guinea pigs from Cady Ridge Farms (270–380 g at study onset; Chelmsford, MA, USA) were used in this study. All procedures were performed in accordance with the National Institutes of Health (NIH) Guidelines for the Use and Care of Laboratory Animals (NIH publication no. 80-23) and guidelines provided by the University Committee on Use and Care of Animals of the University of Michigan. The number of animals used differed for the different parts of the presented results, they are indicated in each figure legend and are as follows: 13 animals were used to characterize the TTS following the noise exposure, eight animals were used to characterize the dependence of the startle on the startle pulse level, 14 animals were used to characterize the gap- and noise pulse-PPI, of those seven were noise-exposed and four were sham-exposed and continued gap- and noise pulse-PPI testing after the exposures.

BEHAVIORAL TESTING

A Kinder Behavioral Testing System (Poway, CA, USA) with testing cage and platform enclosed in a 40 × 30 × 35 cm testing chamber with speakers contained in the ceiling was used. The walls were lined with blue-pads to reduce reverberations ensuring that the 15 ms gap was “clean” as judged from an oscillogram. Two testing chambers were placed in a single walled sound booth. The signal spectra outside the gap-carrier/noise pulse bands were between 19 dB SPL and 24 dB SPL for the different frequency bands of the gap-carrier/noise pulse (4–6 kHz: 19 dB SPL, 8–10 kHz, and 12–14 kHz: 23 dB SPL, 16–18 kHz: 24 dB SPL). Gap-carrier/noise pulse bands and startle pulse calibrations were performed using a microphone (B&K ¼ inch 4136 and spectrum analyzer SR760, Stanford research systems) and guinea pig cloth model inside the testing cage with closed chamber and booth.

For the gap-PPI a 15 ms gap (excluding 5 ms offset/onset ramps) was embedded in four different 2 kHz gap-carrier bands (4–6 kHz, 8–10 kHz, 12–14 kHz, 16–18 kHz) and a broad-band noise (BBN) with two levels (60 and 70 dB SPL). The gap-carriers were played before the startle pulse for a variable time starting between 3.1 and 8.1 s to prevent anticipation of the startle pulse (Figure 2B). The prepulse in the noise pulse-PPI consisted of a 15 ms pulse (excluding 5 ms rise-fall time) of the same frequency bands as the gap-carrier (Figure 2A). The startle pulse (115 dB SPL, BBN, 20 ms) followed the gap onset or noise pulse by 100 ms. The maximum startle response in a time window 250 ms after the startle pulse was recorded.
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Figure 2. Stimulus structure for the noise pulse-PPI test (A) and Gap-PPI test (B) showing a trial without the prepulse followed by a trial with the prepulse. Note that the timeline is not entirely drawn to scale, because of the comparably long inter-trial interval time (ITT), which was pseudo-randomly varied between 0 and 5 s and the long pseudo-randomly varied time of 3.1–8.1 s between the start of a trial and the presentation of the startle pulse. The experimental timeline is shown in (C). Behavioral testing was done throughout the experiment, including 2–3 weeks before the first, and 2–3 weeks after the last exposure. Note that two of the 11 animals tested received only one noise exposure. The exposures and ABRs were done either on Tuesdays or Fridays for a certain animal; in the example shown in the (C) they were done on Fridays.


One block of the test session began with a recording trial with no sound to record the animals' background movement (Figure 2C). This was followed by two presentations of the startle pulse alone. At the outset this habituated the startle response to a more stable startle level (Swerdlow et al., 2000). This was followed by alternating trials of each gap-carrier band with gap (in the gap-PPI test) or noise pulse (in the noise pulse-PPI test) preceding the startle pulse and trials with the startle pulse only. For the gap-PPI the trials with 60 and 70 dB SPL background alternated as well as the sequence of gap preceding the startle pulse (“with gap” condition) or no gap preceding the startle pulse (“without gap” condition). Inter-stimulus trial time (without gap-carrier presentation in the gap-PPI session) was pseudorandomly varied (from 0 to 5 s) to prevent startle anticipation and interval-based habituation (Figures 2A,B). Together with the variable time length of the gap-carrier this resulted in a separation of the startle pulses between 3.1 and 13.1 s (Figures 2A,B). This block of trials containing all stimulus conditions (level and frequency of gap-carrier/noise pulse, trial with or without gap/noise pulse) was repeated 10 times. The sound booth and the testing chamber doors were opened for a short break between the gap-PPI and noise pulse-PPI session. Both sessions lasted about 35 min each.

The gap-PPI and noise pulse-PPI testing was performed throughout the study on two days each week (Monday and Thursday, unless otherwise noted; Figure 2C). ABRs and noise exposures were performed on the following day (Tuesdays or Fridays). Baseline gap-PPI and noise pulse-PPI testing were performed for 2–3 weeks before the noise exposure. After the first noise exposure, testing continued for another two weeks until the animals received a second noise or sham exposure (n = 9 animals; all of the control animals); two other animals received only one noise exposure (both no-tinnitus animals). After the last noise exposure the gap-PPI and noise pulse-PPI testing continued for 2–3 weeks. Behavioral data after the noise exposure was used only for days after the animals ABR had recovered.

NOISE EXPOSURE

The noise exposure was performed under anesthesia (first dose: 14 mg/kg body weight Xylazine and 110 mg/kg Ketamine; additional dose 2–3 h later, when responses to toe pinch occured: 4 mg/kg Xylazine and 13 mg/kg Ketamine). Body temperature was kept constant with a temperature controlled heating pad. The left ear was exposed for 2 h and the right ear was plugged with pieces of soft, moldable silicon ear plugs. A Beyer DT 48 speaker was enclosed in a custom-made housing that attached to a 3 cm silicon tube that ended in a cone-shaped plastic tip inserted about 2 mm tightly into the ear canal. Pilot experiments showed no influence of the noise on the unexposed ear. The noise was generated with digital signal processing hardware (TDT, Alachua, FL, USA) and Matlab and its spectrum is shown in Figure 2B. The noise was calibrated by inserting the plastic tip into a tube attached to a B&K ¼ inch microphone (4136) and spectrum analyzer (SR760 Stanford research systems).

ABR RECORDINGS

Prior to ABR measurements the animals received an injection of antibacterial solution (enrofloxacin, 10 mg/kg body weight, Baytril, Bayer, KS, USA), after the ABR they received an injection of 10 ml saline and antibacterial eardrops (ofloxacin, 0.3%, Floxin Otic, Daiichi Sankyo Inc., Edison, NJ, USA).

ABR recordings were performed using BioSigRP software and RX5/RA4LI hardware (TDT, Alachua, FL, USA). The speaker (Beyer DT 48) calibration and acoustic stimulation were performed with SigGenRP software and RX8/PA5 hardware (TDT, Alachua, FL, USA). The speaker was coupled to the animals' ear canal as described above for the noise. ABRs were recorded immediately before and immediately after the noise exposure. ABRs were performed weekly on days following the behavioral testing after the exposure (Tuesdays, Fridays) under anesthesia (5 or 10 mg/kg body weight Xylazine) (AnaSed Injection, Akorn Inc., Decatur, IL, USA) and 20 or 40 mg/kg body weight Ketamine (Hospira Inc., Lake Forest, IL, USA). Body temperature was kept constant with a temperature controlled heating pad. Sanded 0.6 × 25 mm injection needles placed subdermally at vertex and on each masseter were used for recording, grounding, and reference. ABRs were recorded for 10 ms tone pips (2 ms ramp, 11 stimuli/s) starting with a level of 90 dB SPL, and decremented in 10 dB steps. Each level was repeated 250 times and the lower levels near threshold were re-run to record a second set of 250 presentations. ABR waveforms were visually inspected across levels; threshold was the lowest level of sound that resulted in one or more of the ABR waves being distinguishable by eye from the background noise. The second set of repetitions for the low levels was checked for waveform consistency.

DATA ANALYSIS

Data analysis and plotting were performed with Sigma Plot (Version 11, Systat Software Inc., Chicago, IL, USA) and SPSS (Version 17, SPSS Inc., Chicago, IL, USA). Two-Way repeated measure ANOVAs were performed on the averaged absolute startle data within each gap-carrier band for either the gap-PPI or noise pulse-PPI. Repeated within subject factors were trial type (with or without prepulse) and sound level (60 or 70 dB, Figure 6), an additional between subject factor was the animal group (control or exposure group, Figure 7; control or “tinnitus” or “no-tinnitus” group, Figure 9). Post-hoc all pairwise multiple comparisons were done using Holm–Sidak (p = 0.05).

ABR's were analyzed without any knowledge of group of animal. All ABR's were analyzed at 4, 6, 7, 8, 9, 12, and 16 kHz and from 90 to 50 dB SPL in decrements of 10 dB. Latency (time in ms at which the positive peak occurred after the stimulus onset) and interpeak latency (time between positive peaks) of each consecutive peak were measured (Figure 1). Increased interpeak latencies indicate further shifting of the peak in addition to the shift of P1.

Two types of linear mixed model statistics were used to reveal significant differences in ABR amplitudes and latencies. First, four linear mixed models with wave (P1, N1, etc.), group (control, tinnitus, no-tinnitus) and interaction as fixed effects and a pairwise comparison of groups for each wave were used to investigate significant differences between groups. This was done separately for amplitudes and latencies for ABR frequencies within the tinnitus frequency region (according to the behavioral test) and outside the tinnitus frequency region (results of those tests noted with < and > symbols). Second, linear mixed models with group, dB level, and interaction as fixed effects and pairwise comparison at each dB level revealed significant differences between the groups for single dB levels. This was done separately for each wave amplitude peak (P1, N1, etc.) and wave latency (PL P1, IPL 2–1, etc.) for frequencies with tinnitus and frequencies without tinnitus (results noted with * and ‡ symbols above and below the respective dB levels). Differences were significant at the 0.05 level, adjustment for multiple comparisons with Bonferroni.

RESULTS

TEMPORARY THRESHOLD SHIFT FOLLOWING UNILATERAL NARROW BAND NOISE EXPOSURE

Since noise over-exposure is the most common cause of tinnitus among patients with known tinnitus origin (Davis and Rafaie, 2000; Eggermont, 2005) noise exposure was used to induce tinnitus in guinea pigs. In order to distinguish its effects on auditory thresholds from those on the measured tinnitus, unilateral noise exposure conditions were chosen (1/4 octave noise band centered at 7 kHz; Figure 3B) that resulted in a TTS in the exposed ear (Figure 3A). A center frequency of 7 kHz was chosen because it is within the central region of the guinea pig audiogram (Heffner et al., 1971; Prosen et al., 1978; Gourevitch et al., 2009), allowing the development of tinnitus within the hearing range of the guinea pig above and below the center of the noise band. The immediate mean threshold shift in the left/exposed ears during the first hour after the exposure was 50 dB centered at 8 kHz (black triangles, Figure 3A, p <= 0.001). One and two weeks after the exposure, the ABR thresholds of the exposed ears had recovered to their pre-exposure values (white triangles and dots, Figure 3A, p = 0.05).
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Figure 3. Characterization of the narrow band noise over-exposure protocol leading to TTS. (A) ABR threshold shift pre-exposure vs. immediately after the noise overexposure (black triangles) and one and two weeks after the exposure (white triangles and dots). The mean and standard deviation of the 1st and/or 2nd noise exposures (17 ABRs) of 13 animals are shown for the immediate (1 h) threshold shift (black triangles), one week (three animals/fiveABRs; white triangles) and 11–14 days after the noise exposure (seven animals/nine ABRs; white dots). *Marks significance in one-sample t-test against a mean threshold shift equaling 0 performed for each test frequency: p <= 0.001. (B) Noise Spectrum centered at 7 kHz, bandwidth 6.4–7.6 kHz (1.21 kHz, 1/4 octave band), RMS 97 dB SPL.


THE ACOUSTIC STARTLE RESPONSE IN THE GUINEA PIG

Influence of the startle pulse level

The strength of the startle response was assessed for different startle pulse levels embedded in background noise (Figure 4). In this example, pulses embedded in the 12–14 kHz/70 dB SPL background elicited startle responses that increased in amplitude for sound levels above 80 dB SPL. No obvious (across the group of animals tested) and consistent (over the two test days for each animal) saturation of the startle response was observed up to the highest level of 115 dB SPL tested. The average 0.32 N for the startle at a level of 115 dB (Figure 4) was clearly not the maximal startle response of guinea pigs, which was dependent on the stimulus parameters (e.g., mean of 0.41 N with the startle pulse embedded in BBN 70 dB SPL; see Figure 6A). Therefore, 115 dB SPL was the chosen level for the subsequent gap-PPI and noise pulse-PPI tests to ensure a reliable startle response without presenting unnecessarily loud startle pulses above the saturation point.
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Figure 4. Acoustic startle response amplitude varies with the startle stimulus level and does not saturate up to 115 dB SPL. The startle amplitudes are plotted in response to different intensity pulses embedded in a background noise band of 12–14 kHz/70 dB SPL. Mean ± SEM for eight animals are shown, including two test days per animal. The horizontal line marks the Mean + SEM of the animal's background movement (without sound presentation).


Reliability of the startle response

A sufficiently large startle response is a prerequisite for observing its reduction by gaps or noise pulses. However, the startle response amplitude is affected by startle pulse level, stimulus repetition rate, and test session duration. The startle amplitude as well as the general background movement (without sound presentation) over the time course of a test session is shown in Figure 5. The decrement in startle response amplitudes over time, commonly described as short-term habituation (black and white circles, Figure 5) occurred in conjunction with decrements in the background movement of the animal such as walking, scratching, etc., over time (white triangles, Figure 5). The habituation affects the startle responses with and without the preceding gap in a similar way, because the habituation is a characteristic of the startle response itself, not of the circuitry mediating the sensorimotor gating i.e., reduction of the startle response by the gap. Thus, both graphs shifted to lower startle amplitudes in parallel over the time course of the session. Although the normalized startle response was variable, it did not show a clear pattern over time, especially when comparing the responses in the four different gap-carrier bands (gray graphs in the four panels of Figure 5; a Two-Way repeated measures ANOVA on ranks of the normalized startle, with the gap-carrier bands and trial number as repeated within subjects factors, revealed a significant effect of the gap-carrier bands but not of the trial number and no significant interaction between bands and trial number, p = 0.05). Moreover, the startle responses were clearly larger than the background movements (white triangles, Figure 5). These data demonstrate that it is possible to reliably measure the startle behavior of the guinea pig.
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Figure 5. Short-term habituation of the startle responses and decrement of the background movement during a during a gap-PPI test session. Each stimulus condition was repeated 10 times. The mean ± SEM of the responses from 14 animals is shown over four test days (two consecutive weeks, Monday, and Thursday) for different background bands (4–6 kHz, 8–10 kHz, 12–14 kHz, 16–18 kHz, all at 70 dB SPL). Black filled circle graphs designate the absolute responses to a startle pulse without preceding gap; white circle graphs are the responses when the startle pulse follows a 15 ms gap, white triangle graphs indicate the background movement of the animal in intermingled trials without sound presentation (left Y axis). The gray line graphs plot the normalized startle response (startle “with gap”/startle “without gap”; right Y axis with gray labels) derived from the mean startle responses of all days of all animals.


Gap- and noise pulse-salience are indicated by reduced startle responses

A preceding gap reduced the startle response (white circles, Figure 5) even in the first trial of a session compared to the “without gap” condition (black filled circles, Figure 5). This reduction reflects the ability of the animal to detect the gap, which serves as a prepulse that reduces the startle response without the requirement of learning (Fendt et al., 2001; Li et al., 2009). Figure 5 also shows that the normalized startle did not increase over the time of the session, suggesting that the length of the gap was sufficiently above detection threshold not to be influenced by attention (Gewirtz and Davis, 1995).

The baseline gap-PPI for gaps in noise and noise pulse-PPI for noise pulses in quiet before noise exposure are shown in Figure 6. The results of the noise pulse-PPI test are used to indicate the salience of the same noise band used as a gap-carrier. Thus, a good performance on the noise pulse-PPI task indicates a solid salience of the noise band also used as gap-carrier. This helps to distinguish threshold changes from changes that affect gap detection. The normalized startle (startle “with gap”/“without gap”, right Y axis, Figure 6A) was smaller for the 70 dB SPL background noise bands (lower panels in Figure 6A) compared to the 60 dB SPL noise bands (upper panels in Figure 6A), presumably because of the greater gap salience in a louder carrier background i.e., producing a larger reduction of the startle by the gap. The normalized startle decreased as the frequency band of the gap-carrier increased and was smallest for the BBN carrier (0.81 for the 4–6 kHz and 0.49 for the BBN carrier). The reduction of the startle by the gap was significant for both levels and all gap-carrier bands (p < 0.05). The size of the absolute startle without the gap (black dots, left Y axis Figure 6) decreased from the 60 dB SPL background carrier to the 70 dB SPL background carrier, indicating a greater masking effect of a louder background on the startle pulse. Therefore, when the two levels of the gap-carrier were compared, for the 70 dB SPL level a smaller absolute startle was accompanied by a greater reduction of the startle due to the gap. Also in the noise pulse-PPI paradigm the reduction of the startle due to the noise pulse was larger for the 70 dB SPL compared to the 60 dB SPL noise pulse (normalized startle response, bars in upper panel vs. lower panel of Figure 6B). The normalized startle response varied for the 70 dB SPL noise pulse between 0.53 for the 4–6 kHz noise pulse and 0.37 for the BBN pulse. These baseline data show that the guinea pigs' ability to detect gaps and noise pulses can be reliably measured by the PPI tests. The 70 dB SPL gap-carrier and noise pulse conditions resulted in larger reductions of the startle response, and thus, are better suited to observe an increase in the normalized startle i.e., decreasing gap or noise pulse detection. We, therefore, concentrated on the gap-PPI and noise pulse-PPI in the 70 dB SPL condition after the noise exposure.
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Figure 6. Guinea pigs show significant detection of gaps in background noise and noise pulses of 60 and 70 dB SPL. Baseline gap-PPI (A) and noise pulse-PPI (B) are shown before noise exposure for five different noise bands of the gap-carrier and noise pulse: 4–6 kHz, 8–10 kHz, 12–14 kHz, 16–18 kHz, and BBN. Top panels show the PPI of a 15 ms gap embedded in a 60 dB SPL gap-carrier and of a 15 ms pre pulse of 60 dB SPL, lower panels show the respective data for 70 dB SPL gap-carrier and noise pulse. The data is from 14 animals, during the three or four test-days per animal directly before the noise exposure (two days per week, Monday and Thursday), for 10 repetitions per stimulus condition. Normalized startle (bars, right Y-axis) was calculated by dividing all trials of all animals with gap (A) or noise pulse (B) by all trials without gap or noise pulse. The absolute startle response is shown as mean ±95% confidence interval of all trials without and of all trials with the gap or noise pulse (black and white dots and lines, left Y-axis). Gray dotted line at 1 is the startle without the gap or noise pulse preceding (normalized startle, right Y axis). The black line designates the mean +95% confidence interval of responses due to random background movements (recorded without sound presentation). The * marks significance in Two-Way repeated measures ANOVA (p < 0.05).


DECREASED GAP DETECTION AFTER NOISE EXPOSURE AS AN INDICATOR OF TINNITUS

After establishing a baseline for the gap- and noise pulse-PPI, seven animals were over-exposed with noise and four animals served as controls, receiving a sham exposure. One to two weeks after noise exposure, after the ABR thresholds had recovered (Figure 3), the normalized startles of the noise exposed animals were increased for the gap in the 8–10 kHz gap-carrier band (white bars, Figure 7A), the difference between the startle in the “with gap” and “without the gap” condition was not significant. This indicates decreased gap detection for the noise exposed group compared to the control group. In contrast to the gap-PPI, the noise pulse-PPI (Figure 7B) showed a significant difference between the “with pulse” and “without pulse” condition indicating a significant detection of the pulses for all frequency bands. Therefore, the decreased gap detection in the 8–10 kHz band after noise exposure was not a result of decreased salience of the gap-carrier. The diminished gap detection after noise exposure in the 8–10 kHz gap-carrier band is hypothesized to be a reflection of tinnitus that develops in the noise exposed animals and is pronounced in this frequency band as it “masks the gap”.
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Figure 7. After noise exposure animals cannot detect a gap in the 8–10 kHz band anymore (A), while their noise pulse-PPI (B) is still significant (detectible) in all bands. The normalized startle response (mean + SEM) of exposed animals (white bars; N = 7) is shown in comparison with control sham exposed animals (black bars; N = 4) for the four different gap-carrier/noise pulse bands. Normalized startle responses were derived from the mean of all trials of one animal for one day with the gap normalized to the mean of all trials of one animal of one day without the gap. *Indicates significance in Two-Way repeated measures ANOVA (p < 0.05).


Not all patients with abnormal audiograms or noise exposures develop tinnitus (Lockwood et al., 2002; Kaltenbach et al., 2005). Therefore, an analysis based on groups of animals that develop tinnitus vs. those that do not is ideal. The distribution of gap-PPI data for the different gap-carrier bands is shown for individual animals in Figure 8. In agreement with the significant increase in the normalized startle across the group of noise exposed animals (Figure 7), the distribution of normalized startles for the 8–10 kHz carrier was shifted toward higher values compared to the control animals (black line distribution curve, top panel vs. bottom panel of 8–10 kHz in Figure 8). The distribution of the data of single animals for the 8–10 kHz gap-carrier (colors of stacked histogram, top row panels in Figure 8) divides the noise exposed group into two subgroups, which mark the extremes of the distribution: animals whose data points are above the mean of the control group (“tinnitus” group, pale, striped bars), and a second group of animals, whose data points are at or below the mean of the control group (“no-tinnitus” group: dark bars). The tinnitus animals were also characterized by increased normalized startle responses compared to their pre-exposure responses. Although there was only a significant difference for the noise exposed vs. the control group as a whole for the 8–10 kHz gap-carrier (Figure 7), the “tinnitus” group animals tend to have higher normalized startle values also for the 12–14 kHz, 16–18 kHz gap-carrier bands (pale bars shifted to the right compared to dark bars, top row panels Figure 8).
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Figure 8. Noise exposure differentially affects gap-PPI in subgroups of noise exposed animals. Normalized startle responses for single days after noise exposure are shown as histograms for the different gap-carrier bands (panel columns), overlaid with the normal distribution curve of the histograms (black graph based on mean and standard deviation). Normalized startle responses were derived from the mean of all trials of one animal for one day with the gap normalized to the mean of all trials of one animal for one day without the gap. Data is included for 2–5 days with recovered ABR thresholds (2, 3, 3, 4, 4, 4 test days in the noise exposed groups and 5 days in the control group). Top row: noise exposed animals (N = 7), bottom row: control animals (N = 4). The individual animals' data are identified by the color of the stacked histograms. Noise-exposed animals are grouped as “tinnitus” (light, pastel colored striped bars, N = 4) or “no tinnitus” (dark colored bars, N= 3). “Tinnitus” animals show normalized responses shifted toward higher startle values. The dotted line in each panel marks 1 (100% startle).


The absolute startles of the gap-PPI and noise pulse-PPI task, together with the resulting normalized startles are shown for the “tinnitus” and “no-tinnitus” groups of animals (classified with Figure 8) in comparison to the control group in Figure 9. There was no significant difference between the “with gap” and “without gap” condition in the 8–10, 12–14, and 16–18 kHz bands in the tinnitus group (Figure 9A), indicating deteriorated gap detection in those bands, whereas the control groups' data showed significant differences in all bands. The difference between the “with prepulse” and “without prepulse” condition (Figure 9B) was significant for all three groups of animals in all frequency bands. This indicates tinnitus residing in the 8–18 kHz bands, which diminishes the gap detection in those bands. Even though the absolute startle “without gap” was decreased for the 8–10 kHz and the 12–14 kHz band in the “tinnitus” group compared to the control group it was still larger than the startle “with gap” in the control group i.e., giving room for further reduction of the startle due to the gap. That means that the failure to decrease the startle by the gap was not caused by a floor effect, further supporting tinnitus as underlying cause for the increased normalized startle.
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Figure 9. Animals in the tinnitus group show no significant detection of gaps in gap-carrier bands between 8 and 18 kHz. Normalized (bars, right Y axis, mean) and absolute startles (dot plots, left Y axis, mean ±95% confidence interval) are shown for the two noise exposure groups and the control group after the noise/sham exposure. (A) Gap-PPI and (B) noise pulse-PPI. Black bars and circles: sham exposure control group (n = 4), white bars and triangles: “tinnitus” group (n = 4), gray bars and squares: “no tinnitus” group (n = 3). Black symbols designate the mean of the absolute startles “without gap”, white symbols designate the mean of the startles “with gap”. Normalized startle responses were derived from the mean of all trials of one animal for one day with the gap normalized to the mean of all trials of one animal of one day without the gap. The *indicates significance in Two-Way repeated measures ANOVA (p < 0.05).


MODIFICATIONS OF ABR WAVES ACCOMPANYING TINNITUS MANIFESTATION

Amplitudes of all ABR waves for frequencies with and without tinnitus were larger for tinnitus animals and smaller for the no-tinnitus group compared to the control group. The increase in amplitude across all sound levels of the tinnitus animals compared to the control group was significant for the earlier waves N1, P2, and N3 (con < tinn labels, Figure 10A), whereas the amplitude decrease across sound levels of the no-tinnitus group was significant for the later waves P4, N4, and P5 (con > notinn labels, Figure 10A, p < 0.05, Linear mixed model, pairwise comparison of groups for each wave, details see Methods). Significant increases in the tinnitus groups' wave amplitudes were not confined to the frequency range of the tinnitus, but were observed for frequencies with tinnitus (N1), frequencies without tinnitus (P2), and for both frequency ranges (N3). In case of single levels showing significant differences these were observed at the highest levels tested (* and ‡ labels at 80 and 90 dB, Figure 10A, p < 0.05, Linear mixed model, pairwise comparison at each level for each IPL, details see Methods). ABR wave latencies tended to be longer in tinnitus animals and shorter in no-tinnitus animals. However, while there were no significant changes for the no-tinnitus group, the latency increase for the tinnitus animals was significant for P1, IPL 2–1, IPL 4–3, and IPL 5–4 (con < tinn labels, Figure 10B, p < 0.05, Linear mixed model, pairwise comparison of groups for each wave, details see Methods). These significant increases in latency for the tinnitus group were specific for frequencies with tinnitus (IPL 2–1 and IPL 5–4) or affected both frequency ranges (PL P1 and IPL 4–3).
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Figure 10. (A) Amplitude and (B) latency of ABRs as functions of sound level. Data was averaged across frequencies “with tinnitus” according to the PPI tests (8, 9, 12, 16 kHz; upper row panels in A and B) and “without tinnitus” (4, 6, 7 kHz; lower row panels). The mean and standard error is shown for the group of control (black dots, n = 4 animals), no-tinnitus (gray dots, n = 3 animals) and tinnitus animals (white dots, n = 4 animals). Significant differences between groups for an ABR parameter are indicated with < or > in the respective panel (p < 0.05, linear mixed model statistics with pairwise comparisons of groups across dB level) and significant differences for single levels are indicated with * (tinnitus vs. control group) and with ‡ (no-tinnitus vs. control; p < 0.05, linear mixed model statistics with pairwise comparisons at each level). For details see Methods. P1, P2, P3, P4, P5: positive wave peaks, N1, N2, N3, N4: negative wave troughs, PL: peak latency, IPL: interpeak latency, measured between the positive wave peaks.


DISCUSSION

PPI OF THE ACOUSTIC STARTLE RESPONSE IN THE GUINEA PIG

In rats, startle reductions of 45–50% occur for 15 and 20 ms gaps in a 75 dB SPL BBN background (Wang et al., 2009b; Swetter et al., 2010). The similarity to the data obtained here (reduction of 51% in a 70 dB SPL BBN) underlines the suitability of the gap-PPI test in the guinea pig.

The startle response did not saturate at higher startle pulse levels as in other species (Pilz and Schnitzler, 1996; Plappert and Pilz, 2002; Gaese et al., 2009; Sun et al., 2009). However, we measured the startle response in the presence of background noise used for the gap- and noise pulse-PPI tests. The background masks the startle pulse and reduces the startle, so larger startles and greater saturation occurs without a background noise. Such a masking effect was also seen in the baseline gap-PPI: increasing the background noise from 60 to 70 dB SPL decreased the absolute startle for trials “without gap.”

The average startle for the 115 dB SPL startle pulse was 0.32 N, below the maximal startle but above background movements. This is important to avoid ceiling and floor effects when measuring PPI, i.e., a lower startle is more resistant to a further reduction, whereas a higher startle is relatively more reduced (Swerdlow et al., 2000). Baseline gap-PPI showed no relative floor effect: the absolute startle “without gap” in the 70 dB SPL condition was smaller than that in the 60 dB SPL condition, but its reduction was larger. Therefore, the larger startle response reduction in the 70 dB SPL condition can be attributed to greater salience of the gap in a louder carrier.

Short-term habituation of the startle but not of the gap-PPI, as shown previously, suggests that the animals' attention remained constant during the session or that the 15 ms gap length was sufficiently above detection threshold not to be influenced by attention. Decreasing attention results in a reduction of PPI if the prepulses are too close to detection threshold (Wu et al., 1984; Gewirtz and Davis, 1995). Habituation, a proposed correlate of synaptic depression in the caudal pontine reticular nucleus, is specific for the stimulus modality of the prepulse (Simons-Weidenmaier et al., 2006). However, in our dataset the animals' background movement also decreased, suggesting habituation or decreased arousal during the session.

INFLUENCE OF NOISE-INDUCED TEMPORARY THRESHOLD SHIFT ON PPI

After recovery from noise exposure guinea pigs showed significantly diminished gap-PPI but normal noise pulse-PPI in the 8–10 kHz noise band compared to the control group. The absolute startle responses also indicated tinnitus-like behavior in the 12–14 and 16–18 kHz bands in a subgroup of animals. This is interpreted as tinnitus perception in the 8–10/12–14/16–18 kHz frequency bands, which corresponds to the frequency regions that showed TTS immediately after exposure.

Distinguishing tinnitus from other consequences of noise exposure

Gap detection is level-dependent below 20–30 dB SL (Hamann et al., 2004). However, monaural threshold elevation with an earplug does not diminish gap-PPI tested with the present paradigm (Turner et al., 2006). Also, results of the noise pulse-PPI test have been used to argue against hearing loss as a cause for diminished gap-PPI (Yang et al., 2007; Turner and Parrish, 2008). In this and previous studies (Turner et al., 2006; Turner and Parrish, 2008; Wang et al., 2009a) unilateral noise exposures causing TTS were preferred so as to leave one ear undisturbed to accomplish the behavioral task. This will be an important challenge for human studies using the gap-PPI paradigm. Deciding if one ear is undisturbed is difficult based on the knowledge that even with normal thresholds noise exposure can cause deafferentation and loss of hair cells or spiral ganglion cells and other structural and activity changes (Weisz et al., 2006; Zheng et al., 2006, 2007; Bauer et al., 2007; Brozoski et al., 2007; Kujawa and Liberman, 2009; Wang et al., 2009a; Zeng et al., 2009).

Changes in absolute vs. normalized startle—tinnitus behavior equals increased startle in the “with gap” condition

Changes in PPI after noise exposure reveal changes in both startle behavior, i.e., changes in the pathway mediating the acoustic startle, and in PPI, i.e., the pathway mediating sensorimotor gating (Swerdlow et al., 2000; Yee et al., 2005). Ideally, changes in sensorimotor gating occur because of gap detection deficits due to tinnitus, without concomitant changes in startle behavior. This would be expressed as an increase in the startle “with gap” and no change of the startle “without gap”. However, this “ideal case” is unlikely given the unavoidable effects of factors like aging and experience that influence startle behavior and gating (Friedman et al., 2004; Swetter et al., 2010). Changes over time unrelated to noise exposure were taken into account by comparing data for noise-exposed animals with an experience- and age-matched control group and resulted predominantly in a decrease in the startle in trials with and without gaps (not shown). Factors decreasing the startle over time presumably existed also in noise-exposed animals, but here development of tinnitus counteracted the decrease over time and increased the startle in the “with gap” condition only. Factors decreasing the startle over time should also affect noise pulse-PPI. However, the noise pulse-PPI was not diminished after noise exposure, pointing to tinnitus specifically affecting gap-PPI. A comparable absolute startle “without gap” between the control and experimental groups showed that changes in the normalized startle data were not contaminated by “relative floor/ceiling effects” (Swerdlow et al., 2000; Yee et al., 2005), with a higher startle response being more susceptible to a reduction and a smaller startle more susceptible to an enhancement. The difference between groups occurred in the startle response “with gap”, which was higher in the “tinnitus” group (Figure 9A), consistent with the hypothesis of tinnitus masking the gap.

Tinnitus and hyperacusis

In the present study, hyperacusis would likely result in decreased normalized startle responses for the gap- and noise-pulse PPI test as the gap carrier and noise-pulse are both well above hearing threshold. The startle response without preceding gap or noise-pulse should be increased (Sun et al., 2009). These expectations are met by the no-tinnitus group, which shows decreased normalized startles and increased absolute startles in the gap-PPI and noise pulse-PPI test. Because tinnitus and hyperacusis often co-occur (Anari et al., 1999; Schaaf et al., 2003; Nelson and Chen, 2004; Dauman and Bouscau-Faure, 2005), their effects on normalized startle responses in the gap-PPI test could counteract each other, with tinnitus increasing and hyperacusis decreasing the normalized startle values.

The site of tinnitus manifestation

Because of the gap-PPI specificity (pulse-PPI is not influenced, Figures 7, 9) tinnitus presumably occurs in neuronal groups that are part of the gap-encoding circuitry. The auditory input pathways of the gating circuits mediating the PPI reside in the auditory brainstem and midbrain (Koch, 1999; Li et al., 2009) and neuronal correlates of gap-detection in the IC match behavioral performance (Walton et al., 1997). Still top-down modulation from cortical inputs to the brainstem/midbrain could influence PPI by changed attention to the prepulses (Li et al., 2009; Du et al., 2011) and deficits in gap-PPI have been observed after cortex inactivation (Ison et al., 1991).

Noise-exposure also changes activity levels in structures outside the auditory system. Activity changes in structures as amygdala, hypothalamus, locus coeruleus, and others, have been implicated in tinnitus development (Wallhausser-Franke et al., 2003; Zhang et al., 2003; Mahlke and Wallhausser-Franke, 2004; Wang et al., 2009a; Rauschecker et al., 2010). These structures also play a role in the modulation of the acoustic startle and of the PPI (Koch, 1999; Li et al., 2009). Descending modulation of the gating circuit modifying the effectiveness of a prestimulus for PPI would change the normalized startle. However, changes in the gating circuit would presumably not be specific for the frequency or type of the auditory prepulse. In our data-set gap-PPI changed only for specific gap-carrier bands (8–10 kHz, 12–14 kHz, and 16–18 kHz) but not for the 4–6 kHz gap-carriers. In addition, the pulse-PPI task did not show changes. This argues against changes in descending modulation of the gating circuit underlying the observed tinnitus like behavior supporting the concept that gap encoding of auditory neurons in the primary gating pathway is disturbed due to tinnitus.

CHANGES OF ABRs WITH TINNITUS DEVELOPMENT

The amplitude of the tinnitus groups' ABRs were increased for the earlier waves up to N3, although this was only significant for waves N1, P2, and N3 and not specific for the tinnitus frequency range. The increase in amplitude fits the assumption that tinnitus is caused by hyperactivity and hyper-synchrony in the auditory brainstem and midbrain, i.e., in the auditory nerve (N1), anteroventral and posteroventral cochlear nucleus (P2), and SOC and/or MNTB [N3; (Buchwald and Huang, 1975; Achor and Starr, 1980; Gardi and Bledsoe, 1981; Wada and Starr, 1983a; Simha et al., 1988; Melcher and Kiang, 1996; Melcher et al., 1996a,b)].

This contradicts studies showing reduced wave I and III amplitudes in patients with tinnitus (Lemaire and Beutter, 1995; Schaette and Kempter, 2009; Schaette and McAlpine, 2011), however, corroborates another study showing enlarged wave III amplitudes in tinnitus patients (Attias et al., 1996). Otherwise enlarged waves were only found in middle latency responses, not in the early ABR waves (Gerken et al., 2001; Singh et al., 2011). Hyperactivity in animals with tinnitus in single unit recordings has only been shown in the DCN (Brozoski et al., 2002; Kaltenbach et al., 2004; Dehmel et al., 2012). Hyperactivity after noise exposure has been shown in the VCN (Bledsoe et al., 2009; Vogler et al., 2011). However, hyperactivity after noise exposure in the auditory nerve, VCN, posteroventral cochlear nucleus, and their projection targets in the TB and SOC as suggested by our ABR data would need to be corroborated by unit recordings in animals with tinnitus.

The no-tinnitus animals showed a tendency for a reduction of wave amplitudes, which was significant for waves presumably generated by the SOC, TB, and LL [P4, N4; (Buchwald and Huang, 1975; Wada and Starr, 1983b; Simha et al., 1988; Popelar et al., 2008)] and by the IC and/or LL [P5; (Melcher and Kiang, 1996; Melcher et al., 1996a,b; Popelar et al., 2008)].

The effects seen in the early waves are not detectable in later waves starting with P4. This might result from plastic changes of e.g., synapse efficiency, excitatory-inhibitory balance that counteract the modified input from the lower brainstem.

The discrepancy between the ABR results of our study and the studies with tinnitus patients (Lemaire and Beutter, 1995; Schaette and Kempter, 2009; Schaette and McAlpine, 2011) might result from the longer times between the noise exposure and development of tinnitus in case of the human studies and/or the more diverse or unclear causes of tinnitus in patients compared to the controlled conditions in animal experiments.

There are no other animal ABR studies comparing noise-exposed animals with and without the development of tinnitus, however, in the studies investigating the effect of noise exposure a higher percentage of animals not developing tinnitus might have resulted in decreased wave I amplitudes, as in our no-tinnitus group (Kujawa and Liberman, 2009; Lin et al., 2011). In addition the difference between our study and the studies of Liberman et al. might be caused by the different noise exposure regimes (awake, binaural exposure in Libermans' studies vs. anesthetized, monaural in our model).

An effect on the latency of the ABR waveforms was only observed in the tinnitus group which showed a significant prolongation of the P1 latency and all interpeak latencies except IPL 3–2 for the tinnitus frequency range. These data replicate the prolonged latencies found in tinnitus patients (Lemaire and Beutter, 1995; Rosenhall and Axelsson, 1995; Gerken et al., 2001; Kehrle et al., 2008) and are assumed to indicate the effect of the noise exposure on the auditory nerve and additional conductivity and processing problems along the auditory pathway, which as shown here, lead to tinnitus.

Changes in amplitudes and latencies of the different ABR waves and thus in the gross activity of the respective structures would also change their function as part of the primary startle reflex-eliciting circuit (VCN and lateral superior olive) and of the gating pathway (cochlear nucleus and IC).
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Salicylate, the active component of the common drug aspirin, has mild analgesic, antipyretic, and anti-inflammatory effects at moderate doses. At higher doses, however, salicylate temporarily induces moderate hearing loss and the perception of a high-pitch ringing in humans and animals. This phantom perception of sound known as tinnitus is qualitatively similar to the persistent subjective tinnitus induced by high-level noise exposure, ototoxic drugs, or aging, which affects ∼14% of the general population. For over a quarter century, auditory scientists have used the salicylate toxicity model to investigate candidate biochemical and neurophysiological mechanisms underlying phantom sound perception. In this review, we summarize some of the intriguing biochemical and physiological effects associated with salicylate-induced tinnitus, some of which occur in the periphery and others in the central nervous system. The relevance and general utility of the salicylate toxicity model in understanding phantom sound perception in general are discussed.

Keywords: salicylate, aspirin, tinnitus, hearing loss, auditory dysfunction, animal models

INTRODUCTION

Subjective tinnitus is characterized by the perception of a sound in the absence of an acoustic source in the environment. A recent health census in the United States indicated approximately 50 million adults report having experienced tinnitus and 16 million experience it frequently (Shargorodsky et al., 2010).

Although the cochlea is responsible for transducing acoustic signals into neural activity, it is becoming clear that the brain is capable of generating neural activity of its own within the auditory pathway leading to tinnitus perception. Subjective tinnitus is primarily associated with sensorineural hearing loss (Norena et al., 2002; Weisz et al., 2006) which may be the consequence of loud noises, ototoxic drugs, or aging. While noise exposure is likely the most common trigger of tinnitus (Axelsson and Sandh, 1985), several ototoxic drugs are known to cause tinnitus in humans and animals. Among these are the chemotherapeutics such as cisplatin (Bokemeyer et al., 1998; Rachel et al., 2002), the antimalarial drug quinine (Kenmochi and Eggermont, 1997; Ochi and Eggermont, 1997; Eggermont and Kenmochi, 1998; Lobarinas et al., 2006; Ralli et al., 2010), and salicylate, the active component of the non-steroidal anti-inflammatory drug aspirin (Cazals, 2000). At therapeutic doses salicylate has mild analgesic, anti-inflammatory, and antipyretic effects and is commonly used for minor headaches and traditionally for rheumatic arthritis. At high doses, however, salicylate causes temporary hearing loss and reversible tinnitus, while hyperventilation, vertigo, confusion, hemorrhaging, or death may result from extremely high doses (Graham and Parker, 1948; Rauschka et al., 2007).

Since the establishment of a behavioral model of salicylate-induced tinnitus in rats (Jastreboff et al., 1988a,b), the drug has been used in various animal species to investigate the biological mechanisms of tinnitus generation. Although the mechanisms of tinnitus induction by salicylate may differ from those caused by other hearing disorders, salicylate-induced tinnitus has several distinct advantages over other methods of tinnitus induction such as acute noise trauma. Two such advantages are the rapid induction and reversibility of salicylate-induced tinnitus. Following oral consumption or systemic injection of the drug, tinnitus presents within minutes and subsides within 72 h of the final dose (Mongan et al., 1973). Interestingly, in a study by Mongan et al. (1973), it was found that the majority of humans with preexisting hearing loss (∼68%) did not report tinnitus despite very high blood serum levels of salicylate. In rats, induction of tinnitus by systemic administration of salicylate was found to be highly reliable with proper dosing (Lobarinas et al., 2006), whereas noise trauma has a much more variable success of tinnitus induction (Kraus et al., 2010).

Salicylate has several well-established effects on cochlear function; however, more recent experiments have highlighted the drug's direct modulation of neural activity in the brain. The cochlear and central effects of salicylate should come as no surprise since the drug rapidly enters cochlear perilymph and cerebrospinal fluid simultaneously (Jastreboff et al., 1986). The widespread distribution of the drug adds to the complexity of understanding the mechanisms that are directly responsible for salicylate-induced tinnitus. Here we review some critical features of the salicylate toxicity model of tinnitus. We begin with a discussion of salicylate's primary effects in the cochlea, followed by its modulation of neurotransmitter systems and neural activity within the brain. Insights gained from the salicylate model of tinnitus continue to inform researchers about the potential mechanisms that lead to tinnitus perception.

COCHLEAR EFFECTS

Salicylate ototoxicity differs from most ototoxic drugs in that hearing loss and tinnitus normally subside within 1–3 days following cessation of treatment (Myers and Bernstein, 1965). Several independent effects of salicylate on the peripheral auditory system have been identified, each of which likely contribute to some aspect of the resulting hearing loss (summarized in Figure 1). Furthermore, salicylate-induced tinnitus has been hypothesized by some groups to be generated by altered cochlear activity and transmitted with fidelity to the central auditory system.


[image: image]

Figure 1. Effects of systemic or cochlear perfusion of salicylate on spontaneous (Spont.) or sound-evoked (Evoked) cochlear measures. OAE, otoacoustic emissions; SP, summating potential; CM, cochlear microphonic; CAP, compound action potential. 1. Fitzgerald et al. (1993); 2. Puel et al. (1990); 3. Stolzberg et al. (2011); 4. Ruel et al. (2008); 5. Ralli et al. (2010); 6. Guitton et al. (2003); 7. Wier et al. (1988); 8. Janssen et al. (2000); 9. McFadden and Plattsmier (1984); 10. Muller et al. (2003); 11. Didier et al. (1993); 12. Silverstein et al. (1967); 13. Guitton et al. (2005); 14. Chen et al. (2010); 15. Cazals et al. (1998) (*spontaneous cochleoneural activity was decreased immediately after injection and increased on longer timescale; see text).


There exists a strong linear correlation between plasma levels of unbound salicylate and the extent of decreased auditory sensitivity (Day et al., 1989) reaching asymptote at a threshold of ∼40 dB elevation despite increased dosing (Myers and Bernstein, 1965; McFadden and Plattsmier, 1984); however, the relationship of blood plasma salicylate levels to the presence of tinnitus is much less predictable (Mongan et al., 1973; Halla et al., 1991). This threshold shift can be accounted for by dysfunction of the outer hair cell (OHC) active response to sound. Otoacoustic emissions (OAEs) are acoustic signals generated by the electromotile OHCs and serve to improve sensitivity and sharpen frequency selectivity. Sound evoked OAEs, especially distortion product OAEs (DPOAE), are reduced in humans and animals at low to moderate stimulus levels during salicylate toxicity (Wier et al., 1988; Kujawa et al., 1992; Fitzgerald et al., 1993; Guitton et al., 2003; Ruel et al., 2008; Ralli et al., 2010; Stolzberg et al., 2011). In vitro, salicylate alters membrane conductance and the shape of OHCs (Douek et al., 1983; Shehata et al., 1991). Subsequent experiments showed that salicylate acts as a competitive antagonist for the chloride anion binding site of prestin (Oliver et al., 2001), the motor protein of OHCs, resulting in inhibition of OHC motility (Kakehata and Santos-Sacchi, 1996; Zheng et al., 2000).

Recently, we reported that acute systemic salicylate treatment in ketamine/xylazine anesthetized rats (300 mg/kg sodium salicylate, i.p.) suppresses high and low frequency DPOAEs to a greater extent than at middle frequencies (Stolzberg et al., 2011). Interestingly, the region of greatest sensitivity following salicylate corresponded to the behaviorally estimated pitch of tinnitus in rats (Yang et al., 2007; Kizawa et al., 2010).

The active generation of a sound within the cochlea by spontaneous OAEs (SOAEs) was an early hypothesis pointing to a peripheral generator of tinnitus (Wilson, 1980). SOAEs can be measured in ∼38% of the population (Wier et al., 1984); however, most people with SOAEs do not have tinnitus. Conversely, SOAEs are absent in many people with tinnitus (Zurek, 1981). Salicylate treatment reduces or abolishes SOAEs in humans (McFadden and Plattsmier, 1984; Wier et al., 1988). Thus, SOAEs are unlikely to be a generator of the tinnitus signal.

Other measures of cochlear function, such as the cochlear microphonic (CM) and summating potential (SP), have been evaluated following local or systemic salicylate administration. The CM is an electrical signal that reflects the net flow of ionic currents alternating across cellular membranes in response to a periodic sound stimulus such as a tone. The CM, therefore, provides a gross index of the permeability of primarily OHCs of the inner ear. The CM has been shown to be unaffected in guinea pigs following cochlear perfusion of salicylate in response to 10 kHz tones (Puel et al., 1990), but increased in response to 1 kHz tones (Fitzgerald et al., 1993). Fitzgerald et al. (1993) attributed the different results of the two studies to the choice of stimulus frequency. The SP is a measure of the direct-current response of hair cells to sound recorded from the round window of the cochlea and most likely reflects both IHC and OHC function (Durrant et al., 1998). Cochlear perfusion of salicylate did not have an effect on SP in guinea pigs (Puel et al., 1990).

Auditory nerve (AN) fiber recordings following systemic salicylate administration have yielded variable results, most likely attributable to differential effects of moderate versus high dosing levels. In cats, Evans and Borerwe (1982) observed a significant increase in spontaneous firing rates following a high dose of sodium salicylate (400 mg/kg i.v.) in a subpopulation of AN fibers with baseline high spontaneous rate. This dose is extremely high for the cat since a slightly lower dose (350 mg/kg i.p.) has been reported to result in hyperventilation and death (Silverstein et al., 1967). In contrast, AN fibers in gerbils showed a small, yet significant, decrease in spontaneous firing rates in fibers with low characteristic frequencies (CFs) and no change in fibers with high CFs following a moderate dose of salicylate (200 mg/kg i.p. salicylic acid) (Muller et al., 2003). Kumagai (1992) reported that a high systemic dose (400 mg/kg i.v. sodium salicylate) significantly increased AN spontaneous firing rates in guinea pigs, whereas spontaneous firing rates were not affected by the low systemic dose (200 mg/kg i.v. sodium salicylate). The lower dose of salicylate, although it did not alter spontaneous activity in guinea pig AN, is sufficient to induce tinnitus-like behavior in rats (Lobarinas et al., 2006).

The effects of long-term salicylate treatment on spontaneous AN activity have also been investigated for changes in the average spectrum of electrophysiological cochleoneural activity (ASECA) recorded from a round window of guinea pigs (Cazals et al., 1998). The magnitude of the ASECA measure reflects spontaneous activity of the AN. ASECA decreased following the initial treatment of salicylate, but increased from baseline levels after approximately 1 week of treatments (200 mg/kg sodium salicylate, i.m., twice per diem). The results from this study indicate that acute dosing reduces spontaneous AN activity, whereas long-term dosing increases spontaneous AN activity.

Recently, research has explored the mechanisms of increased spontaneous AN fiber activity at very high doses of salicylate. Salicylate confers many of its therapeutic effects through inhibition of the inducible form of cyclooxygenase, COX-2, an important enzyme in the anti-inflammatory response of cells (Vane, 1998). The intracellular fatty acid, arachidonic acid, is a second messenger that is cleaved by the COX-2 enzyme, resulting in the synthesis of prostaglandins. The presence of arachidonic acid in high concentrations is known to potentiate N-Methyl-D-aspartate (NMDA) ionic currents in spiral ganglion neurons (Miller et al., 1992). Peng et al. (2003) showed salicylate does indeed potentiate NMDA currents in isolated pre-hearing postnatal mouse spiral ganglion cells. Ruel et al. (2008) further demonstrated that salicylate potentiated NMDA currents in AN afferent terminals by increasing available arachidonic acid. In addition, perilymphatic perfusion of a high concentration of salicylate (5 mM) increased AN spontaneous firing rates (Ruel et al., 2008). The same group (Guitton et al., 2005) demonstrated that blockade of NMDA channels prevented rats from developing salicylate-induced tinnitus, supporting their hypothesis that tinnitus is generated within the cochlea. In the study by Ruel et al. (2008), increased spontaneous firing rates of AN fibers was proposed to underlie tinnitus generation; however, the NMDA currents driving increased AN firing rates may only occur at extremely high concentrations of salicylate, far above those sufficient to induce tinnitus. In fact, the 5 mM sodium salicylate used in this study was the peak concentration measured in guinea pig perilymph following systemic treatment with 460 mg/kg (Jastreboff et al., 1986), a dose well above that sufficient to induce behavioral evidence of tinnitus in animals (Lobarinas et al., 2006). Indeed, Ruel et al. (2008) indicated in their report that 1 mM sodium salicylate failed to elicit detectable NMDA currents in spiral ganglion neurons. Thus, some of the reported effects of salicylate in the cochlea likely occur only at very high concentrations and may not be directly involved in tinnitus generation per se, but may play a role in determining the quality of the tinnitus percept. Anecdotal evidence suggests that at extremely high dose levels of aspirin alters the perception of tinnitus from reasonably tonal to cricket-like (see discussion in McFadden et al., 1984). It is plausible that a cricket-like perception may result from increased spontaneous AN activity.

Overall, salicylate's effects in the cochlea following systemic administration manifest as a reduction of sound-driven activity, primarily due to the reduction of OHC electromotility. Furthermore, at doses sufficient to induce tinnitus in animals, salicylate does not seem to significantly increase spontaneous AN activity. Taken together, the evidence from the literature seems to argue against AN hyperactivity as the direct cause of tinnitus; therefore, the cochlea is not likely generating the tinnitus signal. Moreover, a purely cochlear model of tinnitus generation is problematic because spontaneous activity is always present in the AN (Walsh et al., 1972) but does not normally cause tinnitus perception. While spontaneous AN activity is important for the encoding of acoustic signals (Koerber et al., 1966; Liberman and Kiang, 1978), the brain is normally capable of tuning out peripheral spontaneous activity unrelated to acoustic stimulation; i.e., most people do not experience tinnitus despite having spontaneous AN activity. Based on anatomical and electrophysiological studies of the brain in animal models of tinnitus, the following sections provide compelling evidence for a central contribution to salicylate-induced phantom sound perception.

CENTRAL EFFECTS

Salicylate clearly decreases the sensitivity of the sensory epithelium to sound and may modulate the rate of spontaneous AN transmission; however, there is also strong evidence that the drug directly modulates neurotransmission in the brain. An early study in human subjects provided evidence that the perception of tinnitus most often precedes self-reported hearing loss (Mongan et al., 1973). Since salicylate is delivered to both the perilymph and cerebrospinal fluid (Jastreboff et al., 1986), the report that tinnitus perception precedes self-reported hearing loss may indicate that the brain is more sensitive to the presence of salicylate than the cochlea. Furthermore, as discussed below, salicylate has been found to directly modulate inhibitory neurotransmission in the brain which may facilitate the rapidity at which phantom sound is experienced following systemic administration of the drug. The decreased cochlear sensitivity and/or alterations in spontaneous firing rates in the AN may serve more to determine the tinnitus pitch, whereas salicylate's direct effects on the brain act to generate and/or permit spurious neural activity to reach awareness.

IDENTIFYING KEY BRAIN REGIONS

Cytological markers of neural activity have been observed in several auditory and non-auditory brain regions in salicylate-induced tinnitus (Figure 2). The earliest studies used radioactive glucose, [14C]2-deoxyglucose (2-DG) (Kauer et al., 1982; Wallhausser-Franke et al., 1996); whereas more recent studies have utilized immunolabeling of the immediate early gene c-fos (Wallhausser-Franke, 1997; Wallhausser-Franke et al., 2003; Wu et al., 2003), which is up-regulated in response to increased neural activity. Chronic systemic salicylate treatment at a dose known to induce behavioral evidence of tinnitus in gerbils resulted in reduced 2-DG uptake in the inferior colliculus (IC), particularly in the high-frequency responsive region, while increased uptake was observed in the auditory cortex (AC), as compared to saline controls (Wallhausser-Franke et al., 1996). In subsequent studies, small increases in c-fos were observed following acute systemic salicylate treatment (350 mg/kg i.p., sufficient to induce tinnitus) in the dorsal cochlear nucleus (dCN) and the dorsal division of the medial geniculate body (dMGB), but not in ventral CN (vCN) or ventral MGB (vMGB) (Wallhausser-Franke, 1997; Wallhausser-Franke et al., 2003). The largest increases in c-fos expressing cells following salicylate (eight times the number of cells than control) were observed in AC, especially in primary AC (A1) and anterior auditory field (AAF) (Wallhausser-Franke et al., 2003). In contrast, the central nucleus of the IC (cIC) was virtually free of c-fos and only a moderate increase was observed in dorsomedial IC (dIC) (Wallhausser-Franke, 1997), which receives descending fibers from AC and does not belong to the ascending auditory pathway (Faye-Lund, 1985). Chronic dosing of salicylate in rats showed similar results for the CN and dIC, but differed in that increased c-fos was additionally observed in cIC (Wu et al., 2003). Interestingly, four times the number of cells expressing c-fos was observed in AC following systemic treatment of salicylate at a low dose (50 mg/kg), which is insufficient to induce behavioral evidence of tinnitus (Wallhausser-Franke et al., 2003). In the same study, a faint increase in c-fos expression was also observed in IC following the low, but not the high dose of salicylate. These results indicate that salicylate has effects on neural activity in the brain even at sub-tinnitus-inducing doses, indicating that the brain, and in particular AC, is highly sensitive to the presence of salicylate.
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Figure 2. Summary of effects of salicylate on various auditory structures. Cytological studies include results from 2-DG and fos-IR imaging studies (see Section “Identifying Key Brain Regions”) and were performed at low (50 mg/kg i.p.) or high (350 mg/kg i.p.) acute doses of salicylate. Electrophysiology recordings were performed at various moderate to high salicylate doses. Results are from studies using in vivo extracellular recordings or in vitro extracellular or patch clamp recordings (see Section “Electrophysiology”). AN, auditory nerve; vCN, ventral cochlear nucleus; dCN, dorsal cochlear nucleus; cIC, central nucleus of the inferior colliculus; eIC, external nucleus of the inferior colliculus; dIC, dorsal nucleus of the inferior colliculus; vMGB, ventral portion of the medial geniculate body; dMGB, dorsal portion of the medial geniculate body; A1, primary auditory cortex; A2, secondary auditory cortex; AAF, anterior auditory field. Spont, single unit or multiunit spontaneous firing rates; Evoked, sound-evoked single unit or multiunit firing rates; ERP, sound-evoked response field potential; CAP, compound action potential of the cochlea; IC, inferior colliculus response potential; MGB, medial geniculate response potential; AC, auditory cortex response potential. *Represents acute effects of salicylate treatment (Wallhausser-Franke, 1997; Wallhausser-Franke et al., 2003). 2. Puel et al. (1990); 3. Stolzberg et al. (2011); 6. Guitton et al. (2003); 7. Wier et al. (1988); 8. Janssen et al. (2000); 9. McFadden and Plattsmier (1984); 10. Muller et al. (2003); 11. Didier et al. (1993); 12. Silverstein et al. (1967); 13. Guitton et al. (2005); 14. Chen et al. (2010); 15. Cazals et al. (1998); 16. Evans and Borerwe (1982); 17. Kumagai (1992); 18. Wei et al. (2010); 19. Basta et al. (2008); 20. Sun et al. (2009); 21. Ma et al. (2006); 22. Basta and Ernst (2004); 23. Jastreboff and Sasaki (1986); 24. Chen and Jastreboff (1995); 25. Lobarinas et al. (2006); 26. Norena et al. (2010); 27. Lu et al. (2011); 28. Lobarinas et al. (2006); 29. Paul et al. (2009); 30. Yang et al. (2007); 31. Eggermont and Kenmochi (1998); 32. Kenmochi and Eggermont (1997); 33. Zhang et al. (2011).


Paul and colleagues (2009) used a metabolic tracer, fluorine-18 deoxyglucose (FDG), and positron imaging tomography (PET) to image activity in the entire rat brain following a single dose of sodium salicylate (250 mg/kg i.p.). Metabolic activity was significantly increased in IC and AC; a small trend toward an increase was measured in the thalamus, but this did not reach statistical significance. The greatest increase in metabolic demands was observed in AC, followed by the IC, corroborating the results from immunocytochemistry experiments described above.

Holt and colleagues investigated the effects of chronic salicylate (3 consecutive days at 300 mg/kg i.p) in rats using manganese-enhanced MRI, a technique that assesses brain activity based on the uptake of manganese into active neurons (Holt et al., 2010). This technique, which has substantially higher spatial resolution than PET, measured significantly increased signal strength in dCN, but not in vCN, following chronic salicylate treatment, supporting the results of earlier c-fos studies. A significant increase in signal strength in cIC, dIC, and external nucleus of the IC (eIC) are consistent with earlier cytological studies after chronic salicylate dosing protocol (Wallhausser-Franke et al., 1996; Wu et al., 2003). Interestingly, this MRI study did not observe any significant changes in AC following salicylate treatment, whereas previous 2-DG studies with a similar dosing protocol had observed significant c-fos and metabolic activity in AC (Wallhausser-Franke et al., 1996; Paul et al., 2009).

Wallhäuser-Franke concluded: “If tinnitus is evoked by the effects of salicylate on the cochlea, increased c-fos immunoreactivity would be expected in auditory brainstem nuclei, especially since auditory stimulation readily evokes c-fos expression, for example in IC (see discussion in Wallhausser-Franke, 1997).” Following acoustic stimulation, the lemniscal auditory pathway structures (vCN, cIC, vMGB, and A1) all exhibit elevated c-fos expression (Carretta et al., 1999). As discussed in the previous section (see Section “Cochlear Effects”), if acute salicylate treatment does indeed increase spontaneous firing rates of AN fibers (Evans and Borerwe, 1982; Ruel et al., 2008) then 2-DG uptake and c-fos would be expected to be enhanced in the vCN, cIC, and vMGB. The apparent lack of c-fos within the lemniscal auditory structures following acute dosing of salicylate suggests that tinnitus-related hyperactivity originates within the brain and is related primarily to the AC and extralemniscal midbrain and brainstem structures (dMGB, dIC, and dCN). Results from immunocytochemistry studies are, therefore, more in line with the observations of reduced AN spontaneous firing rates recorded in gerbils following moderate systemic doses of salicylate sufficient to induce tinnitus (Muller et al., 2003).

While cytological studies support the hypothesis that central auditory structures play a critical role in tinnitus generation, it remains unclear if the hyperactivity in these auditory structures is the result of direct action of the drug on neural activity, the indirect result of dynamic adjustments of neural networks to decreased peripheral output, or a complex interaction between these peripheral and central effects. Furthermore, it should be noted that although this review is focused on alterations along the classical auditory pathway following salicylate, effects have been observed in other brain regions, such as limbic structures, and may play important roles in tinnitus (Wallhausser-Franke, 1997). In the following subsections, we will discuss evidence that salicylate does indeed directly modulate neurotransmission in the brain.

EFFECTS ON GABAergic NEUROTRANSMISSION

Salicylate has been shown to directly affect neurotransmitter systems in the brain. One important factor in salicylate-induced tinnitus is the drug's apparent direct actions on γ-aminobutyric acid (GABA) inhibitory neurotransmission in the brain.

Chronic treatment with salicylate in rats resulted in the increased expression of glutamic acid decarboxylase (GAD65), the GABA synthesizing enzyme, in IC (Bauer et al., 2000). The increase in GAD was postulated to be compensatory for increased neural traffic. In the same study, a significant increase in GABAA receptor affinity in cIC, eIC, and dIC was measured. These changes may be the result of increased neural activity, direct effects of salicylate on GAD activity, or both. Indeed, changes in GAD concentration following salicylate treatment may be the result of direct inhibition of GAD enzymatic activity by salicylate (Gould et al., 1963; Gould and Smith, 1965); however, these effects were measured at relatively high concentrations in vitro.

Functional changes of GABAergic interneurons in the auditory system have also been observed. Salicylate applied to brain slices (1.4 mM) significantly decreased the frequency and amplitude of current-evoked and spontaneous-miniature inhibitory postsynaptic currents of AC layer 2/3 pyramidal cells (Wang et al., 2006). Furthermore, the same group later showed that salicylate selectively and reversibly silences current-evoked activity of fast-spiking inhibitory interneurons, but not of regular spiking inhibitory or excitatory pyramidal neurons within AC (Su et al., 2009). Such a decrease in GABAergic inhibition in AC by the direct action of salicylate has been proposed to permit hyperactivity within this region following acute treatment of salicylate observed in earlier cytological studies (see Section “Auditory Cortex”).

Effects of salicylate on GABAergic neurotransmission have also been observed outside of the classic central auditory pathway. Similar to the results in A1 described above, both evoked and spontaneous inhibitory postsynaptic currents were decreased in excitatory neurons in the CA1 region of the hippocampus (Gong et al., 2008). Similar observations were made in the dorsal horn of rat spinal dorsal horn neurons (Xu et al., 2005). These results indicate that, at least in vitro, salicylate, at the concentrations used (generally 1.4 mM), exerts its greatest effects on highly active inhibitory neurons.

Taken together, both in vitro and in vivo experiments indicate that acute dosing of salicylate generally depresses GABAergic neurotransmission in the brain, whereas compensatory mechanisms, such as increased GAD expression, are initiated following chronic dosing protocols. Such modulation of GABAergic neurotransmission would be expected to significantly alter spontaneous and stimulus-driven neural activity. However, as discussed next, the results from some electrophysiology experiments corroborate the salicylate-induced disinhibition hypothesis, whereas other experiments indicate that salicylate has more complex modulation on neurotransmission in the brain.

ELECTROPHYSIOLOGY

The consequences of salicylate treatment on sound-evoked and spontaneous firing rates have been measured in many regions of the mammalian auditory brain in vivo and/or in vitro (summarized in Figure 2). In this section, we will review results from electrophysiology studies of salicylate's effects on brain regions along the auditory pathway and compare them to results from noise-exposures designed to induce tinnitus. Finding brain regions which exhibit similar alterations in neural activity following salicylate treatment or noise trauma will likely yield a framework for understanding phantom sound perception in general.

Cochlear nucleus

As detailed above (see Section “Identifying Key Brain Regions”), following acute systemic salicylate treatment, c-fos expression was increased in dCN, but not in vCN. This result can be taken as evidence that acute salicylate treatment primarily affects non-lemniscal auditory structures. Indeed, activity in vCN tends to follow AN activity, whereas activity in dCN is more heavily modulated by non-auditory brain regions (Koerber et al., 1966). To the best of our knowledge electrophysiological recordings in dCN following salicylate treatment have only been carried out in brain slice preparations. Salicylate was found to either increase (52.9%) or decrease (47.1%) spontaneous firing rates of a subpopulation (68%) of neurons in dCN (Basta et al., 2008). In a more recent patch clamp study, spontaneous and current-evoked firing rates of fusiform cells, but not cartwheel cells, in the dCN were selectively suppressed by salicylate (Wei et al., 2010). Furthermore, inhibitory postsynaptic currents recorded in fusiform cells of the dCN were significantly decreased by salicylate. These results indicated that suppressed firing rates in fusiform cells were most likely due to salicylate's direct effects on the intrinsic properties of this cell type and not the result of increased inhibition (Wei et al., 2010).

Significantly elevated spontaneous firing rates have been recorded from dCN fusiform cells in hamsters (Kaltenbach et al., 2004) and chinchillas (Brozoski et al., 2002) with behavioral evidence of tinnitus following exposure to loud tones. In subsequent studies by Brozoski and colleagues it was demonstrated that bilateral ablation of dCN in chinchillas with chronic tinnitus did not abolish tinnitus behavior in affected animals (Brozoski and Bauer, 2005); whereas ablation of dCN prior to noise trauma prevented the induction of tinnitus (Brozoski et al., 2012). While the dCN may play a role in the initial generation of tinnitus symptoms following intense sound exposure (Brozoski et al., 2012), the structure does not seem to be required to maintain the tinnitus percept (Brozoski and Bauer, 2005).

Inferior colliculus

Some of the earliest evidence that salicylate has direct effects on neural activity within the auditory brain was provided by electrophysiological recordings of altered neural activity in the IC following systemic delivery of salicylate. Following acute dosing in guinea pigs anesthetized with pentobarbital, spontaneous firing rates of a population of neurons in the eIC significantly increased (Jastreboff and Sasaki, 1986; Chen and Jastreboff, 1995), while the occurrence and duration of bursting type discharges in eIC increased for neurons sensitive to sound frequencies near the behaviorally assessed tinnitus pitch (Chen and Jastreboff, 1995). A mouse brain slice study observed similar frequency specific increases in spontaneous firing rates in cIC and eIC of neurons residing in anatomical regions receptive to sound frequencies at the animal's best hearing threshold (Basta and Ernst, 2004). Recordings from cIC of ketamine/xylazine anesthetized mice showed that acute salicylate treatment significantly decreased the occurrence of spontaneous bursting-type activity from single units as well as decreased the coefficient of variation for interspike intervals, indicating more regular spontaneous firing patterns (Ma et al., 2006). Furthermore, these changes were found to be greatest for single units with best frequencies below 27 kHz. Taken together, these electrophysiological results seem to corroborate observations of increased c-fos in eIC while the decreased spontaneous firing rates recorded in vivo agrees with the small decrease of c-fos observed in cIC following acute systemic treatment (Wallhausser-Franke, 1997).

Intravenous injection of lidocaine, a sodium channel blocker used to temporarily alleviate tinnitus in humans with chronic tinnitus (Perucca and Jackson, 1985; Reyes et al., 2002), reduced the salicylate-enhanced spontaneous firing rates of some guinea pig IC neurons for more than 30 minutes (Manabe et al., 1997). It is unclear from this study where in the IC these recordings were performed. We can speculate that since previous studies observed decreased spiking in cIC (Ma et al., 2006) and increased spiking in eIC (Chen and Jastreboff, 1995) that lidocaine may have been acting on neurons in eIC.

The amplitude of sound-evoked local field potentials (LFPs) recorded from the rat IC was unchanged following acute systemic salicylate injection; however, since the sound-evoked cochlear response (CAP) is decreased by salicylate treatment (see Section “Cochlear Effects”), the stable sound-evoked LFP amplitude of the IC indicates the neural signal was enhanced to a small degree in the brainstem (Sun et al., 2009). In the same study, application of sodium salicylate to the round window resulted in both decreased CAP amplitude and a correspondingly reduced sound-evoked LFP recorded from IC. These results provide further evidence that salicylate acts on the cochlea as well as directly on brain, most likely through the reduction of central inhibitory neurotransmission (see Section “Effects on GABAergic Neurotransmission”).

Studies using the acute noise trauma model of tinnitus have observed increased spontaneous firing rates in the cIC near the exposure frequency after a week or more following noise exposure (Ma et al., 2006; Mulders and Robertson, 2009). Mulders and Robertson (2009) further demonstrated that inactivation, chemically, by cooling, or by complete ablation of the noise-exposed cochlea, reduced spontaneous firing rates of the contralateral cIC neurons compared to those of control animals. These results indicate that significantly enhanced spontaneous activity in cIC weeks after noise exposure still requires afferent input to exhibit these changes. While increased spontaneous activity weeks following noise trauma differs from acute salicylate treatment, where a decrease in c-fos was found in cIC (Wallhausser-Franke et al., 2003), chronic salicylate treatment similarly increased c-fos and 2-DG uptake in cIC (Wallhausser-Franke et al., 1996; Wu et al., 2003).

The role of the cIC in tinnitus may be different on short and long time scales. In acutely induced tinnitus from either noise trauma or salicylate, spontaneous firing rates in cIC do not increase immediately (salicylate or noise in mouse, Ma et al., 2006; noise in guinea pigs, Mulders and Robertson, 2009). In the case of noise trauma, spontaneous rates in the dCN and cIC increase starting 7 days or more after the exposure (Kaltenbach et al., 2004; Mulders and Robertson, 2009). Taken together, these results indicate that chronic, but not acute tinnitus may be associated with increased spontaneous firing in cIC.

One common feature between salicylate- and noise-induced tinnitus is the enhancement of the sound-evoked LFP recorded from the IC (Salvi et al., 1990; Mulders and Robertson, 2009; Sun et al., 2009). This enhanced response to sound may reflect a disinhibition in IC following manipulations that induce tinnitus. The precise location of this enhancement within the IC, (i.e., within cIC, dIC, or eIC), has yet to be determined.

Medial geniculate body

The only electrophysiological recordings of salicylate's effects on neural activity in MGB have been from extracellular recordings in vitro (Basta et al., 2008). In this study, the MGB (dorsal and ventral cells were analyzed together) exhibited the greatest proportion of neurons which had significantly altered spontaneous firing rates during salicylate application (dCN: 68.0%; MGB: 80.8%; AC: 71.4% of all recorded neurons); however, the direction of change in spontaneous firing rates of this MGB cell population were roughly equivalent (52.4% increase, 47.6% decrease).

We are unaware of any existing studies directly investigating the role of MGB in noise-induced tinnitus. Since MGB and the reticular nucleus of the thalamus play a critical role in gating auditory neural activity, these regions in concert with AC have been proposed to play a critical role in tinnitus perception (Llinas et al., 1999).

Auditory cortex

The effects of salicylate on spontaneous and sound-evoked neural activity within the auditory pathway have been most extensively studied in AC. The attention paid to this specific brain region may be warranted since several studies in animals have measured the largest changes in AC following acute systemic salicylate administration. Cytological studies indicate that metabolic activity in the core auditory cortex (A1 and AAF) was increased to the greatest extent over other auditory brain regions (Wallhausser-Franke et al., 2003, and see Section “Identifying Key Brain Regions”). The increased metabolic activity is presumed to reflect increased spontaneous neural activity; however, electrophysiology studies of AC do not seem to be in full agreement with this interpretation. In A1 and AAF, a small decrease in spontaneous firing rates has been measured following salicylate (Eggermont and Kenmochi, 1998; Yang et al., 2007; Lu et al., 2011), whereas a significant increase in secondary auditory cortex (A2) spontaneous firing rates was observed in anesthetized cats (Eggermont and Kenmochi, 1998). Since A1 and AAF receive projections primarily from the ascending lemniscal auditory pathway by way of vMGB (Huang and Winer, 2000), a small decrease observed in these regions may simply reflect the decreased cochlear output following salicylate treatment. In contrast, A2 is more heavily innervated by extralemniscal projections originating in dMGB (Huang and Winer, 2000). The increase in spontaneous neural activity in A2 may therefore indicate that the extralemniscal auditory structures play a more central role in salicylate-induced tinnitus. Furthermore, Eggermont and Kenmochi (1998) suggested that the presence of an incongruity in spontaneous firing rates across fields of AC may be an important feature distinguishing tinnitus-driven from acoustically driven sound perception.

The involvement of spontaneous activity in A1 during tinnitus induced by noise trauma has not been heavily investigated. Engineer et al. (2011) recorded sound-driven and spontaneous neural activity in A1 of rats 1 month following acute noise trauma. Rats with signs of tinnitus following noise exposure, assessed using the gap pre-pulse inhibition of the acoustic startle reflex paradigm, exhibited significantly increased spontaneous firing rates in A1; however, the reversal of signs of tinnitus using vagal-nerve stimulation paired with tones resulted in an additional increase in spontaneous firing rates. The authors conclude that increased spontaneous firing rates of neurons in A1 were not significantly correlated with evidence of tinnitus in rats.

In addition to simple spontaneous firing rates, other interesting changes in neural activity in AC have been observed following salicylate treatment. Ochi and Eggermont (1996) described changes in the temporal dynamics of spontaneous neural activity in A1 associated with salicylate treatment that may be more informative than simple statistics of population spontaneous firing rates. Salicylate was found to significantly increase the rebound to peak of the autocorrelation function, a mathematical tool used to look for repeating firing patterns of an individual neuron, indicating each spontaneous spike was followed by a prolonged interval before the next spike occurred. Furthermore, neurons in A1 were best modulated by click trains at slower presentation rates following salicylate. These changes in the temporal dynamics of A1 neural activity were hypothesized to be caused by increased afterhyperpolarization (AHP) resulting from enhanced activation of slow conducting Ca2+-activated K+-channels of cortical neurons (Ochi and Eggermont, 1996). The rationale for this hypothesis stems from studies of salicylate's action on peripheral nerve membranes at relatively high concentrations (20 mM, Neto et al., 1980) compared to those levels measured in cerebrospinal fluid following systemic treatment (1.4 mM, Jastreboff et al., 1986). In a more recent brain slice patch clamp study, a lower concentration of salicylate (1.4 mM) failed to significantly alter AHP amplitude in AC neurons (Su et al., 2009). Additional in vivo studies with pharmacological manipulations are required to better understand the basis for the altered temporal dynamics observed in A1.

Sound-evoked activity in AC is greatly altered by systemically administered or locally applied salicylate (Lobarinas et al., 2006; Sun et al., 2009; Norena et al., 2010; Lu et al., 2011). Since the sound-evoked CAP is decreased in the cochlea by either route of delivery, the enhanced AC response indicates a signal gain increase occurs within the brain (Sun et al., 2009). Sun et al. (2009) recorded sound-evoked LFPs from electrodes chronically implanted over AC in awake and anesthetized rats before and after salicylate treatment. In awake rats, the amplitude of sound-evoked AC response was significantly enhanced following systemic dose of salicylate (200 mg/kg i.p). Responses in AC were further enhanced in the same rats while under ketamine (NMDA receptor antagonist) anesthesia, whereas they were suppressed while under isoflurane (GABAA receptor agonist) anesthesia. In a subsequent study, application of salicylate (2 mM) to the brain surface over AC had similar effects on spontaneous (small decrease) and sound-evoked multiunit firing rates (significant increase) providing further evidence that these changes can be attributed to the direct effects of salicylate on the brain (Lu et al., 2011). Furthermore, co-application of the GABA transaminase inhibitor vigabatrin, which effectively increases the concentration of available GABA, or the GABAB receptor agonist baclofen to the brain surface reduced the salicylate-induced enhancement of sound-evoked multiunit firing rates (Lu et al., 2011).

Recently we showed that systemic salicylate treatment has significant and rapid effects on frequency receptive field tuning of neurons in the anesthetized rat A1 (Stolzberg et al., 2011). Following systemic administration of salicylate (250 or 300 mg/kg i.p.) the characteristic frequency, i.e., the sound frequency at which units were most sensitive, tended to shift toward 10–20 kHz (Figure 3), frequencies which coincide with the pitch of salicylate-induced tinnitus determined from previous behavioral studies. We hypothesized that this dramatic change in the frequency sensitivity of neurons in A1 may be the result of two coincident effects of salicylate. First, salicylate significantly altered the profile of OHC sensitivity with the greatest reduction at low (<10 kHz) and high (>20 kHz) sound frequencies (in rat, Stolzberg et al., 2011). Additionally, salicylate had greater effects on high frequencies resulting in a somewhat sloping high-frequency hearing loss beginning at 16 kHz. Second, a decrease in cortical inhibition (Wang et al., 2006; Su et al., 2009; Lu et al., 2011) may result in shifting of neuronal characteristic frequencies on a rapid timescale. The overrepresentation of frequency along the tonotopic gradient of A1 has been observed following acoustic trauma (Irvine et al., 2000; Eggermont and Komiya, 2000), various learning paradigms using acoustic stimuli (Edeline et al., 1993; Rutkowski and Weinberger, 2005), and in humans with chronic tinnitus (Wienbruch et al., 2006). It has been proposed that an overrepresentation of a frequency along the tonotopic gradient in A1 may reflect the relative behavioral importance of a sound to the organism (Rutkowski and Weinberger, 2005).


[image: image]

Figure 3. Frequency tuning of eight simultaneously recorded extracellularly recorded multunits from primary auditory cortex before (top panel) and after systemic salicylate injection (bottom panel; 250 mg/kg i.p.). Following systemic salicylate treatment, the frequency tunings of tracked multiunits shifted maximal frequency sensitivities toward the 10–20 kHz frequency region, near the estimated tinnitus pitch. Please see Stolzberg et al., 2011 for population statistics. [From Stolzberg et al. (2011) with permission].


In humans, a magnetoencephalography study by Wienbruch et al. (2006) observed a flattening of the tonotopic gradient and an enhanced dipole response using 40-Hz auditory stimuli in A1 of tinnitus subjects compared with controls. Recently, Engineer et al. (2011) demonstrated that the pairing of vagal nerve stimulation with tones was able to retune the distorted tonotopic gradient in A1 of rats with evidence of noise-induced tinnitus. The retuning of A1 tonotopy using the vagal nerve stimulation protocol reduced the number of rats with evidence of tinnitus using the gap-prepulse inhibition of the acoustic startle reflex test. The authors also found that distortion of the tonotopic gradient and broadening of tuning curves in A1 was significantly correlated with the degree of gap detection impairment (interpreted as the presence of tinnitus); however, changes in spontaneous firing rates or synchronization were not found to be correlated with the presence of tinnitus (Engineer et al., 2011).

Tonotopic overrepresentation in A1 has been proposed to result from the unmasking of normally inhibited intracortical connections (Eggermont and Roberts, 2004). Furthermore, the overrepresentation of frequencies in A1 results in an enhanced sound-evoked field potential. It remains uncertain whether or not such an overrepresentation is responsible for the generation of tinnitus signal or if it reflects persistent spontaneous neural activation somewhere else along the auditory pathway.

DISCUSSION

The salicylate toxicity model differs from the noise trauma model of tinnitus in several respects; however, a few aspects shared by the two models may facilitate the identification of key brain regions and patterns of neural activity involved in tinnitus perception in general.

PERIPHERAL OR CENTRAL?

One critical aspect to understanding the origins of tinnitus is whether a persistent signal is generated in the ear or abnormal patterns of neural activity occur within the brain. In humans with persistent subjective tinnitus, neural activity closely linked to changes in tinnitus loudness have been observed in AC, medial geniculate and other sites within the central nervous system (Lockwood et al., 1998; Muhlnickel et al., 1998; Lockwood et al., 2001; Reyes et al., 2002). Since salicylate is delivered to the brain and cochlea simultaneously following systemic treatment (Jastreboff et al., 1986) it is difficult to make a clear dissociation between the drug's peripheral and central effects. One of the primary sources of confusion regarding the locus of salicylate's generation of tinnitus signal, and the utility of the drug as a model for more common manifestations of tinnitus (i.e., following noise trauma or presbycusis), stems from the use of very high concentrations of sodium salicylate in AN fiber recordings.

Systemic treatment with sodium salicylate at moderate doses capable of inducing tinnitus either does not affect or slightly decreases spontaneous firing rates of AN fibers (Kumagai, 1992; Muller et al., 2003); however, at very high concentrations, salicylate begins to induce effects in the inner ear resulting in increased AN spontaneous firing rates (Evans and Borerwe, 1982; Ruel et al., 2008). Since behavioral evidence of tinnitus can be induced at the moderate doses of salicylate (Myers and Bernstein, 1965; Lobarinas et al., 2006), effects observed at very high concentrations of the drug may be difficult to directly relate to tinnitus generation or perception. Evidence from cytological studies which used acute salicylate treatment at moderate doses indicate that brain regions associated with the ascending lemniscal auditory system show either a decrease or no change in markers related to neural activity (Wallhausser-Franke et al., 2003). Since acoustic stimulation activates the lemniscal auditory pathway (Carretta et al., 1999), whereas acute systemic salicylate treatment at a moderate dose does not (Wallhausser-Franke, 1997; Wallhausser-Franke et al., 2003), it is unlikely that salicylate concentrations sufficient to induce tinnitus increase AN spontaneous firing rates. With regards to spontaneous AN activity, the use of a moderate dose of salicylate seems to be in agreement with other manipulations which induce decreased cochlear sensitivity, such as noise trauma (Liberman and Kiang, 1978) or selective inner hair cell loss (Wang et al., 1997). Taken together, it is likely that an acute moderate dose of salicylate induces tinnitus by alteration of neural activity within the brain and not inherited from increased spontaneous AN activity. Following salicylate, changes in cochlear sensitivity may, however, play a role in determining the pitch of tinnitus (Stolzberg et al., 2011).

TIME COURSE OF SALICYLATE'S ACTIONS

Existing research on the central effects of salicylate seems to be approximately split equally between acute and chronic dosing protocols. As discussed throughout this review, it is critical to consider the time course of effects following systemic salicylate treatment. Immediately following acute systemic treatment with salicylate, the extralemniscal pathway rapidly becomes hyperactive whereas spontaneous firing rates within lemniscal auditory structures remain relatively stable. On the other hand, chronic systemic salicylate treatment increases spontaneous firing rates within the lemniscal pathway (Wallhausser-Franke et al., 1996; Wu et al., 2003). These differential effects of acute and chronic salicylate treatment regimens are important to keep in mind while seeking putative mechanisms of salicylate-induced tinnitus. Studying the effects of acute and chronic salicylate treatment may yield information about various aspects of the drug's actions in the cochlea and the brain. Since tinnitus occurs rapidly after systemic administration of salicylate, the results from acute salicylate treatment in animals are likely to be highly informative about which brain regions are involved in the tinnitus perception per se, whereas the results from studying chronic salicylate treatment may be more informative regarding compensatory biochemical and neural mechanisms which may be targets for tuning out the tinnitus. One example of a compensatory mechanism is enhanced prestin expression and increased DPOAE response following chronic salicylate treatment (Huang et al., 2005; Yang et al., 2009; Chen et al., 2010).

UTILITY OF SALICYLATE TOXICITY AS A MODEL FOR TINNITUS

Induction of tinnitus using salicylate has a few important advantages over other methods of induction such as noise trauma. First, salicylate acts rapidly to induce tinnitus in subjects and is metabolized within days in most species, providing the ability to monitor physiological changes before, during, and after tinnitus. Second, the drug's effects on GABAergic neurotransmission may model other conditions which similarly decrease GABAergic neurotransmission associated with tinnitus in humans such as aging (Caspary et al., 1995, 1999; Ling et al., 2005). Third, salicylate can be administered to humans whereas intense noise trauma is often unethical (however see Ortmann et al., 2011). A fourth advantage is that the locus of drug delivery can be controlled. This provides a means to dissociate the drug's effects on various brain regions in vitro and in vivo. Finally, with proper dosing, salicylate can reliably induce tinnitus behavior in animals (Jastreboff et al., 1988a,b; Lobarinas et al., 2006), whereas noise trauma is highly variable at inducing tinnitus behavior in animals (Kraus et al., 2010).

There are also some important inherent limitations of the salicylate model of tinnitus. One such limitation of systemic administration of salicylate is that the drug induces binaural hearing loss and the perception of tinnitus is binaural. Unilateral noise trauma provides the opportunity to study tinnitus-related changes ipsilateral or contralateral to the exposed ear within individual brains. The reliability of tinnitus induction by salicylate may be considered a limitation of the model. The variable success of noise trauma in inducing tinnitus permits experimenters to identify potential mechanisms of susceptibility to tinnitus.

The utility of the salicylate toxicity model of tinnitus may ultimately reside in which of the drug's effects are similar with those of noise induced tinnitus. On an acute time course, identifying brain regions and abnormal patterns of neural activity coincident between multiple methods of tinnitus induction will likely yield a greater understanding of tinnitus perception in general. The entrenchment of the tinnitus signal in neural circuits on the timescale of years (for example see Schlee et al., 2008), however, may not be an approachable aspect of subjective tinnitus to investigate using the salicylate model.

REMAINING QUESTIONS

Some important experimental questions remain for tinnitus researchers which may be best approached using the salicylate toxicity model:

 •Why does acute salicylate administration increase neural activity in extralemniscal, but not lemniscal auditory structures?

 •Does pre-ablation of the dCN prevent salicylate-induced tinnitus (see Section “Cochlear Nucleus”).

 •What determines the behaviorally identified pitch of salicylate-induced tinnitus? Is it determined solely by salicylate's effects in the cochlea? Or is it determined by alterations of tonotopic gradients within the auditory brain?

 •What do the differential effects of acute and chronic dosing of salicylate tell us about neuroplasticity and the entrenchment of the tinnitus signal?
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TINNITUS LOUDNESS AND AWARENESS
Loudness rating from Tinnitus Tester (Borg CR100scale) 57.16.21) 526 (7.13) ~463.09) 091
Loudness match to 1 kHz sound from Tinnitus Tester (0B SPL) 53.9(6.32) 518451 ~213.46) 085*
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Brain region BA Function Frequency band Ref
Auditory cortex BA21  Control group < Left and Rightsided tinnitus gemma Vanneste etal, 2011a
BA22  Tinnitus with recent onset < Chronic tinnitus gamma Vanneste et al, 2011b
BA4O  Control group < Left and Right-sided tinnitus gamma Vanneste etal. 201a
BA41  Positive correlation with tinnitus intensity gamma van der Loo et al, 2009
Parahippocampus BA36  Lowdistress < High distress alphat, alpha2 Vanneste etal., 2010b
BA37  Coping with tinnitus < Non-coping alphat alpha2 Vanneste et al., 2010b
BA19 Leftsided tinnitus > Right-sided Tinnitus (right) gemma Vanneste etal, 20T1a
Leftsided tinnitus < Right-sided Tinnitus (left gemma Vanneste et al. 2011
Control group < Left and Right-sided tinnitus gamma Vanneste et al, 2011a
Pure tone < Narrow band noise tinnitus gamma Vanneste et al, 2010a
Control group < Narrow band noise tinnitus beta3, gamma Vanneste etal., 2011
Unilateral tinnitus < Bilateral tinnitus
Anterior cingulate cortex
Dorsal BA24  Tinnitus with recent onset < Chronic tinnitus bete2, beta3 Vanneste etal., 2010b
BA32  Control group < High distress delta, theta Vanneste et al, 20100
Control group > High distress alpha, beta Vanneste et al. 20106
Correlation with distress alpha, beta De Ridder et al, 2011b
Subgenual BA25  Low distress < High distress alphat, alpha2 Vanneste etal, 20106
Coping with tinnitus < Non-coping alphat, alpha2 Vanneste etal., 2010b
Correlation with TQ alpha, beta De Ridder etal., 20115
DLPFC BAY Low distress coping > High distress coping alphat, alpha2 Vanneste etal., 2010b
BA4S
Insula BAI3  Tinnitus with recent onset < Chronic tinnitus betad Vanneste et al, 2011b
‘Coping with tinnitus < Non-coping with tinnitus alphat, alpha2 Vanneste etal, 20106
Correlation with TQ and activity (left) theta, alpha, gamma  van der Lo et al., 2011
Correlation between TQ and activity (right) delta, gamma van der Loo etal,, 2011
Supplementary motorarea  BAG  Tinnitus with recent onset < Chronic tinnitus theta Vanneste etal., 2011b
BAS Low distress coping tinnitus > High distress coping  alphal, alpha2 Vanneste etal., 2010b
Unilateral tinnitus < Bilateral tinnitus delta Vanneste etal, 2011
Control group < Unilatera tinnitus gemma Vanneste etal, 2011
Control group < Bilateral tinnitus gamma Vanneste et al, 2011
Orbitofrontal cortex BATO  Pure tone > Narrow band noise tinnitus delta Vanneste et al., 20108
(inferior frontal gyrus) BATl  Unilateral tinnitus > Bilateral tinnitus delta Vanneste et al, 2011c
BA47  Control group < Bilateral tinnitus beta3 Vanneste etal, 2011
Posterior cingulate cortex BA23  Lowdistress > High distress alpha2 Vanneste etal., 2010b
Pure tone < Narrow band noise tinnitus bete3 Vanneste etal, 2010
Control group < Narrow band noise tinnitus bete3 Vanneste etal, 2010
Control group Pure tone tinnitus bete3, gamma Vanneste et al, 20108
Precuneus BA7 Low distress > High distress alphaz Vanneste etal, 20106
Coping with tinnitus > Non-coping with tinnitus alphat, alpha2 Vanneste etal., 2010b
Low distress coping tinnitus < High distress coping  alpha2 Vanneste etal., 2010b

DLPFC, dorsal lateral prefrontal cortex: Ref, reference.
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N fal (fmale)] "o 3103 38.(10) 25(10)
Age in years (mean (SEM] 393(36) 389018) 490018) 392026
Handedness N left-handed] 1 0 4 1
Tinnitus onset [years (SEM) - - 10.1(15) 109 (27)
PSYCHOACOUSTICS
Tinnitus frequency (kHz (SEM] - - 75 05) 870.)
Tinnitus minimum masking level [dB] - - 243 261(69)
AMMA tonal score 218(0.64) 312(089) 207 (05) 20.4(0.7)
(GOEBELHILLERQUESTIONNARE
Total score [mean (SEM)] - - 322@37) 142@.1)
Tinnitus intrusiveness - - 9107 4108
Cognitive and emotional distress - - 15.2(20) 62012)
Somatic complaints - - 12003) 05002
Auditory and perceptual difficulties. - - 4607 241086
Sleep disturbances - - 2003) 10003)

In parentheses: number of females in line 1, SEM otherwise. NI, non-musicians without tinnitus; MN, musicians without tinnitus; NT, non-musicians with tinnitus;
MT, musicians with tinnitus; LE, let ear; RE, right ear; BE, both ears; LH, left hemisphere; RH, right hemisphere. For some subjects, psychoacoustic and question-
naire data were not available. AMMA test results wero available for nine subjects in group NN, 22 subjects in group MN, 24 subjects in group NT, and 24 subjects
in group MT, tinnitus frequency for 38 subjects in group NT and 24 subjects in group MT, and tinnitus minimum masking level for 25 subjects in group NT and 18
subjects in group MT Tinnitus questionnaire scores were available for 25 subjects in group NT with the exception of tinnitus intrusiveness for which there were
scores from 35 subjects. The comesponding numbers for group MT were 23 and 24.
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