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Editorial on the Research Topic
 Towards an understanding of tinnitus heterogeneity, volume II




In 2016, we were launching the first Research Topic on the heterogeneity of tinnitus having in aim the challenge for developing a uniformly effective treatment for all tinnitus patients. Toward the end of 2017, 79 published peer-reviewed articles composed the first issue of the Research Topic (Cederroth et al.), covering an outstanding view on the current research status in the field including tinnitus profiles, comorbidities, psychological distress, and therapy. This second issue on understanding of tinnitus heterogeneity presents a continued view on tinnitus, its fundamental understanding and its treatment, with an emphasis on auditory, psychoacoustics, psychology and neuroimaging approaches.


1 Statistics on this Research Topics

The Research Topic was open between December 2021 and December 2022. It received 33 manuscripts by 231 contributors of which 26 were accepted after peer-review. At the moment of submitting this editorial, the Research Topic achieved >109,000 article views and >19,000 downloads. Notably, a randomized single-blind controlled trial on a polytherapeutic tinnitus treatment app by Searchfield and Sanders reached a high social media visibility, with an Altmetric score of 614.



2 Overview of this Research Topic

This second issue on Tinnitus Heterogeneity begins with two pieces (one opinion and one hypothesis) on the psychological struggle on the perception of time in patients with chronic tinnitus (Dauman) and the potential mechanisms underlying the improved cognitive performance in these patients (Schilling and Krauss). The first chapter comprises a series of one systematic review on the auditory brainstem responses and the correlation of the short and middle latencies with tinnitus, and two reviews focusing on the involvement of stress in the development of tinnitus and the management of tinnitus in individuals with severe-to-profound hearing loss. The second chapter, composed of the single computational modeling article, evaluates how to improve speech recognition by adding intrinsic noise, something that may be at the origin of tinnitus. Three articles on animal-based work, covering the behavioral assessment of tinnitus, and the contributions of salicylate or noise exposure in stochastic resonance and the hyperactivity of cortical neurons, complete it. The final chapter is a dense coverage of human work on auditory, psychological and neuroimaging – some of these revealing the increasing contribution of inflammatory processes on tinnitus.



3 Chapter 1: reviews

This Research Topic also includes three reviews. In one review Patil et al. discuss the association between stress, emotional states, and the development of tinnitus. They summarize the literature on alterations in the hypothalamic–pituitary–adrenal (HPA) axis in tinnitus patients and integrate these findings with epidemiologic data supporting the role of stress as a risk factor for tinnitus. Jacxsens et al. performed a meta-analysis of brainstem evoked auditory potentials in tinnitus. They demonstrated delayed short-latency AEPs (auditory evoked potentials) in tinnitus patients. These results suggest tinnitus-related alterations at brainstem level. They speculate that the prolongation of ABR (auditory brainstem response) latencies may be related to high-frequency sensorineural hearing loss, cochlear synaptopathy, or somatosensory tinnitus generators. No clear conclusions could be drawn regarding middle-latency AEPs, which represent the subcortical level of the auditory pathway. Alzahrani et al. reviewed the existing literature regarding the experience and management of tinnitus in adults who have severe-to-profound hearing loss. They concluded that the available literature focuses primarily on cochlear implant care for severe-to-profound hearing loss, while empirical studies seeking to understand the nature of the tinnitus experience of people with no or little residual exposure to external sounds are largely missing.



4 Chapter 2: computational and animal studies

Noise trauma or salicylate administration are well-known to induce neural hyperactivity in the auditory centers. The cellular mechanisms of these neural changes, which have been hypothesized to be neural corelates of tinnitus, are unknown. In animal research, it is appropriate to develop a behavioral correlate of the presence of tinnitus, so that the neural correlates of tinnitus can be understood with good confidence. In this context, the article of Fabrizio-Stover et al. compared two behavioral methods to reveal the presence of tinnitus, an active avoidance paradigm (AA) and the gap-induced pre-pulse inhibition of acoustic startle (GPIAS). Only 10% of animals (mice) were positive to both tests. Interestingly, the authors used a neuronal marker to differentiate the two methods and showed that the spontaneous activity was increased only in animals positive to AA. The authors concluded that AA may be more reliable than GPIAS. Lanaia et al. tested the correlation between the putative presence of tinnitus induced by salicylate administration assessed with the GPIAS and the hearing threshold shift derived from ABRs. There was no correlation between these two variables. The authors concluded that salicylate-induced tinnitus is likely not the result of a neural mechanism involving stochastic resonance. The study of Nogueira et al. addresses the cellular mechanisms after a noise-induced hearing loss. The authors demonstrated that Martonotti cells in layer 5 show a more hyperpolarized resting membrane potential in slices from noise-exposed mice compared to control. As the L5 comprises neurons that send feedback to other areas, noise-exposed changes may alter levels of activity of the descending and contralateral auditory system.



5 Chapter 3: human


5.1 Randomized controlled trial

One randomized controlled trial was submitted to this Research Topic. In this trial, Searchfield and Sanders compared two digital health interventions on 98 enrolled participants. A noise generator smartphone app was used as active control and tested against a digital polytherapeutic approach (smartphone app plus bone conduction headphones plus neck pillow speakers), which provided three different treatment methods: counseling, passive, and active listening tasks. The study was carried out during the Corona pandemic, and the drop-out rate was 38% - much higher than the 5% drop-out rate anticipated for the power calculation. This might have influenced the results, which showed no significant difference between the two treatment arms. The reported Cohen's d effect size was 1.01 for the polytherapeutic treatment and 0.57 for the active control condition with self-administered sound stimulation.



5.2 Psychological, auditory, psychoacoustics

In this section, effects of different somatic and psychological comorbidities, including hearing impairment, on the expression of tinnitus distress are examined. Very recently, Jarach et al. used a survey in northern Italy to address the question of whether tinnitus and other hearing impairments increased in the context of the COVID-19 pandemic as a strong social stressor, something that could not be confirmed. Tinnitus incidence decreased in 2020 compared with previous years, and distress was described as remaining constant in the population. Incidence and impairment due to hearing loss appeared consistent in the pandemic year. Once again, Van Hoof et al. were able to demonstrate the negative impact of tinnitus on biopsychosocial quality of life. In particular, they investigated the extent to which tinnitus-specific self-report instruments (TFI and THI) capture aspects of quality of life well and can therefore efficiently replace specific questionnaires on this (SF8 and WHOQOL-BREF). The results show that the Qol subdomain of the TFI does provide sufficient information on quality of life and that the WHOQOL_BREF seems to be the better questionnaire to capture different aspects of quality of life compared to the SF8. Specifically, Wang et al. examined the associations of tinnitus with sleep and anxiety in a cross-sectional study. A total of 45.19% of nearly 400 patients had sleep disturbances, and nearly one-fifth of the population was diagnosed with an anxiety disorder. Female gender, hearing loss, tinnitus exposure, and sleep disturbance proved to be independent predictors of anxiety disorder, with sleep disturbance as a mediator explaining about 28% of the association between anxiety and tinnitus distress. In a prospective study of 100 unilaterally or bilaterally deafened patients or patients with severe asymmetric hearing loss, Olze et al. show a strong improvement of tinnitus-associated complaints after improvement of hearing ability by implant fitting, although the positive effects on tinnitus, anxiety, and depression were less pronounced in the group of the completely deafened. The cooperative research group of the Charité Berlin includes audiological and biological parameters in a longitudinal therapy study on effects of stress, and anxiety on immune activity in tinnitus patients. Negative correlations were found between experienced stress and the number of natural killer cells as well as between anxiety level and the number of regulatory T lymphocytes (Basso et al.). There were no treatment effects in the 40 patients sample, but the number of killer cells as a possible biomarker of tinnitus stress should be further investigated. The work demonstrates the need for individualized, complex therapy via the effects of multiple comorbidities on tinnitus burden and points to the need for multidimensional, holistic therapy in the impact of decompensated tinnitus on various biopsychosocial functions.

Tziridis et al. have previously hypothesized that tinnitus is based on stochastic resonance. In this view, the brain functions to optimize information transfer from sensory system (e.g., the ear) to conscious perception. This mechanism produces tinnitus as a side-product. Here, Tziridis et al. deduce potential sound treatments from this principle and show in a pilot study that this approach may lead to tinnitus reduction. In many sound therapies, the sounds that are used to ameliorate the tinnitus are tailored to the tinnitus pitch. Unfortunately, it is not easy to identify the pitch of tinnitus. Santacruz et al. tested two simple pitch-matching methods. They conclude that a simple multiple-choice pitch-matching method is reliable and has the potential to be broadly applicable in clinical settings. Two studies investigated the audiometric characteristics of patients with tinnitus. Park et al. describe cases of tinnitus in otherwise normal hearing. They describe various subclinical symptoms associated with such cases, where aural fullness and a reduced loudness discomfort levels are common findings. Haider et al. describe a reduced wave-I amplitude in auditory brainstem responses of subjects with tinnitus. They suggest that this can serve as a future audiological biomarker of tinnitus. Spencer et al. studied the feasibility and efficacy of a bimodal stimulation protocol to treat tinnitus. The treatment combines trans-cutaneous electrical stimulation with auditory stimulation. They show the treatment to be feasible and potentially effective in some tinnitus patients. Interestingly, the efficacy is not necessarily limited to patients with somatosensory tinnitus.



5.3 Neuroimaging

Riha et al. delved into neurofeedback treatment response patterns for tinnitus. By classifying individuals based on oscillatory trajectories during treatment, they uncovered that a majority were non-responders. However, health-related wellbeing metrics significantly distinguished groups, highlighting the need for individualized approaches. Another study utilized rs-fMRI to distinguish between recent-onset and persistent tinnitus patients. They identified reduced intra-regional brain activity and altered inter-regional connectivity in both groups, emphasizing the necessity for early interventions in recent-onset tinnitus to prevent progression to more persistent and debilitating forms (Du et al.). Through electroencephalography, Lee et al. spotlighted the impact of sudden sensorineural hearing loss on tinnitus generation. Their findings accentuated the role of the “triple brain network” comprising default mode network (DMN), central executive network (CEN), and salience network (SN), suggesting that specific network activations lead to tinnitus onset, while others suppress its manifestation. In their analysis of acute unilateral tinnitus patients with hearing loss, Zhou et al. discovered extensive alterations in 7 major resting-state networks. Their work underscores that multiple network interactions are disrupted early on in tinnitus furthering the understanding neuropathophysiological mechanism of acute tinnitus. Becker et al. linked inflammation to neural activity in tinnitus. They found a significant correlation between inflammation markers, specifically CRP, and decreased (gamma) activity in the orbitofrontal cortex. This suggests that inflammation could intensify tinnitus through the disinhibition of auditory processes, emphasizing the relevance of immune-brain interactions in tinnitus research.




6 Summary and perspectives

Bringing a research field forward, and developing it, is a collaborate effort of the researchers in the field. One important part of it, is the development of research tools that are available. The better the research tools, the higher the quality of the research can be. The researchers in the field need to develop their own toolbox of measurement tools, discuss, which tools will be generally accepted, improve them, where needed and agree upon them. In the field of tinnitus, where there is yet no research method that can objectively measure tinnitus, this “tool development task” is of high importance. In this Research Topic, several research teams set themselves the goal to challenge and improve the tinnitus research methods, e.g. for animal research (Fabrizio-Stover et al.), for improving the QOL assessments in humans (Van Hoof et al.), for improving auditory assessments in tinnitus (Park et al.) and the pitch matching methods (Santacruz et al.).

A better understanding of the neuronal mechanisms underlying the conscious perception of tinnitus will also be an important step in the development of better research methods. Despite all the different causes for tinnitus that were discussed in this Research Topics “Towards an Understanding of Tinnitus Heterogeneity,” volume 1 and 2, the similarity between all tinnitus subtypes is the conscious perception of a tinnitus sound. This conscious perception is most likely encoded in the neuronal activity in the cortical networks of the affected person. In this Research Topic, we collected a few articles working on a better understanding of these neuronal mechanisms with a variety of different research methods (e.g., fMRI, EEG and MEG) (Du et al.; Lee et al.; Zhou et al.; Becker et al.). The call to improving the research methods on tinnitus is open! - and we will hopefully see much more improvements in tinnitus research methodology during this century.
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Tinnitus is an auditory phantom percept without external sound sources. Despite the high prevalence and tinnitus-associated distress of affected patients, the pathophysiology of tinnitus remains largely unknown, making prevention and treatments difficult to develop. In order to elucidate the pathophysiology of tinnitus, animal models are used where tinnitus is induced either permanently by noise trauma or transiently by the application of salicylate. In a model of trauma-induced tinnitus, we have suggested a central origin of tinnitus-related development of neuronal hyperactivity based on stochastic resonance (SR). SR refers to the physiological phenomenon that weak subthreshold signals for given sensors (or synapses) can still be detected and transmitted if appropriate noise is added to the input of the sensor. The main objective of this study was to characterize the neurophysiological and behavioral effects during salicylate-induced tinnitus and compare these to the conditions within the trauma model. Our data show, in line with the pharmacokinetics, that hearing thresholds generally increase 2 h after salicylate injections. This increase was significantly stronger within the region of best hearing compared to other frequencies. Furthermore, animals showed behavioral signs of tinnitus during that time window and frequency range as assessed by gap prepulse inhibition of the acoustic startle reflex (GPIAS). In contrast to animals with noise trauma-induced tinnitus, salicylate-induced tinnitus animals showed no correlation between hearing thresholds and behavioral signs of tinnitus, indicating that the development of tinnitus after salicylate injection is not based on SR as proposed for the trauma model. In other words, salicylate-induced tinnitus and noise trauma-induced tinnitus are not based on the same neurophysiological mechanism.

Keywords: tinnitus, effect size, salicylate, noise trauma, stochastic resonance, hearing threshold


INTRODUCTION

Diseases of the inner ear that lead to hearing loss (HL) may also result in subjective tinnitus (Ahlf et al., 2012), an auditory phantom sensation that is experienced, although no physical sound is present. Tinnitus occurs with surprisingly high prevalence, affecting about 35% (Shargorodsky et al., 2010) of the general population, with 10–15% of individuals experiencing prolonged periods of tinnitus that require medical evaluation. For 10% of the population, tinnitus has a significant impact on their quality of life (Chao et al., 2014). Despite this high prevalence and the tinnitus-associated distress of affected patients, which, in severe cases, may experience insomnia, psychological disorders like depression, the inability to work, or even commit suicide (Coles, 1984; Lewis et al., 1994; Langguth et al., 2011), the cause(s) and pathophysiology of tinnitus are still controversially discussed, making prevention and treatments difficult to develop (Turner et al., 2006). More than 20 years ago, tinnitus was thought to result from aberrant neural activity generated in the periphery of the auditory system (Jastreboff, 1990). In particular, tinnitus was proposed to result from increased activity in the cochlear nerve. More recently, due to the developments in basic neuroscience, a central origin of tinnitus-related activity seems to have replaced the former peripheral hypothesis (Noreña and Farley, 2013). The main reason for this shift is based on evidence that surgical neurotomy of the cochlear nerve, which should suppress tinnitus if the activity driving the percept originated in the cochlear nerve, has hardly ever had this intended effect (House and Brackman, 1981; Barrs and Brackmann, 1984; Silverstein et al., 1986; Pulec, 1995; Baguley et al., 2002). An effective cure for tinnitus still does not exist, and the main reason is that the neurophysiological mechanism that leads to the development of tinnitus is still not fully understood. Until today, several tinnitus models are being debated, although, due to developments in basic neuroscience, a central origin of tinnitus-related activity seems to have replaced the former peripheral hypothesis (Noreña and Farley, 2013). In particular, three main models, which are based on altered lateral inhibition, homeostatic plasticity, or stochastic resonance (SR) (Gerken, 1996; Eggermont and Roberts, 2004; Schaette and McAlpine, 2011; Ahlf et al., 2012; Tziridis et al., 2015; Leaver et al., 2016; Vanneste and De Ridder, 2016; Schilling et al., 2020), propose a central origin of tinnitus, resulting from damage to the cochlea as the initial step in tinnitus development.

In our recent work, Krauss and colleagues (Krauss et al., 2016) have suggested a central origin of tinnitus-related development of neuronal hyperactivity based on SR, which refers to the phenomenon that weak signals, which are subthreshold for a given sensor (or synapse), can still be detected and transmitted by that sensor if (neuronal) noise is added to the sensor input. We assumed that SR at the level of the dorsal cochlear nucleus constantly optimizes information transmission into the auditory system and, thereby, may, e.g., compensate for hearing loss. In this view, the noise necessary for SR is then the neurophysiological source of tinnitus-related enhanced neuronal activity.

The two main tinnitus inducers in humans are noise trauma (Chermak and Dengerink, 1987; Metternich and Brusis, 1999; Temmel et al., 1999; Stankiewicz et al., 2000; Mrena et al., 2002; Langguth et al., 2011) and high dose of salicylate (Myers and Bernstein, 1965; McFadden et al., 1984; Day et al., 1989; Cazals, 2000; Baguley et al., 2002; Langguth et al., 2011). In this study, the effect of salicylate is tested in Mongolian gerbils, and the results are compared to data of noise trauma-induced tinnitus (Ahlf et al., 2012; Tziridis et al., 2015) to investigate if those two types of tinnitus are based on the same neurophysiological mechanism or not.

We induce tinnitus in Mongolian gerbils, because, in contrast to mice and rats, the hearing of the gerbil up to 20 kHz closely resembles the human audiogram (best hearing around 4 kHz) (Ryan, 1976). We, here, compare neurophysiological and behavioral markers of tinnitus in animals receiving a noise trauma at 2 kHz and 115 dB SPL for 75 min and animals receiving subcutaneous injections of a high dose of salicylate (300 mg/kg), as it has been demonstrated before that salicylate doses between 150 and 350 mg/kg induce tinnitus in rodents (Sheppard et al., 2014). Behavioral estimates of salicylate-and noise trauma-induced tinnitus were obtained, using gap prepulse inhibition of the acoustic startle reflex (GPIAS, cf. Schilling et al., 2017), and auditory brainstem responses (ABR) were recorded to monitor changes in central auditory activity. We tested frequency-specific differences in GPIAS after noise trauma and salicylate treatment, and we correlated these data with possible ABR threshold changes in the same animals to evaluate similarities and differences of both tinnitus models. Taken together, the aim of the study was the characterization of neurophysiological and behavioral effects of salicylate-induced tinnitus and its comparison with data obtained with the noise trauma-induced tinnitus in the context of our model of SR-based tinnitus development.



MATERIALS AND METHODS


Ethics Statement and Animals

Mongolian gerbils (Meriones unguiculatus) were housed in standard animal racks (Bio A. S. Vent Light, EHRET Labor- und Pharmatechnik, Emmendingen, Germany) in groups of 2–3 animals per cage with free access to water and food at 20–24°C room temperature under a 12/12-h dark/light cycle. The use and care of animals were approved by the state of Bavaria (reference No. 55.2-2532-2-726, Regierungspräsidium Unterfranken, Würzburg, Germany).



Salicylate Treatment

A total number of 37 10-week-old male gerbils purchased from Janvier (Saint Berthevin Cedex, France) were used in this study. Eighteen animals were treated with subcutaneous injection of isotonic saline (control group C, ∼0.5 ml) and 19 animals with subcutaneous injection of sodium salicylate (group S, 300 mg/kg; Sigma), dissolved in the saline, resulting in the same amount of injection volume (∼0.5 ml). All animals were examined, using the GPIAS and ABR measurements (Figure 1). We first measured the baseline behavior in the prepulse inhibition (PPI) of the acoustic startle reflex (ASR) of each animal (cf. below). The next day, we measured the audiograms, using pure tone ABR (pure tone hearing threshold, HT), first before the injection and, subsequently, 20 min and 2 h after the injection in both groups (cf. below). After 7 days, we, again, measured the audiograms of the animals in order to evaluate possible long-term effects of the salicylate treatment on HT. Once it was certain that the effect had disappeared, we proceeded with a second injection of either salicylate or saline in the same (now awake) animals and obtained the GPIAS again to assess a possible acute tinnitus percept. Control and salicylate animals were separated into two groups based on the temporal delay of the behavioral test after the injection. Nine animals of the control group were behaviorally tested 20 min after the injection, and another nine control animals were behaviorally tested 2 h post-injection. In the salicylate group, 10 animals were tested 20 min, following the injection and, again, 2 h, following the injection, and nine animals were behaviorally tested 2 h post-injection only. There was no significant difference (t-tests with p-value between 0.14 and 0.7); the 2-h responses of these animals and were, therefore, treated as one 2-h group. We later analyzed frequency-specific differences in the startle reflex responses after injection and correlated these data with post vs. pre-injection differences in the ABR thresholds (cf. below).
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FIGURE 1. Timeline of experiments. We first measured the baseline behavior in the prepulse inhibition (PPI) of the acoustic startle reflex (ASR) of each animal. The next day, we measured the audiograms, using pure tone ABR (pure tone hearing threshold, HT), first before the injection and, subsequently, 20 min and 2 h after the injection in both groups. After 7 days, we, again, measured the audiograms of the same animals. On the 8th day, we proceeded with a second injection of either salicylate or saline in the same (now awake) animals and obtained the 20-min or 2-h behavior response in the PPI of the ASR.




Data of Animals Treated With Acoustic Trauma

For the comparison of the salicylate with trauma data, we reanalyzed GPIAS and ABR threshold data of 16 animals treated with a binaural acoustic noise trauma of 2 kHz and 115 dB SPL over 75 min under anesthesia. All methods of data recording are already published (Ahlf et al., 2012; Tziridis et al., 2015). In a nutshell, the trauma for tinnitus induction was applied under deep ketamine-xylazine anesthesia as described in detail earlier (Ahlf et al., 2012; Walter et al., 2012; Tziridis et al., 2014, 2015). The anesthetized animals were placed on a heating pad with a remote-controlled temperature of 37°C, centered in front of a loudspeaker (Canton Plus X Series 2; Canton, Weilrod, Germany). Using a signal generator (hp 33120A, HP, Böblingen, Germany) connected to an audio amplifier (Amp 75, ThomasWulf, Frankfurt, Germany), a 2 kHz pure tone was presented at a sound pressure level of 115 dB SPL for 75 min.

Pre GPIAS and ABR recordings were performed during the week prior to the trauma (cf. Figure 1). The post-trauma ABR was recorded during a 2-h period after the treatment when trauma effects were strongest. The behavioral responses were recorded 5 to 7 days after the trauma when the animals completely recovered from the procedure and a possible tinnitus percept reached its subacute phase. Datasets were analyzed with our improved methods of GPIAS (Schilling et al., 2017) and ABR threshold evaluation (Schilling et al., 2019) (cf. below). Data of both measurements were correlated with each other in the same way as in the salicylate/saline animals.



Behavioral and ABR Measurements

All methods used in this paper have been described previously (Tziridis et al., 2015; Schilling et al., 2017, 2019) but will be explained shortly here for better intelligibility.



Auditory Brainstem Response

As described by Schilling and coworkers (Schilling et al., 2019), ABR measurements were recorded, using a custom-made setup. Pure tone stimuli of different frequencies, ranging from 1 to 8 kHz, were generated by a custom-made Python program (Python 3.6.0 and presented at different intensities, ranging from 30 to 90 dB SPL in 5 dB steps. Stimulation was performed free-field via a speaker (Sinus Live NEO), corrected for its frequency transfer function to be flat within ±1 dB at a distance of ∼ 3 cm from the pinna of the animal. To compensate for speaker artifacts, stimuli were presented in double trials, consisting of two 6-ms stimuli (including 2-ms sine square rise and fall ramps) of the same amplitude but an opposite phase, separated by 100 ms of silence. A number of 250 trials of each combination of intensity and frequency were presented pseudorandomly at an interstimulus interval of 500 ms. Mongolian gerbils were anesthetized with a mixture of ketamine (Ketaset 100 mg/ml) and medetomidine (Dorbene 1 mg/ml) (mixture of ketamine 75 mg/kg BW; medetomidine 0.5 mg/kg BW; atropine sulfate 0.3 mg/kg BW in saline. Deep anesthesia was ensured by an initial subcutaneous injection of 0.4 ml of the anesthetic solution and maintained by application of 0.1 ml/h. During measurements, the animals were placed on a feedback-controlled heating pad at 37°C to maintain body temperature. Data were recorded, using three silver electrodes positioned subcutaneously, one for grounding at the back of the animals, one reference electrode at the forehead, and the measuring electrode infra-auricular, overlying the bulla of the recording side of the left ear. The potential difference between reference and measuring electrode was amplified by a low-noise amplifier (JHM NeuroAmp 401, J. Helbig Messtechnik, Mainaschaff, Germany; amplification 10,000; bandpass filter 400 to 2,000 Hz and 50 Hz notch filter). The output signal of the amplifier was digitalized and recorded by an analog-digital converter card (National Instruments Corporation, Austin, TX, United States) with a sampling rate of 20 kHz and synchronized with the stimulation via the trigger signal from the stimulation computer. Raw data of 250 double trials per sound level for each stimulus frequency were averaged. Finally, these averaged responses of the two single-phase-inverted stimuli within one double trial were averaged to eliminate stimulus artifacts. From this average, artifact-corrected data, the root mean square (RMS) amplitude values from 0 to 10 ms after the stimulus onset were calculated to obtain a measure of response strength for each stimulus presented. The HT of the animals was automatically estimated before and after the injection of salicylate or saline (Schilling et al., 2019). Furthermore, the hearing loss (HL), i.e., the difference between the HT values after the injection minus the values of the threshold before the injection was calculated.



Behavioral Assessment of Tinnitus

As described by Schilling and coworkers (Schilling et al., 2017), the animals were placed in a transparent acrylic tube (length, 10 cm; inner diameter, 4.3 cm), which was positioned at a distance of 10 cm in front of a loudspeaker (Canton Plus X Series 2), on a low-vibration table (TMC, Peabody, MA, United States). The whole setup was placed in an acoustic chamber (Industrial Acoustics Company GmbH, Niederkrüchten, Germany). The startle response was measured by a sensor platform with three integrated acceleration sensors (ADXL 335 on GY 61 board, Robotpark). All calibration measurements were made in the restrainer to correct for acoustical perturbations. The front end of the tube was closed with a stainless steel grate (wire mesh, width 0.5 mm), allowing for acoustic stimulation with no detectable distortion within the used frequency range of stimulation (a signal-to-noise ratio of at least 70 dB). Sound pressure level (SPL) was calibrated, using a condenser microphone (Brüel and Kjaer Type 4190) via a preamplifier (Brüel and Kjaer Type 2669) and a measuring amplifier (Brüel and Kjaer Type 2610). Stimulus generation and data acquisition used custom-made programs (Python, Version 3.6.0) (Gerum et al., 2019). As startle amplitudes tend to be higher for the first few trials, five startle stimuli were presented before the beginning of each measurement to rule out strong habituation effects. For sound generation, the frequency response function of the speaker was calibrated to produce an output spectrum that was flat within ± 1 dB. The animals were placed in the tube, in which they fit well and were able to move back and forth roughly 2 cm. We had allowed 10-min habituation time before the GPIAS paradigm started (Turner et al., 2006).

Gap prepulse inhibition of the acoustic startle reflex was used to assess the possible existence of a tinnitus percept and to give a rough estimate of the perceived tinnitus frequencies. The animals were subjected to continuous band pass-filtered 60 dB SPL loud background noise (2-ms cosine square rise and fall times) with medium frequencies of 1, 2, 4, or 8 kHz and a bandwidth of ± half an octave. The mean duration of the background noise before the startle noise burst was 10 ± 2.5 s; it ended at the beginning of the startle noise burst. The startle white noise burst (115 dB SPL, 20 ms) was presented either 50 ms after a 50-ms-long silent gap (2-ms cosine square rise and fall times) in the background noise, or it was presented without any gap. The twitching response of animals to the startle stimulus was recorded as described above. For each background frequency, 40 repetitions with and without gap were presented in randomized order. A single session of the GPIAS experiment took roughly 50 min. Every animal was at least tested two times, the first time before any treatment and the second time either 20 min and/or 2 h after treatment (cf. above).

The analysis of the behavioral data was performed as described by Schilling and coworkers (Schilling et al., 2017). As the response amplitudes of the PPI of the ASR are not normally distributed, the data were first log-normalized. Then, we exploited the full combinatorial power of all normalized response amplitudes to obtain the PPI distributions before and after manipulation of the animals and calculated the effect size of the behavioral response. Positive values indicate a stronger effect of the gap in the post compared with the precondition. Negative values indicate less effect of the gap after treatment, i.e., a stronger startle response despite the present gap, which is considered to indicate a “filling” of the gap by a tinnitus percept in that frequency range. Additionally, these now normally distributed data could be analyzed, using parametrical statistics, like Student’s T-test for comparisons of mean changes, and, therefore, statistically significant changes of the effect size of the PPI change can be used to define the strength of a possible tinnitus percept represented by negative effect size values.



Statistical Analysis

For statistical analysis, we used Statistica 8 (StatSoft Hamburg, Germany). We performed one-factorial repeated measurement mixed ANOVAs for the variables HT, HL, and effect size over the presented frequencies with the repetition factor time relative to injection for salicylate and the control group separately. Tukey’s post hoc test was used to further assess the differences in the data. For the comparison between the control and salicylate groups, we used two-factorial ANOVAs with the factors group and frequency at the three different time points independently. Again, Tukey’s post hoc tests were used to further asses the differences in the data. We also investigated the correlations between the effect size and HL by multiple linear regression analyses to assess the underlying neurophysiological dependencies of electrophysiology and behavior.



RESULTS


Effects of Salicylate Injection on ABR Thresholds


The Hearing Threshold in the Control Group

First, the audiograms of 18 control animals (group C) were measured. In detail, the results of a one-factorial repeated measurement mixed ANOVA with the factor frequency and the repetition factor time and interaction of time X frequency are given in Figure 2A. The Figure 2A left panel shows the mean audiogram (factor frequency) averaged across the different time points in control gerbils, with the best hearing frequency at 4 kHz. Over time (Figure 2A center panel), we observed a significant decrease of the frequency-averaged hearing threshold (mean pre ± standard deviation: 38.45 ± 13.45 dB SPL; mean 20 min post saline injection: 35.68 ± 13.56 dB SPL; mean, 2 h post saline injection: 32.94 ± 12.72 dB SPL). Post hoc Tukey tests showed p < 0.001 between pre and 2 h post saline injection HT, while pre vs. 20 min post-injection and 2 h vs. 20 min post-injection HT were not significantly different. Furthermore, there was no interaction between frequency and time [Figure 2A, right panel; F(6,124) = 2.07, p = 0.06], indicating that the HT difference over time, possibly induced by anesthetics, was not frequencies dependent. In conclusion, the animals present a standard audiogram, and any change in the HT during the 2-h anesthesia may be due to the effects of the anesthetics themselves.
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FIGURE 2. Development of HT over time in both experimental animal groups. One-factorial repeated measurement mixed ANOVA with the factor frequency (left panels) and the repetition factor time (center panels) and interaction of time X frequency (right panels) are shown: (A) Audiogram in the control group (group C, n = 18). Over time, a significant decrease of the frequency-averaged hearing threshold can be observed. No interaction between frequency and time was found. Asterisks indicate a level of Tukey post hoc tests: *p < 0.05, **p < 0.01, ***p < 0.001. (B) Audiogram in the salicylate group (group S, n = 19). No HT difference over time was found, but a significant interaction of time X frequency was observed with the strongest effect centered around 4 kHz. (C) The transitory effect of the salicylate. No HT differences in the same salicylate animals 1 week post-injection compared with their pre injection recordings.




The Hearing Threshold in the Salicylate Group

The audiograms in the salicylate group (group S, n = 19) were analyzed accordingly (Figure 2B) to find any effects of salicylate on the HT over time. Again, a one-factorial repeated measurement mixed ANOVA with the factor frequency and the repetition factor time and interaction of time X frequency was calculated. In Figure 2B, left panel, the mean audiogram (factor frequency) over time is depicted. Figure 2B, center panel, shows the frequency-averaged HT over time in gerbils with salicylate injection. In this case, no HT difference over time was found (mean pre: 39.83 ± 13.82 dB SPL; mean, 20 min post SS injection: 38.19 ± 16.31 dB SPL; mean, 2 h post SS injection: 40.53 ± 13.31 dB SPL), pointing to a possible effect of the salicylate that counteracts the threshold-reducing effect observed in the control group. In line with this interpretation, we observed a significant interaction of time X frequency [F(6,128) = 5.15, p < 0.001]. With Tukey post hoc tests revealing no difference of 20 min post salicylate injection HT compared with pre-injection HT, but a significant HT increase at 4 kHz 2 h post-injection compared with 20 min (p = 0.018) and pre-injection (p < 0.001). In other words, compared with the control group, no general HT improvement was found in the salicylate animals, but the contrary effect, i.e., a hearing loss, at the best hearing frequency was identified 2 h after the injection. Nevertheless, the described effect of the salicylate is transitory, as shown in Figure 2C. The one-factorial repeated measurement mixed ANOVA with the factor frequency and the repetition factor time and interaction of time X frequency did not reveal any HT differences in the same S group animals 1 week post-injection compared with their pre-injection recordings of the HT.



Comparison of HT Between the Salicylate and the Control Groups

We compared the salicylate effect on the HT with the possible anesthetics effects in group C by two-factorial ANOVAs with the factors group and frequency and their interaction at the three different time points independently (Figure 3). While HT showed the typical frequency dependence [factor frequency; F(3,137) = 20.08, p < 0.001], both groups did not show significantly different HT before the injection (C: 37.77 ± 13.50 dB SPL; S: 39.98 ± 13.72 dB SPL), and no significant interaction of time X frequency emerged (Figure 3A). The same was true at 20 min after the injection [factor frequency; F(3,133) = 8.08, p < 0.001], no difference between mean HT of both groups (C: C: 34.95 ± 13.75 dB SPL; S: 38 ± 16.12 dB SPL) and no significant interaction between the factors (Figure 3B). Nevertheless, after 2 h (Figure 3C, left panel) there was a significantly higher mean HT in the salicylate group compared with the control animals [C: 32.94 ± 12.72 dB SPL; S: 39.51 ± 13.53 dB SPL, F(1,132) = 9.92, p = 0.002], and a significant interaction of both factors [F(3,132) = 2.72, p = 0.047]. At 4 kHz (which represents the frequency range of best hearing in Mongolian gerbils), the HT was affected strongest, as indicated by a significant Tukey post hoc test (p = 0.003, Figure 3C, right panel). These data clearly showed no difference in the HT of the animals before the injection of salicylate. Over time, the drug showed its effect with 20 min post-injection, the HT in both groups still being comparable, but, 2 h post injection, the HT of the salicylate group increased specifically at the best hearing frequency of the animals.


[image: image]

FIGURE 3. Comparison of the HT of the salicylate and control groups over time. Results of the two-factorial ANOVAs with the factors group (left panels) and their interaction with frequency (right panels) at the three different time points. (A) Before the injection, both groups did not show significantly different HT and no significant interaction of time X frequency. (B) 20 min after injection, there is no significant different HT, and there is no significant interaction between the factors. (C) 2 h after injection, a significant higher HT in the salicylate group compared with the control animals and a significant interaction of both factors was found. At 4 kHz, the HT was affected strongest, as indicated by a significant Tukey post hoc test (p = 0.003).




Hearing Loss in the Control Group

To rule out any effect biases of single individuals, we reanalyzed the data, using not the HT but the HL (HTpost – HTpre), where positive values indicate worse HTpost, negative values better HTpost compared with the pre measurements. As described above, we first analyzed control and salicylate animals with one factorial repeated measurement mixed ANOVAs with factor frequency, repetition factor time (20 min and 2 h) and the interaction of both factors (Figure 4). In the group C (Figure 4A), mostly negative HL values were found across all frequencies with a significant frequency dependency (p = 0.035) and a significant Tukey post hoc test when comparing 1 kHz with 8 kHz (p = 0.048). No significant difference between the average HL of 20 min and 2 h was found (factor time: mean 20 min post saline injection: −2.76 ± 10.76 dB; mean 2 h post saline injection: −5.51 ± 12.65 dB). This was also true for the interaction of both factors [F(3,62) = 1.13, p = 0.34], indicating better hearing at both time points, especially in lower frequency ranges. In other words, better hearing (negative HL) after control injections could be found specifically at lower frequencies, but no significant difference over the two time points emerged, indicating a then stable hearing level of the animals.
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FIGURE 4. HL in control and salicylate animals analyzed with one factorial repeated measurement mixed ANOVAs with factor frequency (left panels), repetition factor time (20 min and 2 h; center panels) and the interaction of both factors (right panels). (A) In group C, mostly negative HL values could be found over all frequencies with significant frequency dependency but no significant difference between the average HL of 20 min and 2 h or in the interaction of the factors could be found. (B) In group S, significant frequency dependency of the HL was found, no significant HL difference between the two time points but a significant interaction of time X frequency with a significant Tukey post hoc test at 4 kHz emerged. *p < 0.05; **p < 0.01.




Hearing Loss in the Salicylate Group

In the group S (Figure 4B), a significant frequency dependency of the HL was also found (p = 0.002) with a significant positive HL at 4 kHz compared with the negative 1 and 2 kHz HL values (Tukey post hoc tests, p = 0.001 and p = 0.041). Again, no significant HL difference between the two time points was detected (mean, 20 min post salicylate injection: −2.78 ± 15.55 dB; mean, 2 h post salicylate injection: −0.44 ± 15.68 dB), but a significant interaction of time X frequency [F(3,64) = 4.28, p < 0.05] with a significant Tukey post hoc test at 4 kHz (p = 0.011) again indicated the strongest HL at the best hearing frequency after 2 h post salicylate injection.



Comparison of HL Between the Control and the Salicylate Groups

The comparison of the HL of groups C and S was again performed by two two-factorial ANOVAs with the factors group and frequency independent for both time points (Supplementary Figure 1). After 20 min (Supplementary Figure 1A) neither factor frequency [F(3,131) = 2.60, p = 0.06] nor the factor group [C: −2.55 ± 10.99 dB; S: −2.92 ± 15.49 dB, F(1,131) = 0.06, p = 0.80] showed any significant effect on the HL, which was also true for the interaction of both factors (p = 0.81). After 2 h, on the other hand (Supplementary Figure 1B), significant frequency dependence could be identified [F(3,132) = 14.11, p < 0.001] but no difference between both groups [C: −5.51 ± 12.65 dB; S: −1.35 ± 15.98 dB, F(1,132) = 3.42, p = 0.07]. Nevertheless, the significant interaction of both factors [F(3,132) = 3.20, p = 0.025] and the significant Tukey post hoc test at 4 kHz (p = 0.007) confirms the findings in the HT described above. So, neither 20 min nor 2 h after injection, a general significant effect of the injection on the HL could be identified. Nevertheless, 2 h after injection with salicylate, the HL data showed a specific increase at 4 kHz only.



Effects of Salicylate Injection on Behavioral Signs of Tinnitus


Effect Size in the Control Group

Animals of group C showed no behavioral signs of tinnitus in the GPIAS experiments after 20 min post saline injection (n = 9; 0/36 t-tests with a significant negative effect size) and only in 4/36 cases after 2 h after saline injection (n = 9). The chi2-test did not show a significant difference between these two time points. Independent of the significance of the effect size, it can be analyzed via a one-factorial repeated measurement mixed ANOVA with the factor frequency and the repetition factor time (Figure 5). No significant effect can be found in any of the factors, i.e., neither in the frequency (p = 0.96) nor in the factor time (mean 20 min post saline injection: 0.26 ± 0.32; mean, 2 h post saline injection: 0.31 ± 0.45, F(1,68) = 0.37, p = 0.55) nor in the interaction (p = 0.13). In other words, we only see positive effect sizes that may indicate a cortical learning effect (cf. Discussion).
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FIGURE 5. Analysis of effect size (AU) in group C by one-factorial repeated measurement mixed ANOVA with the factor frequency and the repetition factor time. No significant effect can be found in any of the factors.




Comparison of the Effect Size Between the Salicylate and the Control Groups

The animals of the S group already started to show first significantly negative effect sizes (t-tests, p < 0.05) after 20 min after salicylate injection (n = 10; 4/40) and doubled that value to eight cases (n = 19; 8/69) after 2 h after the injection. Still, the chi2-test did not reveal a significant difference between both time points. We compared the effect sizes of both animal groups over the different frequencies by two two-factorial ANOVAs independently for the two time points (Figure 6). At 20 min after the injection (group C, n = 9; group S, n = 10) (Figure 6A), no significant effect of frequency on the effect size is found [F(3,68) = 2.11, p = 0.11], which is also true for the effect size comparison across group (C:0.26 ± 0.32; S:0.11 ± 0.43; p = 0.10) and the interaction of both factors (p = 0.53). After 2 h (group C, n = 9; group S, n = 19), on the other hand (Figure 6B), the effect size still did not depend on the frequency [F(3,108) = 0.27, p = 0.85], but strongly depended on the group [C:0.31 ± 0.45; S:0.003 ± 0.42, F(1,108) = 14.40, p < 0.001] and also showed a significant interaction [F(3,108) = 2.90, p = 0.038, with the Tukey post hoc test becoming significant at 4 kHz (p = 0.021). In other words, after 2 h, we found a significantly lower effect size – with negative values indicating a possible tinnitus percept – in salicylate animals compared with control animals. This difference is most prominent at 4 kHz, which is exactly the same frequency that shows strongest shifts toward higher HT in the ABR.


[image: image]

FIGURE 6. Effect sizes of both animal groups (left panels) and their interaction with the factor frequencies (right panels) in two-factorial ANOVAs independent for the two time points. (A) 20 min after injection (group C, n = 9; group S, n = 10) – no significant effects are found. (B) 2 h after injection (group C, n = 9; group S, n = 19), the effect size was strongly dependent on the group and also shows a significant interaction, with the Tukey post hoc test becoming significant at 4 kHz (p = 0.021).




Effects of Noise Trauma on ABR Thresholds and Behavioral Signs of Tinnitus

For comparison, we analyzed ABR and GPIAS data from 16 animals before and after mild acoustic 2-kHz trauma. Acute hearing loss (Figure 7A) and the effect size for tinnitus assessment (Figure 7B) were analyzed 1 week post trauma by two-factorial ANOVAs with the factors tinnitus animal group and stimulation frequency. We found not only a significant difference in HL and a strong trend in effect size between the animals with (T) and without tinnitus (NT) (Figures 7A,B, left panels) but also significant peaks at 4 kHz in both measurements (center panels). As already published in our recent papers, T animals showed better hearing thresholds compared with NT animals. Especially in the effect size interaction of both factors, the significantly negative values at 4 kHz (Tukey post hoc test, p = 0.003) show that the behavioral changes are frequency dependent only in T animals, that is, in animals with negative effect size changes.
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FIGURE 7. Analyses of hearing loss (A) and GPIAS effect size (B) in 16 animals after an acoustic noise trauma centered around 2 kHz. The animals are separated into those with behavioral signs of tinnitus (T, n = 10, red symbols) and those without such behavioral indications (NT, n = 6, blue symbols). Given are the results of the two-factorial ANOVAs with factors animal group and stimulation frequency. Both analyses show a peak effect at 4 kHz. Asterisks indicate significant Tukey post hoc tests: *p < 0.05, **p < 0.01.




Correlation of ABR and GPIAS Data in Salicylate and Trauma Animals

To test if the underlying neurophysiological mechanisms of salicylate and trauma-induced tinnitus are similar, we investigated the correlations of the behavioral and (far-field) electrophysiological data by multiple linear regression analyses (Figure 8). In the trauma-induced tinnitus model, we have already demonstrated that stronger tinnitus percepts, as indicated by more negative effect sizes in the GPIAS, are correlated with lower HT, which is a prediction of the model of the SR mechanism for tinnitus development (cf. Krauss et al., 2016). In Figure 8A, the separate analyses for the animals in the C and S groups are depicted with their best linear fit for the correlation of effect size and HL after 2 h post-injection. Neither in the control group (r2 = 0.012, p = 0.56) nor in the salicylate group (r2 = 0.001, p = 0.78), a significant linear regression could be found. Figure 8B depicts the data of the 16 animals that received an acoustic trauma at 2 kHz with 115 dB SPL over 75 min. The correlation of the HL after 2-h post trauma and the subacute effect size measured after roughly 1 week showed a significant linear regression (r2 = 0.30, p < 0.001), indicating that stronger tinnitus percepts (negative effect size values) lead to better HT (negative HL). In reverse conclusion, as the salicylate-induced tinnitus does not follow this pattern, it does not seem to rely on the same neurophysiological mechanism.
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FIGURE 8. Correlations of the behavioral and electrophysiological data by multiple linear regression analyses. (A) The separate analyses for the animals in the C and S groups are depicted with their best linear fit for the correlation of effect size and HL after 2 h post-injection. Neither in the control group (r2 = 0.012, p = 0.56) nor in the salicylate group (r2 = 0.001, p = 0.78) a significant linear regression could be found. (B) Depicts the data of the 16 animals that received an acoustic trauma at 2 kHz with 115 dB SPL over 75 min. The correlation of the HL after 2 h post trauma and the subacute effect size measured after roughly 1 week shows a significant linear regression (r2 = 0.30, p < 0.001).




DISCUSSION

With this study, we aimed to investigate the neurophysiological mechanisms underlying salicylate and trauma-induced tinnitus. To this end, the effect of salicylate on hearing thresholds measured by ABR and behavioral correlates of a tinnitus percept assessed by GPIAS was tested in Mongolian gerbils, and the results were compared to the same variables in animals with noise trauma-induced tinnitus. For the latter, we hypothesize the underlying neurophysiological mechanism to be based on auditory information optimization processes based on an SR mechanism (cf. Krauss et al., 2016). We found that salicylate induced behavioral changes associated with a possible tinnitus percept. However, due to the observed shifts in hearing threshold and correlation analyses of tinnitus strength and HT, this percept is most probably not produced by an SR-induced increase of neuronal activity but must be based on a different neuronal mechanism.

The model of SR that has been recently proposed in our group (Krauss et al., 2016, 2019) predicts that HT should be improved within the frequency range of the tinnitus percept. In accordance with the SR model, the audiometric data of almost 40,000 patients from the ENT clinic in Erlangen, tinnitus patients had significantly better HT than patients without tinnitus in the low-frequency range up to about 3 kHz, that is, in the speech-relevant frequency range (Krauss et al., 2016, 2019). Additionally, utilizing this mechanism, we proposed a therapeutic approach to tinnitus suppression, using external acoustic noise to replace the internal neuronal noise. In a pilot study, this approach was successful in patients with a hearing loss not exceeding 40 dB (Ahlf et al., 2012).

In the present study, we could demonstrate in an animal model that salicylate-induced transient tinnitus is most probably based on a different mechanism. Salicylate has been shown to act on the outer hair cell (OHC) lateral wall stiffness (Lue and Brownell, 1999), increasing the membrane conductance of the OHCs (Stypulkowski, 1990) probably via acting on the voltage sensitivity of the motor protein prestin (Oliver et al., 2001; Grosh et al., 2004; Yu et al., 2008; Yang et al., 2009). Most likely, salicylate primarily influences electromotility and OHC non-linear capacitance via a direct interaction with prestin (Greeson and Raphael, 2009). We speculate that this mechanism provides an explanation for the hearing loss induced by salicylate, but the mechanism and the site of the generation of the tinnitus percept still remain unclear (Guitton et al., 2003). The effects of salicylate are not only limited to the periphery, as a direct central effect of salicylate has also been demonstrated (Basta et al., 2008; Chen et al., 2013). Indeed, salicylate can easily get through the blood–brain barrier (Jastreboff et al., 1986) and change the delicate balance between the excitatory and inhibitory circuits in the central auditory system (Xu et al., 2005). In fact, synaptic inhibition of the auditory cortex is predominantly GABAergic (Prieto et al., 1994a,b) and an alteration of these circuits can greatly change the response properties of auditory neurons (Rajan, 1998; Wang et al., 2000, 2002) and could consequently cause tinnitus (Eggermont and Roberts, 2004; Eggermont, 2005). Instead, noise trauma-induced tinnitus could be caused by central changes arising from the noise-induced reduction of cochlear input (Norena et al., 2002; Eggermont, 2007; Moffat et al., 2009). In other words, noise trauma-induced tinnitus has to have a central origin as well. However, we hypothesize that it develops due to an indirect effect triggered by damage in the cochlea and not due to a direct effect in the brain. One could speculate that the direct central effect of the salicylate might also contribute to the difference in the frequency range between the broad tinnitus percept induced by salicylate and the narrow phantom percept induced by sound exposure (Norena et al., 2010; Ahlf et al., 2012).

For assessing any change in hearing sensitivity, we used ABR measurements. In our data, the HT of the group C (Figure 2A) decreased over time in a frequency-independent manner. In that context, Ruebhausen and colleagues (Ruebhausen et al., 2012) noted that ABR generators were, primarily, in the central nervous system, and that interaction between general anesthesia and signal processing in the auditory brain stem would be expected. They conclude that, although both isoflurane and ketamine/xylazine were glutamatergic NMDA receptor antagonists, their global effect on neural systems would be complex and not known with sufficient precision to predict how each might affect auditory processing at a threshold. In our data, the HT before any kind of treatment (salicylate or saline) is comparable in groups C and S (Figure 3A). In group C, we see a reduction of HT over time, while, in group S, we do not observe this reduction, and we even find a frequency-dependent increase of the HT at 4 kHz 2 h post-injection (Figure 3B). This indicates that the effect of salicylate not only counteracts the reduction of HT but even increases the threshold in a frequency-specific manner. The reason why we see an effect only at 4 kHz is probably due to the effect of the salicylate in the OHC, which seems to be most prominent in the range of the best hearing. This means that the increase in the membrane conductance of the OHCs due to the effect of the salicylate would generate a stronger effect on the HT in the middle frequency region. Strikingly, this is not only a group effect (as demonstrated in the HT changed) but also an effect on an individual animal, as demonstrated by the HL at 4 kHz (Figures 4A,B). Why this effect is so specific in the frequency range of best hearing, one can only speculate. It may be due to basilar membrane thickness that peaks around this frequency range (Plassmann et al., 1987), making it more stiff and, therefore, reducing the effectiveness of the weaker pull from the affected OHCs further, as force production, along the cochlea, seems to be similar (Mahendrasingam et al., 2010) and also the numbers and innervation of these cells (Wilson et al., 1991) do not seem to change over the course of cochlear frequency locations.

For the assessment of a possible tinnitus percept, we used the behavioral approach of the GPIAS paradigm. GPIAS is the most common method for tinnitus assessment because it does not require any training, avoids conditioning-related plasticity, and saves time (Turner et al., 2006). However, it is still controversial if the method is appropriate for tinnitus screening, as the “filling-in” interpretation has been questioned (Campolo et al., 2013; Radziwon et al., 2015). Furthermore, a wide range of criteria for positive tinnitus detection has been used across different laboratories, and there, still, is no consensus on a “best practice” for statistical evaluation of GPIAS results, as it exists for other behavioral paradigms (Hinkle et al., 2003). The method has also been strongly criticized for being not reliable and does not rule out the possibility detecting hearing loss rather than tinnitus. In order to overcome these limitations, Schilling and coworkers (Schilling et al., 2017) developed a new statistical approach based on the effect size of the behavioral response, used as a normalized measure for the PPI change. The method is robust and does not require any removal of outliers [which, otherwise, is a common practice (Longenecker and Galazyuk, 2011)]. The negative values of the effect size are easy to interpret and indicate less effect of the gap relative to the response of the startle pulse after treatment, which is considered to indicate a “filling” of the gap by a tinnitus percept in that frequency range and cannot be appointed to hearing loss alone. The method is, among others, applicable for salicylate or mono- or binaural noise trauma-induced tinnitus studies. We, here, see a clear effect of the salicylate 2 h but not 20 min post-injection. This is supported by the results of Jastreboff and coworkers (Jastreboff et al., 1986), who found that following i.p. injection of salicylate, the maximum levels in blood serum occurred after 1.5 h, while the levels in the perilymph and spinal fluid reached their maximum within 2–4 h. Figures 5, 6 show the effect size, a normalized measure for the PPI change in the GPIAS (Hedges, 1982). If an animal has a stronger response to the gap (lower startle amplitude) during the post-recording compared to the precondition, the effect size will be positive. This may be due to proposed cortical learning effects that lead to increased responses to the startle (Moreno-Paublete et al., 2017). This phenomenon is always present, either when treating the animals with saline (Figure 5) or without treating the animals at all (unpublished data from our lab), or even when treating the animals with salicylate. On the other hand, the absolute values of the negative effect sizes can be interpreted as tinnitus severity, as it results from a smaller response to the gap, i.e., stronger startle amplitude due to potential “filling” of the gap by the tinnitus percept in the appropriate frequency range. The learning effects in the group S can be seen in those frequency ranges where tinnitus is not so strongly perceived (Figure 6B, 1 kHz) while negative effect sizes dominate the 4 kHz range. The consequence of the proposed cortical learning effect would be that the tinnitus percept must be strong enough to overcome the learning. In other words, we probably always underestimate the tinnitus percept, but, still, at 2 h post-injection, animals show a significant negative effect size compared to the control group at 4 kHz (Figure 6B). This matches perfectly with our data of HT shift, indicating that the salicylate-induced HL and the tinnitus percept both lie in the best hearing frequency range.

In data of trauma animals (Figure 7), we found clear effects of HL dependency on the effect size of the behavioral measurements, i.e., on a significant tinnitus percept in a least one frequency or the lack thereof. Interestingly, while the maximum HL was centered around the frequency range of best hearing, comparable with the effect of salicylate, salicylate-induced tinnitus increases HL while trauma-induced tinnitus decreases the effect of the trauma on hearing thresholds.

Comparable between both tinnitus induction methods is the maximum effect size change at exactly the frequency of best hearing/maximal HL in tinnitus animals only. This indicates that the behavioral outcome of both methods is comparable.

To further demonstrate that the underlying neurophysiological mechanism – independent if our hypothesis is correct or not – is different for trauma and salicylate-induced tinnitus, we correlated the effect size with the HL for all the given frequencies after 2 h post the injection in the groups C and S. As expected, in the group C, no correlation between the two variables can be found (Figure 8A, blue line) as, in this group, no tinnitus was induced. In the group S, we also found no correlation between the tinnitus strength and the HL (Figure 8A, red line). In contrast, in noise trauma-induced tinnitus, a significant positive correlation could be found, indicating that, for strongest tinnitus percepts (negative effect size), hearing thresholds are improved (negative HL). We can, therefore, conclude that, in noise trauma/hearing loss-induced tinnitus in rodents, the tinnitus percept is most probably based on the neurophysiological mechanism of SR, but salicylate-induced tinnitus is not based on that same mechanism. The exact neurophysiological differences between both models of tinnitus induction have to be investigated in further studies.
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Background: Although a direct relationship between tinnitus or hearing difficulties and COVID-19 has been suggested, current literature provides inconsistent results, and no research has been undertaken in older adults.

Methods: In November 2020, we conducted the LOST in Lombardia survey, a telephone-based cross-sectional study on a sample of 4,400 individuals representative of the general population aged ≥65 years from Lombardy region, Northern Italy. Individuals with diagnosed tinnitus and/or hearing loss were asked whether their conditions had improved or deteriorated in 2020 compared to 2019.

Results: Overall, 8.1% of older adults reported a diagnosis of tinnitus and 10.5% of hearing loss. In 2020 compared to 2019, among individuals with tinnitus, those with increasing severity (5.0%) were similar to those decreasing it (5.3%). Among individuals with hearing loss, more people reported an increase (13.6%) than a decrease (3.2%) in their disease severity. No individual with a diagnosis in 2020 of tinnitus (n = 6) or hearing loss (n = 13) had COVID-19. The incidence of tinnitus was lower in 2020 (rate: 14.8 per 10,000 person-years) than in previous years (rate in 1990–2019: 36.0 per 10,000 person-years; p = 0.026). There was no change in the incidence of hearing loss (p = 0.134).

Conclusions: In this large representative sample of older adults, on average neither COVID-19 confinement nor SARS-CoV-2 infection appeared to increase the severity or incidence of tinnitus. The increased severity of hearing difficulties may totally or partially be explained by physiologic deterioration of the condition, or by a misperception due to the use of face-masks.

Keywords: tinnitus, hearing loss, older adults, COVID-19, cross-sectional study


INTRODUCTION

When the first cases of SARS-CoV-2 were diagnosed in Lombardy in February 2020 (1), Italy became the first country in Europe to be hit by COVID-19. Lombardy remained the Italian area most struck by the pandemic, particularly in its early stages, reporting the largest number of infections and the highest hospital congestion (2, 3). In Italy and throughout the world, confinement has influenced not only the healthcare system and the economy, but also the lives and mental health of millions of individuals, raising their levels of anxiety and depressive symptoms (4, 5). People with tinnitus are one at-risk category for these mental health complications (5, 6). More than a disease, tinnitus is a symptom of underlying problems that describes the perception of noises in the brain or ears when there are no corresponding external acoustic stimuli (7, 8).

Given the direct relationship with mental health outcomes (5, 6), aggravation of tinnitus or a rise in its incidence has been hypothesized in tinnitus sufferers after the COVID-19 crisis (5). Since females have been shown to be more susceptible than males to mental health consequences during the COVID-19 pandemic (4), an increase in tinnitus severity can be expected particularly in women. Thus, a few cohorts of tinnitus patients have shown an increase in tinnitus severity, assessed through validated questionnaires, possibly promoted by frustration or anxiety (9, 10).

Beukes and colleagues conducted a systematic review to understand the influence of the COVID-19 pandemic or SARS-CoV-2 infection on tinnitus (11). Although this systematic review included 33 studies, many of the research questions remained unanswered. In fact, no study evaluated the impact of the pandemic on the incidence of tinnitus, or on the severity of tinnitus, while changes in tinnitus severity were inferred from the findings of only a few investigations (5, 9, 10). Results were inconclusive on the role of SARS-CoV-2 infection on the occurrence, duration, or severity of tinnitus (11).

Tinnitus is strongly associated with hearing loss (12), so an increase in hearing loss diagnoses could also be speculated. The widespread use of facial masks to prevent infection might have made hearing difficulties more severe: lip reading was not possible, and transmission of sound was reduced by the mask as a physical barrier, thus patients might have experienced deterioration in their hearing difficulties (11, 13). Moreover, various data suggest that hearing loss might be an audiological consequence and clinical manifestation of SARS-CoV-2 infection (14–17). Accordingly, a higher incidence of these conditions in 2020 than in previous years, or a higher prevalence in COVID-19 patients, might be due to the ototoxicity of some medications, and could be expected (16). However, the issue is still debated (18).

The purpose of this study is to assess the effects of confinement due to the COVID-19 pandemic on tinnitus and hearing loss in older adults in the Lombardy area.



METHODS

We used data from a telephone-based cross-sectional survey performed by Doxa, the Italian division of the Worldwide Independent Network/Gallup International Association, and coordinated by the Mario Negri Institute and other Italian universities and research institutions (19). The LOckdown and lifeSTyles in Lombardia (LOST in Lombardia) study was run between 17 and 30 November 2020, on a representative sample of 4,400 older adults (aged 65 and over) from the Lombardy region (Northern Italy).

Participants were randomly selected from a list of 30,000 households, representative of the families in Lombardy in terms of province and size of municipality. A quota approach was employed to assure the representativeness of the older Lombardy population in terms of sex, age, and province of residence. The study protocol was approved by the coordinating group's ethical committee (EC of Fondazione IRCCS Istituto Neurologico Carlo Besta, File number 76, October 2020). All individuals gave their informed consent to participate in the study.

Trained interviewers administered by telephone a questionnaire including information on socio-demographic characteristics, such as age and sex. SARS-CoV-2 infection by was assessed by respondents who self-reported the method of virus identification (i.e., rhino pharyngeal swab, serological test or based on clear symptoms but without a diagnosis).

A specific section of the questionnaire focused on chronic conditions, including tinnitus and hearing loss. Respondents were asked: (i) whether they were currently affected by tinnitus and/or hearing loss, (ii) for those affected, the year of first diagnosis by a physician, and (iii) whether their condition had worsened, improved, or did not change during the COVID-19 emergency, comparing their conditions at the time of the interview (autumn 2020) with the previous year (autumn 2019).



STATISTICAL ANALYSIS

We employed descriptive statistics and calculated incidence rates (IRs) and their corresponding 95% confidence intervals (CIs), using Fisher's exact method for tinnitus and hearing loss. We used a Chi-square test to compare incidence rates in 2020 vs. the mean incidence rate of the previous two decades (1999–2019). To analyze the relationship between sex and age with tinnitus and hearing loss, we computed odds ratios (ORs) and 95% CIs through unconditional multiple logistic regression models, after adjustment for sex, age and level of education. All analyses considered a statistical weight to ensure that the sample was representative of the general older population of the Lombardy region in terms of sex, age, and province of residence. The software SAS 9.4 (Cary, North Carolina, USA) was used for statistical analyses.



RESULTS

Out of 4,400 individuals, 358 (8.1%) reported a diagnosis of tinnitus and 463 (10.5%) of hearing loss (Table 1). No statistically significant relationship was found between sex and tinnitus, but tinnitus increased with increasing age (p for trend <0.001). Hearing loss was reported less frequently by women than men (OR 0.80; 95% CI: 0.66–0.98) and increased with increasing age (p for trend <0.001). Among individuals reporting hearing loss, a percentage of 14.9% people reported tinnitus, while in the group of individuals without hearing loss, only 7.3% reported a perception of tinnitus.


Table 1. Distribution of older adults (≥65 years) in Lombardy region (Northern Italy) according to having a diagnosis of tinnitus or hearing loss, by sex and age.
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Among individuals with a diagnosis of tinnitus (8% of the whole sample), 5.3% reported a decrease in symptom severity while 5.0% reported tinnitus worsened in 2020 compared to 2019 (Figure 1). The proportion of tinnitus patients with worsening of the symptom was similar with that of those with improvement. During the COVID-19 pandemic, among individuals reporting a diagnosis of hearing loss 3.2% reported improved hearing while 13.6% noted an increase in hearing problems. More people had worsened hearing loss than those who had improvement.
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FIGURE 1. Distribution of individuals aged 65 years or more from the Lombardy region (Northern Italy) with a diagnosis of tinnitus (n =3 58) (A) or hearing loss (n = 463) (B), according to the changes in their condition (decreased or increased) during the COVID-19 pandemic (autumn 2020 compared to autumn 2019), overall and by sex and age group. LOST in Lombardia, 2020.


The IR for tinnitus was 36.0 per 10,000 person-years (95% CI: 32.6–40.0) in 1999–2019 and 14.8 (95% CI: 5.4–32.3) in 2020 (p = 0.026). The IR for hearing loss was 50.1 (95% CI: 46.1–54.2) in 1999–2019 and 32.9 (95% CI: 17.5–56.3) in 2020 (p = 0.134; data not shown in tables).

Of the 358 individuals with tinnitus, 16 (4.5%) reported a diagnosis of COVID-19. None of them showed any change in its severity (Supplementary Table 1). Of the 463 individuals with hearing loss, 26 (5.6%) reported a diagnosis of COVID-19. Of these, 19 (73.1%) had no change and 7 (26.9%) reported a worsening in the severity of hearing loss (p = 0.042 compared to no COVID-19 patients). This association resulted in a crude OR of 2.5 (95% CI 1.0–6.2).

None of the participants with COVID-19 reported a first diagnosis of either tinnitus or hearing loss in 2020 (data not shown in tables).



DISCUSSION

In this representative sample of older adults from Northern Italy, we found that among individuals reporting a diagnosis of tinnitus (8% of the whole sample), in 5% the symptom improved and in 5% it worsened in autumn 2020 (i.e., during the COVID-19 pandemic) compared to 2019. Among individuals reporting a diagnosis of hearing loss (10% of the whole sample), in 3% their condition improved and in 14% it worsened.

Our findings on the role of the COVID-19 pandemic on tinnitus severity contrast with current evidence suggesting a worsening of tinnitus due to the pandemic (11). In a cohort of 3,103 tinnitus patients, 32% worsened and only 1% improved the severity of their tinnitus (5). In our study, the large majority (90%) of people reporting a tinnitus diagnosis did not experience any change in their perception of its severity and the number of those with worsening was the same as those with improved tinnitus severity.

However, we confirm a possible role of the COVID-19 pandemic on the perception of a worsening of the severity of hearing difficulties (11, 13). We were unable to confirm the hypothesis that women would have more severe exacerbation of tinnitus as a result of the pandemic and its detrimental mental health consequences (4). In fact, our data on hearing loss indicated that the deterioration from the previous year was more evident in men. This is consistent with the worsening of the disorder with age in men more than women (20, 21).

To our knowledge, this is the first study investigating changes in the incidence rates of tinnitus and hearing loss due to the COVID-19 pandemic (11). Although based only on six new cases of tinnitus and thirteen of hearing loss, in 2020 we did not find any increase in its incidence rate, for tinnitus or hearing loss, compared to the previous years. Tinnitus incident cases were in fact significantly lower in 2020 compared to the past. Our results are partially explained by the fact that our survey was conducted in November, thus the year 2020 counted for only eleven months. Moreover, the exceptionality of the pandemic might have served as a barrier for new diagnoses of tinnitus and hearing loss in 2020. In fact, during the COVID-19 pandemic diagnoses of common conditions decreased substantially (22), in Italy specifically regarding cancers (23–25), retinal disorders (26), and cardiovascular diseases (27). In Italy alone this resulted in 12.5 million missing diagnostic tests, 20.4 million blood tests, 13.9 million specialist consultations, and over a million hospital admissions (28).

Among tinnitus patients infected by SARS-CoV-2, none reported changes in their tinnitus status, suggesting that the infection has limited impact, if any, on tinnitus severity. For hearing loss, the proportion of individuals infected by SARS-CoV-2 reporting a worsening of their audiological impairment was higher than those with no infection, although the large majority of SARS-CoV-2 positive individuals reported no change in hearing loss severity. Moreover, none of the COVID-19 patients indicated a concurrent diagnosis of either tinnitus or hearing loss in 2020, thus suggesting that the SARS-CoV-2 infection had no substantial impact on the severity of either tinnitus or hearing loss.

We acknowledge several limitations in our study, including those inherent to its cross-sectional design. We were therefore unable to demonstrate any causal relationship. Moreover, the sample size, although large enough to represent the geriatric population of the Lombardy region, was inadequate to derive robust estimates in selected subpopulations. For example, the incidence rates of tinnitus and hearing loss in 2020 were based on only 6 and 13 cases, respectively. As a telephone-based survey, we introduced an indirect selection bias because only telephone owners were included in our population. However, this was the most accurate mode of data collection in the pandemic period, where contacts had to be kept to a minimum, particularly for the elderly who are less likely to participate in online surveys.

Another limitation is that both tinnitus and hearing loss diagnoses were self-reported, and validated questionnaires were not administered to assess tinnitus or hearing loss. However, to our knowledge, this is the first representative study specifically undertaken on the geriatric population during the COVID-19 pandemic.

If generalized to the whole population of Lombardy, our estimates amount to more than 185 and 240 thousand older people, respectively, being diagnosed with tinnitus and hearing loss. Our findings do not appear to support the hypothesis that the COVID-19 pandemic as a societal stressor has enhanced the severity or incidence of tinnitus. The worsening of hearing difficulties between 2019 and 2020 may totally or partially be explained by a physiologic deterioration of the condition in the 1-year span, and by the fact that the patients had to cope with their illness at a time when face-masks prevented them from reading lips, and generally made it harder to hear each other's words.
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Recently, we proposed a model of tinnitus development based on a physiological mechanism of permanent optimization of information transfer from the auditory periphery to the central nervous system by means of neuronal stochastic resonance utilizing neuronal noise to be added to the cochlear input, thereby improving hearing thresholds. In this view, tinnitus is a byproduct of this added neuronal activity. Interestingly, in healthy subjects auditory thresholds can also be improved by adding external, near-threshold acoustic noise. Based on these two findings and a pilot study we hypostatized that tinnitus loudness (TL) might be reduced, if the internally generated neuronal noise is substituted by externally provided individually adapted acoustic noise. In the present study, we extended the data base of the first pilot and further optimized our approach using a more fine-grained adaptation of the presented noise to the patients’ audiometric data. We presented different spectrally filtered near-threshold noises (−2 dB to +6 dB HL, 2 dB steps) for 40 s each to 24 patients with tonal tinnitus and a hearing deficit not exceeding 40 dB. After each presentation, the effect of the noise on the perceived TL was obtained by patient’s response to a 5-scale question. In 21 out of 24 patients (13 women) TL was successfully subjectively attenuated during acoustic near-threshold stimulation using noise spectrally centered half an octave below the individual’s tinnitus pitch (TP). Six patients reported complete subjective silencing of their tinnitus percept during stimulation. Acoustic noise is able to reduce TL, but the TP has to be taken into account. Based on our findings, we speculate about a possible future treatment of tinnitus by near-threshold bandpass filtered acoustic noise stimulation, which could be implemented in hearing aids with noise generators.

Keywords: tinnitus treatment, low intensity acoustic noise, stochastic resonance, individualized medicine, tinnitus questionnaires


INTRODUCTION

The most successful therapies for tinnitus usually rely on psychosomatic coping strategies (Malouff et al., 2011; Grewal et al., 2014; Beukes et al., 2018) as well as on cognitive behavioral or tinnitus retraining therapies (Makar et al., 2017; Teixeira, 2018; Fuller et al., 2020) but rarely on physiological approaches. Nevertheless, some recent physiological approaches include deep brain (Streppel et al., 2006) or vagus nerve stimulation (Engineer et al., 2011; Tyler et al., 2017), non-invasive approaches include notched music (Pantev et al., 2012) or desynchronizing acoustic stimulation (Tass et al., 2012) or simply masking the percept with noise (Aytac et al., 2017). Most of these methods may lead to a reduction of tinnitus related distress – dependent on their used questionnaire (Kennedy et al., 2004) – between 10 and 20%. Nevertheless, a single study reports success of up to 50% (Tass et al., 2012). One alternative method that is not primarily a tinnitus treatment but has success reported in several studies in between 50 and 75% of the cases is the implantation of a cochlear implant and therefore partial restoration of hearing itself (e.g., Távora-Vieira et al., 2013). This surgery is performed only in cases of severe hearing impairment and is therefore not suited for the majority of tinnitus patients.

Based on our physiological model of tinnitus development (Krauss et al., 2016; Schilling et al., 2021) – which may be only valid for tinnitus development based on cochlear defects – we are currently developing a new treatment strategy, especially for tinnitus patients without or with only mild hearing loss (HL). This strategy is based, first, on our hypothesis that tinnitus is a byproduct of a neurophysiological mechanism that permanently optimizes information transmission into the auditory system by means of stochastic resonance (SR) – a mechanism well described in other neuronal systems (Douglass et al., 1993; Faisal et al., 2008; Mino, 2014). Here the basic idea is that also in the healthy organism the neuronal hearing threshold signal is constantly adapted for optimal information transmission. This can be achieved by constantly computing the autocorrelation of the neuronal input signal (Krauss et al., 2016). In the case of hearing, this adaptation on the signal level is thought to be achieved by adding neuronal noise to the early stage neuronal signal coming from the cochlea in a frequency specific manner. The added noise intensity is self-regulating, as to much noise decreases information transmission and will therefore be down regulated. We have proposed that the neuronal generated noise is added to the cochlear input at the second synapse, i.e., at the level of the dorsal cochlear nucleus (DCN), thereby lifting neuronal signals above the response threshold of the postsynaptic neuron that would otherwise not respond. With this idea in mind, we propose that when a HL occurs, e.g., by damage to the inner hair cells of the cochlea or the auditory nerve fibers loss independent if it is either clinical detectable or “hidden” HL (Liberman et al., 2015), the information transmission in the affected frequency range is reduced. This reduction is detected by the neuronal system by a reduction of the described autocorrelation, leading to an increase (e.g., by reducing neuronal inhibition) in neuronal noise. As indicated above, such SR would then result in an increased amount of information at the DCN output (Douglass et al., 1993; Faisal et al., 2008; Mino, 2014; Liberman et al., 2015; Krauss et al., 2016, 2017, 2019; Schilling et al., 2021). In the view of our hypothesis, the internal neuronal noise is permanently adjusted at a millisecond timescale to meet the environmental conditions of the auditory scenery, thereby optimizing information transmission constantly. The addition of noise in the case of HL leads to a better detection threshold of the affected frequencies, i.e., recovering the hearing threshold to a certain degree. By propagating the additional noise upstream to the auditory cortex, the signal is there interpreted as a sound – the perceived tinnitus. This idea is strengthened by another recent animal study (Krauss and Tziridis, 2021) where simulating HL by reducing the loudness of specific frequencies – similar to a Zwicker tone (Zwicker, 1964) – leads to a transient tinnitus percept and better hearing thresholds. Further additional support of this view gives the demonstration that tinnitus patients seem to have better hearing thresholds in the – for human communication important – frequency range up to 3 kHz compared to patients without such a phantom percept (Gollnast et al., 2017).

The second basis of our therapeutic approach is the observation that also externally applied near-threshold acoustic noise can improve hearing thresholds in healthy human subjects by up to 13 dB without reports of induced tinnitus percepts (Zeng et al., 2000) – an observation that again can well be explained by the SR mechanism. Our aim was therefore to substitute the internal neuronal noise – which in our view is elevated to overcome a hearing impairment and is perceived as tinnitus – by external near-threshold acoustic noise. The internally generated neuronal noise should therefore become obsolete and should be tuned down, leading to a reduction of tinnitus loudness (TL) or even the complete disappearance of the percept.

Our first pilot study used very crude intensity (−20 dB SL to +20 dB SL in 10 dB steps) but comparable frequency steps to adapt the externally presented noise to the patient’s audiometric data, but it yielded promising results (Schilling et al., 2020). Briefly, we could demonstrate that during the presentation of the stimulation most patients reported a significantly reduced tonal subjective TL – even though we did not use the classical TL measurement of the visual analog scale (Adamchic et al., 2012). The TL reducing effect was only present in patients with a maximal mean hearing impairment of 40 dB. Patients with a HL above this value did not benefit from the approach. Too loud stimulation (≥+10 dB SL) also led in half of the responding patients to masking effects. In other words, only relatively near-threshold stimulation had the desired effect in reducing TL. This led us to the hypothesis (and this study, as an extension of the first pilot work) that with a more fine-grained adaptation of the externally presented noise to the patient’s audiometric data – with respect to both spectrum and amplitude – it should be possible to reduce the subjective tinnitus percept loudness substantially without masking it, at least in patients with a mean HL not exceeding 40 dB.



MATERIALS AND METHODS


Subjects

Twenty-four adult patients (13 women) with a mean age ± standard deviation of 42.9 ± 12.5 years with subjective tonal tinnitus were included in this study with informed consent (University Hospital Erlangen ethics committee vote 159_18B). The patients were specifically recruited for this study by internet and local ENT doctors information leaflets layouts. The main complaint of the patients was the chronic tinnitus percept. As inclusion criterions, the tinnitus had to be tonal and its pitch not above 10 kHz and the maximal HL had to be below 40 dB in the range between 0.5 and 6 kHz. Pure tone hearing thresholds as well as tinnitus pitch (TP) and loudness (TL) between 0.125 and 10 kHz (in some cases audiograms only measured up to 8 kHz) were measured in the audiology department of the ENT hospital Erlangen following ISO 8253-1 procedures. Mean HL was 12.1 ± 6 dB and median TP [interquartile range] was 8 kHz (Pantev et al., 2012; Fuller et al., 2020). If patients reported tinnitus on both sides, the near-threshold noise-parameters (cf. section “Near-Threshold Spectrally Adapted Acoustic Noise”) were fitted to the audiometric data of the ear with the lower HL. Else, the parameters were adjusted to the audiometric data of the tinnitus side. In two cases, both ears were nearly identical, so testing was done for both sides, i.e., we tested 26 individual noise parameters in 24 patients. To exclude patients with decompensated tinnitus we asked everyone to fill out the mini-tinnitus questionnaire miniTQ12 (Hiller and Goebel, 2004); only patients with a maximal severity index (SI) of three (of four) were included in the study. Note that in this study no patient had to be excluded because of this criterion. Additionally, the Tinnitus Sample Case History Questionnaire (TSCHQ in German) (Langguth et al., 2007) was used to evaluate the tinnitus related anamnesis for each patient. For an overview of the timing of all measurements, refer to Figure 1.
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FIGURE 1. Overview of the temporal sequence of the study. White solid line: interaction with patient during the sessions. White broken line: work of patient at home alone. Gray: preparation of acoustic stimulation by investigator alone.




Near-Threshold Spectrally Adapted Acoustic Noise

With the results of the pure tone audiometry and the tinnitus characterization, individually adapted near-threshold spectrally filtered acoustic noise stimuli were generated. Noise intensities ranged from −2 dB SL to +6 dB SL in 2 dB steps, adjusted to the mean hearing level (mean audiogram value in dB SPL of all measured frequencies) of the patient. The types of noises presented included, first, white noise (WN, acoustic range up to 20 kHz). Second, we used five different bandpass (BP, Butterworth filter fourth order) filtered noises with center frequencies ranging from −1 octave below the TP to +1 octave above the TP (maximally up to 10 kHz) in half octave steps and a filter width of ±1/2 octave. The WN and BP noise stimuli frequency domain were comparable to the ones used in our earlier study (Schilling et al., 2020). The third stimulus type was not used before, it was a noise stimulus adjusted to the inverse audiogram (IA). In other words, a noise that is louder at frequencies with larger HL but softer at frequencies with less HL. The overall sound intensities relative to hearing threshold (dB SL) were identical to the ones used in the WN stimulus. These seven different noise types with five intensities each were generated by a custom made Python program (Python 3.6 with Numpy library; Anaconda distribution, Anaconda, Berlin, Germany) and saved on a laptop for later presentation (cf. Schilling et al., 2020). Additionally, one silent stimulus was generated and presented as a control to rule out “imaginary” effects reported by the patients. Note, that this control stimulus did not evoke any change in TL (cf. section “Results”). The patients did not know, when which stimulus was presented.



Stimulation and Response Recording

Similar to the procedures in the first pilot study (Schilling et al., 2020), the patients were seated in an acoustic chamber and received the acoustic stimulation via auditory headphones. The experiments started always with the WN stimuli from lowest to highest intensity, followed by the silent control stimulus and the different BP and the IA noises in the same intensity order. Each stimulus was presented for 40 s and was followed by the experimenter asking the patient if and how her/his perception of the TL changed during stimulation. The patients were instructed to respond with one of five possible answers regarding the change of perceived TL. This response was a number ranging from −2 to +2 with the corresponding meaning (translation from German): “tinnitus became significantly louder” (−2), “tinnitus became somewhat louder” (−1), “no change in TL” (0), “tinnitus became somewhat softer” (+1), and “tinnitus became significantly softer” (+2). The +2 value included cases, where patients reported complete silencing of their tinnitus percept during stimulation (6/24 patients), this was stated by them. Additional information were given and registered, like possible masking, changes in TP or other changes in perception. One complete set of measurements (36 trials) had a duration of 45–60 min and could be paused by the patient at any time. This option was used only occasionally. After the measurement, patients were compensated for their time with fifty Euro.



Statistical Evaluation

Non-parametric statistics was used for the evaluation of the patients’ responses during near-threshold noise stimulation. Based on the same criterion as in our earlier study (Schilling et al., 2020), patients that did not show any positive responses (+1 or +2) to at least one of the 36 stimuli were classified as non-responders (NR, N = 3), all other patients were classified as responders (R, N = 21; cf. Figure 2A). No R patient showed in only one frequency-intensity combination a response greater than zero, most responders had a “region of best response” spanning at least two neighboring presentation frequencies and/or two to three intensities. Note that by patients’ request (two of the three NR patients) louder than standard BP stimuli were tested at the TP (10 dB SL and 13 dB SL); both NR patients only reported a masking effect at these intensities. Best responses were defined as the highest response (either +1 or +2) at the lowest intensity and frequency of a given BP noise stimulus. Additionally to the individual responses of the patients to each stimulus, the sum of all responses at all intensities of one given stimulus was calculated as a stimulus score. This ranged from a value of −10 to +10, with −10 indicating all stimuli being strongly increasing TL (five times −2) and +10 indicating all stimuli strongly decreasing TL (five times +2). This was also done for the responses obtained in the pilot study (i.e., new analysis of those data) to compare the responses of both studies. The stimulus scores were analyzed using paired non-parametric statistics.
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FIGURE 2. Tinnitus patients’ categorization and severity indices. (A) Categorization of tinnitus patients according to their responses during stimulation (R, responder; NR, non-responder). R patients are separated for those with attenuation of tinnitus loudness only (N = 15) and those with complete silencing (N = 6). (B) One-factorial ANOVA of mean HL dependent on miniTQ12 severity index. (C) One-factorial ANOVA of HL at TP dependent on miniTQ12 severity index. Results of Tukey post hoc tests: ns not significant; *p < 0.05; ***p < 0.001.


The evaluations of the miniTQ12 and TSCHQ were correlated to the results of the audiometry by parametric (HL) and non-parametric statistics (frequency). Finally, the HL of all ears (n = 48) or tinnitus ears only (n = 37) were parametrically assessed by one- and two-factorial ANOVAs either with one of the factors being stimulation frequency and/or distance to the TP in octaves.




RESULTS


Interaction of Questionnaire Results and Audiometry

The evaluation of the miniTQ12 resulted in the classification of the patients into all three severity indices included in the study: SI 1: N = 13; SI 2: N = 6; SI 3: N = 5. The overall mean HL was not dependent on the SI [one-factorial ANOVA of HL over SI: F(2,483) = 2.75, p = 0.07; Figure 2B] while the HL at the TP was strongly dependent on the SI [F(2,40) = 12,93, p < 0.001; Figure 2C] where patients with a SI 1 showed the least strongest HL at the TP with a mean ± standard deviation of 13.5 ± 4.2 dB, the patients with SI 2 following at 24.4 ± 4.5 dB and the SI 3 patients showing the strongest HL at TP of 34.6 ± 12.8 dB. Neither TP [Kruskal–Wallis ANOVA of TP over SI: H(2,43) = 2.29, p = 0.32] nor TL [one-factorial ANOVA of TL over SI: F(2,39) = 0.65, p = 0.53] were dependent on the SI: all patients showed a similar TP and TL ranging from 6 to 8 kHz and −1.4 dB SL to +1.6 dB SL, respectively.

The correlations of the TSCHQ data with the audiometric results showed that neither TP (multiple linear regressions: r = −0.30, p = 0.15) nor TL (multiple linear regressions: r = 0.32, p = 0.13) were correlated with the tinnitus duration. The same was true when comparing TL with the subset results of general psychological stress [one-fact. ANOVA of TL over stress index: F(3,20) = 2.59, p = 0.08] and general physical stress [F(5,18) = 0.35, p = 0.88], indicating that these factors did not influence the TL here.



Hearing Loss

Hearing loss was analyzed, first, by two-factorial ANOVAS investigating possible differences between tinnitus (T) and non-tinnitus (NT) ears over the frequency range of 125–8,000 Hz, as this was the range in that all patients were tested. We found (Figure 3A, inset) a significantly higher HL in the NT (14.2 ± 2.8 dB) compared to the T (11.7 ± 0.8 dB) ears [F(1,506) = 3.95, p = 0.04]. Additionally, a significant dependency between HL and frequency [F(10,506) = 3.90, p < 0.001] was found, but no interaction of both factors [Figure 3A; F(10,506) = 0.15, p = 0.99]. In other words, the patients did hear better with their T ears across all frequencies.
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FIGURE 3. Overview of hearing loss (dB) for all measured ears with F statistics. (A) Interaction plot of the two-factorial ANOVA of HL for tinnitus and non-tinnitus ears across all frequencies. The inset depicts the mean HL across all frequencies for both ear types. (B) Interaction plot of the two-factorial ANOVA of HL for tinnitus ears only in responders and non-responders. The inset depicts the mean HL for both patient groups. (C) One-factorial ANOVA of HL of all responders’ ears aligned on the individual TP. Gray area indicates significant HL revealed by Tukey post hoc tests. (D) One-factorial ANOVA of HL of all non-responders’ ears aligned on the individual TP. Gray area indicates significant HL revealed by Tukey post hoc tests.


In a second step, we investigated the T ears only and compared the HL of those of the responders (R) and the non-responders (NR; cf. section “Materials and Methods”) over the stimulation frequencies. The results are depicted in Figure 3B, with the R patients showing a significantly [inset: F(1,462) = 10.07, p = 0.002] higher HL (12.4 ± 0.8 dB) compared to the NR patients (8.8 ± 2.0 dB). Again, we found a significant dependency of the HL on the frequency [F(11,462) = 5.72, p < 0.001] but no interaction of both factors [Figure 3B; F(11,462) = 0.43, p = 0.94]. This indicated again a parallel shift of the hearing thresholds across all frequencies, this time in favor of the NR patients.

In a third and final step, we aligned the individual HL to the individual TP of each ear and analyzed R and NR ears separately by one-factorial ANOVAs. Figure 3C depicts the results for the R patients’ ears with a significant dependency of the HL on the distance to TP [F(16,333) = 7.42, p < 0.001]. The Tukey post hoc tests revealed that the HL was maximal in a range of −0.5 oct to +1 oct relative to the TP (gray area in Figure 3C). In the NR patients’ ears, we found a similar significant dependency of the HL on the distance to TP [F(8,45) = 4.52, p < 0.001], but were only able to analyze data up to the TP due to the distribution of the individual tinnitus pitches (Figure 3D). Here, only the HL at the TP was significantly different from the other HL values (Tukey post hoc tests, p-values between p < 0.001 and p = 0.03).



Responses to Near-Threshold Noise Stimulation in Responders

For an overview of the responses of all patients to the different stimulus conditions (filter type and intensity), please refer to Figure 4. Per definition, the responses of the NR patients never exceeded zero (cf. section “Materials and Methods”) and were therefore not included in the following analyses. From the 21 R patients, 23 datasets were obtained, as two patients had very similar HL on both sides (cf. section “Materials and Methods”) and were therefore tested in both slightly different tinnitus percepts. The median [interquartile range] response values for all R and NR patients are given as overview in Table 1. The median R responses to the noise stimuli were significantly different from the silence stimulus response in all seven cases [Bonferroni corrected Wilcoxon tests: five times p < 0.001; one time (BP at TP) p = 0.004; one time (IA) p = 0.02]. A graphical overview of the median responses of the R patients is given in Figure 5. For each BP filtered noise, a Friedman ANOVA over the five different stimulus intensities was calculated (Figure 5A). A significant dependency of the responses on the intensity was found at −1 oct, −0.5 oct, and +0.5 oct relative to TP, i.e., in three of the five BP filtered noise stimulus frequencies. For a better overview, the median values of all five BP filtered noises have been combined and compared across the five different intensities by a separate Friedman ANOVA (Figure 5B), showing a significant (p = 0.004) dependency of the responses on the stimulus intensity, seemingly centered around +2 dB SL. Such dependencies could not be found for the WN stimulus (Figure 5C) or the IA stimulus (Figure 5D).


[image: image]

FIGURE 4. Histogram of patients’ responses to the different stimuli. (A) General overview for all stimuli combined. Colors of the bars indicate the noise intensity of the presented stimulus ranging from –2 to 6 dB SL. (B–H) Responses to the different isolated stimuli types (WN, BP noises relative to TP, IA).



TABLE 1. Median responses [interquartile range] to noise stimuli of R and NR patients.
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FIGURE 5. Median responses (–2 to +2 in steps of one) to the near-threshold noise stimuli of all 21 R patients with Friedman-ANOVA statistics. (A) Responses to the five BP stimuli ranging from –1 oct to +1 oct relative to TP across the five stimulus intensities. (B) Median responses across all BP stimuli. (C) Responses to WN stimuli. (D) Responses to the IA stimuli.


Finally, in Figure 6 we compared the overall stimulus score and the best responses (cf. section “Materials and Methods”) obtained in the first pilot study with the less fine-grained paradigm with stimuli intensities ranging from −20 to +20 dB SL (Schilling et al., 2020) with those obtained in the present study. For the stimulus score of the different noise stimuli in this study, the significant Friedman ANOVA (p = 0.04, Figure 6A, blue symbols) indicated a stronger effect for at least one class of stimuli. The Bonferroni corrected post hoc Wilcoxon tests showed a trend (p = 0.07) for a higher median score during BP stimulation compared to the WN stimulus responses. No significant difference could be found between WN and IA scores. The effect in the pilot study (black symbols) was somewhat smaller compared to the present study, as the direct comparison of WN and BP noise stimuli by a Wilcoxon test (without correction for multiple comparisons) only showed a trend (p = 0.055). Nevertheless, neither in WN nor in BP noise stimuli the Mann–Whitney U tests showed differences between the response scores of both studies (Figure 6A; black vs. blue symbols, p > 0.05 in both tests). Also in the distributions of the best responses (Figure 6B), no significant difference between both studies could be found for both best response types of either +1 (Kolmogorov–Smirnov test, p = 0.82) or +2 (Kolmogorov–Smirnov test, p = 0.80). But the median best responses relative to TP (Figure 6C) were significantly shifted to lower frequencies (Mann–Whitney U test, p = 0.02) in the present study (−0.5 [−1, 0] oct TP) compared to the first pilot study (0 [−0.5, 0] oct TP). This indicates that the near-threshold stimuli used in this study were effective at lower frequencies relative to TP compared to the much louder stimuli used in the first pilot study.
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FIGURE 6. Stimulus score and best responses in comparison to our first pilot study’s data (Schilling et al., 2020). (A) Median stimulus score of the pilot study (black symbols and numbers) and this study (blue/red symbols and letters/numbers). Pilot study statistics with Wilcoxon test (broken line); this study with Friedman ANOVA and Wilcoxon tests (solid lines) corrected for repeated comparisons. (B) Number of best responses in both studies dependent on the distance to TP of the center frequency of the BP noises. Upper panel: results for best response of +1. Lower panel: results for best response of +2. (C) Complete distributions of best responses in both studies; median of both studies significantly different (Mann–Whitney U test).





DISCUSSION

In this extension study of our pilot work, we aimed to further narrow down parameters for near-threshold acoustic stimulation with individually filtered soft noises to attenuate or even silence tinnitus perception during stimulation. Based on our hypothesis of tinnitus development due to a SR mechanism for optimization of auditory information transfer, we applied near-threshold individually adapted acoustic noise via headphones to 24 tinnitus patients. This approach is not comparable with the classic “tinnitus noiser” (Zenner et al., 2017), as it is not aimed to mask the phantom percept but to attenuate or ideally cancel it by assessing its physiological cause. In the previous pilot study (Schilling et al., 2020), we found in half of the responding patients masking effects when exceeding +10 dB SL stimulation loudness. This was not the case in the present work as we focused on stimuli not exceeding +6 dB SL. Note that in the two cases were we exceeded this intensity on patients’ request, masking effects were reported at +10 and +13 dB SL.

In 21 of the investigated 24 tinnitus patients (nearly 88%) without or only mild HL, this approach was successful – at least on a subjective level. Six of those 21 responding patients (nearly 29%) even reported complete subjective silencing of their tinnitus percept during stimulation. The HL in the tinnitus ears of all 24 patients was significantly lower than the HL in the NT ears, which is completely in line with our hypothesis that SR improves the hearing thresholds on the cost of generating tinnitus and supported by data of a large patient cohort (Krauss et al., 2016; Gollnast et al., 2017). The three patients not responding to the near-threshold acoustic stimulation showed significantly lower HL than the 21 responding patients, indicating that we may not only have an upper HL limit of around 40 dB for successful stimulation (cf. Schilling et al., 2020) but also a lower HL limit. In this case, we are maybe still too loud, and in future studies even softer stimuli below −2 dB SL should be used in such patients. Alternatively, these patients might not have a HL at all but may suffer from a different kind of tinnitus source, as for example stress (Mazurek et al., 2015) or other non-auditory reasons (Bauer, 2004). This may explain why the modulation of auditory input has no or only a masking effect on the tinnitus percept. The optimal noises for the 21 subjectively responding patients were in all cases bandpass filtered stimuli with an intensity between 0 and +4 dB SL (Figure 5B) and a best noise center frequency of half an octave below the individual TP (Figure 6C). WN or noise filtered with the characteristics of the IA did not have these consistent positive effects on the subjective percepts. This could be due to the wide spectrum of these kind of stimuli. WN as well as the IA noise to a certain degree stimulate the whole cochlea, while the BP noise stimuli stimulate only specific cochlear regions with acoustic energy “focused” to or close to the TP. These physical differences in stimulation combined with our hypothesis of frequency channel specific SR (Krauss et al., 2019) suggests that only stimulation in the “correct” frequency range will have positive effects on perceived subjective TL. The situation could be different, e.g., in patients with non-tonal tinnitus percepts and has to be investigated in a separate follow-up study with such patients. Taken together, these findings might be very important for future adaptation of, e.g., hearing aids with noisers (cf. below), as a shift in TP may need adjustment in stimulation frequency, which could be performed by the patients themselves when provided with the adequate software tool.

On the other hand, the here presented results in combination with our hypothesis of the SR mechanism for tinnitus development also shows clear limitations of our method. First, it seems to work only in a relatively narrow HL window, most probably because the SR mechanism is only able to compensate for a certain degree of hearing impairment. Additionally, it seems that the mechanism is not working in all humans identically well – which is also supported by results from animal research (Ahlf et al., 2012). Also the type of hearing impairment seems to play an important role, as not all HL patients with different kinds of hearing impairment have tinnitus or show specific hearing threshold benefits due to their tinnitus percept (Gollnast et al., 2017). Second, the SR mechanism only explains the bottom-up generation of the tinnitus signal, not the different top-down influences coming from, e.g., the amygdala, higher cortical areas or even the back-projections from the cortex to the auditory brainstem. This may also explain the conflicting results of the (missing) correlations of TL or severity with the hearing threshold loss in different studies (e.g., Searchfield et al., 2007; Mazurek et al., 2010) which cannot be explained by the SR mechanism alone. In other words, the proposed approach to dampen perceived TL is most probably not able to help all patients, but should at least be helpful for patients with maximally mild HL and compensated tonal tinnitus. Here, the main driving force of the percept is in our view the increased noise from the auditory brainstem.

One has to be careful to disentangle TL from tinnitus distress. It could be shown that both aspects of the percept are not necessarily directly linked (Hiller and Goebel, 2007; Wallhäußer-Franke et al., 2012) so even if we can dampen the one, it might not affect the other. In the 40 s approach of both our studies, we were not able to measure the distress and only crudely the TL, as we did not use, e.g., the visual analog scale (Adamchic et al., 2012). This has to be included in studies with longer stimulation duration. Nevertheless, several patients mentioned that they were relieved when it became clear that we were able to dampen their TL. Most patients were provided with “their” optimal stimulus for playing on a mobile device and – anecdotic – we received messages from two patients reporting long-term success and strong subjective relieve of their distress.

When comparing the here presented results with the first pilot study with overall 22 patients (Schilling et al., 2020) we see, first, that we have a comparable (maybe slightly stronger) positive effect of the bandpass filtered noises on the subjective suppression of the TL with the current stimulation parameters (cf. Figure 6A). Second, we see a significantly lower best response center frequency of the noise in this study compared to the first pilot study (cf. Figure 6C). If this finding is consistent in follow-up studies, it makes it easier to stimulate in the long term, e.g., with specifically adapted hearing aids with noise generators (Del Bo and Ambrosetti, 2007). As these stimulation frequencies would be just at the edge of the significant HL of the patient collective (cf. Figure 3C), they should be soft enough to be adjusted correctly and not harmful in any way for the patients’ hearing. Third, with the here used stimuli of much lower intensity compared to those of the first pilot study we have a significantly lower (Chi-square test, p = 0.008) fraction of masking. While in the first study 50% of the responders reported masking effects mainly at +10 and +20 dB SL, in this study only 9% (two of the NR patients at +10 dB SL and +13 dB SL, respectively) of all patients and none of the responding patients reported such a percept. On the other hand, we did not find a difference of the strength of the reported subjective decrease in subjective TL (Chi-square test, p > 0.05) as in the first pilot study 58% and in this study 48% of the patients reported a strong decrease (+2) in this parameter. In both studies, we used only a single control stimulus – silence – to control for a placebo effect and a fixed presentation order of the stimuli. As the patients did not know when which stimulus would be presented, each patient had her/his individual stimulus design and each patient was only tested once, any order effect should be minimal but cannot be ruled out completely. In the placebo silence test, not a single patient indicated a subjective change in TL – neither positive nor negative – in the overall 48 presentations, indicating that no stimulation also has no effect. This is clearly different from other studies showing up to 40% placebo effect (Duckert and Rees, 1984). A weakness of both of our studies is that we lack a true control group, this would strengthen the points mentioned above and is planned to be included in any follow-up studies. Nevertheless, our simple approach of asking the patients after each short test can only be a first step in investigating the possible therapeutic effect of the individualized noise exposure against tinnitus. Further experiments with healthy controls and longer noise exposition with adapted hearing aids with noise generators and objective tests and questionnaires are already planned.

As this approach for the development of a physiological treatment for tinnitus is unique, it is difficult to compare it with other methods of tinnitus therapies. Even though, several other groups also found that the TP has a strong influence on hearing and hearing aids (McNeill et al., 2012; Haab et al., 2019; Shetty and Pottackal, 2019), which is in line with our findings and hypothesis, most of these researchers tried completely different approaches like specific masking with the help of a device. Our approach is clearly different from this classical “noiser” or sound generator approaches, as the intensities used here are just at the level or slightly above the hearing thresholds. Classical “noisers” are using much higher intensities to mask the percept successfully, but on the cost of the noise being permanently perceived. In other words, one sound (tinnitus) is replaced by another sound (noise). Furthermore, the effects found here cannot be explained by residual inhibition, as this takes effect at intensities of +10 dB minimum masking level and takes several minutes of constant stimulation (King et al., 2021). In our case, the effect was immediate at +2 dB SL, i.e., within a few seconds after stimulation start and lasting only until the end of the stimulation. Also lateral inhibition, as used in different notch filter approaches (Haab et al., 2019), would not be able to explain the observed effects, as also here the used sound intensities and time scales are much larger and the filter properties are inverted relative to our approach. The success rate of our method of up to 87.5% in at least reducing the subjective TL is only comparable with the up to 75% rate of tinnitus suppression by cochlear implants (Távora-Vieira et al., 2013). Both methods are completely different in the mechanisms addressed, while we proposedly modulate the neuronal SR mechanism by external acoustic stimulation in mostly well hearing patients, the implantation of the neuroprosthetics enables the cochlear nerve to receive information again and thereby restores hearing in formerly deaf regions of the cochlea. In other words, the target patient cohorts for these two methods are on the opposite spectrum of hearing impairments.



CONCLUSION

In conclusion, the hypothesis of the present study that the proposed treatment would reduce subjective TL in all patients with maximally mild HL was not confirmed as only around 88% of the individuals benefited from it. The present study indicates strong need for a randomized placebo-controlled study of the proposed treatment in order to clearly determine possible benefits of the treatment. One could speculate that tinnitus patients without or only mild HL, who usually would not be supplied with a classical hearing aid, may profit strongly from such a device when it is equipped with a noise generator that produces the right amount of individually adjusted near-threshold noise in the right frequency range.
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Chronic tinnitus, the continuous perception of a phantom sound, is a highly prevalent audiological symptom, for which the underlying pathology has not yet been fully understood. It is associated with neurophysiological alterations in the central nervous system and chronic stress, which can be related with a disinhibition of the inflammatory system. We here investigated the association between resting-state oscillatory activity assessed with Magnetoencephalography (MEG), and peripheral inflammation assessed by C-reactive protein (CRP) in a group of patients with chronic tinnitus (N = 21, nine males, mean age: 40.6 ± 14.6 years). Additionally, CRP was assessed in an age- and sex-matched healthy control group (N = 21, nine males, mean age: 40.9 ± 15.2 years). No MEG data was available for the control group. We found a significant negative correlation between CRP and gamma power in the orbitofrontal cortex in tinnitus patients (p < 0.001), pointing to a deactivation of the orbitofrontal cortex when CRP was high. No significant clusters were found for other frequency bands. Moreover, CRP levels were significantly higher in the tinnitus group than in the healthy controls (p = 0.045). Our results can be interpreted based on findings from previous studies having disclosed the orbitofrontal cortex as part of the tinnitus distress network. We suggest that higher CRP levels and the associated deactivation of the orbitofrontal cortex in chronic tinnitus patients is maintaining the tinnitus percept through disinhibition of the auditory cortex and attentional or emotional top-down processes. Although the direction of the association (i.e., causation) between CRP levels and orbitofrontal gamma power in chronic tinnitus is not yet known, inflammation reducing interventions are promising candidates when developing treatments for tinnitus patients. Overall, our study highlights the importance of considering immune-brain communication in tinnitus research.

Keywords: tinnitus, inflammation, MEG, C-reactive protein, stress, oscillatory activity


INTRODUCTION

Tinnitus is an acoustic phantom perception, defined as the subjective perception of a sound without a physical sound source. With a prevalence of up to 21% of the adult population (Fuller et al., 2020), it is a common phenomenon, which is associated with severe distress including psychiatric problems, sleep disturbances, concentration, and work impairment in 1%–3% of the population (Eggermont and Roberts, 2004; Cima et al., 2019). Clinical evidence suggests that in most cases tinnitus becomes chronic about 4 weeks after its first appearance (Wallhäusser-Franke et al., 2017). To date, no effective treatment exists mainly because processes generating and maintaining tinnitus are insufficiently understood (Langguth et al., 2019). It is widely accepted that tinnitus is initially elicited by damage of hair cells in the inner ear. Since the review by Baguley (2002) outlining that tinnitus persists after transection of the auditory nerve, it is accepted that tinnitus is generated within the central nervous system. Most research suggests that initial hearing loss triggers neuronal changes along the ascending auditory pathway leading to tinnitus. Tinnitus is associated with an increase in spontaneous activity, elevated bursting activity, reorganization of the cortical map, and an increase in neuronal synchrony (Shore et al., 2016). The role of neural synchrony is strongly supported by studies investigating abnormalities in oscillatory brain activity associated with tinnitus. At a cortical level it has been shown that oscillatory alpha activity is reduced in the auditory cortex of tinnitus patients (Weisz et al., 2005), while delta, theta, and gamma activity is increased in auditory cortical and subcortical areas (Llinas et al., 1999; Weisz et al., 2007). Counteracting pathological synchrony in the auditory system can indeed reduce tinnitus perception [e.g., increase of auditory alpha activity by neurofeedback or repetitive Transcranial Magnetic Stimulation (rTMS): Dohrmann et al., 2007; Müller et al., 2013; desynchronization of pathological brain activity and acoustic coordinated reset training: Tass et al., 2012; other TMS approaches: overview in Langguth et al., 2013]. However, results show great interindividual variability and rather small effect sizes. Furthermore, most studies did not control for hearing loss, so that it is still unclear whether changes in neuronal synchrony, especially in the high-frequency range, relate to the tinnitus percept itself or to hearing loss associated with tinnitus (Adjamian et al., 2012; Demopoulos et al., 2020).

Whether these neurophysiological alterations along the auditory pathway lead to chronic tinnitus perception, how loud or aversive tinnitus is experienced and if high psychological distress accompanies tinnitus perception depends on the co-activation of non-auditory brain networks involved in cognitive and emotional processes associated with tinnitus (de Ridder et al., 2014; Shore et al., 2016; Kleinjung and Langguth, 2020). In line with that, a multitude of studies found abnormalities in the activation of non-auditory brain regions, such as the anterior cingulate cortex (ACC), the amygdala, the insula, the (para)hippocampus and the parietal as well as the (orbitofrontal and dorsolateral) prefrontal cortex (Leaver et al., 2011; Maudoux et al., 2012; Roberts et al., 2013; McEwen et al., 2015; Rauschecker et al., 2015; Sedley et al., 2015; Minguillon et al., 2016; Mohsen et al., 2019) in tinnitus patients compared to normal-hearing controls. Accordingly, tinnitus perception and distress have been associated with aberrant oscillatory activity in low and high frequency bands in non-auditory, mainly frontal and limbic areas (Vanneste and de Ridder, 2012; Meyer et al., 2014; Lee et al., 2020).

Supporting the relevance of non-auditory influence on tinnitus, Lehner et al. (2013) revealed that multisite rTMS (prefrontal stimulation in addition to auditory stimulation) reduces tinnitus severity significantly longer (up to 3 months) compared to mere auditory stimulation.

Behavioral research emphasizes the association between perceived stress and tinnitus. During or after a period of high stress the probability to develop tinnitus increases significantly (Kleinjung and Langguth, 2020). Most interestingly, the correlation between tinnitus incidence and stress is as high as between tinnitus incidence and noise exposure (Baigi et al., 2011). Furthermore, chronic tinnitus deteriorates during exposure to stress (Langguth et al., 2007; Probst et al., 2016; Pupić-Bakrač and Pupić-Bakrač, 2020; Elarbed et al., 2021). Reducing stress through CBT, Progressive Muscle Relaxation, or Yoga can lead to reduced tinnitus severity and subjectively reported psychological distress (Weber et al., 2002; Hesser et al., 2012; Köksoy et al., 2018). Supporting the role of stress in tinnitus further, it should be emphasized that the above highlighted non-auditory regions associated with tinnitus overlap broadly with the stress network found in patients suffering from pain, functional somatic syndromes, and Posttraumatic Stress Disorder (PTSD). Such a stress network could maintain and reinforce undesired perception in tinnitus (de Ridder et al., 2011; Mohsen et al., 2019), similarly to processes observed in PTSD (Fagelson, 2007). The tied relationship between the depicted regions and stress exposure is further supported by recent studies that investigated structural neuronal changes associated with massive stress exposure. Wu et al. (2021) revealed a negative relation between the levels of perceived stress and gray matter volume of the orbitofrontal cortex, the insula and the amygdala in healthy adults indicating a detrimental effect of stress on neuronal structures.

Another line of rather recent research highlights the association between the immune system and chronic tinnitus. Tinnitus has been associated with an increased susceptibility to different physical comorbidities. A recent study by Basso et al. (2021), for instance, showed that patients with bothersome tinnitus suffer more frequently from physical comorbidities, such as cardiovascular disease, chronic shoulder pain, thyroid, or Ménière’s disease compared to non-bothersome tinnitus. A recent meta-analysis by Almufarrij and Munro (2021) states that 14.8 percent of Covid-19 patients report an onset or aggravation of tinnitus associated with their affection. The authors highlight beyond other possible causes the immune system as a potential mediator of the effect and state that, e.g., excessive production of proinflammatory cytokines may affect the audio-vestibular system (Degen et al., 2020). This is in line with evidence provided by Haider et al. (2020), who showed that the anti-inflammatory cytokine Interleukin-10 (IL-10) is significantly altered in patients suffering from chronic tinnitus compared to normal-hearing controls. Beyond, Wang et al. (2019) showed that tinnitus can be prevented by repressing the production of TNF-α (a cytokine engaged in most inflammation processes) in the auditory cortex of mice by medication. Peculiarities with regard to the immune system in tinnitus patients have also been reported in relation to stress (Mazurek et al., 2019). For example, Szczepek et al. (2014) found a positive correlation between TNF-α, perceived tinnitus loudness and stress. In line with that, Weber et al. (2002) showed that stress levels, tinnitus severity, and TNF-α levels reduced after relaxation training in tinnitus patients. These findings might be evidence for a link between inflammation processes triggered by the immune system and the above-described non-auditory, often stress-related, aspects of tinnitus.

A further immune system marker, which is related with chronic stress (Johnson and Zatorre, 2006; Juster et al., 2010) and is, therefore, highly relevant for studying the associations between chronic stress and inflammation in tinnitus, is C-reactive protein (CRP). CRP is an acute phase protein, which is synthesized in the liver. It is produced rapidly in response to inflammation, tissue damage, or vaccination and plays a key role in the innate immune system (Peisajovich et al., 2008; Perez, 2019). CRP levels are increased in patients with several diseases such as cancer, HIV, or cardiovascular diseases and elevated CRP levels are related with higher mortality (Li et al., 2017). Furthermore, there is first evidence that CRP levels are increased in chronic tinnitus (Kang et al., 2021).

Overall, it is well-known that chronic tinnitus is associated with stress and altered brain functioning. Furthermore, there is first evidence that the immune system is also altered in chronic tinnitus. Elevated immune system markers (e.g., pro-inflammatory cytokines such as IL-6 or acute phase proteins such as CRP), which are also associated with chronic stress. However, the link between brain activity and the immune system has not been investigated in chronic tinnitus so far. The aim of our study was, therefore, to investigate the association between brain activity in chronic tinnitus and the immune system (more precisely, the acute phase protein CRP).



METHODS


Participants (Main Study, Tinnitus Sample)

Twenty-four right-handed volunteers with chronic tinnitus (duration 9.62 6 ± 9.13 years, range 6 months to 35 years) participated in the current study. They were recruited via flyers posted online at facebook. Three participants had to be excluded due to an excessive amount of artifacts in the MEG data (n = 2) or invalid CRP values (n = 1). The remaining N = 21 participants (nine males) had a mean age of 40.6 ± 14.6 years and perceived tinnitus mostly bilaterally (17 with bilateral tinnitus, three with left-sided tinnitus, and one with right-sided tinnitus). In 17 out of 20 participants (one missing), tinnitus was accompanied by hearing loss (frequency ranges: 16 kHz: n = 8, 8–16 kHz: n = 2, 4–16 kHz: n = 4, 2–16 kHz: n = 2, 2–4 kHz: n = 1). Tinnitus severity, assessed with the German version of Hallam’s Tinnitus Questionnaire (Goebel and Hiller, 1994), revealed a mean tinnitus severity across participants of 25.1 [range: 4 (slight) –74 (severe)]. Mean perceived stress scores, assessed with the 10-item version of the Perceived Stress Scale (PSS; Cohen et al., 1983), revealed a mean score of 24.1 ± 9.1 (two missing) for the tinnitus group.

All patients were informed about the content of the study, gave their written informed consent prior to taking part in the study and were paid 10€ per hour after participating. The Ethics Committee of the Friedrich-Alexander University of Erlangen approved the experimental procedure (protocol number: 52_17 B).



Participants (Control Group)

Blood samples (see below) from age and sex-matched healthy controls (N = 21) who have participated in other studies from our lab, were used to compare CRP levels between the tinnitus patients and a healthy control group. Importantly, the blood samples were analyzed the same day as the samples from the tinnitus patients without knowing CRP levels in advance. Mean age of the control group was 40.9 ± 15.2 years, and n = 9 participants were male. Mean perceived stress scores, assessed with the 10-item version of the PSS revealed a mean score of 14.3 ± 5.3 for the control group.



Experimental Procedure

The experiment was part of a bigger project on neurophysiological correlates associated with the modulation of chronic tinnitus within different experimental settings (e.g., modulation of attentional focus, relaxation, or mood). The present study focuses on the first part of the experiment, a 4-min resting state MEG-measurement with eyes open together with the assessed peripheral inflammatory marker. In the following text, we will describe only the parts relevant for the current study.

When arriving at the MEG lab, participants were informed about the study and gave their written informed consent. Participants were then fitted with head position indicators (HPI) and their individual head shapes were collected with a digitizer. After that, they were positioned supine in the MEG and instructed to keep their eyes open and to focus on a black fixation cross, presented in the middle of the screen. The experimenter then started the 4-min resting state MEG measurement. Subsequently, participants completed different experimental tasks while their brain activity was measured with MEG (e.g., relaxing vs. straining exercises with their face, listening to sounds with short gaps, attention to vs. away from tinnitus). After the actual MEG experiment, participants underwent thorough anamneses, including the assessment of perceived stress (PSS; Cohen et al., 1983), tinnitus characteristics, and severity (Goebel and Hiller, 1994).

Furthermore, to assess CRP levels, Dried Blood Spots (DBS; Danese et al., 2011; McDade, 2014) were collected at the end of the session. This method is well-suited for the assessment of CRP levels and is established in our research group (e.g., Britting et al., 2021; Becker et al., 2021a). In short, participants provided four capillary blood samples after a finger prick on a special filter paper (Whatman 903, GE Healthcare Life Sciences, Germany). The samples were dried overnight and then frozen until they were processed further. Before analysis, 3.5 mm cores were punched out and eluted overnight in phosphate buffered saline which contains 0.1% Tween 20 solution (Danese et al., 2011; McDade, 2014). The next morning, samples were shaken at 300 rpm for 1 h before further processing. The “Human C-Reactive Protein/CRP Quantikine ELISA Kit” (IBL International) was used for subsequent analysis. Absolute CRP serum concentrations were determined in duplicates using linear regression. Before statistical analysis, CRP concentrations (in μg/ml) were log-transformed to achieve a normal distribution.



Data Acquisition With MEG

The MEG recordings were accomplished with a 248-channel whole-head-system (Magnes 3600 WH; 4D-Neuroimaging, San Diego, CA, USA) in a magnetically and electrically shielded room (Vacuumschmelze GmbH, Hanau, HE, Germany). Data were high-pass filtered online at 1 Hz and recorded with a sampling rate of 678.17 Hz. Furthermore, an online reference channel-based noise cancellation was applied. The presentation of visual stimulus material during the MEG recording was controlled using Psychopy (Peirce et al., 2019), an open-source environment for the design and control of behavioral experiments,1 and delivered through a mirror and projector system.



MEG Data Analysis

MEG data analysis was performed using Matlab (The MathWorks, Natick, MA, R 2017b) and the Fieldtrip toolbox (Oostenveld et al., 2011). Aim of our analysis was to investigate whether the individual CRP level correlates with oscillatory power in specific parts of the brain. We therefore analyzed source power in six different frequency bands (delta: 1–3 Hz, theta: 4–7 Hz, alpha: 8–12 Hz, beta: 16–30 Hz, gamma low: 30–60 Hz, and gamma high: 60–90 Hz) as described in detail in the following sections.


Preprocessing

The raw continuous data were segmented into 2-s epochs and notch filtered at 50 Hz, 100 Hz, and 150 Hz to eliminate line noise. We then did a coarse visual artifact rejection, removing trials including any rare cases of large electromyographic (EMG) noise or technical disturbances. To minimize the influence of blinks and heartbeat related artifacts we performed an independent component analysis (ICA). Therefore, data sets were down-sampled to 150 Hz and ICA performed (RUNICA; Delorme and Makeig, 2004). The affected components were visually selected, ICA again applied to the original not down-sampled data sets and the raw data reconstructed with the respective components removed. Finally, the resulting datasets were visually inspected for remaining artifacts and residual artifactual trials rejected.



Source Spectral Power Analyses

Source power was assessed with a beamformer approach [Dynamic Imaging of Coherent Sources (DICS); Gross et al., 2001]. First, a template grid [using a template head model based on a segmented template MNI (Montreal Neurological Institute) brain provided by the SPM8 toolbox2] was created. This template grid was used to generate individual grids by warping the template grid to the individual MRIs for each participant separately. As we had no structural scans, we created “pseudo”-individual MRIs that were generated based on an initial manual co-registration of the MRI together with the individually gained surface (headshape points) and a subsequent automatic matching of the MRI head surface with the measured head surface using an iterative closest point procedure. Importantly, the obtained warped individual grids had an equal number of 6,804 points with equal positions in MNI space, so that the individual grids of different participants could be compared directly (grid points of Subject 1 correspond to grid points of Subject 2). These individual MNI grids were then utilized for creating the respective lead fields. Together, with the sensor-level cross-spectral density matrix (multitaper analysis: 2 ± 1 Hz, 5.5 ± 1.5 Hz, 10 ± 2 Hz, 23 ± 7 Hz, 45 ± 15 Hz, 65 ± 15 Hz) we could estimate spatial filters (DICS, Gross et al., 2001), optimally passing information for each grid point while attenuating influences from other regions for the particular frequency of interest. For each frequency band separately, we then applied these spatial filters to the Fourier-transformed data in the depicted frequency bands and thereby obtained source power values for each of the six frequency bands. To remove the center of the head bias we normalized power values with an estimate of the spatially inhomogeneous noise based on the smallest eigenvalue of the cross-spectral density matrix (power/noise). We then down-sampled the volumes so that, finally, we obtained power values for 21 participants, six frequency bands, and 1,917 locations distributed equally across the brain.




Statistics

To compare CRP levels between the tinnitus sample and healthy controls, paired T-tests for independent samples were used. Furthermore, Pearson correlations between CRP levels and PSS scores were computed. For these analyses, the software IBM SPSS statistics (version 26 for Windows) was used.

For neurophysiological analysis, we calculated a Pearson’s correlation T-statistic based on the 1,917 source power values and the log-transformed CRP values for each participant and frequency band separately and tested for significant correlations across participants within the specific frequency bands using a cluster-based permutation test (Maris and Oostenveld, 2007; threshold 0.001, number of randomizations 50,000, two-sided). This analysis is testing for statistical independence between source power and behavioral data (here: individual CRP values) by randomly permuting the behavioral values. As we tested six frequency bands in parallel, we adjusted the obtained p-values using False Discovery Rate (Benjamini and Hochberg, 1995).




RESULTS


CRP Results

Mean CRP levels were 3.6 ± 4.6 μg/ml (range 0.3–17.0 μg/ml). According to established cut-off values, CRP levels below 1 μg/ml are associated with a low, between 1 and 3 with an intermediate and >3 μg/ml with a high risk for the development of cardiovascular diseases (e.g., Blake et al., 2003; Cushman et al., 2005). In our sample, n = 9 were at low, n = 3 at intermediate, and n = 9 at high risk. Although not statistically significant, higher PSS scores were related with higher CRP levels in the tinnitus group (r(19) = 0.40, p = 0.092).



Comparison With the Control Group

Additionally, we compared CRP levels with an age and sex-matched healthy control sample. In the control group, n = 14 were at low, n = 4 at intermediate, and n = 3 high risk for development of cardiovascular diseases. Mean CRP levels were significantly higher in the tinnitus group than in the control group (t(25.4) = 2.07, p = 0.045; Figure 1). Moreover, PSS scores were significantly lower in the healthy controls than in the tinnitus group (t(38) = 4.17, p < 0.001). Interestingly, and contrary to the tinnitus group, we found no association between PSS scores and CRP levels in the control group (r(21) = −0.05, p = 0.830). An additional analysis, in which we pooled the tinnitus and the control group, revealed a small significant correlation between CRP levels and PSS scores (r(40) = 0.33, p = 0.037).
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FIGURE 1. (A) Comparison of C-reactive protein (CRP) levels and Perceived Stress Scale (PSS) scores between tinnitus patients and healthy controls, (B) association between CRP levels and PSS scores in the tinnitus group, and (C) in the control group. CRP levels and PSS scores are scaled in the same way for both groups and panels (B) and (C) are directly comparable.





Neurophysiological Results

We could reveal a significant negative correlation between high gamma power (60–90 Hz) and CRP level (r = −0.847, cluster-p = 0.001, Benjamini-Hochberg adjusted p-value = 0.006). This correlation was most pronounced over left and right orbitofrontal cortices (left and right A11 lateral, Brainnetome Atlas; Fan et al., 2016; Figure 2). Note that for this analysis, the pooled gamma power over the left and right orbitofrontal cortex was used. Additional analyses for the left and right orbitofrontal cortex revealed the same results, i.e., negative correlations between high gamma power and CRP levels (left: −0.822, right: −0.829). For, delta, theta, alpha, beta, and low gamma power, we could not reveal significant correlations.
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FIGURE 2. Upper panel: cluster statistic showing a significant correlation between high gamma power (60–90 Hz) and C-reactive protein levels (CRP) across participants with chronic tinnitus (cluster-p = 0.001, Benjamini-Hochberg adjusted p-value = 0.006). No MEG data was available for the control group. In the tinnitus group, high CRP levels are associated with significantly reduced gamma power (60–90 Hz). This effect is strongest in the left and right orbitofrontal cortices (most prominent correlation in left and right A11 lateral). Lower panel: association between CRP [y-axis: log(CRP)] and mean gamma power (x-axis: Gamma power/noise estimate) retrieved from the obtained significant cluster (averaged over the left and right hemisphere). Dots indicate the individual participants. The red line denominates the least-squares line. Higher CRP values are correlated significantly with reduced gamma power (Pearson’s correlation rho = −0.847,cluster-p = 0.001, Benjamini-Hochberg adjusted p-value = 0.006).






DISCUSSION

The aim of our study was to investigate the association between resting state MEG brain activity and CRP levels in chronic tinnitus. We found a significant negative correlation between high gamma and CRP levels in the BA11 lateral cluster for the tinnitus group. This indicates that low orbitofrontal high gamma power was associated with high CRP. No significant clusters were found for other frequency bands (i.e., delta, theta, alpha, beta, and low gamma).

The decrease of high gamma power in the orbitofrontal cortex when CRP is high can be interpreted as a deactivation of the orbitofrontal cortex associated with high CRP levels. This interpretation is supported by studies showing that the level of high gamma power correlates positively with the BOLD response (Logothetis et al., 2001) and is closely related to the activation of neuronal populations in the orbitofrontal cortex (Rich and Wallis, 2017).

The orbitofrontal cortex is involved in higher order cognitive functions such as sensory inhibition (Ben Shalom and Bonneh, 2019), top-down attentional control (Kam et al., 2021), and emotional regulation (Rolls, 2017). In line with that, orbitofrontal dysfunction has been associated with problems in emotion regulation or impulsive control (fear processing: Hsieh and Chang, 2020; PTSD: Franz et al., 2020; depression: Davidson et al., 2002; methamphetamine dependence: Paulus et al., 2002; Attention-Deficit-Hyperactivity Disorder: Toplak et al., 2005). Moreover, a deactivation of the prefrontal cortex has been related to reduced positive affect (Kringelbach, 2005) and an increase in pain perception (Moont et al., 2011). A deactivation of the orbitofrontal cortex in tinnitus is, therefore, very likely to reflect top-down processes maintaining tinnitus through disinhibition of auditory perception (Ben Shalom and Bonneh, 2019), attentional processes (Kam et al., 2021), or emotional reinforcement (Rolls, 2017). Most interestingly, the orbitofrontal cortex is part of the tinnitus distress network (de Ridder et al., 2011; Elgoyhen et al., 2015; Leaver et al., 2016). Further support for the relationship between a dysfunction of the orbitofrontal cortex and tinnitus comes from voxel-based morphometry, e.g., Mühlau et al. (2006) who showed that the orbitofrontal gray-matter volume is reduced in patients suffering from chronic tinnitus compared to healthy controls. In line with that, Müller et al. (2013) found that the decrease of orbitofrontal gamma power is associated with an increase in tinnitus loudness. We hypothesize that the orbitofrontal cortex could be a major hub in transferring inflammation processes to the tinnitus network and thereby stimulate central neuronal processes that maintain tinnitus. This notion is supported by a study showing that taking Naltrexone, which reduces CRP levels and acts on μ-opioid receptors in the orbitofrontal cortex (amongst other regions) led to a significant reduction of tinnitus distress (Vanneste et al., 2013).

Interestingly, perceived stress was significantly higher in the tinnitus group compared to the control group and an association between CRP and PSS score was only found in the tinnitus group (as well as in the pooled sample). This could mean that, in tinnitus patients, chronic stress triggers inflammatory processes maintaining tinnitus in the central nervous system. Such a mechanism could explain how the above-described tight association between tinnitus and stress is operating in the brain and must be part of future research.

However, due to our cross-sectional design, the direction of the association (i.e., causation) between CRP levels and orbitofrontal gamma power remains unclear. Both directions are conceivable, i.e., inflammation could either cause or exacerbate the tinnitus symptoms, or intrusive tinnitus could raise CRP levels. For instance, hypofunction of the orbitofrontal cortex could disinhibit the tinnitus symptoms, leading to greater distress, which might impact upon stress and sleep, and thereby increasing inflammation. Moreover, a bi-directional or recursive relationship would also be possible. Nevertheless, our study highlights the importance of considering immune-brain communication in tinnitus research.

Our study is subject to some further limitations, of which the most important one is that we did not record MEG data from the control group. However, the significant differences in CRP levels and PSS scores between both groups which were both related with gamma power suggest that the pattern will be different for the controls. This must be investigated in future studies. Moreover, we would like to mention here that, due to the explorative nature of our study, we decided to use rigid statistics capable of testing predominantly large effects across the whole brain. This could have kept us blind for smaller effects in other brain regions or frequency bands. A more fine-grained examination of effects in other frequency bands, brain areas or communication patterns should be addressed in future studies.

Our study provides a number of starting points for future research. The first important next step is replicating our findings within a controlled design. Because our control group was not matched with regards to hearing loss, this should also be addressed in future studies. Moreover, the underlying mechanisms as well as the direction of the association between inflammation and gamma power in the orbitofrontal cortex and the association with stress (including psychological distress as well as physiological stress) must be investigated by means of longitudinal studies.

Despite the still open questions regarding directionality, our findings have important implications for the treatment of tinnitus because they suggest that inflammation-reducing treatments might be suitable. One possibility would be physical activity interventions, which have been shown to be well-suited for reducing CRP levels (Kaltenegger et al., 2021). In general, physical activity has been shown to be suitable for reducing distress, improve mental well-being, and change re-activity of biological stress systems (e.g., Fox, 1999; Huang et al., 2013; Becker et al., 2021b). A potential alternative would be drug treatments which reduce CRP levels, but very few drugs can reduce CRP without treating the underlying pathology (Pepys and Hirschfield, 2003). Overall, there is currently no gold standard for the treatment of chronic tinnitus and not every treatment can reduce the symptoms in every tinnitus patient. One reason for this is that the underlying pathology has not yet been fully understood in any case (Langguth et al., 2019). Our results, which emphasize the role of inflammation, make an important contribution in this direction and it should be investigated in future research whether the suggested inflammation-reducing treatments are indeed also suitable to decrease the tinnitus symptoms.



CONCLUSIONS

Our findings indicate that people with chronic tinnitus have higher CRP levels than healthy controls, which makes them particularly vulnerable. Moreover, our study highlights the role of the orbitofrontal cortex in chronic tinnitus and the importance of considering immune-brain communication in tinnitus research. Most importantly, our study emphasizes the potential of considering inflammation as part of the treatment of chronic tinnitus.
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Noise is generally considered to harm information processing performance. However, in the context of stochastic resonance, noise has been shown to improve signal detection of weak sub- threshold signals, and it has been proposed that the brain might actively exploit this phenomenon. Especially within the auditory system, recent studies suggest that intrinsic noise plays a key role in signal processing and might even correspond to increased spontaneous neuronal firing rates observed in early processing stages of the auditory brain stem and cortex after hearing loss. Here we present a computational model of the auditory pathway based on a deep neural network, trained on speech recognition. We simulate different levels of hearing loss and investigate the effect of intrinsic noise. Remarkably, speech recognition after hearing loss actually improves with additional intrinsic noise. This surprising result indicates that intrinsic noise might not only play a crucial role in human auditory processing, but might even be beneficial for contemporary machine learning approaches.

Keywords: speech processing, auditory perception, hearing loss, stochastic resonance, deep artificial neural networks, dorsal cochlear nucleus, tinnitus mechanisms, Zwicker tone


INTRODUCTION

The term noise usually describes undesirable disturbances or fluctuations, and is considered to be the “fundamental enemy” (McDonnell and Abbott, 2009) for communication and error-free information transmission and processing in engineering. However, a vast and still increasing number of publications demonstrate the various benefits of noise for signal detection and processing, among which the most important phenomena are called stochastic resonance (McDonnell and Abbott, 2009), coherence resonance (Pikovsky and Kurths, 1997), and recurrence resonance (Krauss et al., 2019a).

The term stochastic resonance (SR), first introduced by Benzi et al. (1981), refers to a processing principle in which signals that would otherwise be sub-threshold for a given sensor can be detected by adding a random signal of appropriate intensity to the sensor input (Benzi et al., 1981; Gammaitoni et al., 1998; Moss et al., 2004). SR occurs ubiquitously in nature and covers a broad spectrum of systems in physical and biological contexts (Wiesenfeld and Moss, 1995; McDonnell and Abbott, 2009). Especially in neuroscience, it has been demonstrated to play an essential role in a vast number of different systems (Douglass et al., 1993; Collins et al., 1996; Gluckman et al., 1996; Nozaki et al., 1999; Usher and Feingold, 2000; Ward et al., 2002; Kosko and Mitaim, 2003; Aihara et al., 2008; Faisal et al., 2008). Also, it has already been proposed that spontaneous random activity, i.e., noise, may increase information transmission via SR in the auditory brain stem (Mino, 2014).

In self-adaptive signal detection systems based on SR, the optimal noise intensity is continuously adjusted via a feedback loop so that the system response remains optimal in terms of information throughput, even if the characteristics and statistics of the input signal change. The term adaptive SR was coined for this processing principle (Mitaim and Kosko, 1998, 2004; Wenning and Obermayer, 2003). In a previous study we demonstrated that the auto-correlation of the sensor output, a quantity always accessible and easy to analyze by neural networks, can be used to quantify and hence maximize information transmission even for unknown and variable input signals (Krauss et al., 2017).

In further studies we demonstrated theoretically and empirically that adaptive SR based on output auto-correlations might be a major processing principle of the auditory system that serves to partially compensate for acute or chronic hearing loss, e.g., due to cochlear damage (Krauss et al., 2016, 2018, 2019b; Gollnast et al., 2017; Krauss and Tziridis, 2021; Schilling et al., 2021d). Here, the noise required for SR would correspond to increased spontaneous neuronal firing rates in early processing stages of the auditory brain stem and cortex, and would be perceived as a phantom perception. Remarkably, this phenomenon has frequently been observed in animal models and in humans with subjective tinnitus (Wang et al., 1997; Ahlf et al., 2012; Tziridis et al., 2015; Wu et al., 2016), which in turn is assumed to be virtually always caused by some kind of apparent (Heller, 2003; Nelson and Chen, 2004; König et al., 2006; Shore et al., 2016) or hidden hearing loss (Schaette and McAlpine, 2011; Liberman and Liberman, 2015). From this point of view, phantom perceptions like tinnitus seem to be a side effect of an adaptive mechanism within the auditory system whose primary purpose is to compensate for reduced input through continuous optimization of information transmission (Krauss et al., 2016, 2018, 2019b; Krauss and Tziridis, 2021; Schilling et al., 2021d). This adaptive mechanisms can also be investigated by simulating a hearing loss. Thus, the presentation of a white noise stimulus with a spectral notch, which leads to reduced input in a certain frequency range, leads to better hearing thresholds within this frequency range on the one hand (Wiegrebe et al., 1996; Krauss and Tziridis, 2021) and causes an auditory phantom perception—the so called Zwicker tone (Zwicker, 1964; Parra and Pearlmutter, 2007)—after noise offset, on the other hand.

The dorsal cochlear nucleus (DCN) was shown to be the earliest processing stage, where decreased cochlear input, due to acoustic trauma induced hair cell loss and synaptopathy (Liberman et al., 2016; Tziridis et al., 2021), results in increased spontaneous firing rates (Kaltenbach et al., 1998; Kaltenbach and Afman, 2000; Zacharek et al., 2002; Wu et al., 2016). Interestingly, the amount of this increase in spontaneous activity, i.e., neural hyperactivity, is correlated with the strength of the behavioral signs of tinnitus in animal models (Brozoski et al., 2002; Kaltenbach et al., 2004). Furthermore, the hyperactivity is localized exclusively in those regions of the DCN that are innervated by the damaged parts of the cochlea (Kaltenbach et al., 2002). Gao et al. (2016) recently described changes in DCN fusiform cell spontaneous activity after noise exposure that supports the proposed SR mechanism. In particular, the time course of spontaneous rate changes shows an almost complete loss of spontaneous activity immediately after loud sound exposure (as no SR is needed due to stimulation that is well above threshold), followed by an overcompensation of spontaneous rates to levels well above pre-exposition rates since SR is now needed to compensate for acute hearing loss (Gao et al., 2016). It is well-known that the DCN receives not only auditory input from the cochlea, but also from the somatosensory system (Young et al., 1995; Nelken and Young, 1996; Ryugo et al., 2003; Shore and Zhou, 2006; Koehler and Shore, 2013; Wu et al., 2016; Ansorge et al., 2021; Niven and Scott, 2021), and that noise trauma alters long-term somatosensory-auditory processing in the DCN (Dehmel et al., 2012), i.e., somatosensory projections are up-regulated after deafness (Zeng et al., 2012).

In self-adaptive signal detection systems based on SR, the optimal noise level is continuously adjusted so that the system response in terms of information throughput remains optimal, even if the properties of the input signal change. The term adaptive SR was coined for this processing principle (Mitaim and Kosko, 1998, 2004). An objective function for quantifying information content is the mutual information be- tween the sensor input and the output (Shannon, 1948), which is often used in theoretical approaches (Levin and Miller, 1996; Mitaim and Kosko, 2004; Moss et al., 2004). The choice of mutual information is obvious, since the basic purpose of each sensor is to transmit information to a subsequent information processing system. It has already been shown that the mutual information has a maximum as a function of the noise intensity, which indicates the optimal noise level that has to be added to the input signal in order to achieve optimal information transmission by SR (Moss et al., 2004). A fundamental disadvantage of the mutual information, however, is the impossibility of calculating it in every application of adaptive SR if the signal to be recognized is unknown (Krauss et al., 2017). Even if the underlying signal is known, the use of mutual information in the context of neural network architectures seems to be rather impractical, since its calculation requires the evaluation of probability distributions, logarithms, products and fractions, i.e., operations difficult to implement in neural networks. In an earlier work (Krauss et al., 2017) we were able to show that this fundamental disadvantage can be overcome by another objective function, namely the autocorrelation of the sensor response. Both, the mutual information and the autocorrelation peak at the same noise level. Hence, maximization of the output autocorrelation leads to similar or even identical estimates of the optimal noise intensities for SR as the mutual information, but with the decisive advantage that no knowledge of the input signal is required (Krauss et al., 2017). In contrast to mutual information, the evaluation of autocorrelation functions in neural networks can easily be implemented using delay lines and coincidence detectors (Licklider, 1951). Remarkably, a cerebellar-like neuronal architecture resembling such delay-lines is known to exist in the DCN (Osen et al., 1988; Hackney et al., 1990; Nelken and Young, 1994; Oertel and Young, 2004; Baizer et al., 2012). Therefore, we previously proposed the possibility that the neural noise for SR is injected into the auditory system via somatosensory projections to the DCN (Krauss et al., 2016, 2018, 2019b; Krauss and Tziridis, 2021; Schilling et al., 2021d,2022). The idea that central noise plays a key role in auditory processing has recently gained increasing popularity (Zeng, 2013, 2020; Koops and Eggermont, 2021) and is supported by various findings. For instance, it is well-known, that jaw movements lead to a modulation of subjective tinnitus loudness (Pinchoff et al., 1998). This may easily be explained within our framework, as jaw movements alter somatosensory input to the DCN. Since this somatosensory input corresponds to the noise required for SR, auditory input to the DCN is modulated through this mechanism, and the altered noise level is then perceived as modulated tinnitus (Krauss et al., 2016, 2018, 2019b; Schilling et al., 2021d). Along the same line, one may explain why both, the temporomandibular joint syndrome and whiplash, frequently cause so called somatic tinnitus (Levine, 1999). Another example is the finding of Tang and Trussell (2015, 2017), who demonstrated that somatosensory input and hence tinnitus sensation may also be modified by serotonergic regulation of excitability of principal cells in the DCN. In addition, DCN responses to somatosensory stimulation are enhanced after noise-induced hearing loss (Shore et al., 2008; Shore, 2011). Finally, and most remarkable, electro-tactile stimulation of finger tips, i.e., increased somatosensory input, significantly improves both, melody recognition (Huang et al., 2019) and speech recognition (Huang et al., 2017) in patients with cochlear implants.

However, while we propose the DCN to be the place where auditory input from the cochlea is integrated with neural noise from the somatosensory system, we cannot rule out that SR rather occurs in the ventral cochlear nucleus (VCN) instead (see “Discussion” section).

In order to further support the hypothesis that SR plays a key role in auditory processing, we here present a hybrid computational model of the auditory pathway, trained on speech recognition. An overview of the model layout is provided in Figure 1.
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FIGURE 1. Model layout. The complete model consists of three different modules representing different stages of the auditory pathway in the human brain. The input to the model are single words encoded as wave files with a sampling rate of 44.1 kHz and 1 s duration (A). The cochlea and the spiral ganglion are modeled as an array of 30 band-pass filters (B). The continuous output signal of (B) serves as input to 30 leaky integrate-and-fire-neurons representing the DCN (C). The spike-train output of the DCN model is down sampled and serves as input for a deep neural network that is trained with error backpropagation on the classification of 207 different German words (D). The classification accuracy serves as a proxy for speech recognition (E). In order to investigate the effect of a particular hearing loss, the cochlea output amplitude is decreased by a certain factor independently for all frequency channels (F). White noise representing somatosensory input to the DCN can be added independently to the input of the different leaky-integrate-and-fire-neurons (LIF, G).


The model is not intended to be a fine-grained model of the complete auditory pathway with exhaustive biological detail, but is rather used to demonstrate, analyze and interpret the basic principles of information processing in the auditory system. Thus, we abstracted from most biological details and constructed a coarse-grained model of the cochlea, which does not cover the full potential of cochlear information processing compared to more fine-grained implementations as introduced e.g., by Carney (1993, 2021), Sumner et al. (2002), James et al. (2018), and Verhulst et al. (2018). Thus, Carney and co-workers simulate the cochlea as narrow-band filters but applied a feed-back loop changing the parameters of this filters with intensity (Carney, 1993). Sumner and coworkers model the molecular mechanisms including the distribution of calcium ions and neurotransmitter release (Sumner et al., 2002) in the cochlea and Verhulst and coworkers map their model on existing neurophysiological recordings of human subjects and animals (Verhulst et al., 2018).

In our approach, also the DCN circuitry is not modeled in all detail, but only as a one-layered structure of leaky-integrate-and-fire neurons, which are not interconnected. The aim of our implementation is not to understand the whole auditory pathway in detail, which would be far to ambitious, but to find out if SR could have a significant effect on speech perception. Thus, it is not the aim of the study to analyze the auditory system on an implementational level (see Marrs’ level of analysis; Marr and Poggio, 1979), but to explain the algorithmic level (Krauss and Schilling, 2020; Schilling et al., 2022).

The output of the DCN is fed to a deep neural network trained on word recognition. The deep neural network can be interpreted as a surrogate for all remaining stages of the auditory pathway beyond the DCN up to the auditory cortex. However, it may also be regarded as a tool to quantify the information content of the DCN output. The deep neural network was trained once on a training data set and kept stable for the experiments.

Furthermore, we simulate different levels of hearing loss (cochlear damage) and compare the resulting word recognition accuracies for with the accuracy of the non-disturbed model (i.e., without simulated hearing loss). Subsequently, we add intrinsic noise of different intensities to the model. The overall data flow in our model is depicted in Figure 2.
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FIGURE 2. Data flow in auditory pathway model. The scheme shows how the speech data is processed within the model. The cochlea splits the signal via 30 bandpass filters. The bandpass filtered data is scaled down to simulate a hearing loss. The hearing loss affects only channels within the speech relevant frequency range (orange, green, red). The other frequency channels are unchanged. Neural noise is added to investigate the effect of stochastic resonance (only in hearing impaired channels). The DCN is simulated as 30 LIF neurons. Each LIF neuron represents a complete biological neuron population. The spike data is down-sampled and fed to the deep neural network.


As expected and shown in various experimental studies with human subjects (Lorenzi et al., 2006; Zeng and Liu, 2006) we find in our model that speech recognition accuracy decreases systematically with increasing hearing loss (Zeng and Djalilian, 2010). In the case of additional intrinsic noise, we find SR-like behavior for all levels of hearing loss: depending on the intensity of the noise, accuracy first increases, reaches a peak, and finally decreases again. This means that speech recognition after hearing loss may indeed be improved by our proposed mechanism. A simple increase of the spontaneous activity of the DCN neurons did not lead to an increased speech recognition, which indicates that indeed SR causes the increase in word recognition accuracy. This intriguing result indicates, that SR indeed plays a crucial role in auditory processing, and might even be beneficial for contemporary machine learning approaches.



RESULTS


Dorsal Cochlear Nucleus Model Neurons Show Phase Coupling Below 4 kHz

In order to validate our DCN model, we investigate the spike train output of the 30 leaky integrate- and-fire (LIF) neurons for different sine wave inputs (Figure 3). As described in detail in “Methods” section, the parameters of the LIF neurons are chosen so that the refractory time (0.25 ms) of the neurons does not allow for firing rates above 4 kHz. This is much more than the maximum spiking rate of a biological neuron (400 Hz) (Nizami, 2002). However, the recruitment of several neurons to increase the frequency range in which phase coupling is possible is a core concept within the dorsal cochlear nucleus (Langner, 1988). Thus, in our model 1 simulated LIF neuron represents approximately 10 biological neurons, having individual refractory times above 1 ms.
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FIGURE 3. DCN model response to sine waves. Shown are the spiking outputs of the LIF neurons for sine input with two different constant amplitudes (A: 0.001, B: 0.002), and two different amplitude modulations (C,D). For lower amplitudes (A) and higher frequencies the LIF neurons do not spike at all, whereas for higher amplitudes a rate code can be observed as the neurons’ maximum spiking rate is limited due to the refractory period. The parameters of the LIF neurons are chosen so that there is phase coupling in the frequency range which is relevant for speech perception.


We find that for stimulus frequencies above 4 kHz and amplitudes of 0.001 the LIF neurons do not spike at all (Figure 3A). In contrast, for a larger amplitude of 0.002, a rate coding without phase coupling can be observed (Figure 3B). Furthermore, we find that the LIF neurons are sensitive to amplitude modulations also in the frequency range above 4 kHz (Figures 3C,D). Thus, our DCN neurons are designed so that they allow for phase coupling in the frequency range crucial for speech comprehension, as is known from the human auditory system.



Word Processing From Cochlea to Dorsal Cochlear Nucleus

In analogy to the auditory system, the complex auditory stimuli representing spoken words (Figure 4A) are transformed in the cochlea into continuous signals in a number of different frequency channels, in our model 30. However, the cochlea does not perform a simple Fourier transform, but rather splits the signal into multiple band pass filtered signals, thereby preserving the complete phase information (Figure 4B). For the purpose of simplicity, in the context of our model we assume that the auditory nerve fibers directly transmit this analog signal to the DCN, which is regarded to be a special feature of the auditory system (Kandel et al., 2000; Young and Davis, 2002).
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FIGURE 4. Exemplary processing of a word in cochlea and DCN model. (A) The first 0.2 s of audio data of the German word “die” (the). (B) The 30 frequency components (blue without hearing loss, orange with hearing loss) after the first part of the model, which represents the cochlea and the spiral-ganglion (Figure 1A). A virtual hearing loss is applied by weakening the signal at a certain frequency range (e.g., 400 Hz–4 kHz, −30 dB). The bandpass filtered signal (matrix of 30 frequency channels and fs × signal duration) is fed to the LIF neurons (refractory time: ≈ 0.25 ms) and spike trains (C) are generated. These spike trains are down-sampled by a factor of 5 and fed to the deep neural network (D). (E) The same signal (of panel D) with added hearing loss of 30 dB in the frequency range 400 Hz–4 kHz being the speech relevant range.


The analog signals are then further transformed into spike train patterns in the DCN (Figure 4C). Thus, each spoken word is represented as a unique spiking pattern with a dimensionality of 30 × N, where 30 corresponds to the number of frequency channels and N is the sampling rate in Hz times the word length in seconds. Note that we down-sampled these matrices by a factor of five from 44,100 to 8,200 Hz for deep learning (Figure 4D). This does not affect the phase coupling information in the speech relevant frequency range. In order to analyze speech processing in an impaired auditory system, we simulated a hearing loss in the speech relevant frequency range (400 Hz–4 kHz) by decreasing the cochlea output amplitudes by a certain factor. The weakened cochlea outputs and the resulting modified DCN spike train outputs are shown in Figures 4B,C, where orange corresponds to an exemplary hearing loss of 30 dB, and blue corresponds to the undisturbed signals, i.e., without hearing loss. The corresponding down sampled spike pattern matrices used as test data for the deep neural network, are shown in Figure 4D (without hearing loss) and in Figure 4E (with 30 dB hearing loss). We provide an exemplary overview of the effect of different hearing losses from 0 to 45 dB on the spike pattern matrices in Figure 5.
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FIGURE 5. Compressed spike patterns with added hearing loss. The figure shows the down-sampled spike patterns of the same word as shown in Figure 4. The speech relevant frequency range (400 Hz–4 kHz) is artificially weakened (hearing loss). Panles (A–J) refer to hearing losses 0–45 dB.




Intrinsic Noise Partially Restores Spike Patterns After Simulated Hearing Loss

To test the putative beneficial effect of intrinsic noise in case of hearing loss, we analyzed spiking patterns generated with and without intrinsic noise and compared them with the corresponding undisturbed patterns (Figure 6). In Figure 6A a sample spike pattern in case of no hearing loss is shown as reference. As expected, a simulated hearing loss of 30 dB in the frequency range of 400 Hz to 4 kHz leads to a decreased spiking activity (Figure 6B), which can be partially restored by the addition of intrinsic noise with optimal intensity (Figure 6C).
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FIGURE 6. Effect of intrinsic noise on the DCN output patterns. (A) Spiking without HL (same as in Figure 5A). (B) Spiking with a HL of 30 dB (same as Figure 5G). (C) Spiking activity with HL and intrinsic noise of optimal intensity. Additional white noise increases spiking activity. (D) Point-to-point comparison of spiking patterns for no HL and with HL and intrinsic noise. Shown are only spikes that occur in both cases, i.e., that are not affected by HL or that are correctly restored by noise. (E) Point-to-point comparison of spiking patterns for no HL with HL and without intrinsic noise. Shown are only spikes that occur in both cases, i.e., that are not affected by HL. (F) Intrinsic noise of optimal intensity not only restores spikes correctly (yellow), but also introduces false positive spikes (dark blue). Intrinsic noise restores spatio-temporal spiking patterns correctly, yet with some temporal shift (green boxes in panels A,C, zoom of spike pattern in green box).


A point-to-point comparison of the spikes resulting from the undisturbed system (no hearing loss) with the spikes resulting from hearing loss and additional intrinsic noise, demonstrates that there is indeed some improvement. In Figure 6D only those spikes are shown that occur in both mentioned cases. In contrast, there are less spikes resulting from hearing loss without intrinsic noise (Figure 6E). Further analysis yield that intrinsic noise not only restores spikes correctly (Figure 6F, yellow), but also introduces false positive spikes (Figure 6F, blue). However, a direct point-to-point comparison of spike patterns does not fully capture the benefit of intrinsic noise. As shown in Figures 6A,C (green boxes), intrinsic noise even restores larger spatio-temporal spiking patterns correctly, yet with some temporal shift.



Intrinsic Noise Improves Accuracy for Speech Recognition After Simulated Hearing Loss

We also analyzed the effect of intrinsic noise on speech recognition accuracy in case of hearing loss in different scenarios. Using our custom-made data set, we investigated hearing loss in two different frequency ranges. Furthermore, using the free spoken digit data set (FSDD) data set, we investigated hearing loss using two different neural networks. In all cases, we find that intrinsic noise of appropriate intensity improves accuracy for speech recognition after simulated hearing loss. Note that the weights of the deep neural network are kept constant for all further analyses. Thus, the relative accuracy is normalized to the original test accuracy (0.37) of the undisturbed network.



Custom-Made Data Set and Hearing Loss in the Frequency Range of 400 Hz–4 kHz

For the first scenario, we used a convolutional neural network (Table 1) trained on our custom-made data set. After training, we simulated a hearing loss in the frequency range of 400 Hz to 4 kHz which is known to be crucial for speech comprehension in humans (Fox, 2006). The effect of improved or decreased speech comprehension is quantified by the classification accuracy of the words (test accuracy). The classification accuracy as a function of the hearing loss has a biologically plausible sigmoid shape (Figure 7A dark blue curve). The test accuracies as a function of the added noise for different hearing losses show a clear resonance curve with a global maximum (Figure 7B). For a hearing loss of about 20 dB, the relative improvement of speech comprehension is more than doubled (Figure 7C). Furthermore, it can be shown that the optimal noise level correlates with the hearing loss (Figure 7D). This effect is plausible as for a weaker signal a higher noise amplitude is needed to lift the signal over the threshold of the LIF neurons. In summary, it can be stated that the addition of noise can lead to an improved speech comprehension for all hearing losses. This fact can be seen in Figure 7A, where the cyan curve shows the test accuracy as a function of the hearing loss with the ideal amount of added Gaussian noise.


TABLE 1. Exact parameters of the used deep convolutional network (main analysis).
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FIGURE 7. Effect of SR on speech recognition. (A) The curve shows the relative accuracy of the trained neural network as a function of the hearing loss (red dashed line: chance level; [image: image]). The hearing loss (5–50 dB, 5 dB steps, frequency range of HL: 400 Hz–4,000 Hz) was implemented in the test data set and propagated through the pre-trained network. Thus, the cochlea output was multiplied with an attenuation factor ([image: image]). This output was then transformed using the integrate-and-fire neurons and fed in the neural network. (B) Relative accuracy as a function of the applied noise level for different hearing losses. Resonance curves with one global maximum at a certain noise level > 0 could be shown. (C) Best relative improvement as a function of the hearing loss. (D) Optimal noise level as a function of the hearing loss.




Custom-Made Data Set and Hearing Loss in the Frequency Range Above 4 kHz

Since many people suffer from hearing losses in the high frequency range (Ciorba et al., 2011). In the next step, the stochastic resonance effect is analyzed for a high frequency range hearing loss starting at a frequency of 4 kHz. It can be shown that the high frequency loss does not affect the speech comprehension abilities in the same manner as hearing losses in the critical frequency range between 400 Hz and 4 kHz (Figure 8A). The relative accuracy does not drop below a value of 50%. Thus, the effect of stochastic resonance is also reduced (Figure 8B), which means a maximal relative improvement of approximately 10% (Figures 8C,D). Furthermore, there is no real resonance curve with one maximum at a certain noise frequency but a second maximum at a higher noise level (Figure 8B). To put it in a nutshell, we can state that the addition of noise can lead to a significant improvement of speech recognition.
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FIGURE 8. Effect of SR on speech recognition (high frequency hearing loss). Same analysis as shown in Figure 7 for high frequency hearing loss. (A) The plots show the relative accuracy of the trained neural network as a function of the hearing loss (red dashed line: chance level). The high frequency hearing loss lead to different effects (10–50 dB, 10 dB steps, frequency range of HL: above 4,000 Hz). (B) The relative accuracy as a function of the noise has no clear maximum above the value for no added noise (nearly no SR). Furthermore, a second local maximum occurs. (C) The best relative improvement does not significantly increase over 10%. (D) Optimal noise level as a function of hearing loss shows similar behavior as for the hearing loss in the speech relevant frequency range (cf. Figure 7).




Custom-Made Data Set and Hearing Loss With Non-linearity in the Frequency Range of 400 Hz to 4 kHz

So far, we simulated linear hearing loss in the model cochlea. However, it is known that different damages to the cochlea or the synapses from the cochlea to the cochlear nuclei yield to different degrees of non-linearity in hearing loss. Therefore, we also tested our model with an additional threshold of −50 dB, i.e., all values above [image: image] and below [image: image]≈ 0.003 are set to zero. Also in the case of an additional hard threshold, leading to real information loss, the SR effect still works. The added noise leads to a signal enhancement. Thus, the signal causes more spiking in the DCN (Figure 9A). Consequently, the relative speech recognition accuracy is partly restored by SR (Figure 9B).


[image: image]

FIGURE 9. SR effect with additional threshold. (A) Example of signal after simulated cochlea for one frequency channel and an additional threshold of −50 dB (−50 dB means that all values above [image: image] and below [image: image]≈ 0.003 are set to zero). This threshold is introduced to show that the SR effect also works when hearing loss leads to a real information loss. The noise leads to a signal enhancement (cyan curve). Thus, the signal causes more spiking in the DCN (cyan dots compared to brown dots). (B) Relative accuracy as a function of the amplitude of the added noise. SR resonance partly restores the accuracy. For very high thresholds, where main parts of the signals are deleted, the SR does not restore the accuracy.




Free Spoken Digit Data Set Data Set and Hearing Loss in the Frequency Range Above 400 Hz

In order to further demonstrate that the reported results are not limited to a certain data set, natural language or neural network architecture, we repeated our analyses using two further neural networks, an alternative convolutional neural network architecture (Table 2) and a network with Long-Short-Term-Memories (Table 3), both trained and tested on English language, i.e., the FSDD data set (Figure 10). A hearing loss in the critical frequency range for speech comprehension leads to a decrease in the classification accuracy (10a for the convolutional network and 10c for the Long- Short-Term-Memory network). Furthermore, the stochastic resonance effect in terms of a clear resonance curve with one maximum can be observed (Figures 10B,D).


TABLE 2. Exact parameters of the used deep convolutional network (FSDD data set).
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TABLE 3. Exact parameters of the used LSTM network (FSDD data set).
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FIGURE 10. The SR resonance effect in different network architectures using the FSDD data set. (A) The plot shows the test accuracy as a function of the applied hearing loss for a deep convolutional network architecture (dark blue, starting at 400 Hz, exact network architecture shown in Table 2) trained on English words (digits: 0–9). The impaired speech comprehension by the hearing loss can be partly compensated by adding Gaussian noise (stochastic resonance). The cyan curve shows the improvement of speech comprehension for the optimal noise level (maxima values in panel B). (B) Test accuracy for different hearing losses (shades of blue) as a function of the added noise. The maxima show that SR can help to restore speech comprehension. (C) Similar analysis as shown in panel (A) for a two layer LSTM network (exact network architecture shown in Table 3); (D) Similar analysis as shown in panel (B) for the LSTM architecture. The improvement of speech perception in impaired systems (hearing loss) is a universal principle and does not depend on the used neural network.





METHODS


Computational Resources

The simulations were run on a desktop computer equipped with an i9 extreme processor (Intel) with 10 calculation cores. Furthermore, the machine learning was run on the same computer on two Nvidia Titan XP graphical processor units. To test the validity of our calculations the simulations were performed on two different code bases. The main results based on our own speech data set are mainly based on Numpy (Walt et al., 2011) and SciPy (Jones et al., 2001) calculations. The convolutional network was implemented in Keras (Chollet, 2018) with Tensorflow (Abadi et al., 2016) back-end. All main results were confirmed by analyzing a standard speech data set—the so called Jakobovski free spoken digit data set (FSDD) (Jackson et al., 2018), containing spoken numbers from 0 to 9 in English language in accordance to the MNIST data set with written digits in this range (LeCun et al., 1998). This was done using a completely new code base exclusively build of KERAS layers. Thus, a custom-made KERAS layer implemented as sinc FIR filters for the cochlea layer as well as the leaky-integrate-and-fire neurons were implemented. All plots were created using the Matplotlib Python library (Hunter, 2007) and plots were arranged using the pylustrator (Gerum, 2020).



Layout of the Computational Model and General Approach

The model comprises three modules (Figure 1): (1) an artificial cochlea modeled as an array of band-pass filters, (2) a model of the dorsal cochlear nucleus (DCN), implemented as an array of leaky integrate-and-fire (LIF) neurons, and (3) a deep neural network, that represents all further processing stages beyond the DCN up to the auditory cortex and higher, language associated, cortex areas.

The input to the model are single words of spoken language encoded as wave files with a sampling rate of 44.1 kHz and 1 s duration (Figure 1A). These wave files represent the acoustic input of speech to the auditory system, and are processed in the first module of the model representing the cochlea and the spiral ganglion (Figure 1B). Like in previously published models (Moore and Glasberg, 1983; Houser et al., 2001; Sayles and Winter, 2010), this module is implemented as an array of rectangular band-pass filters. In order to limit the total computation time, we restricted our model to 30 band-pass filters, instead of the actual amount of approximately 3,500 inner hair cells in the human cochlea (Nadol, 1988). According to the physiology of the cochlea (Russell and Nilsen, 1997), the center frequencies of the band-pass filters are chosen such that they cover the frequency range from 100 Hz to 10 kHz in logarithmic steps.

The continuous multi-channel output of the band-pass filter array serves as input to an array of 30 LIF neurons (Burkitt, 2006) representing the DCN (Figure 1C). We here applied a one-to-one mapping from band-pass filters to model neurons, i.e., we do not explicitly account for putative cross-talk between neighboring frequency channels. However, since both the cochlea and the DCN model only consist of 30 different frequency channels, each of these channels may be regarded as an already coarse grained version of approximately 100 different frequency channels that exist in the human auditory system. Thus, eventual cross-talk is implicitly implemented in our model within each of the 30 modeled channels. The output of our DCN model comprises the spike trains of the 30 LIF neurons. Note that, in our DCN model, a single LIF neuron represents approximately 10 biological neurons processing the same frequency channel (Kandel et al., 2000).

In our cochlea and DCN model, the outputs of the band-pass filters and the membrane potentials of the LIF neurons change with the same rate (44.1 kHz) as the wave file input. However, the LIF neurons spike at lower average rates, due to their refractory period. It is therefore possible to down-sample this sparse output spike train, thereby reducing the data volume for the subsequent deep neural network. In order to preserve enough temporal information for phase coding, we down-sample the DCN output only by a factor of five, so that the 44,100 momentary amplitudes of the input wave file per second are finally transformed into a binary 30 × 8,820 matrix.

These binary matrices serve as training input for the deep neural network, representing all further processing stages beyond the DCN up to the auditory cortex and higher, language associated, cortex areas. The neural network consists of four convolutional layers and three fully connected layers, and is trained with error backpropagation on the classification of 207 different German words (Figure 1D). The resulting classification accuracy of the trained network serves as a proxy for speech recognition (Figure 1E).

In order to simulate a particular hearing loss, the output amplitudes of the cochlea model are decreased by a certain factor, independently for the different frequency channels (Figure 1F). Subsequently, these modified cochlea outputs are further processed in the LIF neurons, finally resulting in a new binary matrix for each word for a particular hearing loss. These new matrices then serve as test data for the previously trained deep neural network, yielding a new classification accuracy. By comparing the reference test accuracy (without any hearing loss) with the new test accuracy, the effect of a particular hearing loss on speech recognition was estimated.

Optionally, Gaussian noise with zero mean and a certain standard deviation, representing somatosensory input to the DCN, was added independently to the input of each LIF neuron (Figure 1G). Here, the standard deviation corresponds to the noise intensity. As described before, again this finally results in a new binary matrix for each wave file, yet corresponding to a particular hearing loss and, in addition, also to a particular set of frequency channel specific noise intensities. Again, all these new matrices serve as test data for the deep neural network. By comparing the reference test accuracy (without any hearing loss and noise) with the new test accuracy, the effect of particular noise intensities on speech recognition with a certain hearing loss was estimated. A sketch of the complete data flow in case of certain hearing loss and additional noise is depicted in Figure 2.



Simplified Model of the Cochlea

The cochlea is simulated as 30 Butterworth bandpass filters (3rd order) with no overlapping bands. These 30 bandpass filters are a simplification of the more than 3,000 inner hair cells of the human cochlea (Dallos, 1992). In contrast to other complex cochlea models (Tan and Carney, 2003; Chambers et al., 2019), this simplification of the dynamics of the inner hair cells was chosen to derive basic principles and to increase interpretability. The center frequencies (of the bandpass filters) are between 100 Hz (minfreq.) and 10 kHz (maxfreq.) including the complete frequency range needed for speech comprehension. The center frequencies are chosen to grow exponentially [centerfreq. = minfreq. ⋅ factori with i ∈ {0,1,…,29} and factor = [image: image]]. Thus, for higher frequencies the spacing of the center frequencies becomes larger in analogy to the tonotopy of the human cochlea (Kandel et al., 2000; Fox, 2006). The width of the bandpass filters is defined as [centerfreq. factor–0.5, centerfreq. factor0.5].



Model of the Dorsal Cochlear Nucleus

The dorsal cochlear nucleus (DCN) was modeled as 30 leaky integrate-and-fire (LIF) neurons (Burkitt, 2006), each of these neurons is connected to one frequency channel of the cochlea. Thus, no lateral inhibition was realized to focus on the core effects. The maximum spiking rate of the simulated LIF neurons is approximately 4 kHz (trefrac. = [image: image]≈[image: image]S = 0.25 ms, trefrac.: refractory time), which is much more than the maximum spiking rate of a biological neuron (400 Hz) (Nizami, 2002). Thus, in the simulation 1 LIF neuron represent approximately 10 real neurons. The recruitment of several neurons to increase the frequency range in which phase coupling is possible is a core concept within the dorsal cochlear nucleus (Langner, 1988). The numerical integration of the LIF neurons was performed using the “Euler” method, as this method lead to the lowest computational complexity compared to “Heun” and “Runge Kutte”—being standard integration techniques (Fathoni and Wuryandari, 2015)—without causing significant inaccuracies.



Model of Brain Stem and Cortex

The neural processing stages of the auditory pathway above the DCN including superior olive, lateral lemniscus, inferior colliculus, medial corpus geniculatum in the thalamus, and auditory cortex are modeled as a deep neural network (Kandel et al., 2000). For our main simulations with the custom-made data set we used a Deep Convolutional Neural Network (LeCun et al., 2015) (for architecture and exact parameters see Table 1). For the FSDD data set we used a slightly different architecture (Table 2). Furthermore, we also used Deep LSTM networks (Hochreiter and Schmidhuber, 1997) to double-check the validity and universality of the beneficial effects of intrinsic noise (Table 3).



Data Sets


Custom-Made Data Set

Our custom-made data set created for the purpose of the present study was recorded from 12 different speakers (6 male, 6 female) in a range of 20–61 years. The data was recorded with a sampling rate of 44.1 kHz bit using Audacity. Each participant had to speak the 207 most common German words 10 times each. After recording, the data was labeled using forced alignment and cut into 1 s intervals. The data from 10 participants served as training data set, whereas the data from the two other speakers was used as test data set. All evaluations, i.e., simulated hearing loss and effect of intrinsic noise, were based on the modified test data.



Ethics Statement

All experiments were performed in accordance with relevant guidelines and regulations. Informed consent was obtained from all subjects. According to the Ethics Committee of the University Hospital Erlangen, no further ethics approval was required since non-invasive studies like this are exempted from formal ethics approvals.



Free Spoken Digit Data Set Data Set

The second used data set is an open data set consisting of spoken digits (0–9)–in analogy to the MNIST data set– in English. The data set is sampled with 8 kHz and consists of 2,000 recorded digits from four speakers (Jackson et al., 2018). Here the first five repetitions of for each speaker and each digit are used as test data, the respective remaining 45 repetitions serve as training data.




Training of Deep Neural Networks With Undisturbed Test Data

As described above the complete auditory pathway beyond the DCN, including the superior olive, lateral lemniscus, inferior colliculus, medial geniculate corpus, and the auditory cortex, is modeled as a deep neural network which is trained on the classification of 207 different German words (custom- made data set), or 10 English words corresponding to the digits from 0 to 9 (FSDD data set; Jackson et al., 2018), respectively. In both cases the compressed, i.e., down sampled, DCN output matrices served as training and test data input.

In case of our custom-made data set, the network is exclusively trained on the data of 10 out of 12 speakers, while the remaining two speakers serve as test data. Furthermore, for network training we used only those compressed spike train matrices that correspond to the undisturbed system, i.e., without hearing loss and added noise. Due to the image-like features of the compressed spike pattern matrices [similar to frequently used Mel spectrograms (Meng et al., 2019) in speech recognition, the deep neural network mainly consisted of convolutional layers. The exact architecture and all parameters are provided in Table 1]. For training on our custom-made data set, the maximum test accuracy (0.37) significantly decreases after 20 epochs of training, and thus we applied the early stopping procedure (Caruana et al., 2001) to prevent the network from overfitting. The trained networks were used for all further analyses with different modifications of the test data set, i.e., different hearing losses and different intensities of intrinsic noise.



Simulation of Hearing Loss

The hearing loss was simulated by a linear attenuation of the cochlear output at the affected frequency ranges. Thus, a hearing loss of X dB means that the outputs of the affected frequency channels are multiplied with the factor [image: image]. Additionally, for further experiments we added a real information loss by setting an additional threshold. A threshold of -X dB means that all values, where the absolute value is smaller than the threshold value [image: image] are set to 0 (see Figure 9A).




DISCUSSION

In this study, we demonstrated with a computational model of the auditory system that noise added to the DCN may improve speech recognition after hearing loss, by means of SR. The relative benefit of SR turned out to be largest for hearing losses between 20 and 30 dB.

Because SR works by partly restoring missing information in the input data, adding noise improves the classification accuracy of the neural network even after the training period is finished. This stands in contrast to machine learning techniques that achieve an increased robustness and generalization ability by purposefully using noisy training data from the beginning (Karpukhin et al., 2019), or by adding artificial noise during the training period (An, 1996; Zhao et al., 2019).

Furthermore, this is also the crucial difference between the SR model of auditory perception and alternative central gain models. Instead of restoring the average spontaneous neural activity after hearing loss, SR increases the information transmitted to the auditory system.

In our work, we first train the neural network for speech recognition, then simulate a hearing loss, and finally reduce this loss by adding noise. This approach is biologically plausible, as also the brain is trained on speech recognition during childhood (Dabrowska and Kubinski, 2004; Gervain, 2015), where hearing ability is usually optimal [Indeed, hearing impairment in childhood can lead to problems in language acquisition, which cannot be fully cured in adulthood (Pimperton and Kennedy, 2012)]. In the coarse of a lifetime, hearing ability becomes permanently (Gates and Mills, 2005; Huang and Tang, 2010) or temporarily worse (Willott and Lu, 1982), often due to high amplitude sound exposure.

We have proposed that hearing ability can be restored by a control cycle embedded in the brain stem, along the auditory pathway, which uses internal neural noise to exploit the effect of stochastic resonance (Krauss et al., 2016). Thus, it is supposed that the neural activity in damaged frequency channels is up-regulated by internally generated noise to restore hearing within this frequency range. Indeed, simulated transient hearing loss improves auditory detection thresholds (Krauss and Tziridis, 2021).

Overshooting of this noise up-regulation is proposed to be the origin of tinnitus (Krauss et al., 2016). Our model could provide an interesting explanation for overshooting internal noise: In our simulation of high frequency hearing loss, we found that the accuracy as a function of the added noise has not only a single maximum, as expected for a resonance curve, but features a second maximum at a higher noise level (Figure 8B). If the neural control cycle would be drawn to this secondary maximum, this might explain an overshooting of the neural noise and the corresponding emergence of tinnitus (Krauss et al., 2016, 2017; Schilling et al., 2021d). Another potential cause of tinnitus arises from the fact that phase locking, the encoding of a signal’s phase information in neural spike trains, is only possible for frequencies up to 4 kHz, the maximum spike rate of the DCN neurons (Figure 3A).

The stochastic resonance effect probably works only below this limit frequency, and thus it is not clear whether (or how) the neural control system compensates for the hearing loss in the frequency range above 4 kHz, as it has no real maximum to optimize for. Potentially, the tuning of the noise parameters in this frequency regime is done only by random trial. This model would fit to the observation that tinnitus mainly occurs in the high frequency range (Gollnast et al., 2017).

While we propose the DCN to be the place where auditory input from the cochlea is integrated with neural noise from the somatosensory system, we cannot rule out that SR rather occurs in the ventral cochlear nucleus (VCN) instead. Our LIF neurons correspond to narrow band neurons, which transform their cochlear input with minimal processing into spike trains. Neurons like e.g., bushy cells with such primary-like responses that show increased spontaneous firing rate after hearing loss are known to exist also in the VCN (Martel and Shore, 2020). In contrast, DCN neurons show strong non-linearities in sound processing through inhibitory shaping of their responses by inhibitory inter-neurons (Young and Davis, 2002; Oertel and Young, 2004). This circuitry might be the correlate of the noise-adjusting feedback-loop proposed in our model. For the sake of simplicity, we did not explicitly model this exact circuitry. Furthermore, the VCN is also innervated by trigeminal nerve fibers (Wu et al., 2015, 2016) which may be the source of the neural noise for SR. However, the DCN identification is not necessary for our model to work, and the identification of our model LIF neurons as VCN neurons would be possible as well.

We were able to show that neural noise could potentially help to increase speech comprehension in neural systems in a computational model of the auditory pathway. Even though, previous studies suggested a benefit of SR of only about 5dB (Zeng et al., 2000; Krauss et al., 2016; Gollnast et al., 2017), an accuracy improvement of up to a factor of 2 is possible. This model provides new insights how the auditory system optimizes speech comprehension on small time scales, and why this processing was evolutionary preserved even though, tinnitus results in strong psychiatric burden: comprehension of natural speech (Schilling et al., 2021c; Garibyan et al., 2022) is essential for humans. More general, recognition of communication sounds can be assumed to be essential for all social species, in particular mammals. This may explain why behavioral and neural correlates of tinnitus are also frequently observed in rodents.

Furthermore, we could give a mechanistic explanation of the development and characteristics of tinnitus perception. These finding could have a major impact on medical treatment of phantom perceptions, but on the other hand raises new research questions in the field of engineering.

However, it has to be stated that the SR model of tinnitus development is by no means complete. While our model provides a valid explanation for acute tinnitus perceived directly after noise trauma, and also explains why a tinnitus percept could be suppressed by acoustic noise of low intensity (Schilling et al., 2021a; Tziridis et al., 2022), it does not include long-term neural circuit-level effects (Jeschke et al., 2021) due to neural plasticity. Furthermore, our model is [like the central gain (Auerbach et al., 2014) and the lateral inhibition model (Gerken, 1996)] a pure bottom-up model, which means that cortical or thalamocortical top-down modulations are not regarded. Note that, we do not discuss further bottom-up models of tinnitus development in detail, as these models make no predictions on speech perception benefit of tinnitus after hearing loss (for an in-depth comparison of the different models, see Schilling et al., 2022). In contrast to bottom-up models, top- down models play a crucial role in understanding why brainstem hyperactivity passes the “gate to consciousness” (the thalamus) and results in suffering a psychic burden. Furthermore, attention effects also play a crucial role in stress related modulations of tinnitus loudness (Mazurek et al., 2015). Thus, some models describe the conscious tinnitus percept as a consequence of thalamocortical dysrhythmia. This dysrhythmia is induced by changed thalamo-cortical signal transmission, which is a result of reduced resp. increased sub-thalamic input to the medial geniculate body (Llińas et al., 1999; De Ridder et al., 2015; Gault et al., 2018). More recent approaches suggest that tinnitus is a prediction error and formalize their models within the Bayesian brain framework (Sedley et al., 2016; Hullfish et al., 2019; De Ridder and Vanneste, 2021). In summary, it is necessary to merge bottom-up and top-down models of tinnitus development to achieve a unified explanation of tinnitus development (Schilling et al., 2022). Our bottom-up model has not exclusively explanatory power but might also serve as source of inspiration for advanced machine learning approaches.

Furthermore, the effect of SR could be used to improve sensory systems (Krauss et al., 2017). Although noisy data is already used to make machine learning approaches more stable and less vulnerable to small distortions (e.g., Neelakantan et al., 2015; Gulcehre et al., 2016), the SR phenomenon can be used in a different way. Thus, feedback loops could be implemented in artificial intelligence systems, which are optimized on finding the ideal noise level to make a signal detectable. This approach goes well beyond already established techniques in artificial intelligence research.

Our study provides evidence that an interplay of deep learning and neuroscience helps on the one hand to raise understanding of the function of biological neural networks and cognition in general (e.g., Schilling et al., 2018, 2021b; Krauss et al., 2019a,c, d, 2021; Gerum et al., 2020; Krauss and Maier, 2020; Bönsel et al., 2021; Metzner and Krauss, 2022), an emerging science strand referred to as cognitive computational neuroscience (Kriegeskorte and Douglas, 2018). On the other hand, fundamental processing principles from nature—such as stochastic resonance—can be transferred to improve artificial neural systems, which is called neuroscience-inspired AI (Hassabis et al., 2017; Gerum et al., 2020; Gerum and Schilling, 2021; Yang et al., 2021; Maier et al., 2022).
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Background: Depression and anxiety are known to be associated with stress-induced changes in the immune system. Bothersome tinnitus can be related to stress and often co-occurs with depression and anxiety. This study investigates associations of psychological and audiological tinnitus-related factors with inflammatory parameters and immune cell subsets in chronic tinnitus patients as well as treatment-related effects.

Methods: This longitudinal study of inpatients treated with compact multimodal tinnitus-specific cognitive behavioral therapy included four repeated measurement sessions: baseline (N = 41), treatment end, 7.8-week (N = 35), and 13.8-week follow-up (N = 34). Data collection included audiometric testing, blood sampling, and psychometric questionnaires: Tinnitus Handicap Inventory (THI), Perceived Stress Questionnaire (PSQ-20), and Hospital Anxiety Depression Scale (HADS). Flow cytometry was used to analyze immune cell subsets. Statistical analyses comprised correlation and network analysis (cross-sectional), and linear mixed effect models (longitudinal).

Results: Bootstrapped network analysis showed negative averaged cross-sectional associations of cytotoxic natural killer (NKc) cell frequency (CD56 + CD16+) and PSQ-20 (−0.21 [−0.48, 0]) and of regulatory natural killer (NKreg) cell frequency (CD56 + CD16dim/−) and HADS anxiety (−0.14 [−0.38, 0]). No significant treatment effects were found. A negative predictive effect of baseline PSQ-20 scores (β = −6.22 [−12.18, −0.26], p = 0.041) and a positive predictive effect of baseline ferritin levels (β = 8.90 [2.76, 15.03], p = 0.004) on NKc cell frequency across the repeated measurement sessions were observed.

Conclusion: We observed negative relationships between perceived stress levels and NKc cell frequency and between anxiety levels and NKreg cell frequency in chronic tinnitus patients. These exploratory results suggest stress−/anxiety-related immune alterations in bothersome tinnitus but need to be tested in further confirmatory studies with larger sample sizes. The potential of NK cells as biomarkers of emotional distress in chronic tinnitus should be further investigated.

Keywords: tinnitus, stress, natural killer cells, depression, anxiety, inflammation, immune phenotyping


INTRODUCTION

Psychological stress, both acute and chronic, is known to influence the immune system (Segerstrom and Miller, 2004). Chronic stress-induced inflammation appears to play an important role in both anxiety and mood disorders (Salim et al., 2012; Slavich and Irwin, 2014; Wohleb et al., 2015; Otte et al., 2016; Michopoulos et al., 2017). Major depressive disorder (MDD) is not only characterized by stress-mediated alterations of the immune system but the interplay between innate and adaptive immunity and neuroendocrine circuits may be implicated in its pathophysiology (Haapakoski et al., 2016).

Numerous alterations in the peripheral immune system have been described in patients with MDD, including increased pro-inflammatory cytokine levels, namely interleukin(IL)-6 and tumor necrosis factor(TNF)-α (Dowlati et al., 2010), and reduced lymphocyte proliferation and decreased natural killer (NK) cell cytotoxicity (Zorrilla et al., 2001). Moreover, several findings indicate altered frequencies of immune cells subsets in depression, including a shift in the monocyte phenotype (Hasselmann et al., 2018; Lynall et al., 2020), decreased percentages of NK cells (Suzuki et al., 2017; Patas et al., 2018; Schiweck et al., 2020), increased percentages of helper T cells (Lynall et al., 2020; Schiweck et al., 2020), increased or decreased percentages of regulatory T cells (Li et al., 2010; Grosse et al., 2016; Suzuki et al., 2017; Patas et al., 2018), and increased percentages of B cells (Schiweck et al., 2020). For other stress-associated disorders such as posttraumatic stress disorder (PTSD), similar immune alterations have been observed with increased pro-inflammatory cytokine levels and altered immune cell distributions (Michopoulos et al., 2017).

Tinnitus often occurs in combination with stress-related psychological disorders, with prevalence rates of 33% for depression (Salazar et al., 2019) and 45% for anxiety disorders (Pattyn et al., 2016). Psychological factors seem to be associated with both the presence and severity of chronic tinnitus (Trevis et al., 2018) and the impact of tinnitus on quality of life can be reduced by cognitive behavioral therapy (CBT; Fuller et al., 2020). The role of (chronic) stress appears to be particularly important in bothersome tinnitus (Hébert et al., 2017; Mazurek et al., 2019; Elarbed et al., 2021), i.e., tinnitus that is associated with suffering and emotional distress.

Immunological disturbances in tinnitus (Szczepek and Mazurek, 2017; Haider et al., 2021; Kang et al., 2021) might represent a possible link between bothersome tinnitus and depression/anxiety. Immune alterations in chronic tinnitus have not yet been studied extensively, but some previous findings include increased inflammatory parameters such as neutrophil-to-lymphocyte ratio (NLR; Ozbay et al., 2015; Yildiz et al., 2020; Demir, 2021) and positive associations between tinnitus-related distress and TNF-α (Szczepek et al., 2014). Furthermore, stress-mediated immune alterations in tinnitus could potentially be positively influenced by psychological treatment. This is suggested by a study in which a reduction in TNF-α levels and a concomitant reduction in tinnitus disturbance, perceived stress levels, anxious depression, and anger symptoms were observed after a 10-week relaxation program in chronic tinnitus patients (Weber et al., 2002).

The present study aims to evaluate stress-mediated changes in inflammatory parameters and immune cell subsets in chronic tinnitus by investigating their association with psychological and audiological tinnitus-related factors. Moreover, this study aims to assess possible treatment-related changes in relevant inflammatory and immune indices by tinnitus-specific CBT. This might provide insights into the effectiveness of CBT-based treatment to improve potential immunological alterations in chronic tinnitus. Participants were investigated before compact multimodal tinnitus-specific CBT, directly after, and at a planned 6- and 12-week follow-up to assess cross-sectional associations as well as treatment-related changes in psychological symptoms and immunological/inflammatory parameters. Overall, we expect to find associations of immune cell subsets or inflammatory parameters with measures of emotional distress in chronic tinnitus (tinnitus-related distress, perceived stress levels, and/or anxiety and depression levels) and to observe treatment-related changes in the psychological status and identified immunological biomarkers.



MATERIALS AND METHODS


Sample

In total, 41 participants with chronic subjective tinnitus (for at least 3 months) were recruited for this study. Participants were in-patients receiving treatment at the Tinnitus Center between July 2019 and March 2020, consisting of a short-term multimodal CBT-based treatment program specifically designed for chronic tinnitus lasting 4 to 5 days (M = 4.59, SD = 0.5). The treatment included ENT and general medical examinations, education, counseling, individual and group CBT sessions, auditory attention training, relaxation, and physiotherapy (Basso et al., 2022a). The recruitment of new participants was stopped in spring 2020 due to the beginning of the COVID-19 pandemic; the completion of follow-up measurement sessions lasted until August 2020. Inclusion criteria were chronic subjective tinnitus, age ≥ 18 years, and written informed consent; exclusion criteria were inability to consent due to serious mental or physical impairments, simultaneous participation in other research studies, pronounced hearing deterioration/sudden hearing loss in the last 4 to 6 weeks, and known autoimmune diseases. Around two-thirds of the sample were male (N = 26, 63.41%); on average, participants were 52.05 years old (SD = 10), ranging from 26 to 67 years. Most participants had bilateral tinnitus (N = 30, 73.17%) and normal hearing (N = 26, 63.41%). Sample characteristics are summarized in Table 1. The study was approved by the local ethics committee (Charité–Universitätsmedizin Berlin, EA1/055/19), and all participants provided written informed consent before enrolment.



TABLE 1. Sample description including sociodemographic factors, tinnitus−/hearing-related factors, health−/lifestyle-related factors, and psychometric questionnaires (N = 41).
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Design

This exploratory longitudinal study included four planned measurement sessions: baseline, directly after treatment, a 6-week follow-up, and a 12-week follow-up; see Figure 1. Baseline data collection was performed on the morning of treatment begin and included blood sampling, psychometric questionnaires, and the following audiometric tests: pure tone audiometry (PTA), tinnitus pitch and loudness matching, loudness discomfort level (LDL), and auditory brain stem response (ABR; which was measured 1 day later). Directly after treatment (4–5 days later), only psychometric questionnaire data were collected. The first follow-up session was planned after 6 weeks; on average, it took place 7.79 weeks (SD = 3.13) after treatment and included audiometric testing (PTA and tinnitus matching), blood sampling, and psychometric questionnaires. The second and last follow-up session was planned after 12 weeks; on average, it was performed 13.77 weeks (SD = 3.65) after treatment and included audiometric testing (PTA, tinnitus matching, LDL, ABR), blood sampling, and psychometric questionnaires.

[image: Figure 1]

FIGURE 1. Overview of study design. The study included four scheduled measurement sessions: (1) baseline, (2) directly after treatment (4–5 days later), (3) 6-week follow-up, and (4) 12-week follow-up. Actual follow-ups were performed on average after 7.8 and 13.8 weeks. Dropouts are shown in grey.


At baseline, N = 41 participants were included; N = 33 of which completed both follow-up measurement sessions (N = 2 missed only the first follow-up, N = 1 missed only the second follow-up, N = 5 missed both the first and second follow-up). Reasons for dropping out were illness/hospitalization (N = 5), moving away (N = 1), or the effort associated with the study (N = 2). Of the N = 33 participants who completed both follow-ups, blood collection at the second follow-up was incomplete for one participant, and blood samples for immunophenotyping were missing for N = 6 participants. This resulted in a sample size of N = 26 for immune cell subset data and of N = 32 for most other parameters across the repeated measurement sessions.



Audiometric Testing

All audiometric tests were performed at the audiological department of the clinic in sound-proof booths. Hearing aid users were asked to remove their devices before all tests. PTA was performed for the following frequencies: 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, and 8 kHz; in case of high-frequency tinnitus, also for 10 kHz (N = 1 at baseline and follow-up 2). Hearing thresholds were recorded in 5-decibel (dB) intervals for each ear, and the mean hearing threshold was calculated across all measured frequencies and both sides. LDL was measured using pure tones for the same frequencies as the hearing thresholds in each ear individually. LDL values were averaged across all measured frequencies and both sides for statistical analyses.

The tinnitus pitch and loudness matching procedure (using pure tones or narrow-band noise) was first performed for pitch/frequency (Hz), then for loudness (dB), as described previously (Basso et al., 2022b). Before matching, patients were asked (1) whether tinnitus was currently audible, (2) whether it was perceived on the left, right or both sides, (3) whether it sounded more like pure tones or noise, and (4) whether its frequency was low, medium or high (Basso et al., 2022b). The starting point for frequency matching was the specified frequency range (low, medium, or high) with sounds presented approx. 10 dB above the respective hearing threshold; then, after successful frequency matching, loudness was adjusted in 1-dB steps starting at the hearing threshold (Basso et al., 2022b). Final matches for both frequency and loudness had to be confirmed twice by the patients (Basso et al., 2022b). Mean frequency and loudness values across both sides were calculated for bilateral tinnitus. Tinnitus loudness in dB sensation level (SL) was determined for analysis (i.e., tinnitus loudness adjusted for hearing threshold). Tinnitus matching was not possible in eight cases at baseline and in six cases at the follow-ups, either because tinnitus was not currently audible (intermittent tinnitus), had a different sound quality than pure tones or narrow-band noise, or the tinnitus frequency was above 10 kHz.

ABR recordings were obtained in the standard clinical setup of the audiological department including two different ABR systems: Eclipse (Interacoustics, Denmark) and Corona (Pilot Blankenfelde, Germany). Both used a click stimulus (alternating) with an intensity level of 80 dB nHL. Each ear was tested individually. ABR amplitude peaks were determined by visual inspection. For statistical analyses, absolute wave I, wave III, and wave V latencies (ms) were averaged across both sides. Amplitudes were not included because they were not routinely documented.



Blood Sampling and Biomarker Quantification

All blood samples were collected in the morning between 9 and 11 am to control for circadian rhythms: mean sampling times were 10.10 am (SD = 16 min.) at baseline, 09.59 am (SD = 38 min.) at follow-up 1, and 09.42 am (SD = 35 min.) at follow-up 2. Blood pressure was always measured in addition to blood sampling. In total, 103.5 ml of blood was collected per session. Some samples were analyzed at a clinically licensed diagnostic lab (Labor Berlin – Charité Vivantes GmbH) for full blood count and the quantification of other parameters, while the rest was transferred to the neuropsychiatry laboratory (Department of Psychiatry and Psychotherapy, Charité – Universitätsmedizin Berlin) for processing and storage. There, peripheral blood mononuclear cells (PBMCs) were isolated using density-gradient centrifugation and established standard operating procedures (Hasselmann et al., 2018). Blood was first diluted in phosphate-buffered saline (PBS; 1:1), then 35 ml of diluted blood was carefully layered on top of 15 ml of Biocoll density medium (Biochrome, Germany) in a 50-ml conical tube and centrifugated at 870 × g for 30 min. (brakes off). The mononuclear cell layer from the interphase was collected and washed two times for 10 min. in cold PBS. Pelleted PBMCs were resuspended in RPMI-1640 (Gibco, ThermoFisher Scientific, Germany) supplemented with 25% heat-inactivated fetal bovine serum (FBS; Biochrome, Germany) and 10% dimethylsulfoxide (Applichem GmbH, Germany) for cryopreservation. Cells were counted and placed in 1.5 ml tubes (Eppendorf, Germany) at the concentration of 10 million cells/ml. Cells were first stored in Mr. Frosty freezing container (Sigma-Aldrich, United States) for slow overnight cooling in a − 80°C freezer and transferred the next day to a long-term liquid nitrogen storage tank (−196°C) where they stayed until further analysis.


Full Blood Count and Quantification of Other Blood Parameters

Laboratory tests included full blood count and the following other parameters: fibrinogen, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, ferritin, C-reactive protein (CRP), IL-1β, IL-6, TNF-α, vascular endothelial growth factor A (VEGF-A), insulin-like growth factor-I (IGF-1). The neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) were calculated based on absolute values. Summary statistics of the quantified blood parameters (at baseline) with classifications based on adult reference ranges utilized by the laboratory can be found in Table 2.



TABLE 2. Summary statistics of blood parameters at baseline (N = 41).
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Immune Phenotyping

Immune phenotyping by flow cytometry was performed on cryopreserved PBMCs as previously described (Hasselmann et al., 2018). A T cell panel, containing anti-CD3, -CD4, -CD8 was used to analyze CD4+ and CD8+ T cells and a non-T cell panel containing anti-CD14, -CD16, -CD20, -HLA-DR, -CD56, -CD4, and -CD3 antibodies to distinguish B cells, monocytes, natural killer cells, and dendritic cells. In the first step, PBMCs were incubated with a live/dead marker (Zombie NIR Fixable Viability Kit, BioLegend, United States) and the CCR7 antibody in PBS for 15 min. in the dark at room temperature. Second, antibody premixes were added in staining buffer (PBS + 2 mm EDTA Sigma-Aldrich, Germany +0.2% bovine serum albumin Miltenyi Biotec, Germany) and incubated for an additional 15 min. Lastly, cells were washed and resuspended in staining buffer and immediately acquired on a FACSCanto II (BD, Germany). All samples from the same individual (baseline, follow-up 1, follow-up 2) were analyzed in the same run on the same day to avoid any systematic effects due to technical variability. Frequencies of the following immune cell subsets were identified: CD4+ and CD8+ T cells; cytotoxic natural killer cells (NKc; CD56 + CD16+) and regulatory natural killer cells (NKreg; CD56 + CD16dim/−); classical (CD14++CD16−), non-classical (CD14 + CD16++), and intermediate (CD14++CD16+) monocytes; B cells (CD20+); and dendritic cells (HLA-DR+). Immune phenotyping was performed for N = 26 participants (due to 6 missing samples). Moreover, two additional subjects had to be excluded from analysis in the T cell panel due to a genetic variation that interferes with CD45RA antibody binding. Summary statistics of immune cell subsets (at baseline) can be found in Table 2.




Psychometric Questionnaires

German versions of the following psychometric questionnaires were used: Tinnitus Handicap Inventory (THI) consisting of 25 items (Kleinjung et al., 2007) to measure tinnitus-related distress; the 20-item version of the Perceived Stress Questionnaire (PSQ-20; Fliege et al., 2001, 2005) to measure the general perceived stress level; and the Hospital Anxiety and Depression Scale (HADS) consisting of 14 items (Herrmann-Lingen et al., 2011) to assess anxiety and depression levels.



Statistical Analysis

Statistical analyses were performed using R (R Core Team, 2020) and included descriptive analyses, correlation analyses, network analyses, and t-tests (cross-sectional), as well as linear mixed-effects models (longitudinal). All analyses are described in more detail in the next sections. The significance level was set to p < 0.05.


Cross-Sectional Analyses

For descriptive analyses, sample size, mean and standard deviation or category frequencies for each variable are listed in Tables 1, 2. Reference values for blood parameters are based on laboratory specifications. To explore associations between lifestyle, psychological, and audiological factors with immune cell subsets and other blood parameters, nonparametric Spearman correlations were calculated and visualized [using ggstatsplot (Patil, 2021) and ggcorrplot (Kassambara, 2019)]. Network analysis was performed based on the results of correlation analyses using LASSO-regularized network estimation [using qgraph (Epskamp et al., 2012) and bootnet (Epskamp et al., 2018)] to investigate averaged cross-sectional interrelations between identified factors (correlated psychological/audiological and blood parameters and relevant control variables). Network estimation was based on averaged values across all repeated measurement sessions. For regularized network estimation (sparse Gaussian graphical model), graphical LASSO based on extended BIC criterion (EBICglasso) was used (Foygel and Drton, 2010; Epskamp and Fried, 2018). The tuning parameter gamma was set to 0.5 and a threshold was applied to increase specificity. In addition, 95% confidence intervals of edge-weights were estimated based on non-parametric bootstrapping (Epskamp et al., 2018) including 1,000 bootstrapped networks. All variables included in the bootstrapped network estimation were normally distributed (Kolmogorov–Smirnov test). In addition, to evaluate possible influences of medications on identified biomarkers, two-sample t-tests were calculated (assumptions were met) to examine whether baseline levels of identified biomarkers differed in patients using antidepressants, antihypertensives, lipid-lowering drugs, pain medication, or other medications.



Longitudinal Analyses

Six linear mixed-effects models [lme4 (Bates et al., 2015)] with random intercept terms (subjects) were calculated for the prediction of change in psychometric questionnaires (THI, PSQ-20, HADS) and relevant biomarkers identified by cross-sectional analyses (NKc and NKreg cell frequencies) across all repeated measurement sessions (baseline, treatment end, follow-up 1, follow-up 2). Age (centered and scaled) and sex were included as covariates in all models. For the prediction of NK cell frequencies, additional predictor variables (centered and scaled) were included based on the cross-sectional results; for the change in NKc cell frequency: baseline ferritin levels, baseline PSQ-20 scores, and the interaction between baseline PSQ-20 scores and time; for the change in NKreg cell frequency: baseline HADS anxiety levels and their interaction with time. For THI scores, square root transformation (due to the presence of zero values) was used to achieve normally distributed residuals (Kolmogorov–Smirnov test); all other outcomes were not transformed. Models were fitted by REML and z-tests were used for significance testing [using multcomp (Hothorn et al., 2008)].





RESULTS


Cross-Sectional Analysis


Sample Description

Sample characteristics including baseline sociodemographic factors, tinnitus−/hearing-related factors, health−/lifestyle-related factors, and psychometric questionnaire scores can be found in Table 1. All baseline blood parameters are summarized in Table 2.



Correlations Between Lifestyle Factors, Psychological Factors, Audiological Factors, Immune Cell Subsets, and Other Blood Parameters

Correlations between lifestyle factors, psychological factors, audiological factors, immune cell subsets, and other blood parameters are shown in Figure 2. Significant correlations between psychological factors and immune cell subsets were observed for: THI scores and NKc cell frequency, r = −0.42, p = 0.037 (n = 25); PSQ-20 and NKc cell frequency, r = −0.44, p = 0.028 (n = 25); and PSQ-20 scores and dendritic cell frequency, r = −0.42, p = 0.039 (n = 25). No significant correlations between audiological factors and immune cell subsets were present.

[image: Figure 2]

FIGURE 2. Correlation plot for the associations between lifestyle, psychological, audiological factors, immune cell subsets, and other blood parameters. Colors represent the direction and degree of significant pairwise correlations (Spearman); positive correlations are shown in green and negative correlations in orange; non-significant correlations (p > 0.05) are omitted. ABR, Auditory Brainstem Response; BMI, Body-Mass-Index; CRP, C-Reactive Protein; HADS, Hospital Anxiety and Depression Scale; HDL, High-Density Lipoprotein; IGF-1, Insulin-Like Growth Factor-I; IL, Interleukin; LDL, Low-Density Lipoprotein; NKc, Cytotoxic Natural Killer Cells; NKreg, Regulatory Natural Killer Cells; NLR, Neutrophil-to-Lymphocyte Ratio; PLR, Platelet-to-Lymphocyte Ratio; PSQ-20, Perceived Stress Questionnaire (20-item version); SL, Sensation Level; THI, Tinnitus Handicap Inventory; TNF-alpha, Tumor Necrosis Factor-alpha; VEGF-A, Vascular Endothelial Growth Factor A.


Regarding other investigated blood parameters (fibrinogen, HDL cholesterol, LDL cholesterol, ferritin, CRP, IL-1b, IL-6, TNF-α, VEGF, IGF-1, NLR, PLR), no correlations with psychological factors were present. With audiological factors, correlations were found for: hearing threshold and TNF-α levels, r = −0.34, p = 0.028 (n = 41); tinnitus loudness (SL) and TNF-α levels, r = −0.53, p = 0.002 (n = 32); tinnitus loudness (SL) and IL-1b levels, r = 0.35, p = 0.047 (n = 32); tinnitus loudness (SL) and IGF-1 levels, r = −0.46, p = 0.008 (n = 32); loudness discomfort level and HDL cholesterol levels, r = −0.37, p = 0.019 (n = 39); loudness discomfort level and ferritin levels, r = 0.47, p = 0.002 (n = 39); loudness discomfort level and PLR, r = −0.35, p = 0.023 (n = 41); ABR wave I latency and VEGF levels; r = −0.40, p = 0.020 (n = 34); and ABR wave V latency and ferritin levels, r = 0.35, p = 0.030 (n = 38).



Network Analysis: Averaged Cross-Sectional Connections

The observed correlations were further analyzed by investigating the interrelations between the identified factors (averaged across baseline, follow-up 1, and follow-up 2) in two LASSO regularized networks. The first network included tinnitus loudness (SL) and correlated blood parameters (TNF-α, IL-1b, IGF-1) and their covariates (age, hearing threshold, systolic blood pressure, LDL cholesterol, VEGF, non-classical monocytes, intermediate monocytes). The second network included all correlated psychological factors and blood parameters (THI, PSQ-20, NKc cells, dendritic cells) and their covariates (HADS anxiety and depression, diastolic blood pressure, NKreg cells, ferritin, and smoking).

In the first network, only one connection/edge was present (not shown): a positive association between age and IGF-1 (−0.45). No further analyses were performed for this network. For the second network, all variables without any connections to the other investigated factors in the first estimation were removed (dendritic cells, smoking, diastolic blood pressure), and the network was estimated again only with connected factors; see Figure 3. For this network, additional bootstrapping of confidence intervals (CIs) was performed. The following negative edges (sorted by strength of association) were present in the estimated network: mean NKc cell frequency and mean NKreg cell frequency; mean PSQ-20 scores and mean NKc cell frequency; mean HADS anxiety scores and mean NKreg cell frequency. The following positive edges (sorted by strength of association) were present: mean PSQ-20 and mean HADS depression scores; mean PSQ-20 and mean HADS anxiety scores; mean THI and mean HADS anxiety scores; mean NKc cell frequency and mean ferritin levels; mean HADS depression and mean HADS anxiety scores; and mean THI and mean HADS depression scores. Non-parametric bootstrapping to obtain the 95%-CIs included 1,000 bootstrapped networks; results are shown in Figure 4. Note: Bootstrapped CIs can be used to compare the accuracy of edge-weight estimates, but should not be used for significance testing of LASSO regularized edge-weights (Epskamp et al., 2018).
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FIGURE 3. LASSO regularized averaged cross-sectional network estimation for identified associations between psychological factors and natural killer cells. Blue lines indicate positive and red lines negative associations; line width indicates association strength. Network estimation was based on averaged variable values across all repeated measurement sessions (baseline, 7.8-week follow-up, 13.8-week follow-up). Nodes: anx.m = mean HADS anxiety; depr.m = mean HADS depression; NKc.m = mean NKc frequency; NKreg.m = mean NKreg frequency; psq.m = mean PSQ-20 total score; thi.m = mean THI total score. HADS, Hospital Anxiety and Depression Scale; NKc, Cytotoxic Natural Killer Cells; NKreg, Regulatory Natural Killer Cells; PSQ-20, Perceived Stress Questionnaire (20-item version); THI, Tinnitus Handicap Inventory.
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FIGURE 4. Estimated edge weights in the sample (blue line) and bootstrapped mean (black line) over 1,000 bootstrapped networks; grey area shows bootstrapped 95%-confidence intervals (CIs). Numbers in the plot indicate the bootstrapped mean [95%-CIs] for all edges observed in the original network. Network estimation was based on averaged variable values across all repeated measurement sessions (baseline, 7.8-week follow-up, 13.8-week follow-up). HADS, Hospital Anxiety and Depression Scale; NKc, Cytotoxic Natural Killer Cells; NKreg, Regulatory Natural Killer Cells; PSQ-20, Perceived Stress Questionnaire (20-item version); THI, Tinnitus Handicap Inventory.




Influence of Medications

To examine the influence of medications on NK cell frequencies, two-sample t-tests were calculated. No significant (baseline) differences in NKc and NKreg cell frequencies were found for patients taking antidepressants (N = 7; NKc: p = 0.351; NKreg: p = 0.332), antihypertensives (N = 12; NKc: p = 0.250; NKreg: p = 0.286), pain medication (N = 9; NKc: p = 0.534; NKreg: p = 0.798), or other medications (N = 24; NKc: p = 0.359; NKreg: p = 0.647). For patients taking lipid-lowering drugs (N = 2), no test could be performed because NK cell frequencies were missing.




Longitudinal Analysis


Change Across All Repeated Measurement Sessions

Psychometric questionnaire scores (THI, PSQ-20, HADS) and NK cell frequencies (NKc and NKreg) across all repeated measurement sessions in participants with complete data are shown in Figures 5A–F.
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FIGURE 5. Change in (A) THI, (B) PSQ-20, (C) HADS anxiety, (D) HADS depression, (E) cytotoxic natural killer cell (NKc), and (F) regulatory natural killer cell (NKreg) frequency across measurement sessions. Only participants with complete data from all repeated measurement sessions were included: (A) THI and (B) PSQ-20: n = 31; (C) HADS anxiety and (D) HADS depression: n = 32; (E) NKc and (F) NKreg: n = 26. BL, Baseline; FU1, Follow-up 1 (7.8 weeks); FU2, Follow-up 2 (13.8 weeks); HADS, Hospital Anxiety and Depression Scale; PSQ-20, Perceived Stress Questionnaire (20-item version); TE, Treatment end; THI, Tinnitus Handicap Inventory.


Linear mixed-effects models with random subject intercepts and the control variables sex and age were calculated to test for changes in THI, PSQ-20, HADS anxiety, and HADS depression scores over time. These models revealed no significant changes in these psychological outcome variables across the repeated measurement sessions (THI: p = 0.061; PSQ-20: p = 0.810; HADS anxiety: p = 0.467; HADS depression: p = 0.113).

For the prediction of change in NK cell frequencies, baseline PSQ-20 scores and ferritin levels were included as predictors as well as the interaction between baseline PSQ-20 scores and time (in addition to sex and age). No change in NKc cell frequencies across measurement sessions was observed (p = 0.992) but a significant negative effect of baseline PSQ-20 scores, β = −6.22 [−12.18, −0.26], SE = 3.04, z = −2.05, p = 0.041, and a positive effect of baseline ferritin levels, β = 8.90 [2.76, 15.03], SE = 3.13, z = 2.84, p = 0.004, on NKc cell frequencies across all measurement sessions. The interaction between baseline PSQ-20 scores and time was not significant (p = 0.905).

For the prediction of change in NKreg cell frequencies, baseline HADS anxiety scores and their interaction with time were included as predictors (in addition to sex and age). No change in NKreg cell frequencies was observed across measurement sessions (p = 0.273), no effect of baseline HADS anxiety scores (p = 0.894), and no interaction between baseline HADS anxiety scores and time (p = 0.721).





DISCUSSION

This study investigated the associations of inflammatory parameters and the immune cell phenotype with tinnitus-related psychological and audiological factors in 41 participants with chronic tinnitus as well as potential treatment-related changes. Cross-sectional results (averaged LASSO regularized network analysis) showed negative relationships between perceived stress levels and the frequency of cytotoxic natural killer (NKc) cells (CD56 + CD16+) and between anxiety levels and the frequency of regulatory natural killer (NKreg) cells (CD56 + CD16dim/−). No effects of medications on NKc and NKreg cell frequencies were observed in our sample. The longitudinal analysis revealed no significant treatment-related changes in psychological measures (tinnitus-related distress, perceived stress, anxiety, or depression levels) or NK cell frequencies. There was a negative effect of baseline perceived stress levels and a positive effect of baseline ferritin levels on NKc cell frequency across the repeated measurement sessions.

Most NK cells exert a cytotoxic function, while some have a regulatory function in the immune system by releasing cytokines (Dragoş and Tănăsescu, 2010). NK cells are known to be strongly affected by stress (Dragoş and Tănăsescu, 2010; Capellino et al., 2020). Acute stress leads to an increased number of cytotoxic NK cells in the blood, whereas chronic stress is associated with a decrease in NK cell cytotoxic activity (Segerstrom and Miller, 2004; Dragoş and Tănăsescu, 2010). Reduced NK cell frequency (Grosse et al., 2016; Suzuki et al., 2017; Patas et al., 2018; Schiweck et al., 2020) and impaired NK cell function (Evans et al., 1992; Zorrilla et al., 2001) have been observed in depression. Similarly, impaired NK cell activity has been observed in PTSD (Pace and Heim, 2011). In addition, a recent meta-analysis on the effects of psychosocial interventions on immune system function showed that CBT was associated with increases in NK cell activity (Shields et al., 2020).

In the present study, effects were found for both cytotoxic and regulatory NK cell frequencies. For NKc cells, a negative association with perceived stress was found in correlation analysis, averaged cross-sectional network analysis, and longitudinal analysis, with perceived stress levels at baseline negatively predicting NKc cell frequency across the repeated measurements. No significant association with psychological factors was observed for NKreg cell frequency in the correlation and longitudinal analyses, but a negative relationship with anxiety levels was present in the averaged cross-sectional network analysis. Thus, the association between NKc cells and perceived stress levels appears to be more robust in our sample than the association between NKreg cells and anxiety levels. However, due to the exploratory nature of this study, both findings require further investigation. Of the few studies that examined immune changes in tinnitus, our results are partially in line with those of Savastano et al. (2007), who report a non-significant trend for a positive correlation between natural killer cells (CD16 + CD56NK) and daily satisfaction (psychological and physical functioning) in tinnitus patients (p = 0.032/0.023).

Despite the correlation between tinnitus-related distress and NKc cell frequency, there was no direct association between tinnitus-related distress and NK cell frequencies in the network analysis, only indirect associations via perceived stress levels and anxiety symptoms. Stress and anxiety are related to tinnitus severity, yet there is also a certain conceptual overlap between these constructs (Ooms et al., 2012; Trevis et al., 2018; Elarbed et al., 2021). In our sample, tinnitus-related distress, perceived stress levels, and anxiety/depression symptoms were strongly correlated (all correlations above r = 0.6, p < 0.001). We hypothesize that the observed associations of perceived stress levels and anxiety symptoms with NKc and NKreg cell frequencies represent effects of emotional distress in chronic tinnitus patients, indicative of general psychological rather than tinnitus-specific mechanisms. Because most participants in our sample had normal or mild perceived stress (85%) and anxiety (77.5%) levels, these effects were observed in the non-clinical range. This suggests that alterations in NK cell frequency in chronic tinnitus patients with emotional distress (stress/anxiety) might be present even in the absence of a fully developed mood or anxiety disorder.

Potentially, sleep disturbances might represent a link for the observed negative relationships between stress/anxiety levels and NK cell frequencies. Sleep disturbances are common in chronic tinnitus and appear associated with tinnitus-related emotional and cognitive distress (Crönlein et al., 2016). Moreover, sleep deprivation strongly affects the immune system, including NK cell number and activity (Irwin, 2002; van Leeuwen et al., 2009). In our sample, 65.9% (N = 27) reported (sometimes) having difficulties falling to sleep because of their tinnitus. Moreover, intrusive thoughts appear related to reduced NK cell cytotoxicity in healthy stressed individuals (Segerstrom and Miller, 2004). Therefore, tinnitus intrusiveness might constitute an important factor in this regard. However, tinnitus-related distress was measured by the THI, which includes sleep problems and tinnitus intrusiveness, and no direct effect of the THI on NK cell frequencies was observed in network analysis. The specific role of sleep disturbances and tinnitus intrusiveness on immunological changes in chronic tinnitus and their links to stress/anxiety could be important questions for further research.

Regarding treatment effects, we expected treatment-induced changes in tinnitus-related distress and psychological symptoms based on previous studies with the same or similar treatment interventions (Seydel et al., 2010, 2015; Brueggemann et al., 2018, 2019; Basso et al., 2022a), but no significant effects were observed. Neither stress and anxiety levels nor NK cell frequencies showed significant treatment-related changes. Overall, the lack of treatment effects may have been influenced by the small sample size and the short treatment duration. For perceived stress levels, an initial treatment-induced decline appears to have diminished over time, suggesting that the beneficial effect of the short-term treatment was not sustained over time. This may suggest that longer-term or repeated interventions are needed. The lack of significant improvement in psychological well-being likely explains the lack of changes in NK cell frequencies. The positive association of baseline ferritin levels with NKc cell frequency across the repeated measurements is in line with the observation of lower NK cell number in healthy female runners with lower ferritin concentrations (Flynn et al., 2003).

No consistent effects were found for the other blood parameters studied, partially in contrast to previous tinnitus research (see Haider et al., 2021; Kang et al., 2021). For the inflammatory markers IL-6, CRP, and NLR, no associations were found with psychological or audiological tinnitus-related variables. Previous studies have observed increased NLR in tinnitus patients (Ozbay et al., 2015; Yildiz et al., 2020; Demir, 2021), but conflicting findings exist as well (Bayram et al., 2016; Düzenli et al., 2018). While we observed correlations of IL-1b, TNF-α, and IGF-1 with tinnitus loudness, these associations did not persist in network analysis. This was particularly surprising for TNF-α. TNF-α concentrations are known to be increased after acute stress (Marsland et al., 2017), in depression (Dowlati et al., 2010) and anxiety disorders/PTSD (Renna et al., 2018; Yang and Jiang, 2020), and there is also evidence suggesting an involvement of TNF-α in noise-induced hearing loss and tinnitus (Wang et al., 2019; Shulman et al., 2021). In an exploratory study in 30 chronic tinnitus patients, a positive correlation between TNF-α and tinnitus loudness (determined by a visual analog scale) and a negative correlation with the subscale “joy” of the PSQ was observed (Szczepek et al., 2014). Weber et al. (2002) found a decrease in TNF-α levels in their sample of 26 chronic tinnitus patients after a 10-week relaxation program in addition to psychological symptom reduction. The lack of consistent results regarding TNF-α in the present study may have been influenced by the small sample size and the generally low levels of tinnitus-related distress and psychological symptoms in our sample.

With regard to other parameters, previous studies that examined lipid levels in tinnitus patients found higher total cholesterol levels (Martines et al., 2015; Avcı, 2021), higher LDL (Avcı, 2021), lower HDL (Ensari et al., 2019), and higher triglyceride levels (Ensari et al., 2019; Avcı, 2021) in tinnitus patients compared to controls. In our sample, 35.9% had increased LDL and 5.1% decreased HDL cholesterol levels compared to reference values. However, no direct control group was included in the present study.

Furthermore, in addition to NK cells, other immunophenotype changes in depressed patients have been reported in the literature, including monocytes (Hasselmann et al., 2018; Lynall et al., 2020), helper T cells (Lynall et al., 2020; Schiweck et al., 2020), regulatory T cells (Li et al., 2010; Grosse et al., 2016; Suzuki et al., 2017; Patas et al., 2018), and B cells (Schiweck et al., 2020). Beyond NK cells, no associations of immune cell subsets with psychological variables were found in our chronic tinnitus sample. It is possible that such immunophenotype changes are not present in tinnitus, only in tinnitus patients with higher emotional distress, or that respective associations could not be detected here due to the small sample size.


Limitations

This study has several limitations. Because of the lack of a control group, no information could be obtained on whether inflammatory markers and the frequency of immune cell subsets are altered in tinnitus compared with healthy controls. The sample size of this study was relatively small and was further reduced by missing values for immune cell subsets and by dropouts in the repeated measurement sessions. This may have limited the power of our study, particularly with regard to the evaluation of treatment-related changes. Moreover, because of the exploratory nature of the study and the large number of variables investigated (40 variables in the correlation analysis) in a comparatively small sample (N = 41), no adjustment for multiple testing was applied. This may have increased the risk of obtaining false-positive results (type I error). Overall, these exploratory results should be interpreted with caution and need to be tested in further confirmatory studies.



Conclusion

In this study, we observed negative relationships between perceived stress levels and NKc cell (CD56 + CD16+) frequency as well as between anxiety levels and NKreg cell (CD56 + CD16dim/−) frequency in chronic tinnitus. These results are consistent with the literature on mood and anxiety disorders, as reduced NK cell frequency or function is known to occur in stress-related psychological conditions. These results suggest that emotional distress (stress/anxiety) may negatively affect NK cell frequency in chronic tinnitus. This should be further investigated, also with respect to possible influences of sleep disturbances and tinnitus intrusiveness. A major limitation of the present study is the small sample size. Larger studies are needed to test the validity of these results and to further investigate the potential of NKc and NKreg cell frequencies as distress-related biomarkers in chronic tinnitus.
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The widespread understanding that chronic tinnitus is a heterogeneous phenomenon with various neural oscillatory profiles has spurred investigations into individualized approaches in its treatment. Neurofeedback, as a non-invasive tool for altering neural activity, has become increasingly popular in the personalized treatment of a wide range of neuropsychological disorders. Despite the success of neurofeedback on the group level, the variability in the treatment efficacy on the individual level is high, and evidence from recent studies shows that only a small number of people can effectively modulate the desired aspects of neural activity. To reveal who may be more suitable, and hence benefit most from neurofeedback treatment, we classified individuals into unobserved subgroups with similar oscillatory trajectories during the treatment and investigated how subgroup membership was predicted by a series of characteristics. Growth mixture modeling was used to identify distinct latent subgroups with similar oscillatory trajectories among 50 individuals suffering from chronic subjective tinnitus (38 male, 12 female, mean age = 47.1 ± 12.84) across 15 neurofeedback training sessions. Further, the impact of characteristics and how they predicted the affiliation in the identified subgroups was evaluated by including measures of demographics, tinnitus-specific (Tinnitus Handicap Inventory) and depression variables, as well as subjective quality of life subscales (World Health Organization—Quality of Life Questionnaire), and health-related quality of life subscales (Short Form-36) in a logistic regression analysis. A latent class model could be fitted to the longitudinal data with a high probability of correctly classifying distinct oscillatory patterns into 3 different groups: non-responder (80%), responder (16%), and decliner (4%). Further, our results show that the health-related wellbeing subscale of the Short Form-36 questionnaire was differentially associated with the groups. However, due to the small sample size in the Responder group, we are not able to provide sufficient evidence for a distinct responder profile. Nevertheless, the identification of oscillatory change-rate differences across distinct groups of individuals provides the groundwork from which to tease apart the complex and heterogeneous oscillatory processes underlying tinnitus and the attempts to modify these through neurofeedback. While more research is needed, our results and the analytical approach presented may bring clarity to contradictory past findings in the field of tinnitus research, and eventually influence clinical practice.
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INTRODUCTION

Chronic tinnitus is a variable phenomenon characterized by a heterogeneous appearance (Cederroth et al., 2019). Existing data suggest an extensive degree of individual differences and fluctuations in tinnitus, which have hampered both basic and clinical research (Hall et al., 2018). Previous research has aimed to disentangle the complex heterogeneity of the audiological phantom percept into causal risk factors, such as gender, age, ototoxic medication, and related hearing loss (Davis and El Refaie, 2000; Martines et al., 2010) or tinnitus characteristics (e.g., loudness, pitch, side of perception, and duration). Further presumed causes of the heterogeneity are comorbidities, which may start with anxiety (McCormack et al., 2015) or insomnia (Lasisi and Gureje, 2011; Wallhäusser-Franke et al., 2013), continue to hyperacusis (Goebel and Floezinger, 2008), and escalate to depression (McKenna et al., 1991; Zöger et al., 2006; Zirke et al., 2013; Trevis et al., 2018). Other epiphenomena, including tinnitus-related distress (Hesser and Andersson, 2014; Brüggemann et al., 2016), personality traits (Konareva, 2006; Simões et al., 2019), and tinnitus-specific brain oscillation accompanied with structural and functional alterations in auditory and non-auditory brain areas (Schlee et al., 2009; Adjamian et al., 2014) have been considered to contribute to or moderate the various manifestations of the phantom percept. Finally, all possible combinations of the mentioned phenomena complement the heterogeneous appearance (Henry et al., 2005; Vanneste et al., 2010; Joos et al., 2012; Vanneste and De Ridder, 2012; Meyer et al., 2014). As efforts to disentangle the heterogeneity have increased, so has the recognition of the complexity of an effective treatment approach (Scott and Lindberg, 2000; Hoare et al., 2011; Pryce et al., 2019).

A treatment approach for such a heterogeneous phenomenon that is appropriate for all those suffering from tinnitus—a “one size fits all” solution, so to speak—has not yet been identified (Landgrebe et al., 2012; Baguley et al., 2013; Hall et al., 2019). The difficulty arises as the heterogeneous appearance of tinnitus persists in its response to treatment with complex and variable trajectories (Tyler et al., 2008; Hall et al., 2016; Riha et al., 2021). However, a group of treatment modalities has recently inspired extensive research; namely, neurofeedback (NFB) (Guerra et al., 2019). In most cases, this technique offers a non-invasive window on the brain and provides a tool to pinpoint and alter subject-specific brain function and dysfunction, thus offering potential for improvement of a number of (clinical) conditions, such as ADHD, depression, epilepsy, and anxiety, among others (for an overview, see Hampson et al., 2019). In the treatment of tinnitus, NFB training has been associated with reductions in self-reported tinnitus-related distress and loudness (Dohrmann et al., 2007a,b; Crocetti et al., 2011; Güntensperger et al., 2019; Jensen et al., 2020). The underlying mechanism of NFB is based on the reinforcement of individual brain activity patterns that are recorded via electroencephalography (EEG) or functional magnetic resonance imaging (fMRI), analyzed and fed-back to the participant in real time. The feedback modality can be either visual, acoustic, or tactile and is based on the principles of operant conditioning (Skinner, 1938). The participant is rewarded when the brain signal reaches a predefined value. Despite the great potential of NFB as an option in the treatment for several conditions, the practical application still encounters considerable drawbacks.

One potential source of drawback is the general ability of an individual to modify their cortical activity, which is referred to as the inefficacy problem (The inefficacy problem is apparent in both EEG- and fMRI-based NFB; yet rooted in diverse technical approaches and difficulties. Gevensleben et al., 2009; Weber et al., 2011; Huster et al., 2014; Rogala et al., 2016; Alkoby et al., 2018). This failure to control has been described in numerous NFB trials and other brain-computer interface (BCI) applications (for a review, see Alkoby et al., 2018). Alkoby et al. (2018) note that in most NFB studies approximately 16–57% of the participants are successful in self-regulating their EEG activity. A further consideration is that there is no consensus yet about how to quantify effectiveness, thus the definition of a responder is not consistent within the NFB and BCI literature and still lacks a general standard across studies and research fields (Gruzelier, 2014a,b). In addition, the question has been raised whether the ability to deliberately modify the oscillatory activity is necessarily linked to the NFB training outcome, or vice versa; for example, the reduction of symptoms such as tinnitus distress and loudness (Rogala et al., 2016). Existing evidence indicates that generally the outcome of NFB treatment is related to combined effects of pre-treatment, neuroanatomical or oscillatory, and treatment-specific factors. Among the pre-treatment factors are age and sex (Riha et al., 2021), personality traits (Simões et al., 2019), and psychological factors such as motivation (Diaz Hernandez et al., 2018), mood, attention, and anxiety (Koush et al., 2017), which further influence different (oscillatory) baseline conditions for NFB training. For a systematic review of how psychological factors contribute to NFB outcome, we refer the reader to Kadosh and Staunton (2019). Baseline neuroanatomical or oscillatory determinants have included gray and white matter volumes (Enriquez-Geppert et al., 2013; Ninaus et al., 2015), as well as the means of eyes-open resting-state EEG power before the training (Wan et al., 2014; Nan et al., 2015; Reichert et al., 2015). Further factors in the design of the training protocol (e.g., duration of each training and training schedule), and the NFB learning strategy (Kober et al., 2013; Witte et al., 2013) may contribute to overall NFB success. Indeed, the evaluation of early training sessions can be used to predict future training progress (Weber et al., 2011; Enriquez-Geppert et al., 2013). In addition to those already mentioned, Weber et al. (2020) have provided an extensive summary of predictors of NFB training outcome in their systematic review. However, even this is not an exhaustive list, and the conflicting results provided only underscore the need for further research in the field of NFB training.

For the present research and in the light of the inefficacy problem, the first question was whether the tinnitus individuals studied were able to alter their brain activity in the predefined direction. If the desired change in neural activity was apparent across the NFB training, the individual is considered a Responder in this report, independent of tinnitus-related changes. Due to the pronounced variation of the oscillatory fingerprint in tinnitus and the variation in the response to NFB, the main purpose of this study was to identify unobserved subgroups of individuals that had similar EEG training trajectories across all sessions. By disentangling the heterogeneity of training trajectories into subgroups, we further investigated which potentially modifiable clinical factors predicted group affiliation prior to the NFB training. Thus, we aimed at identifying the underlying characteristics that were associated with successful oscillatory modification, and thereby recognizing the possible Responders to NFB. This research thus constitutes the conceptual groundwork for identifying subgroups of individuals that are more or less responsive to the given intervention, in the sense of being able to alter one’s brain activity. Further, it contributes to the understanding of inter-individual differences in NFB progress, knowledge which may then be applied in the development of individually tailored NFB protocols with the aim of increasing the therapy’s effectiveness.



MATERIALS AND METHODS


Study Sample

The study sample in this analysis was derived from the clinical trial by Güntensperger et al. (2017, 2020, 2019), the largest NFB study in tinnitus research to date. The authors’ main goal was to examine the efficacy and possible distinctions of two different NFB approaches in the treatment of tinnitus; namely, traditional surface-based NFB vs. tomographic NFB (Güntensperger et al., 2020). The protocol complied with the Declaration of Helsinki, was approved by the relevant Ethics Committee (Kantonale Ethikkommission Project KEK-ZH-Nr. 2014-0594), and further registered online at ClinicalTrials.gov (NCT02383147) and kofam.ch (SNCTP000001313). The trial took place in 2017 and 2018, and comprised two baseline visits, 15 weekly NFB sessions of 15 min duration each, a post-treatment visit, as well as two follow-up appointments 3 and 6 months after completion of training. Fifty individuals with chronic tinnitus were able to complete the NFB study, including 38 males and 12 females aged 47.1 ± 12.84 (M ± SD) years (Güntensperger et al., 2019, 2020). Each participant gave their written informed consent prior to partaking in the experimental trials. We refer to the original referenced publication for an in-depth description of the study protocol, and the ancillary publication by Riha et al. (2021) for properties of applied measures and their predictive value regarding the progression of NFB training. Table 1 provides an overview of characteristics, health, and tinnitus characteristics of the study sample.


TABLE 1. Demographic, health, and tinnitus characteristics of study sample.
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Brain Oscillation and Tinnitus

A common finding in brain imaging resting-state EEG studies of patients suffering from chronic tinnitus is an increased delta (3–4 Hz) wave activity and a reduction in alpha (8.5–12 Hz) oscillation in the auditory cortex region compared to healthy subjects (Weisz et al., 2007a,b, 2011; De Ridder et al., 2015). In chronic tinnitus, the cause of these established, spontaneous oscillatory alterations has been linked to sensory deprivation; namely, deafferentation due to hearing loss (Llinás et al., 1999; Eggermont and Roberts, 2004; Møller, 2007; Weisz et al., 2007b; Eggermont, 2012). The consequence of these bottom-up and top-down abnormalities is an imbalance in excitatory-inhibitory neuronal activity along the tonotopic axis in the affected regions (Møller, 2007; Hong et al., 2016). Among others, such adaptions are described in the theoretical frameworks of the thalamocortical dysrhythmia model (TCM; Llinás et al., 1999; Mahmoudian et al., 2013) and the synchronization by loss of inhibition model (SLIM; Weisz et al., 2007b). Thus, a frequently used NFB training protocol for tinnitus aims to reduce delta and increase the individual alpha activity to attenuate tinnitus and tinnitus-related symptoms (Dohrmann et al., 2007b; Crocetti et al., 2011; Güntensperger et al., 2019, 2020; Jensen et al., 2020). Using a rewarding alpha and inhibiting delta protocol resulted in encouraging training outcomes in previous NFB trials. For an overview of this and other NFB protocols in the treatment of tinnitus (see Güntensperger et al., 2017).

Güntensperger’s NFB trial from 2017 to 2018 applied the previously described protocol who additionally acquired the neuro-dynamic data for this analysis as mentioned before (Güntensperger et al., 2019, 2020). The measures used in this report were the EEG power values from alpha and delta, recorded with fronto-central electrode positions (FC1, FC2, F3, F4) prior to each of the 15 NFB training sessions (thus unrelated to the training itself). The resting-state activity was recorded by splitting it in eyes-closed and -open segments, whereby we focused on the latter according to the recommendations of the European tinnitus research network, TINNET (Working Group 3).1 The EEG data derived from each of the 15 recordings was pre-processed and the EEG power averaged for each participant across the four electrodes, according to the main interest in this analysis, the individual trajectories. In order to examine the individual training trajectories, the ratio between the desired increase of alpha and decrease of delta power (alpha/delta ratio; ADR) was calculated and compared across time points. The interested reader is referred to publications by Güntensperger et al. (2019, 2020) and Riha et al. (2020, 2021) for in-depth descriptions of the EEG recording procedure and pre-processing pipelines. To resolve the possible confusion around the different publications evolving from this data set we further refer to Figure 1 for a comprehensive overview.
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FIGURE 1. Study Design of the clinical NFB trial by Güntensperger et al. (2019, 2020). Based on the original data a number of publications evolved, however, focusing on different aspects of the data set, according to the hypotheses. The used data sets are highlighted by a color coded circle with a number, which correspond to the publications in the first row. TSCHQ, Tinnitus sample case history questionnaire; THI, Tinnitus Handicap Inventory; TQ, Tinnitus Questionnaire; PRISM, Pictorial Representation of Illness and Self Measure; BDI, Beck Depression Inventory; SCL K 9, Symptom Checklist; WHO, World Health Organization Quality of Life; SF 36, Short Form Health Questionnaire.




Analytical Procedure


Oscillatory Training Trajectories

This analysis follows on from a previous analysis, in which we investigated the oscillatory trajectories of delta and alpha and their relation to influential factors across the NFB training (Riha et al., 2021). The applied latent growth curve (LGC) analysis revealed a linear pattern of change and a significant individual variability in the two frequency bands over time: The desired enhancement of alpha was found, while slow wave delta was stable in most individuals throughout the NFB training. These results raised questions that inspired this explorative follow-on analysis with the aim of identifying unobserved subgroups (latent classes) with similar ADR patterns in the variability of longitudinal linear trajectories.

Here, we used a growth mixture modeling (GMM) approach (Muthen and Muthen, 2000; Kaplan, 2004; Muthén, 2004; Jung and Wickrama, 2008; Ram and Grimm, 2009; Berlin et al., 2014; Geifman et al., 2018) to statistically differentiate meaningful or naturally occurring subgroups according to the trends in repeated measures of the ADR (see Figure 2 for the individual ADR trajectories). In simple terms, by including the categorical variable of “class,” the GMM approach is able to determine the optimal number of classes, the number of people in each class, as well as the growth factors (intercept and slope) of each different trajectory. We employed an exploratory approach and fitted models with an increasing number of classes to ascertain the optimum latent class model. To estimate the number of latent classes, we followed recommended approaches including the comparison of various model fit statistics, substantive meaning and interpretability of each class (Wickrama et al., 2016). We inspected the Akaike (1974) and the Bayesian information criterions (BIC; Schwarz, 1978), the sample-size adjusted BIC (SSABIC; Sclove, 1987), entropy values and the Lo-Mendel-Rubin likelihood ratio test value (LMR-LRT; Jung and Wickrama, 2008). For interpretation, lower AIC, BIC, and SSABIC values indicate a more parsimonious and better fitting model, whereas higher entropy values signal better class separation (Nylund et al., 2007). Models were estimated by full maximum likelihood (FML) and robust standard errors (MLR) to non-normality and non-independence of observations.


[image: image]

FIGURE 2. Individual raw data trajectories of the ADR across the 15 measurement occasions. Each thin line represents an individual oscillatory ADR trajectory.




Class Membership

In a second step and since latent classes (i.e., the identified subgroups) are categorical, we applied Firth’s logistic regression (Firth, 1993) with the penalization of log-likelihood (Heinze, 2006) to estimate the association with a list of characteristics in a small sample (Heinze and Puhr, 2010). This kind of logistic regression is designed to handle datasets that are small, imbalanced or separated. The estimates represent the logarithm of the odds of being in a latent class vs. being in the reference class, while assessing the overall model fit and predictive accuracy. Moreover, we reported the Nagelkerke R2 and Hosmer and Lemeshow test value as quality markers for this analysis. For the model’s diagnostic properties of sensitivity and specificity, we used the receiver operating characteristic (ROC) curve and the area under the curve (AUC) as a measure of predictive ability. The list of characteristics that we considered to possibly mark class membership were acquired face-to-face during the two baseline visits, and include age, sex, tinnitus duration in months, as well as scores from a tinnitus-related symptom scale (THI: Tinnitus Handicap Inventory—German version; Kleinjung et al., 2007) and depression scales (BDI: Beck Depression Inventory; Hautzinger et al., 1994); SCL-K-9: short form of the Symptom Checklist—(Klaghofer and Brähler, 2001). Additionally, the subscales of the Quality of Life questionnaire from the World Health Organization (WHOQOL: World Health Organization Quality of Life-BREF—German version; Angermeyer et al., 2002) and the health-related questions from the Short Form-36 (SF-36—German version; Bullinger et al., 1995) were possible indicators. For a more detailed description of this list of characteristics, we refer to our preceding analysis (Riha et al., 2021). Further, the complete test battery used in the clinical study by Güntensperger and colleagues followed the guidelines of the Tinnitus Research Initiative (TRI; Landgrebe et al., 2012).

For reasons of completeness, we included the categorical feature of sex, and encoded it as dichotomous (0 = female; 1 = male). Questionnaire items in the logistic regression were treated as continuous measures and were mean-centered prior to the analysis (Hox, 2002). P-values below 0.05 were considered to indicate statistical significance. All analysis was performed using R statistical software, version 4.0.0 (R Core Team, 2019). The following packages were used: “lcmm” for the growth mixture model analysis (Proust-Lima et al., 2017), the “logistf” package for Firth’s logistic regression (Heinze and Ploner, 2004), and plots were created using “ggplot2” (Wickham, 2016).





RESULTS

The considerable individual variability in the ADR trend among all tinnitus sufferers across the NFB training is shown in Figure 2 (raw data). To ensure that we identified the model of change that best represented the 15 training sessions, we conducted a GMM analysis. This approach was chosen to extract unobserved subgroups of tinnitus sufferers with homogenous change trajectories. In Figure 3 the predicted means of the 1-, 2-, 3-, and 4-class model can be compared. Additionally, Table 2 provides the AIC, BIC, SSBIC values and the entropy results for the estimated class models. The explorative model fitting procedure resulted in a 3-class model, and the decision was facilitated by the recommendation for fit indices. The 3-class model is favored by the AIC of −2885.939 and the size adjusted BIC of −2900.661 (which involves smaller penalties), in combination with the entropy being closer to 1 (entropy = 0.87). All other models were rejected as they did not provide any additional explanatory value for estimating the patterns of change.
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FIGURE 3. Predicted trajectories across 15 NFB training sessions. (A) 1-Class model, (B) 2-class model, (C) the favored 3-class model, with Class 1 corresponding to the red, Class 2 to green, and Class 3 to the blue line, (D) 4-class model.



TABLE 2. Model selection criteria of the Growth Mixture Model (GMM) analysis.

[image: Table 2]
As can be seen in Figure 3C, Class 1 (red line) is distinguished by having almost the same level of ADR at the beginning as at the end of the NFB treatment. This class can be considered a non-responder class. Class 2 (green line) had a moderate initial ADR with a notable decrease in the slope over time and thus indicates the Decliner class. Based on the significant growth factors from the first to the final NFB session that equal an increase in ADR, Class 3 (blue line) will be referred to as the Responder class in the following. Further, Class 3 revealed the highest initial ADR. (Although not shown for all classes in Figure 4, there was notable overlap of trajectories, implying that there was considerable fluctuation of individual ADR trajectories within each class.) Classification of individuals based on their most likely class membership resulted in class counts and proportions of 40 (80%) in the non-responder class, two individuals (4%) in the Decliner class, and eight individuals (16%) in the Responder class. The quality of classification can be further indicated by the calculation of posterior probabilities for allocation in a certain class. Individuals of Class 1 had a 94% posterior probability of being correctly classified in the non-responder class, and only 2% posterior probability of being assigned to Class 2, or 4% to Class 3. Similar posterior probabilities were classified for individuals in Class 2 with 90% being in the Decliner class (9% for Class 1 and 0% for Class 3), as well as in Class 3 with 93% being in the Responder class (6% for Class 1 and 0% for Class 2). Even though the 3-class model was favored by the fit indices, unequal class sizes were created. Following statistical justification and interpretability of specifics of class membership, the Decliners, comprising of solely two individuals, were excluded from the remaining analysis, leaving a final sample of 48 individuals that include Responders and non-responders. (We refer the interested reader to Appendix Table 1 for descriptive characteristics of the two individuals of the Decliners class).
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FIGURE 4. Alpha and delta trajectories in Classes 1 and 3.


In a next step, the two remaining classes, Responder and non-responder, were assessed for indicators of class membership. An overview of the class-specific indicator occurrence is shown in Figure 5. After checking for normal distributions and homogeneous variance, the Firth’s binary logistic regression was performed with class membership (responder vs. non-responder) as dependent variable.
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FIGURE 5. Characteristics of non-responder (class 1) vs. responder (class 3). Sex (male = 1; female = 0); THI, Tinnitus Handicap Inventory; BDI, Beck Depression Inventory; SCL-K-9, Symptom Checklist; WHO, World Health Organization Quality of Life Questionnaire with 4 subscales: phys, physiological, psych, psychological; social, envir; environmental; SF-36, Short Form Health Questionnaire with 8 subscales; PFI, Physical Functioning Index; RPI, Role-Physical Index; BPI, Bodily Pain Index; GHP, General Health Perceptions Index; VI, Vitality Index; SFI, Social Functioning Index; REI, Role-Emotional Index; MHI, Mental Health Index.


Table 3 shows the logistic coefficients for the regression of class membership, with non-responder (dummy coded 0) as the reference class. The Nagelkerke R2 value was 0.53, and the Hosmer-Lemeshow test value was 0.42. Neither tinnitus distress, depression characteristics, nor general quality of life questionnaire items were significant indicators for class membership. Only the Mental Health index (MHI), a subscale of the SF-36, reached significant negative influence (OR = 0.77, SE = 0.12, p < 0.05) on class membership. This suggests that each one-unit of increase in the MHI will decrease the log odds of being in the Responder class by 0.266, and the p-value indicates that the MHI is significant in determining class membership. We refer the reader to Figure 6 for a graphic representation of the probabilities of group membership. As already mentioned, the significant independent variable is a subscale of the SF-36 health questionnaire. For each subscale, the standard scores were calculated with higher percentage scores indicating either a higher level of functioning or less disability.


TABLE 3. Firth’s binary logistic regression with dichotomized dependent variables (0 = non-responder; 1 = responder) of class membership (n = 48).
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FIGURE 6. Probability plots illustrating how the class membership probabilities change with the given value of the Mental Health Index (MHI), a subscale of the SF-36 health questionnaire.


Taken together, the results indicate that individuals can be classified into different latent classes based on their 15 weekly EEG recordings taken prior to each NFB training session, and that a 3-class solution provided the best fit among GMM models. Health-related subscale responses on the SF-36 provided the best indicators, whereas the tinnitus distress (THI), depression (BDI), and general quality of life questionnaire (WHO-BREF, SCL-K-9) did not reach significance, providing no additional predictive value for class membership.



DISCUSSION

According to the definition applied in this report, the only requirement to be classified a Responder is the ability to modify one’s neural oscillations. It should be emphasized here that we are aware of the publication by Gruzelier (2014b), in which it was suggested that a trio of specificities—frequency band, topographical, and outcome specificity—should be fulfilled for a NFB intervention to be labeled successful. While respecting Gruzelier’s consideration to develop a methodological standard in the NFB community, we believed it necessary to highlight the deficits of NFB and therefore to take a step back in the theoretical framework. This is why we chose the statistical tool of growth mixture modeling, which allowed us to quantify the extent of NFB inefficacy in our sample of chronic tinnitus sufferers. In addition, we attempted to predict the probability of being a Responder and whether patterns of change were constrained or dictated by underlying characteristics that had not been previously explored.

By removing subjectivity and making use of all available EEG data, we recovered hidden patients’ trajectories in response to NFB treatment for tinnitus. Based on a representative sample of individuals, we disentangled heterogeneous oscillatory trajectories and identified meaningful subgroups showing similar ADR patterns across 15 weekly sessions. Developing this direction further, we applied a GMM approach that yielded an optimum of three different latent classes, which we named Decliners, non-responders and responders. Decliners exhibited decreases in ADR during the treatment; however, there were only two individuals in this class, which we therefore excluded from further analysis as a precautionary measure. The majority of the participants (80%) were in the non-responder class, defined as those who started and continued the NFB training on the same, unvarying ADR level. Finally, the Responder class comprised eight individuals (16%) who showed the desired increase of the ADR across the NFB training sessions. The findings in our study are generally consistent with previous tinnitus research findings that have shown high variability of treatment response (Kleinjung et al., 2005; Henry et al., 2006; Rossi et al., 2007). Our findings are also in line with NFB research that has indicated large intra-individual differences in EEG patterns (Dohrmann et al., 2007b; Riha et al., 2020) and training trajectories (Riha et al., 2021). Lastly, we found that a certain number of individuals were successful in modifying their EEG activity (Responders), a finding consistent with current literature (Weber et al., 2011; Kouijzer et al., 2013; Enriquez-Geppert et al., 2014; Alkoby et al., 2018).

When looking at the results broken down by latent classes, in Figure 3C, it can be noted that the Responder class (blue line) exhibited the highest initial ADR. However, the existing ADR trajectories are ambiguous as it is unclear whether the ratio change over time is influenced by one or both frequency bands. Separated for alpha and delta power, as shown in Figure 4, it is apparent that the Responder class (Class 3) indeed revealed the desired increase in the alpha-, and decrease in the delta-band. This novel finding caused us to view our past findings from a new perspective, as we had previously only observed change in the alpha-band when including the whole sample in the analysis, without acknowledging the individual trajectories. Moreover, the Responder class’s alpha trajectory started at a significantly higher initial alpha power level compared to the non-responder class (Class 1).

The observed higher initial alpha power in the Responder class follows a concept outlined in the neural efficiency hypothesis (Haier et al., 1992; Doppelmayr et al., 2005). According to this hypothesis in the context of NFB, Vernon and colleagues suggest that “if alpha makes completion of a task more efficient by inhibiting non-essential processing, then a greater level of available alpha may enable the individual to inhibit more non-essential activity, which in turn may facilitate performance […]” (Vernon et al., 2009, p. 216). In contrast, low levels of alpha waves reflect a state of excitation (Klimesch et al., 2007). In addition, it has been suggested that alpha enhancement training may lead to higher outgoing connectivity in a neighboring region of the trained area (Hartmann et al., 2014) as it works as a communication vector across cortical areas (Haegens et al., 2015). Expanding on and supporting these lines of thought, our results indicate that individuals with an increased initial alpha power are more likely to be able to actively inhibit irrelevant processes, thus making them more efficient in altering their brain activity during NFB treatment and hence belonging to the Responder class.

The prediction of class membership in the second step, logistic regression analysis, was based on multiple characteristics that represent an approximation to the comprehensive picture of the individual’s general and tinnitus-related quality of life, as well as their health-related wellbeing. The latter construct provided the strongest group of markers, derived from the Short-Form Health Questionnaire (SF-36). Of its eight health-related quality of life dimensions, the MHI represented the strongest predictor. The five item MHI subscale of the SF-36 was developed to measure psychological distress and wellbeing (Ware and Sherbourne, 1992). The subscale’s items relate to anxiety, depression, loss of behavioral or emotional control, and psychological wellbeing. Scoring follows a 0–100 range from low for feelings of nervousness and depression all of the time to high for feeling peaceful, happy, and calm all of the time. The range of the scale allows for the valid discrimination of psychiatric patients from those with other medical conditions (Berwick et al., 1991). The unique effect of the MHI subscale was very small but may be clinically relevant and is in accordance with the results of other studies indicating the effect of psychological wellbeing and (healthy) mental states on the course and outcome of treatments in various pathologies (Carver et al., 2005; Hasler, 2016; Guidi et al., 2018). It is, however, important to differentiate between the effect on a positive treatment outcome and the ability to learn to self-regulate the brain activity. In this analysis, poorer psychological wellbeing was found to predict this ability. The question which then arises is why would poor subjective wellbeing be a prerequisite for the alteration of oscillatory patterns?

Researchers have contrasting views on the influence of psychological factors on the individual ability to modulate EEG patterns. Hammer et al. (2012) have suggested that NFB/BCI performance can only be predicted to a limited extent by psychological parameters. Similar findings were reported by Marxen et al. (2016), who noted that depression has no statistically significant relationship with regulation during fMRI-based NFB training. Given the lack of an association between class membership and depression in our results, we can support these previous findings to some extent. However, taking into consideration the fronto-central position of the electrodes in our study and the coarse spatial resolution of EEG in general, the signal detected cannot assuredly be associated with only the primary auditory cortices; other, non-auditory areas may have contributed as well. The neural correlate for feelings of nervousness and depression, as the lower scores of the MHI are defined (Ware and Sherbourne, 1992), can be represented by specific oscillatory patterns in the tinnitus distress network encompassing the ventromedial prefrontal cortex, the parahippocampus, as well as the insula and anterior cingulate cortices (ACC) (Jastreboff, 1990; Lockwood et al., 1998; Mühlau et al., 2006; Moisset and Bouhassira, 2007; Vanneste et al., 2010; De Ridder et al., 2011; Vanneste and De Ridder, 2012). Previous studies have indicated the importance of emotional factors in the experience of tinnitus (Andersson et al., 1999; van der Loo et al., 2011; Joos et al., 2012; Brüggemann et al., 2016; Meyer et al., 2017), and that happiness is associated with temporal parietal regions, while sadness activates limbic and paralimbic structures (Jastreboff, 1990; George et al., 1995). Other scholars found evidence that activities of the paralimbic cortex including the left insula and the rostral and pregenual ACC were of significant predictive value for the change of distress (measured by the THI) in tinnitus retraining therapy (Kim et al., 2016). This was confirmed by resting-state EEG data indicating that the level of distress is further correlated with alpha oscillation over these areas (Vanneste et al., 2010). A recent report supports the notion that if the oscillatory activity of the ACCs is insufficient prior to the initial fitting and wearing of hearing aids in the treatment for tinnitus, the phantom perception cannot be improved by the devices (Han et al., 2020). These latter findings accord with our results and guide the attention back to the described top-down inhibiting processes of alpha oscillations. As previously mentioned, contemporary research on NFB has indicated that higher resting-state alpha is associated with increased probability of learning to modify the targeted brain waves during treatment (Klimesch et al., 2007; Gruzelier, 2014a; Wan et al., 2014).

Furthermore, the insula and the ACC are key regions of the salience network (SN) which mediates filtering and detecting salient stimuli (Seeley et al., 2007; Menon, 2015). Simply put, the SN first filters the constant stream of incoming stimuli according to their perceptional features (Peters et al., 2005). As Menon (2015) states, stimuli are more likely to be perceived as salient if they “include deviants embedded in a constant stream, surprising stimuli, and stimuli that are pleasurable and rewarding, self-relevant, or emotionally engaging” (p. 597). Once a salient stimuli is detected, the network’s robust connections recruit other brain networks and facilitate access to attention and working-memory resources (Sridharan et al., 2008). A shift of attention from external to internal processes is suggested, resulting in the representation of a subjective and conscious state, as well as the emotional value of the external stimuli (Seeley et al., 2007; Goulden et al., 2014). Thus, the SN is further associated with internally oriented mental processes and interoceptive awareness, which is associated with autonomic processes such as heartbeat, skin conductance, and respiration. In the context of tinnitus, it has been suggested that a persistent state of awareness may lead to the misattribution of salience to a stimulus, and that this could explain the genesis and maintenance of a conscious auditory percept to a non-existent sound (Rinne et al., 2009; Sadaghiani et al., 2009; De Ridder et al., 2014). Driven by the persistent awareness, the SN seems to act as a multisensory integration site of different tinnitus aspects and attributes, thus making it a core modulator of tinnitus-related distress and subjective wellbeing (van der Loo et al., 2011; De Ridder et al., 2014; Shi et al., 2018).

While our interpretation of results builds on the approach presented in this report, the neural component of conscious, health-related wellbeing and its oscillatory activity or fluctuations could have a number of other potential causes. The challenge in interpreting these effects lies in determining whether they are associated with the generation and chronification of the tinnitus percept, or whether they are associated with tinnitus-related reactions and/or compensations on the individual level. Disentangling wellbeing into its constituent parts and considering our data, we cannot clearly differentiate between tinnitus-related and health-related wellbeing, nor can we identify which of these potential mechanisms might be most relevant. Since the dynamics of neural oscillations reflect perceptual, sensory, cognitive and emotional events, the precise details of these mechanisms warrant further attention. However, our results supported the general assertion that mental wellbeing—as derived from the items of the MHI in this analysis—is decisive for the course and outcome of an NFB treatment. Indeed, the effects were determined at both ends of the defined continuum, at levels of both low and high wellbeing.


Limitations

The inefficacy problem, as one ambiguity concerning NFB, has been the focus of this report. However, other pertinent points in this treatment approach remain to be considered. The most important points are first, that the underlying mechanisms of NFB are not entirely understood and the discussion of its effects is ongoing (Fovet et al., 2017; Schabus, 2017; Thibault et al., 2017; Witte et al., 2018). Second, the demands of temporal expenditure for both participants and clinicians in NFB mean that more distinct and clinically applicable predictors for the ability to learn the regulation of brain activity are urgently needed. The ultimate point we mention here refers to clinical study protocols; for example, duration and frequency of training, feedback modality, and the lack of a blinded control or placebo group (Vernon et al., 2009; Cortese et al., 2016; Omejc et al., 2019; Jensen et al., 2020). Detailed information on all aspects of the discussion orbiting NFB are unfortunately beyond the scope of this report and we refer to existing publications (Gruzelier, 2014b; Rogala et al., 2016; Hampson et al., 2019). It would be certainly not correct to view the limiting factors exclusively from the aspect of NFB, but rather it is necessary to raise awareness about the inferences in this report. Our results are restricted to oscillatory patterns prior to several NFB training sessions and are sensitive to and dependant on the variation of the sample. Additionally, the number of individuals in our sample who underwent a longitudinal clinical NFB trial would be considered moderate yet, for analysis in the GMM framework, it is in the lower ranges. Hence, the observations and inferences presented here can only be treated as qualitative on incidental results. Access to data collected on a larger, more diverse group would give better estimates of this potential dependence. Additionally, we must ask future researchers to consider and include intervention-specific outcomes (Hall et al., 2019), such as hearing thresholds, openness to technical novelties, measures from MRI examinations, and other clinically applicable measures as possible predictors for failure to control in their analysis.




CONCLUSION

Our findings support the idea that the treatment of tinnitus with NFB is a promising technique. However, individuals displayed heterogeneous trajectories during the training while low levels of health-related wellbeing seemed to be a prerequisite for the ability to modify the brain activity in the desired direction. In addition, our efforts to identify individual trajectories and thus bring clarity to the existing literature through the application of GMM would not have been possible if we had treated the individuals in our study of NFB treatment for tinnitus as a single group and used mean level data as adopted in previous studies. Our data-driven approach in this report presents a step toward enabling the translation of scientific findings into suitability for everyday medical practice, bettering the definition of tinnitus “subtypes” in heterogeneous treatment responses, and hence supporting precision medicine. To help achieve the vision of NFB becoming part of precision medicine, both the technology and the general understanding of tinnitus-specific brain activity require continued research, with special consideration being given to health-related wellbeing.
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APPENDIX


TABLE A1. Demographic, health, and tinnitus characteristics of the two individuals of the decliner class.
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Purpose: Currently, the underlying neurophysiological mechanism of acute tinnitus is still poorly understood. This study aimed to explore differences in brain functional connectivity (FC) within and between resting-state networks (RSNs) in acute tinnitus patients with hearing loss (ATHL). Furthermore, it also evaluated the correlations between FC alterations and clinical characteristics.

Methods: Two matched groups of 40 patients and 40 healthy controls (HCs) were included. Independent component analysis (ICA) was employed to obtain RSNs and FC differences were calculated within RSNs. In addition, the relationships between networks were conducted using functional network connectivity (FNC) analysis. Finally, an analysis of correlation was used to evaluate the relationship between FNC abnormalities and clinical data.

Results: Results of this study found that seven major RSNs including the auditory network (AN), cerebellum network (CN), default mode network (DMN), executive control network (ECN), sensorimotor network (SMN), ventral attention network (VAN), and visual network (VN) were extracted using the group ICA in both groups. Furthermore, it was noted that the ATHL group showed aberrant FC within the CN, ECN, and VN as compared with HCs. Moreover, different patterns of network interactions were observed between groups, including the SMN-ECN, SMN-CN, ECN-AN, DMN-VAN, and DMN-CN connections. The correlations between functional disconnection and clinical characteristics in ATHL were also found in this study.

Conclusion: In conclusion, this study indicated widespread alterations of intra- and inter-network connectivity in ATHL, suggesting that multiple large-scale network dysfunctions and interactions are involved in the early stage. Furthermore, our findings may provide new perspectives to understand the neuropathophysiological mechanism of acute tinnitus.

KEYWORDS
functional network connectivity, independent component analysis, resting-state fMRI, acute tinnitus, resting-state network


Introduction

Tinnitus is an auditory symptom characterized by the perception of sound without the presence of a corresponding external sound source (Elgoyhen et al., 2015). It has been found that approximately 25% of the adult population experience one or more episodes of acute tinnitus, daily or permanently by 8% (Kandeepan et al., 2019). Although some audiological or psychological interventions such as hearing aids, sound therapy, cognitive behavioral therapy, or counseling and education are helpful for people suffering from tinnitus, a majority of patients with tinnitus are not cured and are seeking a treatment that would provide permanent relief (Langguth et al., 2013). Therefore, a good understanding of the underlying neurophysiological mechanism of tinnitus is crucial for early diagnosis and the development of disease-specific treatments against tinnitus.

A large body of neuroimaging studies has provided evidence that tinnitus is associated with functional and anatomical changes in several parts of the brain, including the auditory cortex, basal ganglia, prefrontal cortex, parahippocampal regions, and insula (Burton et al., 2012; Maudoux et al., 2012a,b; Chen et al., 2017; Hullfish et al., 2019; Berlot et al., 2020). However, it has been proposed that the unified percept of tinnitus can be considered an emergent property of dynamically changing networks (De Ridder et al., 2014). Furthermore, the cerebral cortex is organized into segregated complex networks that are specialized for processing and exchanging distinct forms of information (Buckner et al., 2009; Xiong et al., 2020). It is suggested that tinnitus is a complicated hearing impairment that is not only involved in the damage of isolated regions but also related to the brain network-level alternations. Therefore, it is imperative to explore brain function at the network level in tinnitus.

However, to date, only a few previous studies have examined tinnitus from the perspective of the brain network level. According to a study conducted by Davies et al. (2014), it was revealed that auditory network connectivity is not modified by the experience of tinnitus. The study also found altered functional connectivity (FC) in brain regions related to attention and emotional processing only in bothersome tinnitus. However, another previous study suggested that the tinnitus percept is not only linked to the activity in sensory auditory areas but is also associated with connectivity changes in non-auditory regions. This shows that there is a modification of cortical and subcortical FC in tinnitus encompassing attentional, mnemonic, and emotional networks (Maudoux et al., 2012b). Elsewhere, Schmidt et al. (2013) identified specific alterations in the connectivity of the default mode, dorsal attention, and auditory resting-state networks (RSN) due to tinnitus. This especially increased FC between limbic regions and auditory as well as dorsal attention RSNs in tinnitus participants (Schmidt et al., 2013). Furthermore, a study conducted by Leaver et al. (2016) presented a unique, atypical “tinnitus network” in patients with tinnitus and suggested that tinnitus pathophysiology involves crosstalk, and perhaps dysregulation, between frontostriatal and auditory–sensory regions. Recently, a resting-state functional magnetic resonance imaging (rs-fMRI) study that used a large sample size found that the connectivity patterns of the right executive control network, which is relevant for the perception of external stimuli, are mostly affected by the distress of patients with tinnitus (Kandeepan et al., 2019).

Although the previous studies provided valuable insights into the role of network interaction in the emergence of clinical tinnitus characteristics, they mostly focused on chronic tinnitus and did not analyze the interactions between each network. However, the patterns of brain networks in acute tinnitus still remain unclear. Tinnitus is usually associated with hearing loss. Approximately 75% of unilateral tinnitus and over 80% of bilateral tinnitus patients have a hearing loss in the standard audiogram detection with thresholds exceeding 20 dB (Wallhäusser-Franke et al., 2017). Therefore, studies on acute tinnitus patients with hearing loss (ATHL) may provide new insights into the investigation of the pathophysiological mechanism of acute tinnitus.

Independent component analysis (ICA), a data-driven method without prior experimental models or assumptions (McKeown et al., 1998), has been proven to be a helpful tool for the detection and isolation of various brain function networks (Davies et al., 2014; Leaver et al., 2016; Kandeepan et al., 2019; Li et al., 2020; Xing et al., 2020). Meanwhile, function network connectivity (FNC) is also a powerful way to assess interactions between RSNs that are based on the correlation between time courses of independent components (IC) (Wang et al., 2014; Qin et al., 2018). However, studies on inter-network connectivity changes in ATHL have not been reported. Therefore, investigations of the RSNs and FNC may offer more useful information to enhance the understanding of neural mechanisms underlying patients with acute tinnitus.

This study aimed to systematically investigate the intra- and inter-network connectivity alterations in ATHL. Interactions between brain networks were quantified using the temporal correlation of their spontaneous activity to estimate the group differences that could be associated with clinical characteristics. Two hypotheses were proposed in this study: first, abnormal FC within and between networks may exist in the ATHL group as compared with the HC group; second, these group differences would be associated with clinical characteristics.



Materials and methods


Subjects

A total of 40 patients were recruited from the Department of Otolaryngology, and a healthy group consisting of 40 participants was also recruited through online and print advertisements in the local community. The two groups were matched for age, gender, education, and handedness. All the patients had constant, unilateral tinnitus lasting less than 1 month with sensorineural hearing loss in the same ear, and they did not have tinnitus or hearing loss before. The hearing thresholds were assessed using pure-tone audiometry (PTA) at frequencies of 125, 250, 500, 1,000, 2,000, 4,000, and 8,000 Hz. It was evident that all the patients had hearing loss, defined as hearing thresholds of > 30 dB in one ear at frequencies from 0.125 to 8 kHz. Each participant in the HC group was confirmed to have a normal hearing level (hearing thresholds ≤ 20 dB at any tested frequency). In addition, exclusion criteria for this study, which were described in our previously published studies (Zhou et al., 2019, 2021), included the following: (a) ear diseases that impacted hearing condition (i.e., pulsatile tinnitus, hyperacusis, or Meniere’s disease); (b) a history of severe alcoholism, smoking, and head injury; (c) neurological or psychiatric illness such as stroke, Alzheimer’s disease, Parkinson’s disease, epilepsy, or major depression; (d) major medical illness such as cancer, anemia, or thyroid dysfunction; and (e) MRI contraindications. This study was approved by the Research Ethics Committee of Nanjing Medical University and written informed consent was obtained from all participants before the beginning of the study.

Moreover, the Tinnitus Handicap Inventory (THI), a self-reported tinnitus handicap questionnaire, provides assessments of tinnitus severity in all tinnitus patients with hearing. Before image scanning, all participants were asked to complete the Self-Rating Depression Scale (SDS) and Self-Rating Anxiety Scale (SAS) to evaluate their emotional states. Therefore, it was found that none of the participants had depression or anxiety, defined as overall scores < 50. The detailed clinical characteristics and demographics of all participants are listed in Table 1.


TABLE 1    Demographic and clinical characteristics of participants.
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MRI data acquisition

Imaging data were acquired using a 3.0 T MRI scanner (Ingenia, Philips Medical Systems, Netherlands) with an 8-channel receiver array head coil. Headphones and sponge pads were used to minimize scanner noise and head movement. During the scan, all the subjects were instructed to rest quietly with their eyes closed but to remain awake and avoid thinking about anything in particular. Structural images were acquired with a three-dimensional turbo fast echo T1WI sequence with high resolution as follows: repetition time (TR) = 8.1 ms; echo time (TE) = 3.7 ms; slices = 170; thickness = 1 mm; gap = 0 mm; flip angle (FA) = 8°; acquisition matrix = 256 × 256; and field of view (FOV) = 256 mm × 256 mm. The structural sequence was obtained in 5 min and 29 s. For rs-fMRI images, a gradient echo-planar imaging sequence was used with the following parameters: TR, 2,000 ms; TE, 30 ms; FA, 90°; the number of slices, 36; FOV, 220 × 220 mm 2; matrix size, 64 × 64; slice thickness, 4 mm; and total volume, 230; and this sequence required 8 min and 8 s. Finally, conventional MRI sequences, including axial T2WI and sagittal T2WI FLAIR sequences, were acquired to exclude intracranial organic lesions.



MRI data preprocessing

Preprocessing of rs-fMRI data was performed using the toolbox of Data Processing and Analysis for Brain Imaging (DPABI V4.21) (Yan et al., 2016), which is based on the Statistical Parametric Mapping software (Penny et al., 2007). For the data of each participant, the first 10 time points were discarded to ensure a steady state. Then, the remaining 220 images were slice-time corrected and realigned for head-motion correction. The participants who exhibited head motion > 2.0 mm translation or > 2.0° rotation were excluded from this study. The generated images were spatially normalized to the Montreal Neurological Institute (MNI) template with a resampling voxel size of 3 mm × 3 mm × 3 mm and then smoothed by convolution with a 6-mm full width at half maximum isotropic Gaussian kernel.



Independent component analysis


Identification of resting-state networks

To obtain the different RSNs in this study, ICA analyses were performed using Group ICA of the fMRI toolbox (GIFT2) for all the participants. First, the estimated number of the ICs was determined using the minimum description length criteria, which was 29 for all the participants. Second, fMRI data were concatenated across all participants and then reduced to 29 components through principal component analysis, followed by IC estimation using the Infomax algorithm. This step was conducted using the ICASSO algorithm, which repeated the ICA analyses 100 times to ensure estimation stability. Finally, the group ICA (GICA) back-reconstruction method was used to generate subject-specific spatial maps and time courses, and hence the results were transformed into z-scores.



Intra-network functional connectivity analysis

Among the 29 components arising from ICA, 10 components (7 meaningful RSNs) were selected as the focus of subsequent analysis through visual inspection based on previous rs-fMRI studies (Bernas et al., 2018; Huang et al., 2020; Li et al., 2020; Xing et al., 2020). A one-sample t-test, which was corrected by a critical threshold with p < 0.01 (family-wise error correction, FWE), was performed on each RSN to determine the z-maps for each group. Then, two-sample t-tests were used to obtain the group differences of the z-maps of the RSNs. Group comparisons were restricted to the voxels within a union mask. The mask was generated by integrating regions of corresponding RSNs in both groups, which were obtained from one-sample t-test results. For group-level comparison, clusters passing a two-tailed Gaussian random field (GRF) correction with voxel-level p < 0.001 and cluster-level p < 0.005 were considered significant (age, gender, education, hearing level, SAS score, and SDS score were considered covariates).



Inter-network functional connectivity analysis

The FNC toolbox implanted in the GIFT software was employed to obtain temporal relationships between RSNs. Temporal band-pass filtering (0.00–0.1 Hz) of the imaging data was first carried out to reduce the influence of low-frequency drift and high-frequency physiological noise. The correlations between any two RSN time courses of each subject were then calculated. A 10 × 10 FNC matrix was later generated by calculating the Pearson correlation coefficient between the time courses of selected RSNs. Finally, a general linear model (GLM) was employed to analyze the group differences for each pair of RSNs between HC and ATHL (age, gender, education, hearing level, SAS score, and SDS score were considered covariates). The significance threshold was p < 0.001, uncorrected.




Statistical analyses

Between-group differences in demographic variables were examined using independent two-sample t-tests for continuous variables and chi-square tests for categorical variables using the SPSS 22.0 software (IBM, Chicago, IL, United States), with a P-value of < 0.05 considered statistically significant. The tests of normality of the data distribution were determined using the Shapiro–Wilk tests, and a P-value of > 0.05 indicated that the experimental data were normally distributed. Cohen’s d was then used to describe the effect size (ES) of each clinical feature. Meanwhile, a two-sample t-test was conducted for RSNs analysis to obtain group differences, and the results were corrected for the GRF method (two-tailed, voxel-level p < 0.001, cluster-level p < 0.005).

Pearson correlation was used in this study to examine the relationship between FC in the RSNs/FNC and clinical features, including duration, THI, SDS, and SAS (statistical significance level P < 0.05, controlling for the effects of age, gender, education, and hearing level). During the current study, the voxel-level statistical analysis of RSNs was conducted using SPM12 (statistical parametric mapping) and the MATLAB function (MATLAB 2013a) was also used for FNC group comparison (p < 0.001, uncorrected). The Bonferroni correction for multiple comparisons was used for the correlation analysis in this study.




Results


Demographic and clinical information

Results of this study showed that there were no significant differences in the age, gender, or educational level (P > 0.05) of the participants in both patient and control groups (Table 1). During the auditory measurements, it was noted that all the patients with acute tinnitus exhibited unilateral hearing loss, whereas the participants in the HC group had a normal hearing level (P < 0.05). In addition, both SAS and SDS scores in the patient group were higher than those in the HC group (P < 0.05).



Resting-state networks

After group ICA processing, 29 ICs were extracted from the fMRI data of all participants, and 10 components were selected as the RSNs. Subsequently, seven meaningful RSNs (Figure 1) were obtained, which was in accordance with previously reported research and included the following networks: The auditory network (AN; IC19) primarily encompassed the bilateral middle temporal gyrus, superior temporal gyrus, temporal pole, and insular. The sensorimotor network (SMN; IC20) was focused on the bilateral precentral and postcentral gyrus and the supplementary motor area. The cerebellum network (CN; IC5) included bilateral cerebellum hemispheres. The default-mode network (DMN; IC27+28) mainly included the precuneus/posterior cingulate cortex, inferior lateral parietal lobule, medial prefrontal cortex, superior frontal gyrus, and angular gyrus. The visual network (VN; IC6+10) was located in the middle occipital gyrus, superior occipital gyrus, temporal-occipital regions, and fusiform gyrus. The executive control network (ECN; IC14+15) also included the left lateral frontoparietal network (LFPN) and the right lateral frontoparietal network (RFPN). The LFPN along with RFPN showed similar spatial patterns, which were mainly focused on the middle frontal gyrus (MFG), inferior parietal lobule, superior parietal lobule, and angular gyrus. Furthermore, the ventral attention network (VAN; IC22) primarily involved the left and right superior temporal sulci, temporal poles, insula, middle frontal gyrus, and supplementary motor area.
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FIGURE 1
Relevant RSNs extracted from the group-level ICA. The spatial maps of 10 ICs were selected as the RSNs for further analysis. AN, auditory network; CN, cerebellum network; DMN, default mode network; ECN, executive control network; SMN, sensorimotor network; VAN, ventral attention network; VN, visual network. R, Right; L, Left.




Intra-network connectivity differences

Results of this study observed significant alterations in FC within 3 RSNs and between the patient and HC groups, including the CN, ECN, and VN (Figure 2 and Table 2). Furthermore, the ATHL group exhibited decreased FC within the CN (left cerebellum_crus2) and VN (left calcarine gyrus) as compared with the HC group. In addition, there was increased FC within the ECN (right MFG) in the patients as compared with the HCs. However, no significant differences were observed in FC within the DMN, SMN, DAN, and AN groups.


[image: image]

FIGURE 2
Intra-network connectivity differences within RSNs in the patients vs. controls. CN, cerebellum network; ECN, executive control network; VN, visual network; R, Right; L, Left.



TABLE 2    Brain regions with significant difference connectivity within RSNs between patients and healthy controls.
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Inter-network connectivity differences

Results of the FNC analysis in this study showed that the patients with displayed aberrant network connectivity in AN, CN, ECN, SMN, VAN, and DMN as compared with the control groups (Figure 3). Specifically, the patient group showed decreased inter-network connectivity in the SMN (IC20)-CN (IC5), SMN (IC20)-ECN (IC15), DMN (IC28)-VAN (IC22), DMN (IC28)-CN (IC5), and ECN (IC14)-AN (IC19) connections. Meanwhile, significantly increased inter-network connectivity in the DMN (IC27)-CN (IC5) was also found in patients. Moreover, it was observed that there was a significantly decreased inter-network connection in the DMN (IC27)-DMN (IC28) in the ATHL group and also a significantly increased connection in the VN (IC6)-VN (IC10).


[image: image]

FIGURE 3
Inter-network connectivity differences between groups. AN, auditory network; CN, cerebellum network; DMN, default mode network; ECN, executive control network; SMN, sensorimotor network; VAN, ventral attention network; VN, visual network.




Correlation analysis

Correlations were analyzed between the altered FC in the four RSNs and clinical data. However, it was found that there were no significant correlations in this correlation analysis. In addition, after computing the relationships between the FNC coefficients and clinical features in the ATHL group, it was found that the negative correlation with tinnitus duration was only demonstrated by the DMN-VAN connection, and this correlation survived after Bonferroni correction (r = −0.408, P = 0.012 < 0.05/4) (Figure 4).


[image: image]

FIGURE 4
Correlation between the FNC coefficient and the clinical features in acute patients with hearing loss. DMN-VAN connection was found to be negatively correlated with duration (r = –0.408, p = 0.012).





Discussion

To the best of our knowledge, this study is the first rs-fMRI study based on the ICA method to explore the intra- and inter-network FC as well as their relationship in tinnitus at an early stage. Furthermore, this study indicated abnormalities in several brain networks in the ATHL group as compared with the controls, including ECN, CN, and VN. Meanwhile, aberrant inter-network connectivity was observed in patients through FNC analysis.

The tinnitus participants in this study showed relatively low scores in the THI, SDS, and SAS tests. Even though the patients with ATHL showed higher scores in SDS and SAS than the healthy participants, the overall scores were still less than 50, which means that the ATHL group did not have a depression or anxiety state according to Zung’s research (Zung, 1971, 1986). Therefore, it is believed that these tinnitus-related features have less effect on patients with AT. Furthermore, the correlation analysis conducted in this study found no relationships between changes in intra- and inter-network FC and THI, SDS, and SAS scores, which is support the viewpoint given in this study. In contrast, tinnitus has long been associated with hearing impairments, and ruling out hearing loss as an alternative explanation for any observed effects is always an important methodological consideration in tinnitus research. Although we add hearing loss as a covariate during analysis, the confounding effect of hearing loss has not been satisfactorily addressed. More work is needed in this area such as studying a group with acute tinnitus without hearing loss would be incredibly useful.

The analysis of brain FC alteration within RSNs may elucidate the abnormal intrinsic interaction in a certain spatial pattern (Beckmann et al., 2005; De Luca et al., 2006). In this study, the ATHL group presented an increased FC in the right MFG for ECN. Furthermore, the ECN participates in many advanced cognitive tasks and plays an important role in adaptive cognitive control (McHugh et al., 2017). According to a study conducted by Rosemann and Thiel (2019) using fMRI, it was found that increased frontal activation was noted in patients with hearing loss, which possibly reflects an increased effort in executive function. Elsewhere, another study demonstrated that the activity of the central auditory pathway decreased as a result of hearing loss, resulting in compensatory increased activation in the ECN (Rutherford et al., 2018). Furthermore, it is believed that the ECN is involved in the allocation of top-down attentional resources (Fassbender et al., 2006). Functionally, the ECN is considered a “higher-order” network, as opposed to AN or SMN, which are considered “lower-order” networks (Power et al., 2011; Guldenmund et al., 2016). Modification of the functional coupling of the “higher-order” network with the “lower-order” network influences how the information is processed and whether the information is consciously perceived (Sadaghiani et al., 2009). The analysis of brain FC of human fMRI data revealed that sensory regions selectively process relevant information and are functionally connected with the ECN (Chadick and Gazzaley, 2011). Therefore, the processing of sensory cortical activity was greatly influenced by the top-down modulations from ECN. Results of disrupted inter-network for ECN-AN and ECN-SMN in this study showed that ATHL is associated with a modification of FC not only within the regions of ECN but also between regions belonging to different networks.

The DMN is activated at rest and hence shows reduced activity during task-related activities or when an executive function is required (Raichle et al., 2001). It is functionally involved in working memory and the interruption of the attention network also causes memory impairment (Veldsman et al., 2019; Xing et al., 2020). Therefore, the results of the hypo-connection for DMN-VAN in this study may indicate the impairment of memory and attention in the patient group. However, the findings still require more specific neuropsychological scales for verification. In addition, tinnitus duration in this study was negatively correlated with the DMN-VAN connection, indicating that the disrupted interaction between DMN and VAN may be related to the neuropathological changes in ATHL. In contrast, it has been shown that the attention network is responsible for top-down attention orientation and participates in exogenous attention orientation (Tripathy et al., 2017; Suo et al., 2021). The decreased DMN-VAN connectivity would mean that patients with tinnitus would probably already start to draw their attention inward toward their perception, and this change is correlated with tinnitus duration.

The cerebellum is mainly thought to be restricted to motor control and coordination, but growing evidence has suggested that the cerebellum may also have a vital role in sensory-perceptual processing (Konoike et al., 2012; Stoodley et al., 2012; Baumann et al., 2015; Xu et al., 2019). According to the results of previous studies, it has been reported that not only the temporal auditory areas of the cerebral cortex displayed activation during auditory stimulus but also specific areas in the cerebellum (Petacchi et al., 2005). Human and animal studies have demonstrated that various regions in the cerebellum such as tinnitus, hyperacusis, and hearing loss are activated in its contribution to hearing impairments (Stoodley and Schmahmann, 2009; Chen et al., 2015a). The findings of this study showed a decreased connectivity within the CN in the patient group. The results were consistent with the results of our previous work and a recent study focused on acute tinnitus, which showed reduced activity in the cerebellum (Zhou et al., 2019; Cai et al., 2020). In addition, a separate study conducted by Zhang et al. (2018) found enhanced and decreased connectivity between CN and other networks in unilateral hearing loss. This study also found disrupted connectivity in CN-SMN and CN-DMN, and these findings provide support for the cerebellum as a crucial node in patients with ATHL.

The calcarine cortex, which plays a significant role in the primary visual cortex, showed decreased FC in the ATHL group in this study, which is consistent with our previous study (Zhou et al., 2019). Some other neuroimaging studies have also found that patients with tinnitus exhibit reduced neural activity in the visual cortex (Burton et al., 2012; Chen et al., 2014, 2015b). Compensatory mechanisms in visual regions may be associated with phantom sound perception. In other words, sensory deprivation in the auditory modality results in the recruitment of the deprived modality by the visual modality (Bavelier et al., 2006; Dieterich et al., 2007). Furthermore, another possibility is that the visual system is “irrelevant” to processing the apparition of sounds in tinnitus.

The auditory network (AN) is likely to play a key role in the occurrence of the phantom sound of tinnitus. Structural and functional anomalies of the primary auditory cortex and secondary auditory regions have been found in chronic tinnitus (Cai et al., 2020). On the contrary, a study conducted by Davies et al. (2014) has demonstrated that there are no significant differences in the auditory cortical FC between patients with chronic tinnitus and healthy people. Results of this study also found no significant FC changes in auditory regions, which is consistent with our previous reports (Zhou et al., 2019, 2021). It was speculated that the inconsistent results obtained may be caused by several reasons: (1) All patients with tinnitus in this study are in the acute stage, so it may be a short time that there are no neuroplastic changes occurred in auditory regions; (2) tinnitus heterogeneity, such as the laterality, hearing level, and severity of tinnitus; and (3) different neuroimaging methods employed. Therefore, there is a need for more studies with more subgroups and different neuroimaging approaches to confirm the mechanism of AN in patients with acute tinnitus.

The current study had some limitations. Due to the relatively small sample size and a cross-sectional study design, the results have to be viewed with caution. Although this study was performed using strict inclusion and exclusion criteria, the influence of heterogeneity still exists (tinnitus laterality, degree of hearing loss, and depression or anxiety state). Therefore, there is a need for future studies with larger sample sizes and more subgroups, as well as using a longitudinal study design will be appropriate. In addition, this study performed limited brain networks. Furthermore, other networks may play an important role in the pathophysiology of acute tinnitus, such as the salience network and basal ganglia network. Exploring the dysfunction of the brain network level will also provide meaningful evidence for understanding the neural mechanism of acute tinnitus. Moreover, no meaningful attempt is made to either ensure that subjects in the two groups directed their attention similarly in the scanner or to assess afterward how they directed their attention. It may have some effects on attention or rest-related networks. Finally, although earphones were used to reduce the MR scanner noise in this study, the neural activity of the auditory pathway is likely to be influenced by scanner noise to a certain degree.



Conclusion

In conclusion, this study indicated widespread alterations in intra- and inter-network connectivity in ATHL, suggesting that multiple large-scale network dysfunctions and interactions are involved in the early stage. Furthermore, our findings may provide new perspectives to understand the neuropathophysiological mechanism of acute tinnitus.
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Objective: To investigate the characteristics of sleep disorders and anxiety in patients with tinnitus, their influencing factors, and the role of sleep disorders as mediators.

Methods: The general conditions and disease characteristics of 393 patients with tinnitus presented to the Changzheng Hospital of the Naval Medical University from 2018 to 2021 were collected. All patients accepted questionnaires such as Tinnitus Handicap Inventory (THI), Pittsburgh Sleep Quality Index (PSQI) and Self-rating Anxiety Scale (SAS), and then the characteristics and the influencing factors of sleep disorders and anxiety were analyzed.

Results: Among the 393 tinnitus patients, 213 cases (54.19%) were diagnosed with sleep disorders, and 78 cases (19.85%) were diagnosed with anxiety, including 25 men (32.1%) and 53 women (67.9%). Binary regression showed that gender, hearing loss, tinnitus severity, and sleep disorders severity were positively associated with anxiety. Multiple logistic regression analysis showed that female gender (OR = 2.526, P = 0.008), hearing loss (OR = 2.901, P = 0.003, tinnitus severity (OR = 1.863, P = 0.003) and sleep disorders (OR = 2.510, P = 0.001) were the independent risk factors of anxiety. The mediating effect of sleep disorders between tinnitus severity and anxiety accounted for 27.88% of the total effect size.

Conclusion: Females patients with hearing loss, moderate to severe tinnitus, and sleep disorders were at greater risk for anxiety, with sleep disorders partially mediating the anxiety associated with tinnitus.

KEYWORDS
  tinnitus, tinnitus severity, anxiety, sleep disorders, mediating effect


Introduction

Tinnitus is the sensation of sound in the ear or head without an external acoustic source. Tinnitus is a common audiological disorder that affects 10.1% of the adult population worldwide (Chang et al., 2019). The sounds are always considered uncomfortably or unpleasantly loud, and even 0.5–1.6% of the patients consider it severely annoying to affect the normal life (Baguley et al., 2013; Tyler et al., 2014).

The causes of tinnitus are complex, occupational or recreational noise exposure are clearly associated with tinnitus, and tinnitus can develop as a result of increased life stress (Kim et al., 2015; Rhee et al., 2020; Szczepek and Mazurek, 2021). Age-related hearing loss and hyperacusis have been linked to tinnitus, which was found to be more common and severe as people aged (Gallus et al., 2015). In China, the prevalence increased sharply after the age of 50 and plateaued at around 32% among individuals over 70 (Zhang et al., 2021). Heart illness, head and neck injuries, the use of steroid medicines and other diseases may hasten or contribute to the development of tinnitus in the elderly (Jafari et al., 2019). Current models consider cochlear damage as the basis of tinnitus. Stochastic resonance is assumed to lead to neuronal hyperactivity and tinnitus (Krauss et al., 2016, 2019).

Various psychological or psychosomatic symptoms, notably anxiety, depression, and sleep disorders, have been linked to tinnitus (Izuhara et al., 2013). Sleep disorders are the most common symptom associated with tinnitus, with an incidence of up to 60% (Aazh et al., 2019). Based on previous studies, sleep disorders can exacerbate the distress of tinnitus and cause daytime fatigue and drowsiness (Li et al., 2022). Anxiety is often manifested as chronic excessive worry, fear, and avoidance behaviors, which can seriously affect patients' quality of daily life (Craske and Stein, 2016). Studies have shown that people with tinnitus score significantly higher than the general population on anxiety and depression scales (Pattyn et al., 2016). The prevalence of anxiety in tinnitus patients was 24–42.1%, while the general population prevalence was 7.3% (Craske and Stein, 2016; Aazh and Moore, 2017; Li et al., 2022). Anxiety symptoms are more likely to cause depression than vice versa. Meanwhile, the influence of tinnitus on depression was proved to be mainly mediated by sleep disorders, hyperacusis and anxiety, though the effect of sleep disorders on anxiety was not described (Aazh and Moore, 2017). Previous research has established that sleep disorders can promote the occurrence of anxiety and may raise the risk of emotional distress in tinnitus patients (Richter et al., 2021). Sleep disorders worsen the severity of most symptoms of anxiety. However, the mechanism was unclear and may be related to impaired emotional regulation, cognitive impairment, and circadian rhythm disorder caused by insufficient sleep (Chance Nicholson and Pfeiffer, 2021).

In China, tinnitus is currently treated by tinnitus habituation therapy and sound therapy. Besides, psychological disorders in tinnitus patients are receiving increasing attention. Adequate diagnosis and treatment of psychiatric disorders associated with tinnitus can significantly improve patients' quality of life (Pinto et al., 2014; Pattyn et al., 2016). However, the relationship between sleep disorders and anxiety in tinnitus patients has not been well-studied, especially for anxiety as an outcome. The aims of this study were to assess the prevalence of sleep disorders and anxiety, and identify their risk factors. We used mediation analysis to examine whether sleep disorders mediate the relationship between tinnitus severity and anxiety. The clinical characteristics, quality of sleep, anxiety situation, and tinnitus severity were investigated in our study.



Methods


Study design and participants

To assess the prevalence of sleep disorders and anxiety in patients with tinnitus in one clinic, we conducted a descriptive, cross-sectional survey study.

This study included 393 patients with tinnitus as a primary complaint who attended the Department of Otolaryngology outpatient clinic at Shanghai Changzheng Hospital from September 2018 to February 2021. Participants completed audiological tests and Chinese version questionnaires such as the Tinnitus Handicap Inventory (THI), Pittsburgh Sleep Quality Index (PSQI) and Self-rating Anxiety Scale (SAS).

Inclusion criteria: tinnitus as the primary complaint; written informed consent signed by patients and their families; agreement to participate in the survey. Patients with the following conditions were excluded: age < 18 or > 85 years; objective tinnitus; carotid body tumor; acute or chronic external or media otitis; middle ear cholesteatoma; otosclerosis; Meniere's disease; ear surgery; severe cardiovascular and cerebrovascular diseases; severe mental diseases or undergoing anti-anxiety or depression treatment. Patients who could not complete the questionnaires or cooperate with audiological and tinnitus tests were excluded.

The study protocol was approved by the Medical Ethics Committee of the Shanghai Changzheng Hospital (2018SLYS1). In addition, all participants or their families signed written informed consent.



Sample size

G*Power 3.1.9.7 program was used to calculate the sample size, with a linear multiple regression model. The statistical significance level was set at α = 0.05, the effect size of 0.1, the statistical power (1-β) of 0.90, and total predictor numbers of 11. Theoretically, a minimum sample size of 108 was calculated.



Questionnaires and data acquisition

All patients' tinnitus histories and general information were meticulously evaluated and recorded. Concurrently, all patients were administered the questionnaires outlined below, pure-tone audiometry, and the psychoacoustic measurements of tinnitus, including tinnitus pitch matching and tinnitus loudness matching. All the tinnitus data were measured and calculated by the same experienced audiologist.

Tinnitus loudness, frequency and sound types were detected based on the patients' tinnitus side. Then factors associated with tinnitus were established, including gender, age, localization (left, right, and both ears), tinnitus duration (acute tinnitus as tinnitus duration < 3 months, subacute tinnitus as 3–6 months duration, and chronic tinnitus as duration > 6 months), tinnitus frequency (≤ 500 Hz, 500–3,000 Hz, and ≥ 3,000 Hz), loudness (≤ 25 dB, ≥ 26 dB), tinnitus sound types (pure tones, and compound tones), and hearing status (normal and impairment). Hearing impairment was determined by calculating the mean pure-tone air conduction hearing threshold at 500, 1,000, and 2,000 Hz. Hearing threshold means ≤ 25 dB were normal, and ≥ 26 dB were assessed as having a hearing loss.


Tinnitus handicap inventory

The Tinnitus Handicap Inventory (THI) quantified the impact of tinnitus on patients' daily life and measured its severity. The Chinese-Mandarin version of the THI has a high test-retest (r = 0.98) and internal consistency reliability (α = 0.93) (Meng et al., 2012). The THI scale comprises three subscales, incorporating functional, emotional and catastrophic subscales, and it contains 25 items for a total of 100 points. Tinnitus severity was classified into five levels based on the THI score: 0–16 as slight, 18–36 as mild, 38–56 as moderate, 58–76 as severe, and 78–100 as catastrophic (Newman et al., 1996).



Self-rating anxiety scale

The Self-rating Anxiety Scale, proposed by Zung (1971), was used to evaluate the severity of patients' anxiety over the past week. The SAS scale consists of 20 items, and each item is scored at four levels. One point means “no or little time,” and four points mean “most or all time” (Zung, 1971). The SAS scale is widely used in China due to its validity and reliability, with internal consistency and test-recovery reliability values of 0.93 and 0.77 (Shi et al., 2019). The total score of each item was multiplied by 1.25, and the integral part is SAS standard score. A SAS score of ≥ 50 suggests anxiety symptoms or the anxiety state, with 50–59 representing mild anxiety, 60–69 representing moderate anxiety, and ≥ 70 representing severe anxiety.



Pittsburgh sleep quality index

The Pittsburgh Sleep Quality Index (PSQI) exhibits a high overall scale and test-retest reliability in China (α = 0.82–0.83, r = 0.77–0.85). This study used it to access patients' sleep status (Tsai et al., 2005). The PSQI was divided into seven parts, including subjective sleep quality, sleep latency, sleep duration, sleep efficiency, sleep disturbances, use of sleeping pills, and daytime dysfunction (Buysse et al., 1989). The total score ranges from 0 to 21, with higher scores indicating poorer sleep quality. Patients with a score ≥ 5 were considered to have a sleep disorder, with 5–10 being classified as mild, 11–15 as moderate, and 16–21 as severe.



Statistical analysis

IBM SPSS 25.0 was used to analyze and calculate the included patients' baseline data, audiological measurement results, THI, SAS and PSQI scores. The non-normally distributed variables were presented by medians and interquartile ranges (IQR). Means ± standard deviations (SD) were calculated for variables with a normal distribution. Frequencies and percentages are used to calculate the statistics for the distribution of different groups. The Mann-Whitney U test was used for the comparison of the variables that did not conform to the normal distribution between the two groups (age, THI scores, SAS scores and PSQI scores). Multiple groups were compared by the Kruskal-Wallis H test simultaneously. The whole data was randomly split into the training set and validation set with a ratio of 3:7. The training set was used for selecting potential covariates by binary logistic regression analysis with anxiety or sleep disorders performed as dependent variables. The multiple logistic regression model was tested using the data from the validation set. The false discovery rate (FDR) approach was used to correct the p-value for multiple tests. Variables were chosen for a multiple logistic regression model only if its FDR corrected p < 0.15.

The SPSS AMOS 24.0 and Bootstrap methods were used to analyze and verify the mediating effect between THI and SAS, with PSQI serving as the mediator variable. The mediation analysis calculated the regression coefficient (β) between the variables to assess their direct and indirect effects on the dependent variable. By multiplying the regression coefficients between the independent variable and the mediating variable and the regression coefficients between the mediating variable and the dependent variable, indirect effects were calculated. The direct influence of the independent variable on the dependent variable was called the direct effect, and the total effect was the sum of the direct and indirect effects. If the 95 percent confidence interval (95% CI) of Bootstrap did not contain zero, the relationship was significant. P < 0.05 was regarded as statistically significant in all statistical analyses, except for the FDR level of the simple logistic regression to screen for potential covariates.





Results


General situation, tinnitus characteristics and psychopathological factors of patients

Our study included 393 patients, 208 of whom were male and 185 were female. Patients' ages ranged from 18 to 85 years, with an average of 52.80 ± 14.67 years. Tinnitus duration was < 3 months in 122 cases, 3–6 months in 36 cases, and > 6 months in 200 cases. There were 118 cases of tinnitus localization in the left ear, 93 cases in the right ear and 182 cases in both ears. Tinnitus frequency occurred at ≤ 500 Hz in 35.11% of patients; 500–3,000 Hz in 8.14%; and mostly concentrated in ≥ 3,000 Hz range as 55.98%. In 216 patients (54.96%), tinnitus sound types were reported as compound tones, and the mean tinnitus loudness was 46.37 ± 18.36 dB. Hearing loss was reported as a pure-tone audiometry threshold ≥ 26 dB in 191 patients, accounting for 48.60%. The average THI score was 31.28 ± 17.18, and 277 patients (70.4%) had mild to moderate tinnitus. The mean SAS score of 393 patients was 45.14 ± 6.78, and anxiety symptom was reported in 78 patients (19.85%). PSQI score averaged 5.88 ± 3.78, and 213 patients (54.19%) were associated with the sleep disorder. The findings revealed that 67 patients had a combination of both anxiety and sleep disorders (17.04%) (Table 1).


TABLE 1 Clinical characteristics of patients with tinnitus (n = 393).

[image: Table 1]



Analysis of risk factors for sleep disorders and anxiety in tinnitus patients

Rank-sum test was used to compare the PSQI and SAS scores of different characteristics. The distribution of PSQI scores differed by gender, age, tinnitus localization, tinnitus loudness, tinnitus severity and anxiety severity. In comparison, SAS scores distribution was different in gender, tinnitus sound types, tinnitus severity and sleep disorders severity. There was no statistically significant difference between the different tinnitus durations, tinnitus frequency, and hearing status with the patients' SAS and PSQI scores (Table 2).


TABLE 2 Relationship between SAS scores, PSQI scores and different characteristics (n = 393).

[image: Table 2]

Binary logistic regression analysis was performed with anxiety or sleep disorders as independent variables to investigate the association with different characteristics. Furthermore, after FDR correction for multiple tests, the result showed that tinnitus severity and anxiety were associated with sleep disorders (FDR < 0.05). Then, the correlation factors were included in the multiple regression analysis by a standard of FDR < 0.15. We found that tinnitus severity (OR = 2.761, p < 0.001) and anxiety severity (OR = 3.935, p = 0.001) were positively associated with the occurrence of sleep disorders (Table 3).


TABLE 3 Logistic regression results for risk factors associated with sleep disorders.

[image: Table 3]

The same analysis was performed to analyze factors related to anxiety. Binary logistic regression analysis revealed that gender, hearing loss, tinnitus severity, and sleep disorders were influencing factors for anxiety (FDR < 0.05). The female gender (OR = 2.526, p = 0.008), hearing loss (OR = 2.901, p = 0.003), tinnitus severity (OR = 1.863, p = 0.003) and sleep disorders (OR = 2.150, p = 0.001) were found to be significantly and positively associated with the development of anxiety as independent risk factors. An increase in sleep disorders degrees was associated with a higher risk of anxiety symptoms (Table 4).


TABLE 4 Logistic regression results for risk factors associated with anxiety.
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Relationship between tinnitus, sleep disorders and anxiety

Patients' sleep disorders and anxiety are concomitant symptoms of tinnitus, and regression analysis revealed statistically significant relationships between tinnitus severity, sleep disorders, and anxiety. We utilized the mediation model to examine the extent to which this effect was direct vs. mediated by sleep disorders. The mediation analysis (n = 393) showed that tinnitus severity had a positive effect on anxiety [β = 0.181, p < 0.001, 95% CI: (0.091, 0.280)] and this model explained 21% of the variance. Tinnitus severity had a positive effect on sleep disorders [β = 0.372, p < 0.001, 95% CI: (0.306, 0.441)], while sleep disorders severity had a positive effect on anxiety [β = 0.188, p < 0.001, 95% CI: (0.084, 0.298)] as measured using the PSQI score. The mediating effect of sleep disorders severity between tinnitus severity and anxiety accounted for 27.88% [β = 0.070, p < 0.001, 95% CI: (0.034, 0.120)], of the total effect [β = 0.251, p < 0.001, 95% CI: (0.176, 0.339)], while the direct effect of tinnitus severity accounted for 72.12% (Figure 1).


[image: Figure 1]
FIGURE 1
 Simple mediation model for the relationship between anxiety as measured via the SAS and tinnitus severity as measured via the THI. THI, Tinnitus Handicap Inventory; SAS, Self-rating Anxiety Scale; PSQI, Pittsburgh Sleep Quality Index; β, regression coefficient; *, p < 0.001.





Discussion

Tinnitus may worsen patients' mental status, with chronic tinnitus patients exhibiting a series of symptoms such as poor concentration, depression, anxiety and sleep disorders (Baguley et al., 2013). Factors such as anxiety and insomnia were substantially connected with tinnitus, but the further relationship between these psychosomatic factors and tinnitus remains unclear. By assessing tinnitus characteristics, sleep quality scores and anxiety scale scores of tinnitus patients, we found that patients with higher THI levels reported higher SAS and PSQI scores. Overall, the result indicated that the risk factors for anxiety were hearing loss, female gender, sleep disorders, and tinnitus severity. Meanwhile, sleep disorders may be a mediating factor of tinnitus affecting anxiety. Our study exemplifies the clinical characteristics of tinnitus prevalence in the local region and enriches the evidence for tinnitus and psychological comorbidity.

Negative emotions associated with tinnitus can activate a stress response in the limbic system, resulting in increased sympathetic responses and dysfunction. These regions are also vital response sites for disorders such as anxiety and can indirectly influence the patient's psychological state (Pattyn et al., 2016; Richards et al., 2020). Anxiety would increase the sensitivity of patients to tinnitus, aggravate the subjective discomfort, reduce tolerance, and often lead to exaggerated tinnitus symptoms. In this study, the prevalence of anxiety was 19.85% (78 cases), and analysis revealed that women had higher SAS scores and a higher risk of anxiety than men (OR = 2.526), corroborating the previous study's findings (Craske and Stein, 2016; Fioretti et al., 2020). This phenomenon could be explained by the periodic fluctuation of female hormone levels, which affects the central emotional regulation region, making women more vulnerable to stress and thus anxiety (Solomon and Herman, 2009). We also observed differences in the occurrence of anxiety in female patients of different age groups. Patients older than 56 years had a lower risk of anxiety (OR = 0.421, p = 0.032), which may be attributable to the increased family and work pressures faced by younger and middle-aged women.

Hearing loss is most commonly caused by age-related hearing impairment, with age and hearing loss both considered to be associated with bothersome tinnitus (Basso et al., 2020). The cochlear basement membrane hair cells can sense high-frequency sound waves and are susceptible to genetic and environmental factors. The decrease of hair cells results in high-frequency hearing loss and may lead to tinnitus frequency predominantly above 3,000Hz (Shapiro et al., 2021). Hearing loss was also a risk factor for anxiety in tinnitus patients. It has been demonstrated that patients frequently exhibit social inhibition due to hearing impairments, which can lead to various family, social, and psychological issues, especially in cases of rapid hearing loss (Arslan et al., 2018). Our results showed a prevalence of hearing loss of 51.65%, similar to 59.1–63.6% reported by Xu et al. (2016) and Natalini et al. (2020). Patients with hearing loss were significantly more likely to experience anxiety than those without hearing loss (OR = 2.901). Anxiety levels in the hearing-impaired patients are proportional to the severity of hearing loss and decline just after surgical treatment (Shoham et al., 2019). In patients with profound bilateral deafness, cochlear implants reduce the severity of anxiety in addition to tinnitus.

Patients with tinnitus frequently report difficulty sleeping or poor sleep quality as a result of the tinnitus sound. This may be due to the fact that the quiet environment at bedtime makes tinnitus more noticeable and makes it difficult for patients to fall asleep. The deterioration of sleep patterns increases the prevalence of sleep disorders in the elderly, making it more difficult to fall or remain asleep (Gulia and Kumar, 2018). Sleep deprivation leads to the dysregulation of the circadian rhythm of cortisol and impaired executive function, impairing the ability to regulate or suppress anxiety symptoms (Chance Nicholson and Pfeiffer, 2021; Szczepek and Mazurek, 2021). As generalized anxiety disorder has both subjective sleep disturbance and sleep architecture changed, thus sleep disturbance may be one of its etiologies (Cox and Olatunji, 2016). In this study, the PSQI score was evaluated to be significantly correlated with the THI score, and the risk of sleep disorders increased with the severity level of tinnitus. Furthermore, sleep disorders can be both a cause or consequence of mental disorders such as anxiety, as anxiety may a major risk factor for the development of sleep disorders (Ohayon and Roth, 2003; LeBlanc et al., 2009; Cronlein et al., 2016).

Our study included tinnitus patients without any history or treatment of psychiatric illness and has preliminarily shown that tinnitus is strongly related to sleep disorders and anxiety. There were two possible connections: (1) Tinnitus caused anxiety and sleep disorders; (2) anxiety and sleep disorders were concomitant symptoms of tinnitus and aggravated the discomfort of tinnitus. We tested the hypothesis that sleep disorders may be a significant factor in the association between tinnitus severity and anxiety. In our study, the comorbidity rate of sleep disorders and anxiety increased with tinnitus severity, eventually exceeding 80%. As sleep disorders varied from normal to severe, the risk of anxiety increased significantly with each increased level. Additionally, sleep disorders accounted for 27.88% of the mediating effect between tinnitus severity and anxiety. Although we could not directly evaluate the causal relationship between tinnitus and psychiatric disorders, our study strongly correlated tinnitus symptoms with anxiety and sleep disorders. We further identified and highlighted sleep disorders' significant role in anxiety.

The severity of tinnitus is highly associated with depression, anxiety and neuroticism, emphasizing the importance of psychological factors in tinnitus management (Strumila et al., 2017). In patients with profound bilateral deafness, cochlear implants reduce the severity of anxiety in addition to tinnitus (Yang et al., 2021). A study in Swedish indicated that the decrease in depression symptoms is associated with a reduction in tinnitus prevalence and severity (Hebert et al., 2012). It is suggested that focusing on the treatment of sleep disorders can also be beneficial in alleviating patients' anxiety, as failure to treat tinnitus symptoms or intervene with psychosomatic problems timely may result in a vicious cycle of tinnitus-sleep disorders-anxiety (Cox and Olatunji, 2016; Chance Nicholson and Pfeiffer, 2021).

Younger patients were more likely to have anxiety in previous reports, whereas patients with tinnitus for over a year were less likely to have anxiety (Xu et al., 2016). However, no significant relationships between anxiety and characteristics such as age and duration of tinnitus were discovered in this study, which could be attributed to the uneven age distribution of the included population, which tends to be older. The intertemporal delineation of tinnitus duration in this study was different, the effect of tinnitus duration on anxiety and sleep disturbance requires further investigation.



Limitations and conclusion

As this was a cross-sectional study with relatively small sample size, the order of variable inclusion in the mediation model represents the correlation only. The results do not allow for causal conclusions to be drawn about tinnitus, sleep disorders and anxiety. A more extensive longitudinal study is needed to determine the psychological profile and influencing mechanisms of Chinese tinnitus patients. Anxiety and sleep disorders were described briefly in this study, the relationship between different anxiety and sleep disorders components and tinnitus has not been investigated. However, the observed network of potential associations between variables suggests that future research should investigate the precise role of anxiety and sleep disturbance in tinnitus patients and the general population.

In conclusion, anxiety and sleep disorders are frequently associated with tinnitus patients, and the prominent risk factors for anxiety symptoms are female gender, hearing loss, moderate or severe tinnitus, and sleep disorders. Tinnitus can influence the occurrence of anxiety through sleep disorders, but the precise mechanism remains to be determined. Sleep management and psychological interventions are essential in the treatment of tinnitus patients. It is even more critical to focus on anxiety prevention, diagnosis, and prompt referral treatment for tinnitus patients with sleep disorders.
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Objective: This randomized single-blind controlled trial tested the hypothesis that a prototype digital therapeutic developed to provide goal-based counseling with personalized passive and active game-based sound therapy would provide superior tinnitus outcomes, and similar usability, to a popular passive sound therapy app over a 12 week trial period.

Methods: The digital therapeutic consisted of an app for iPhone or Android smartphone, Bluetooth bone conduction headphones, neck pillow speaker, and a cloud-based clinician dashboard to enable messaging and app personalization. The control app was a popular self-help passive sound therapy app called White Noise Lite (WN). The primary outcome measure was clinically meaningful change in Tinnitus Functional Index (TFI) between baseline and 12 weeks of therapy. Secondary tinnitus measures were the TFI total score and subscales across sessions, rating scales and the Client Oriented Scale of Improvement in Tinnitus (COSIT). Usability of the US and WN interventions were assessed using the System Usability Scale (SUS) and the mHealth App Usability Questionnaire (MAUQ). Ninety-eight participants who were smartphone app users and had chronic moderate-severe tinnitus (>6 months, TFI score > 40) were enrolled and were randomly allocated to one of the intervention groups. Thirty-one participants in the USL group and 30 in the WN group completed 12 weeks of trial.

Results: Mean changes in TFI for the USL group at 6 (16.36, SD 17.96) and 12 weeks (17.83 points, SD 19.87) were clinically meaningful (>13 points reduction), the mean change in WN scores were not clinically meaningful (6 weeks 10.77, SD 18.53; 12 weeks 10.12 points, SD 21.36). A statistically higher proportion of USL participants achieved meaningful TFI change at 6 weeks (55%) and 12 weeks (65%) than the WN group at 6 weeks (33%) and 12 weeks (43%). Mean TFI, rating and COSIT scores favored the US group but were not statistically different from WN. Usability measures were similar for both groups.

Conclusions: The USL group demonstrated a higher proportion of responders than the WN group. The usability of the USL therapeutic was similar to the established WN app. The digital polytherapeutic demonstrated significant benefit for tinnitus reduction supporting further development.
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Introduction

Tinnitus is experienced to some degree by 5–43% of the population depending on definition and the population sampled (1). This false perception of sound can be annoying and can result in, or exacerbate, sleep, concentration, anxiety/depression, and hearing problems (2, 3). Understanding of tinnitus pathophysiology continues to evolve but in general terms, tinnitus can result from disordered or reorganized activity within and across several neural networks due to peripheral auditory deafferentation or head injury (4). Tinnitus magnitude is a complex interaction between detection of the signal, presence of external sound, and influences of attention, memory and emotion (5). Psychosocial factors including personality and environment affect the expression and degree of tinnitus severity (6–8). Tinnitus has unusual perceptual features; it is an unreal or phantom perception which may explain its salience and why distress networks are recruited (9, 10).

The complex nature of tinnitus has so far defeated efforts to develop a medication to eliminate its perception (11). Broad psychology-based management approaches such as Cognitive Behavioral Therapy mitigate some of the negative outcomes of tinnitus (12). There is limited evidence that therapies using hearing aids and sound in a generic manner to mask or facilitate habituation to tinnitus are also helpful (13). Some sound therapies target specific tinnitus generating mechanisms using specialized devices (14) other sound therapies are designed for self-help (15). Despite widespread use, and commercialization, of various forms of sound therapy there has been limited evidence for efficacy, especially in the form of randomized controlled trials (13). Recently several well-designed trials have been published that report the effect of: (1) Tinnitus Retraining Therapy (TRT) compared to partial-TRT and Standard of Care (SOC) (16). (2) Acoustic Coordinated Reset (ACR) T30 Neurostimulator proprietary sound sequence vs. a placebo sound sequence (14). (3) Three bimodal neuromodulation settings combining sound with electrical tongue stimulation (17).

The TRT trial assigned 151 patients to 3 therapies and assessed outcomes at 3, 6, 12, and 18 months (16). At the at end of the study 34 had received and completed TRT, 40 received and completed partial TRT, and 37 received and completed partial SOC. TRT comprised directive counseling and 8 h of sound therapy (18). Partial TRT substituted the normal sound therapy with a “placebo sound therapy” that reduced sound level after 40 min. The SOC was composed of patient-centered counseling and environmental (non-sound generator) sound enrichment. There were few differences between the groups. After 18 months 47.1% of the TRT group, 53.5% of the partial TRT and 40.5% in the SOC group demonstrated a clinically meaningful change in the TFI (>13 points) (16).

Hall et al. (14) compared the Acoustic Coordinated Reset T30 neurostimulator proprietary sound sequence to a placebo algorithm. One hundred and eighteen participants were randomized to the two groups; 44 completed the TFI after 12 weeks of the proprietary sound sequence, 48 completed the TFI after 12 weeks of the placebo algorithm. There were no statistically significant differences in tinnitus measures after 12 weeks of trial. The TFI total score reduced by 1.53 points with the treatment and 3.92 points with the placebo (14).

Conlon et al. (17) tested the effectiveness of 3 different combinations of sound with electrical somatosensory stimulation of the tongue. There was no statistically significant difference between measures for the 3 arms, but all 3 arms showed a clinically meaningful change in average total TFI scores after 12 weeks [arm 1 (n = 85) change in TFI 13.9 points, arm 2 (n = 88) 13.8 points, arm 3 (n = 83) 13.2 points] (17).

The trials described above targeted the neurophysiological processes of habituation (16) neural synchrony (14) and multisensory plasticity (17) in a pre-determined manner across participants. An alternative approach is to apply multiple treatment methods guided by an individual's tinnitus characteristics and therapy goals to focus on aspects of the tinnitus experience likely to be driving other symptoms or preventing adaptation (19, 20). There have been increasing efforts to understand the heterogeneity of tinnitus (21). Through understanding predispositions and environmental factors the possibilities of personalized tinnitus therapy that targets factors critical for tinnitus perception and/or reaction in an individual has been raised (8, 19). The authors' laboratory and clinic have been developing the concept of goal-oriented counseling and Personalized Sound Therapy (19, 22). Our vision is to develop a digital polytherapeutic able to modify multiple different axis of tinnitus perception and reaction, prioritized by individual behavioral needs, tinnitus characteristics and eventually tinnitus biomarkers (22). Methods to measure individual characteristics and goals have been developed (23, 24). Feasibility, proof-of-concept and small randomized trials have investigated potential components of a polytherapeutic including counseling (25) passive sound therapy (26–30) and active training (31–33). From this work a prototype smartphone-based digital therapeutic was developed to provide therapy focused on providing relief, relaxation, and attention focused retraining (34) within the context of counseling focusing on Attention, Reaction, Explanation, and Adaptation [AREA (25)]. This trial will test the efficacy and usability of the prototype tinnitus digital therapeutic and its hardware against a control sound generator smartphone application (app) with earphones commonly used for tinnitus self-help. It was hypothesized that the prototype digital therapeutic would provide superior clinical outcomes with similar usability to the established self-help app.



Methods

This study was approved by the University of Auckland Human Participants Ethics Committee. All participants gave written informed consent in accordance with the Declaration of Helsinki. This trial was registered on Australian New Zealand Clinical Trials Registry (ANZCTR; ACTRN12621000389808).


Trial design

The study is a randomized (1:1) parallel two-arm single-blinded controlled study design. The two arms consisted of a prototype tinnitus digital therapeutic developed by the authors and a popular self-help tinnitus app. Repeated outcome measures were obtained at four time points: Screening (week 0), baseline and therapy provision (week 4), 6 weeks with therapy (week 10), and 12 weeks with therapy (week 16). The study ran from 9 March 2021 to 19 March 2022. Participants were seen on week 4 by a single unblinded researcher at a single site, the University of Auckland Clinics, Auckland, New Zealand, all other assessments were undertaken using online materials, in-app notifications, and email reminders. The participants, interventions and procedures undertaken at each appointment and time-frame protocol for data collection are described in the following sections.



Participants

Participants were recruited by advertisement at a public talk on tinnitus, on the University of Auckland's research website and Facebook. The inclusion criteria were: adults aged over 18, constant tinnitus of at least 6 months duration at baseline, a minimum total score of 40 on the Tinnitus Functional Index [TFI; this cut-off score was chosen as an indicator of moderate-severe tinnitus; (35)], and a maximum of a moderate degree of hearing loss. Hearing aid users were eligible for the study but needed to be able to hear therapy sounds through headphones unaided. Participants had to be smartphone users, be familiar with smartphone apps, and own active Android or Apple phones. Individuals prescribed medications, including for anxiety or depression, were included. Participants were excluded from analysis if their TFI scores changed >13 points (clinically meaningful change) between screening and intervention (indicative of unstable tinnitus or unreliable reporting). Participants were asked to refrain from starting any new tinnitus treatments during the trial. Participants were not reimbursed for participation but were able to keep the apps and headphones provided. The flow of participants through the trial is shown in Figure 1, summary characteristics for enrolled and completer participants are summarized in Table 1 and in detail in Supplementary Table 1.
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FIGURE 1
 Consort flow chart for participant recruitment and retention.



TABLE 1 Summary of participant characteristics.
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Interventions
 
Active control

The active control was the “White Noise” (WN, TMSOFT) app, available from the Play Store (Google) and App Store (Apple). Example screen shots of the user interface are shown in Figure 2B. Participants were provided in-ear wired headphones (e.g., Panasonic RP-HJE290GUK Premium Black Earphones) but were also free to use their own headphones of any type if preferred. WN was chosen as the active control as it was available across platforms and resembled the test intervention in use of sound and phone, and has previously been identified as a popular self-help app for tinnitus (15). All participants had a range of sounds available to access based on personal preference. The clinician did not customize the control app. Participants were shown functions on the app such as timers and sound manipulation capabilities (location, volume etc).


[image: Figure 2]
FIGURE 2
 Example screenshots for (A) the USL intervention (i) Menu, (ii) Passive therapy sounds, (iii) AOIL task, (iv) Tracking task. (B) The WN intervention. (i) Menu, (ii) Passive therapy sounds, (iii) Sound control, (iv) Sound mixing.




Digital therapeutic

For the purposes of the trial this was given the name “UpSilent” (USL, F-Code labs) (Figure 2A). The therapeutic consisted of a smartphone app, Bluetooth bone conduction headphones (Z8, Shenzhen JEDI Technology Co) and Bluetooth neck pillow speaker (U-shape, Shenzhen Epoch Technology) for sleep, and written counseling materials. The researcher had partial control over the overall system and could remotely enable or disable functionalities, modes and content of the patient's app using a cloud-based clinician dashboard. A customized profile was chosen according to the patients' needs and tinnitus assessment. The app had three different modes 1. Passive listening (Relief, Relax, & Retraining sounds). 2. Active listening and 3. Counseling (AREA).


Passive listening

The tracks were selected from a library of sounds according to participant preference and goals. Relief sounds had high interaction with tinnitus creating masking, a personalized sound where the frequency response was tailored to the individuals minimum masking levels (36) and perceived position in space (29) was included. Relaxation sounds had positive emotion affect associated with calm situations (e.g., gentle waterfall). Retraining sounds were more complex nature sounds with multiple sound objects and participants were instructed to focus attention on these sounds, enabling retraining of attention away from tinnitus.



Active listening

This consisted of two components a tinnitus calibration task (23) and a form of the Auditory Object Identification and Localization (AOIL) task (31). The calibration task gave the player agency over a sound like their tinnitus and encouraged moving attention in auditory space away from their tinnitus. Participants had to listen for the location of a target tinnitus avatar sound and use a slider to manipulate the location to match the location of the target. The AOIL was an attentional training program. Participants were presented with a variety of different “everyday” sounds monaurally or binaurally. Participants were instructed to attend to given locations or sounds, and respond to prompts (e.g., “Which ear did you hear the SHAVER in?”). Feedback was provided on correct/incorrect identification.



Counseling

Brief psychoeducation following the AREA model (25) was provided consisting of a Wiki about tinnitus and how to use the UpSilent sounds to enable therapy strategies. Strategies included goal setting, sleep hygiene, attention control techniques, communication strategies, guided abbreviated progressive relaxation and deep breathing exercises.




Procedures

Participants were blinded as to the intervention they received. The researcher providing the therapy could not be blinded. The number, duration and content of research sessions were the same for both arms to control for non-specific effects of the device, care, and therapeutic attention. The participants were instructed to use the interventions as needed and to aim for a minimum of 2 h of cumulative use per day for 12 weeks. The instructions per participant varied as part of the goal setting and needs assessment process. Participants requiring “relief” were recommended “relief” sounds until some control over tinnitus was achieved, those for whom relaxation was an important goal were recommended those sounds when stressed. Following relief and relaxation, participants were recommended to focus on retraining strategies.

All participants were provided verbal counseling on the use of sound therapies for tinnitus according to the goals and needs established through information provided in their enrolment questionnaires and discussion with the researcher at the start of the appointment. All were provided with generic information around tinnitus and its pathology.


Screening (week 0, online)

Following contacting the researchers, participants were provided with an information sheet that outlined the background and aims of the trial and details of measurements to be taken over the course of the study. After providing written informed consent, participants were assigned a unique identifier code so that data was managed and analyzed in a deidentified manner. Participants were provided with a link to online questionnaires coded, stored, and collated using the University's REDCap (Research Electronic Data Capture) account. The system operates in accordance with safe design and software maintenance standards for medical software. Participants completed a comprehensive case history [Tinnitus Sample Case History Questionnaire, TSCHQ (37)]. The TFI, a recognized tinnitus intake and assessment questionnaire (35) validated in New Zealand (38) was completed. The TFI served as the primary outcome measure in this trial. The TFI consists of 25 items and eight subscales, where a 0–10-point Likert scale measures the response to each item. The subscales address the domains where the tinnitus impacts the patient (35). Participants were asked how much a problem their tinnitus was (0 not a problem−5 very big problem). Numeric rating scales were used to measure tinnitus perception along five dimensions: How strong, intrusive, uncomfortable, unpleasant the tinnitus signal was, and how easy it was to ignore the tinnitus signal (0–10 rating, 0 not a problem−10 extreme problem).




Randomization

Participant allocation (1:1) to each study arm was randomized using a computer random number generator.



Baseline (week 4, in person)

Following a 20-min period of active listening about the individual's tinnitus, assessments were undertaken by the researcher. Participants needs and goals with therapy were ascertained using the Client Oriented Scale of Improvement in Tinnitus (COSIT) (24). The COSIT is an open-ended questionnaire in which the participant listed up to five improvement goals they hoped to realize with the therapy, that they then ranked. In addition to active listening and goal setting, in-person counseling for both groups were limited to description of the therapy goals and instructions on device use.

Outcomes were assessed at the end of the trial (week 16) as to degree the therapy had changed their tinnitus, and its final status relative to goals. The TFI and rating scales were undertaken online.

Pure tone audiometry (MEdRX, AVANT Stealth Audiometer, 0.25–16 kHz) was conducted in a sound treated room (ISO 8253–1:2010) and employed the modified Hughson-Westlake procedure (39). Tinnitus psychoacoustic outcomes were measured using tinnitus testing software (MEdRX, Tinnometer). Tinnitus pitch match was assessed throughout the test frequency range of 0.25–16 kHz using a two-alternative forced-choice method. Pitch match was then compared to tones one octave above and below to rule out octave confusion. The measurement was repeated until two repeatable responses were obtained.



Fitting process

Participants in both arms worked with the researcher to create a personalized sound using the Threshold Adjusted Noise (TAN) method (36) with Adobe Audition software. In this method white noise is filtered through a graphic equalizer with frequency band levels adjusted according to hearing thresholds and minimum masking levels at frequencies between 0.5 and 8 kHz using a modified Hughson-Westlake procedure (36). The participant's preferred sound location was then ascertained (23). The Anaglyph plugin (40) within Adobe Audition software was used to simulate the TAN sound moving around the head, using the numbers of the clock relative to the head as points of reference (e.g., 12 o'clock is directly in front, 3 o'clock is over the right ear) to create a spatialized version of the personalized TAN sound. The personalized sounds were later available through the app to the US arm only.

The participants were familiarized to the intervention they were assigned. The researcher helped to download and install the relevant app, and instructed everyone on its use, as well as the associated hardware (BC headphones and neck speaker for USL). Each group received instruction from the researcher on the functions available in the relevant intervention (USL or WN) and were provided with a written manual for the appropriate app outlining these functions.



Mid trial 6 weeks of therapy (week 10, online)

The TFI and rating scales were repeated.



Completion 12 weeks of therapy (week 16, online)

The TFI and rating scales were repeated. COSIT outcomes were ascertained. Usability of the US and WN interventions were assessed using the System Usability Scale [SUS, (41)] and mHealth App Usability Questionnaire for Standalone mHealth Apps used by Patients [MAUQ-SPA, (42)]. The SUS is a 10-item scale widely used in usability engineering with 5 response options: 1 (strongly disagree) to 5 (strongly agree). The MAUQ-SPA is an 18-item scale requiring responses from 1 (strongly agree) to 7 (strongly disagree).




Compliance

Compliance with use of the interventions were self-reported in free-field sections of an end-of-treatment questionnaire. Additional monitoring was completed by the researcher at assessment times through email. Participants were monitored for adverse effects.



Interim analysis and stopping rules

There were no interim analyses or stopping rules for the trial.



Statistics

A power analysis calculation was undertaken (G*Power 3.1) to determine the sample size for a repeated measures between factors ANOVA with two groups and 4 repeated measures. For an effect size of 0.3 an alpha of 0.05 and power 0.95 a sample size of 94 was calculated. Recruiting 100 participants (50 per group) allowed for a dropout rate of 5%. Intent-to-treat and completer (per protocol) analyses where undertaken. Completer analysis limited data analysis to those participants that undertook all evaluations as per the protocol (N = 61), so measures of change represent changes within individuals, data examined include the TFI total and subscales, rating scales, COSIT scores, and SUS and MAUQ scores. Per-protocol (completer) analysis was chosen as primary method as COSIT, SUS, and MAUQ are only completed at trial end. The demographics of all enrolled participants are present alongside intent-to-treat analysis for the TFI total score to confirm the primary per-protocol analysis was unbiased.


Baseline measures

Analysis of data was undertaken using GraphPad Prism 9.3.1 for Mac. Means, standard deviations (SD) and proportions were used to describe the baseline characteristics of study participants (Table 1). Baseline data was not normally distributed and often categorical. The Mann-Whitney test was used with the Holm-Šídák method for multiple comparisons between USL and WN for the baseline measures and for audiometry (Figure 3).
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FIGURE 3
 Audiogram for per protocol participants. USL group (color, n = 31) WN group (black, n = 30). Mean thresholds and standard error bars are shown.




Outcomes

The primary outcome measure was a responder analysis of the proportion of participants with clinically meaningful change in TFI (>13-point change, baseline to 6 and 12 weeks of intervention) between the 2 groups. Secondary analyses were within and between group differences in: TFI total score, TFI subscales and rating scales baseline across time. COSIT, SUS and MAUQ scores were compared between groups. The normality assumption was confirmed using the Shapiro-Wilk test for TFI, COSIT, SUS, and MAUQ data. Data for rating scales and the COSIT were not normally distributed.

Chi-square contingency testing was undertaken to test that the proportion of participants with clinically meaningful change in the TFI was greater for the USL group than WN group as a responder analysis. Proportional differences grouped according to degrees of change were explored for baseline to 12-week data. The hypothesis that the TFI total score would be different between groups from baseline to 12 weeks was tested using an unpaired t-test. A two-way ANOVA with Geisser-Greenhouse correction was used to analyse TFI Total and subscale data for per-protocol analysis. Dunnett's multiple comparisons test was used to compare screening, 6 and 12 week scores to the baseline score within USL and WN arms. A mixed effects ANOVA (Split-plot ANOVA) with Geisser-Greenhouse correction was used to analyse TFI data in the intention to treat analysis due to missing data. Within arm effect sizes (Cohen's d) were calculated for the intention to treat scores to enable comparison with previous studies as the mean score at 6 or 12 weeks of treatment minus the mean score at baseline divided by the pooled SD. The Friedman test was used for non-normally distributed measures (ratings) with Dunn's method for multiple comparisons of screening, 6 and 12 week scores to the baseline score within USL and WN arms. SUS data for USL and WN were analyzed using a one-way ANOVA. COSIT and MAUQ data for the groups were compared using unpaired t-tests.





Results


Participant characteristics

The flow of participants from contacting the researchers through to study completion are shown in Figure 1. The characteristics of participants completing the study (per-protocol) and at enrolment (intent-to-treat) are summarized in Table 1 and pure tone audiometry is shown in Figure 3. Additional characteristics of the population are provided in Supplementary Table 1 and Supplementary Figure 1. Both the USL and WN groups within and between per-protocol and intent-to-treat groups were similar. Thirty-one individuals in the USL group [age 53 years (SD 15), 19 male 12 female, screening TFI 60 (SD 11)] and Thirty in the WN group [age 53 (SD 14), 16 male 14 female, screening TFI 61 (SD 13)] completed all aspects of the study and were the primary focus of analysis.



Responder analysis

The average change in total TFI score between baseline and 12 weeks was 17.83 points (SD 19.87) for the USL group and 10.12 points (SD 21.36) for the WN group (Figure 4A). A clinically meaningful change in total TFI score is considered 13 points or more. A statistically greater proportion of USL participants (55%) had a meaningful change in total TFI with 6 weeks of intervention (16.36, SD 17.96) compared to WN (33%, 10.12 points, SD 18.53) (χ2 = 2.858, P = 0.046). At 12 weeks a statistically greater proportion of USL participants had a meaningful change in total TFI (65%) compared to WN (43%) (χ2 = 2.775, P = 0.049). The proportions of responders using criteria of 5 to 30 points change were calculated. There were a higher proportion of responders for greater change than 5 points (χ2 = 3.918, P = 0.024) and 20 points (χ2 = 5.442, P=0.01) but not 30 points (χ2 = 1.318, n.s) (Figure 4B).
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FIGURE 4
 (A) Change in TFI total score between baseline and 12 weeks for each group. The horizontal line indicates average TFI change for each group. (B) Responder analysis. The proportion of the two groups with reduced TFI of (>5, 13, 20, and 30 points) at 12 weeks of trial (*P < 0.05, **P < 0.01). A change of >13 points is considered clinically meaningful.




TFI mean values

The change in total TFI score between baseline and 12 weeks of intervention for each completing participant group (USL N = 31, WN N = 30) was analyzed. The TFI, and subscales, were normally distributed. There was no statistically significant difference in the change of TFI score from baseline to 12 weeks of intervention between the USL and WN groups [t(59) = 1.461, n.s]. TFI scores within groups across time for the TFI total and subscale scores were explored. Using a Two-way ANOVA there was a significant main effect of session [F(1.603,94.57) = 34.88, P < 0.0001] across four measurement times but no session by group interaction [F(3,177) = 1.516, n.s] (Supplementary Table 2). Within group comparisons using Dunnett's multiple comparison test identified statistically significant differences between sessions for both groups (Figure 5A, Supplementary Table 3). Equivalent results were found for the intent-to-treat analysis using a mixed measures ANOVA [F(1.799,115.7) = 23.66, P < 0.0001] with no session by group interaction [F(3,193) = 1.595, n.s] (Figure 5B). Each subscale of the TFI was assessed using ANOVAs (Figure 6, Supplementary Table 2) and post-hoc Dunnett's multiple comparison test in which screening, 6 and 12 week sessions were compared to baseline (Supplementary Table 3). There were significant main effects for session for all subscales. In the case of the Auditory Subscale F(2.258,133.2) = 22.24, P < 0.0001 there was a significant session by treatment interaction F(3,177) = 3.020, P = 0.0312 (Figure 6E). This interaction was explored further with multiple t-tests using the Holm-Šídák correction for multiple comparisons, the values for USL and WN were not statistically different. Within group comparisons using Dunnett's multiple comparison test identified statistically significant differences between sessions for both groups for most subscales (Figure 6, Supplementary Table 3). Significant differences within group for the Sleep (Figure 6D) and Relax (Figure 6F) subscales were found for the USL group but not the WN group.


[image: Figure 5]
FIGURE 5
 TFI score across sessions. (A) Per-protocol. (B) Intent-to-treat. USL group (dashed line) WN group (solid line) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001). Mean scores and standard error bars are shown.
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FIGURE 6
 TFI subscale scores across sessions. (A) Intrusive, (B) control, (C) cognitive, (D) sleep, (E) auditory, (F) relaxation, (G) quality of life, and (H) emotional distress. USL group (dashed line) WN group (solid line) (*P < 0.05, **P < 0.01, ***P < 0.001). Mean scores and standard error bars are shown.




Rating scales

Rating scales were not normally distributed and so the non-parametric Friedman test (Supplementary Table 4) was used to explore within intervention effects. Dunn's multiple comparison test was used to compare screening, 6 and 12 week sessions to baseline (Supplementary Table 5). There was a main effect of session for USL and WN groups. Post-hoc Dunn's tests identified significant differences in the USL group between baseline and post intervention sessions for Strong, Annoyance, Ignore and Unpleasant rating scales (Figure 7). Dunn's tests identified significant differences in the WN group between baseline and 12 weeks of intervention for the Unpleasant rating scale (Figure 7F).
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FIGURE 7
 Rating scales scores across sessions. (A) Problem, (B) strong, (C) uncomfortable, (D) annoyance, (E) ignore, and (F) unpleasant. USL group (dashed line) WN group (solid line) (*P < 0.05, **P < 0.01). For consistency with other figures mean and standard error scores are shown, the non-parametric statistics shown are based on rankings.




COSIT and usability

The COSIT scales were analyzed using a 2-way ANOVA to compare data from USL and WN groups for the 2 COSIT scores. The groups did not differ significantly [F(1,118) = 0.02997, n.s, Figure 8A]. The COSIT degree of change score “With the therapy my tinnitus is…” ranges from 1 worse−2 no different−3 slightly better−4 better−5 much better. The USL group change score was 2.83 (SD 0.82) the WN group was 2.54 (SD 0.78). The COSIT final score “I am annoyed by the tinnitus…” ranges from 1 almost always−2 most of the time−3 half of the time−4 occasionally−5 hardly ever. The USL group final score was 3.13 (SD 0.95) and for the WN group it was 2.90 (SD 1.14).
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FIGURE 8
 (A) COSIT scores (USL group, Blue; WN group, Orange). (B) System Usability Scale (SUS) scores. (C) MHealth app usability questionnaire (MAUQ) scores. Mean scores and standard error bars are shown.


Data for the SUS and MAUQ were normally distributed. A one-way ANOVA found no statistically significant difference [F(2,89) = 0.519, n.s] between SUS scores for USL with BC headphone (72.66, SD 18.20) USL with pillow speaker (75.24, SD 21.86) and WN (77.50, SD 14.87) (Figure 8B). No statistically significant difference [t(56) = 0.922, n.s] was found between MAUQ scores for USL (4.77, SD 1.16) and WN (4.47, SD 14.87) (Figure 8C).



Effect size

The Cohen's d effect size at 12 weeks for intent to treat analysis was 1.01 for USL and 0.57 for WN; the Cohen's d effect size for TFI results across a common time reported by Conlon et al. (17), Hall et al. (14), and calculated from Scherer and Formby (16), are shown in Figure 9.
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FIGURE 9
 Effect size (Cohen's d) for recent clinical trials at 12 weeks (3 months) of intervention. T30 stimulator trial (14), Multimodal (MM) sound and tongue stimulation trial (17), Tinnitus Retraining therapy (TRT) Partial TRT and Standard of Care trial (16), and current trial (WN, USL, intent-to-treat data).




Compliance

For those participants who completed the study per protocol: 1 participant (USL) reported that they did not use the intervention, 2 (USL) reported inconsistent use, 4 (USL = 1, WN = 3) reported minimal use (e.g., “not used much,” “1–2 day a week, briefly”), 2 (USL = 1, WN = 1) stopped using the intervention within the first 2 weeks of the appointment, 4 (USL = 3, WN = 1) stopped after 6 weeks, 1 (WN) stopped after 9–10 weeks, 14 (USL = 10, WN = 4) initially used the intervention for 2 h per day, but use declined over the duration of their participation in the study, 11 (WN) used the intervention daily for <2 h, 22 (13 = USL, 9 = WN) used the intervention for at least 2 h per day.




Discussion

Both treatment groups demonstrated reductions in tinnitus from baseline measures after 12 weeks of therapy. The USL intervention provided superior outcomes across most measures. Changes in TFI for the USL group at 6 and 12 weeks were clinically meaningful whereas the mean changes for WN were not. A responder analysis showed a statistically higher proportion of USL participants achieved meaningful TFI change than the WN group at 6 and 12 weeks. Statistically significant differences to baseline were found within therapy for “strong,” “sleep,” “auditory,” and “relaxation” ratings for the USL group and “relaxation” rating for the WN group. Numerical changes in mean TFI and subscales within groups were larger for the USL than for the WN group, but there was not a statistically significant interaction, both groups showed improvement. There were no statistically significant differences in the COSIT or usability measures. The responsiveness of the COSIT to intervention has not been psychometrically evaluated (24). Although the usability of the interventions were assessed as equivalent, participants using the prototype did report software bugs, especially when their phone operating system was updated.

These results indicate the strong potential of a treatment based on the prototype used here. Responder analysis using the standard >13-point TFI change as criteria for clinically meaningful change demonstrated greater success of the USL intervention. Exploring different criterial for change (38) was consistent with USL superiority. Superiority is not often found in studies comparing treatment settings or different treatments (14, 16, 17). Effect size is another indication of the size of any effect and in the case of USL this was found to be large. A comparison with several recent well-constructed trials using the TFI suggest the relative potential of the USL prototype (Figure 9). The effect size for USL was the largest compared to the equivalent studies sampled. The WN passive sound therapy was similar to partial TRT which it closely resembles consisting of counseling and passive sound therapy for a limited time period (16).

This study demonstrates the benefits of the USL prototype digital polytherapeutic. It was not designed to identify which of its therapeutic components or hardware was most responsible for effect. The USL and WN interventions both resulted in within treatment statistically significant changes to the various TFI subscales. Fewer changes were observed in the rating scales, so these perhaps provide a useful, tentative, indication of modes of effect. Rating scales may be less responsive to change; consisting of a single measure, as opposed to several (such as the TFI subscales) and being a snapshot in time (in contrast the TFI asks what the effect is “over the past week”). It is possible that for the rater to indicate a change on a simple scale the treatment effect must be larger. The only statistically significant change from baseline for WN was the rating of unpleasantness being reduced between baseline and 12 weeks of therapy. USL had significant effects on ratings of annoyance, ability to ignore and unpleasantness between baseline and 6 weeks of therapy; between baseline and 12 weeks of therapy ratings of annoyance, ability to ignore and unpleasantness remained significant, and the strength of tinnitus (loudness) had also reached threshold for statistical significance. Scales of problem and comfort did not change statistically. The results are consistent with a rapid positive effect that is broadly based. An ecological model of tinnitus that incorporated Adaptation Level Theory proposed that a multitude of inherent, and environmental factors interact to determine final tinnitus magnitude (8). Tinnitus and external sound interact and undergo similar auditory processing within the system, including feature extraction, schema formation, and semantic objective formation (8, 31). Informational or “central” masking is possible with tinnitus, as the phenomenon is due to central processing itself (34). Another way in which sounds can promote relief is by positive affect (43). The final magnitude estimates of tinnitus, as well as distress judgements, are derived by interactions between the tinnitus, contextual components (any background sound), and cognitive-behavioral characteristics such as personality traits, memory, and past experiences, and emotion (6). According to the Adaptation Level Theory of tinnitus (5) therapeutic benefit can be achieved by increasing the focus on, and driving, non-tinnitus neural activity. This can be achieved through a combination of attention re-focusing counseling alongside active and passive sound therapy. According to this theory, reductions seen in tinnitus perception occur through the experiential learning of a new adaptation level. Tinnitus might not be perceived if tinnitus falls below the individuals signal detection threshold (5).

The study had several strengths, and some limitations. The study assessed tinnitus across time and used multiple measures. The assessment dimensions used are consistent with the recommendations for core outcome measures in assessing sound-based therapies (44). Two of the outcome measures the TFI (38) and COSIT (24) have also been evaluated in the NZ tinnitus population, providing confidence that the outcomes measured are valid. Participants were blinded to the intervention. All participants received the same assessment, including processes for customization of sound (only employed in the USL app). Instructions and contact with the research were similar. The comparison intervention was an active control, it was anticipated to provide benefit, we hypothesized that the USL intervention would be superior. The WN app had a similar look to the USL intervention, and it employed the users' Smartphone in a similar way, so controlled for influence of being provided with technology. The researcher was not blinded, so there was a risk of unintended bias. The decision not to blind the research was a pragmatic decision based on the need that they dispense the therapy. The researchers contact with participants in both groups was limited to the one assessment and dispensing session, with screening and follow up assessments being undertaken online. The researcher undertook technical troubleshooting and was available to answer participant questions from participants in both groups.

Although mean outcome values were numerically different, variance in response indicates that larger sample sizes are needed. This research took place during the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic when New Zealand was subject to various lockdowns that restricted recruitment. A power analysis was undertaken apriori and indicated 47 participants in each group. We anticipated a 5% reduction in participants from enrollment to study completion. The actual amount was 38%; other reference studies analyzed 21% (16), 15% (14), and 50% (17) fewer participants at 12 weeks than first enrolled. Our numbers were largely driven by a high proportion of participants with clinically meaningful fluctuation between screening and baseline (28%). The standard statistics indicate whether differences observed are due to chance. This will be accounted for in future study design by our group. This finding serves to highlight the value of a no intervention baseline period to identify fluctuating tinnitus or unreliable observers. We recommend that other trials use this approach as it may reduce non-intervention variance. The research was undertaken at a single site by the developers of the USL therapy, this carries the risk of unconscious bias. Future trials should include multiple sites independent of the developers.

The presence of several influencing factors on tinnitus-external sound interactions might account for individual success (or lack of success) with the US therapy compared to the WN app. The difference in the interventions included use of different hardware. The selection of hardware was based on testing the digital therapeutic system as a whole against the normal use of headphones with an app. It is possible that the hardware accounts for some of the differences seen between groups. Future testing of different parameters, hardware and individual preferences for sound therapy will be important to strengthening evidence for, and improving, the treatment effectiveness (45).

A goal of future iterations of the therapeutic is to further empower the individual with a sense of greater control over their tinnitus. We believe that greater personalization and interaction in therapy selection (including therapeutic sounds) will enhance this sense of control. At present the goal-focused approach using the COSIT provides individualization through prioritization of therapy module use. AI to aid this through prediction of effective treatment and preference-based learning is being developed (22).



Conclusions

Both therapies trialed provided benefit. The US therapeutic resulted in clinically meaningful change in a larger proportion of participants and a large treatment effect. The intervention tested in this research is a step toward an effective digital polytherapeutic that can accommodate individual goals and predictors of therapy success by employing multiple strategies to modify the neural networks underpinning tinnitus perception and distress.
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Introduction: Accumulating evidence suggests a role of the brainstem in tinnitus generation and modulation. Several studies in chronic tinnitus patients have reported latency and amplitude changes of the different peaks of the auditory brainstem response, possibly reflecting neural changes or altered activity. The aim of the systematic review was to assess if alterations within the brainstem of chronic tinnitus patients are reflected in short- and middle-latency auditory evoked potentials (AEPs).

Methods: A systematic review was performed and reported according to the PRISMA guidelines. Studies evaluating short- and middle-latency AEPs in tinnitus patients and controls were included. Two independent reviewers conducted the study selection, data extraction, and risk of bias assessment. Meta-analysis was performed using a multivariate meta-analytic model.

Results: Twenty-seven cross-sectional studies were included. Multivariate meta-analysis revealed that in tinnitus patients with normal hearing, significantly longer latencies of auditory brainstem response (ABR) waves I (SMD = 0.66 ms, p < 0.001), III (SMD = 0.43 ms, p < 0.001), and V (SMD = 0.47 ms, p < 0.01) are present. The results regarding possible changes in middle-latency responses (MLRs) and frequency-following responses (FFRs) were inconclusive.

Discussion: The discovered changes in short-latency AEPs reflect alterations at brainstem level in tinnitus patients. More specifically, the prolonged ABR latencies could possibly be explained by high frequency sensorineural hearing loss, or other modulating factors such as cochlear synaptopathy or somatosensory tinnitus generators. The question whether middle-latency AEP changes, representing subcortical level of the auditory pathway, are present in tinnitus still remains unanswered. Future studies should identify and correctly deal with confounding factors, such as age, gender and the presence of somatosensory tinnitus components.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021243687, PROSPERO [CRD42021243687].

KEYWORDS
  tinnitus, auditory evoked potentials, brainstem, auditory brainstem responses (ABRs), middle-latency responses (MLRs), frequency-following responses (FFRs), systematic review


Introduction

Tinnitus, or “ringing in the ears,” is the conscious perception of an auditory sensation in the absence of a corresponding auditory source. It is a very common symptom with a prevalence of 10–15% in an adult population (1). This symptom is often associated with reduced quality of life and psychosocial wellbeing (2). There are many factors associated with the onset of tinnitus, the most common one being hearing loss (3, 4). Other possible triggering factors include ototoxic medications, head and neck trauma, temporomandibular dysfunctions, neck pain, neurological and psychological conditions (1).

Literature strongly suggests that the brainstem has a role in tinnitus generation and modulation, as well as in non-auditory comorbid conditions associated with tinnitus, such as neck disorders, anxiety, sleep disorders, difficulty concentrating, and depression (5). Animal studies have consistently shown disturbances in the level and patterns of spontaneous neural activity of brainstem auditory nuclei, linked with the onset of tinnitus. More specifically, these changes include increased spontaneous firing rates and bursting activity, which are both forms of hyperactivity, and increased neural synchrony (5–7). These disturbances are first found in the cochlear nucleus and inferior colliculus (8–11) and may be relayed to higher levels of the pathway (5).

On functional magnetic resonance imaging (fMRI) scans, increased resting state activity is also found in the auditory nuclei in the brainstem (12, 13). Multiple structures in the brainstem, including the cochlear nuclei and inferior colliculi, display abnormal function linked to tinnitus (12, 14, 15). It is important to remember that these brainstem structures send signals via multiple pathways to other brainstem and cortical regions, resulting in a cascade of changes directly associated with tinnitus generation (5).

Among clinical procedures to assess various levels of the auditory system, the most widely used involve auditory evoked potentials (AEPs) (16, 17). It is a technique that is used for the evaluation of neural activity in the auditory pathway, from cochlea to auditory cortex (18). AEPs are generally categorized in three classes according to their latency: short-, middle- and long-latency AEPs (Figure 1). Short-latency AEPs, often referred to as auditory brainstem responses (ABRs) (19), are scalp-recorded responses during the first 10 ms after stimulus onset. Brief acoustic stimuli, of which the “click” stimulus is used most often (20), activate the nerve fibers at the first part of the auditory pathway, from the most distal portion of the auditory nerve to the brainstem (21, 22). The generated impulses are recorded by surface electrodes placed on the scalp, forehead, and both mastoids (23). The readings consist of a sequence of up to 7 positive wave peaks, labeled with roman numerals I-VII (24). The proposed sources of waves I, III, and V of click ABR, which are the most reliably recorded waves (21), are the distal portion of the auditory nerve, the superior olivary nucleus, and the inferior colliculus, respectively (Figure 1) (25–27). The measurement of ABRs is a widely used technique in clinical practice to assess auditory function, and is especially of interest in populations that are difficult to test behaviorally, such as infants (22, 28).


[image: Figure 1]
FIGURE 1
 Schematic representation of the auditory pathway and corresponding AEP components through stimulation with a click. These components include the auditory short-latency responses or auditory brainstem responses (ABR) (waves I-VI) (blue), the auditory middle latency responses (N0-Pb) (red), and the auditory late-latency responses (N1-P3) (green). Localization of the neuronal generators of the ABR waves are also depicted. Created with BioRender.com, AEPs adapted from Burkard et al. (21), Lammers (29).


Middle-latency AEPs, also referred to as middle-latency responses or MLRs, are believed to be generated in the thalamus, in subcortical regions and in the primary auditory cortex (29). MLRs consist of three positive (P0, Pa, Pb) and two negative peaks (Na, Nb) (19, 29). Long-latency AEPs are generally a product of the neocortex reflecting higher-order, cortical processing (30).

Additionally, the frequency-following response (FFR) is distinguished from other evoked potentials by precisely reflecting the neural processing of a sound's acoustic features (31, 32). One way to interpret FFR responses is by examining the timing of response peaks in the time-domain waveform. By applying a fast Fourier transform (FFT), the encoding strength of individual frequencies in the FFR can be examined, such as the fundamental frequency (F0), the first formant (F1), and high harmonics (HH) (31). The FFR has a stimulus-to-response latency of 5–9 ms (33) and could therefore be considered as a short-latency AEP. This response is believed to be generated predominantly in the auditory midbrain (34–38), a hub of afferent and efferent activity (39). Consequently, the FFR reflects an array of influences from the auditory periphery and the central nervous system (31). FFR recordings are increasingly considered a valuable tool to index the current functional state of the auditory system (40).

The recently published systematic review and meta-analysis by Cardon et al. (41) provides an overview of the literature regarding long-latency AEPs in subjective tinnitus patients. A decreased amplitude and prolonged latency of P300 was observed, resulting in the consideration of this potential as a prospective biomarker for subjective tinnitus. This potential is mainly observed in the central and parietal regions of the cerebral cortex (42) and is often used as a measure of cognitive processing (43, 44).

There is no consensus yet on potential AEP changes at the level of the brainstem and the midbrain. Evidence from animal studies with salicylate-induced tinnitus revealed shorter ABR peak latencies, reduced wave I amplitudes, and increased amplitude of wave IV (45). In contrast, in animals with noise-induced tinnitus, all ABR waves had reduced amplitudes (45). This implicates that salicylate and noise induce different changes within the auditory brainstem, but still cause the tinnitus percept.

Since there is evidence suggesting a role of the brainstem in tinnitus generation, our aim was to perform a systematic review to examine if alterations in the brainstem auditory nuclei in tinnitus patients are reflected in short- and middle-latency AEPs. Based on experimental laboratory studies, we expect to find shorter peak latencies and larger amplitudes of the brainstem responses, reflecting increased neural synchrony.



Materials and methods


Protocol registration

The protocol of this study has been registered in PROSPERO on 04/05/2021 (ID CRD42021243687) at https://www.crd.york.ac.uk/PROSPERO/. The Preferred Reporting Items for Systematic Reviews and Meta-analyses Protocols (PRISMA-P) statement (46, 47) was the guideline during the design and writing of this study.



Eligibility criteria

Regarding study population, adults with chronic subjective tinnitus were included. The following exclusion criteria were implemented: no tinnitus, objective tinnitus, pulsatile tinnitus, tinnitus caused by middle ear pathology, tinnitus caused by a tumor, brain tumors, sudden sensorineural hearing loss, drug induced tinnitus, Ménière's disease, Schwannoma, alcoholism, intracranial hypertension, multiple sclerosis, diabetes, cerebrovascular disease, Alzheimer's disease, Parkinson's disease, migraine. The included outcomes were all short- and middle-latency AEP measures; long-latency AEPs were excluded. As for study design, reviews, systematic reviews, and meta-analyses were excluded.



Search strategy

The search strategy was based on the domain-determinant-outcome model. In this model, the domain was defined as adults with chronic subjective tinnitus. Short- and middle-latency AEPs were the determinants. Finally, the outcome was described as the prevalence of alterations in short-and middle-latency auditory evoked potentials in tinnitus patients compared to controls. The databases that were searched in the scope of this systematic review and meta-analysis are PubMed and Web of Science. Search strings were adapted for each of these databases. The search strategy included terms relating to tinnitus and short- and middle-latency auditory evoked potentials and has been evaluated by an independent librarian from the University of Antwerp, as is recommended by the Institute of Medicine (48). Only primary research published in English and Dutch was considered for this review. There were no restrictions on date of publication. Database searching ended on 30/04/2021. The search strategies for PubMed and Web of Science are presented in the Supplementary material S1.



Study selection

Titles and abstracts of the articles retrieved by the database searches were screened by two independent authors (LJ and JDP). Articles that were included based on the title and abstract and met the eligibility criteria, were subsequently subjected to a full-text screening by the same two independent authors. In case of disagreement, this was resolved by a consensus meeting between the two reviewers. If a consensus could not be reached, an extra reviewer (WDH) was consulted.



Data extraction

A standardized form was used for data extraction. The following data were extracted by the two reviewers (LJ and JDP): study design, study population (sample size, sex, age, hearing level), study protocol/methodology, outcome measures [methods of AEP measurements, AEP component(s), characteristics (latency, amplitude)], and results. If reported, measures on tinnitus duration, loudness, and subjective severity were also included in the data extraction tables.



Risk-of-bias and quality assessment

Two reviewers (LJ and JDP) evaluated the quality of the studies independently based on a checklist. Disagreements between authors were solved by discussion or with a third reviewer (WDH). To assess the methodological quality of cross-sectional studies, the Joanna Briggs Checklist for Analytical Cross-Sectional Studies (49), which consists of eight items, was used. Each item was assessed as “yes,” “no,” “unclear,” or “not applicable.” By analogy with Marshall et al. (50), we assigned a score of 1 to a “yes” rating for each of the 8 criteria, resulting in a score from 0 to 8. A cut-off score of 4 was used to exclude low-quality studies from synthesis. Moderate risk of bias was defined as a score of 5 or 6 and low risk of bias to scores of 7 and 8.



Meta-analyses

Meta-analyses were conducted using the Metafor package in R (version 3.6.2, 2019 The R Foundation for Statistical Computing) (51). Effect sizes were calculated as standardized mean differences between tinnitus groups and control groups. In order to minimize clinical variety and considering our main goal was to investigate the possible influence of tinnitus on AEPs, without hearing loss as a (possible) influencing factor, we only included papers which specified that the included tinnitus patients had clinically normal PTA thresholds (≤20 dB HL) in our meta-analyses. Papers in which tinnitus patients had other comorbidities, such as temporomandibular dysfunctions, were also excluded in the final meta-analysis. Data pooling was considered if studies were clinically homogeneous.

Since several included papers reported data on multiple short- and middle-latency AEP components within the same group of subjects, sampling errors of these results were expected to be correlated. To account for this correlation, a multivariate model was applied. Furthermore, AEP components needed to be reported in a minimum of three papers to be included in the meta-analysis. This is in analogy to Cardon et al. (41). In a multivariate meta-analysis, covariances between the sampling errors of various outcome measures are a necessary addition to the model. However, the correlations between several outcome measures within one paper, which is required information to compute these covariances, are often not reported. To account for this lack of information, a variance-covariance matrix was constructed based on correlations between different AEP components in a dataset used in our previously published study in which ABRs in young adults with and without tinnitus were acquired (41, 52).

In order to assess statistical heterogeneity in this multivariate model, forest plots were inspected and I2 was computed according to the approach described by Jackson et al. (53). This approach is based on the variance-covariance matrix of the fixed effects under the model with random effects and the model without. In order to explore outliers or influential studies, post-hoc analyses were performed for all ABR components included in the multivariate model. Outlier detection was based on Cook's distance and influence diagnostics were used to visualize influence of individual studies. The identified influential studies were not removed from the final analysis, since outliers and influential cases might reveal important patterns regarding study characteristics that could be acting as potential moderators (54). Furthermore, evidence for publication bias was investigated in using funnel plots and Egger's regression tests.




Results


Study selection

In total, 1,209 articles were retrieved from the searched databases. After the removal of 313 duplicates, the articles went through a first screening phase based on title and abstract. This resulted in the exclusion of 829 articles. After full-text screening and critical appraisal, 27 papers were included. A detailed overview of the study selection process can be found in the PRISMA flowchart in Figure 2.


[image: Figure 2]
FIGURE 2
 PRISMA flowchart of the study selection procedure. From: Page et al. (99).




Study characteristics

Twenty-seven cross-sectional studies comparing AEPs between tinnitus patients and controls were included. The average number of tinnitus patients enrolled in these studies was 27, ranging from 10 to 113. On average, 35 control subjects, ranging from 10 to 220, were included. The mean age of tinnitus patients was 37.8 years, ranging from 18 to 68 years, and the mean age for controls was 34.2 years, ranging from 18 to 68 years (n = 24 papers). The proportion of male patients (reported in 23 studies) in the tinnitus group was, on average, 60.1% (ranging from 0 to 100%). In control subjects, the proportion of male subjects was 57.0% (ranging from 0 to 100%). The mean duration of tinnitus (reported in 8 studies) was 34 months.

The researched AEP varied across papers. In 24 studies, ABRs were measured, all of which used click stimuli to elicit the responses. The study by Pinkl et al. (55) used both click stimuli and tone burst stimuli. The most commonly studied ABR parameters were latencies of wave I (n = 21), wave III (n = 20), and wave V (n = 21). Interpeak latencies (IPLs) I-III (n = 14), III-V (n = 14), and I-V (n = 16), and amplitudes of waves I (n = 15), III (n = 11), and V (n = 16) were also frequently studied. Amplitude ratios III/I, V/III, and V/I; were only reported in 5, 2, and 8 papers, respectively. MLRs (16, 56, 57) and FFRs (58–60) were acquired in three studies each.

For each individual study, a summary of the characteristics of the tinnitus group and control group, and main results are presented in the Supplementary material S2. Different AEP components, more specifically ABRs, MLRs, and FFRs, were investigated in the different cross-sectional papers. The following sections go into more detail about each of these components.



Risk of bias

The studies that met the inclusion criteria were assessed for risk of bias. According to our cutoff scores, 18 of the 27 included cross-sectional studies had a low risk of bias. The remaining nine studies had a moderate risk of bias. An overview of the risk of bias assessment is presented in Table 1. Additional information on the 8 items that were scored within risk of bias assessment can be found in the Supplementary material S3.


TABLE 1 JBI checklist for analytical cross-sectional studies.

[image: Table 1]



Auditory brainstem responses

Results of the 24 cross-sectional studies that investigated ABR latencies and amplitudes are summarized in the Supplementary material S4. Results for tinnitus patients with and without hearing loss will be discussed separately in the sections below.


Tinnitus patients with hearing loss: Best-evidence synthesis

Due to the clinical heterogeneity between studies investigating ABRs in tinnitus patients with hearing loss, statistical pooling was not feasible. Therefore, a best-evidence synthesis (61) was performed. The standardized mean differences presented in the included studies are shown in Figure 3.
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FIGURE 3
 Standardized mean differences for the different ABR components across studies comparing tinnitus patients with hearing loss to controls. The studies of Attias et al. (97) and Rosenhall et al. (98) could not be included in this analysis, since numerical results of different ABR components were not reported in these papers.


The overall results of the best-evidence synthesis show that no consistent changes in any of the ABR components were present in tinnitus patients with hearing loss. There is a possible weak tendency toward longer latencies of waves I, III, and V. However, these results are heavily influenced by an outlier (62). Furthermore, a very subtle tendency toward a shorter IPL I-III and longer IPL III-V and I-V are shown. Regarding ABR amplitudes, no consistent differences could be identified.



Tinnitus patients without hearing loss: Meta-analysis

Eleven studies investigating ABR components in normal hearing tinnitus patients were included in the meta-analysis. A detailed overview of the reasons for exclusion in the final meta-analysis can be found in the Supplementary material S5. The characteristics of the study participants of the studies included in our meta-analysis are shown in the Supplementary material S6.

The following ABR components were included in data pooling: latencies of waves I (n = 9), III (n = 9), and V (n = 10); interpeak latencies (IPLs) I-III (n = 7), III-V (n = 8), and I-V (n = 7), amplitude wave I (n = 3) and V (n = 3). Standardized Mean Differences (SMDs) between tinnitus patients and controls within each study were calculated for these elements. The final multivariate model, shown in Figure 4, resulted in significant SMDs between tinnitus patients and controls for four of the included ABR components. Latencies of waves I (SMD = 0.66 ms, p < 0.001), III (SMD = 0.43 ms, p < 0.001), and V (SMD = 0.47 ms, p < 0.01) are shown to be significantly longer in tinnitus patients than controls. Statistical heterogeneity for wave I amplitude was too high (I2 = 89.84%), so data could not be pooled. SMDs for interpeak latencies I-III, III-V, and I-V and amplitude of wave V were close to zero.
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FIGURE 4
 Forest plot of the primary multivariate analysis of ABR components in studies comparing tinnitus patients without hearing loss to controls. Results are grouped according to ABR component. Results from individual papers are presented as Standardized Mean Differences (SMD) ± 95% confidence intervals. Overall results from the primary meta-analytic model are given for each component. SMD with 95% confidence intervals are represented by diamonds, while error bars correspond to credibility/prediction intervals, defined as the intervals where ~95% of the true outcomes are expected to fall.


For each component, post-hoc analyses were performed by excluding possible outliers or influencing studies. This is discussed in detail in Supplementary material S7. Overall, the removal of outliers and influential papers did not change the outcomes compared to the primary analyses for all ABR components included in the meta-analyses.

Publication bias was investigated using funnel plots and Egger's regression tests for each ABR component separately. No evidence for publication bias was found for any of the other ABR components. Funnel plots for ABR latencies of waves I, III, and V, as well as forest plots with the outliers and influential papers excluded, are given in the Supplementary Figures S7, S8.




Middle-latency responses

MLR latencies and amplitudes were investigated in three studies, whose results are depicted in the Supplementary material S9. Regarding Na and Pa latencies, none of these studies reported significant differences between tinnitus patients with normal hearing and controls. Not all possible MLR waves were examined in all four of these papers. For instance, wave Pb latency was discussed in only two of them. No consistent differences in any of the other MLR latencies or amplitudes could be identified.



Frequency-following responses

Being only investigated by three of the included studies, the FFR was the least studied AEP in our systematic review. More specifically, Guest et al. (58), Paul et al. (59), and Omidvar et al. (60) examined the fundamental frequency (F0) in tinnitus patients with normal hearing compared to controls. All three of these studies reported lower, though non-significant, response amplitudes in tinnitus patients. However, it must be noted that all of these studies used different stimuli and intensity levels to elicit the FFR (58–60). By eliciting the FFR with a 40 ms synthesized syllable /da/, Omidvar et al. (60) also reported significantly decreased amplitudes of the first formant frequency range (F1) and higher frequency region (HH) in tinnitus patients. Moreover, the mean latencies of all FFR waves (more specifically, waves V, A, C, D, E, F, and O) were significantly longer in subjects with tinnitus than in the control group.




Discussion

Our meta-analysis showed prolonged latencies of waves I, III, and V in tinnitus patients with normal hearing. The best-evidence synthesis in tinnitus patients with hearing loss did not reveal any consistent differences.

In contrast to our expectations of reduced wave latencies due to increased spontaneous firing rates and neural synchrony, our meta-analyses revealed consistent prolongation of wave latencies in several studies.

A prolongation of the latency of wave I, parallel to a lengthening of the later ABR latencies of waves III and V, occurs in ears with sensorineural hearing loss (63–66). No differences in interpeak latencies were found, which further supports this theory (65, 66). Thus, it suggests that patients of the tinnitus group might have had sensorineural hearing loss at higher frequencies which cannot be measured by click ABR (67, 68). In addition, in normal hearing tinnitus patients somatosensory triggers such as temporomandibular dysfunction could also modulate auditory brainstem activity causing delayed ABR latencies (13, 69, 70).

In previous research, a decreased amplitude of wave I has been observed (71, 72). This decrease in amplitude was hypothesized to be caused by the presence of hidden hearing loss, or cochlear synaptopathy, which describes the degeneration of the cochlear synapses without loss of hair cells (60, 73, 74). Our meta-analysis did not replicate these results. However, some researchers argue that the click ABR is not sensitive enough to identify cochlear synaptopathy in humans (58). Thus, this theory of cochlear synaptopathy in tinnitus patients also cannot be refuted by our results. In the study by Guest et al. (58), FFRs were also acquired in order to examine the presence of cochlear synaptopathy in tinnitus patients. More specifically, fundamental frequency (F0) differences were expected to increase due to synaptopathy. However, no significant effects were found.

The mean age over all studies in our meta-analysis was almost 5 years higher for tinnitus patients (38.9 years) compared to controls (34.1 years). This difference could be the cause of a small age bias, which might also influence the results. The possibility of a gender bias is rather small, since there only was a minor difference in mean proportion of genders between tinnitus (proportion of males = 0.61) and controls (proportion of males = 0.59).

Recent studies reported differences in ABR components between tinnitus with and without co-occurrence of hyperacusis in rodents (75) and humans (76). More specifically, Hofmeier et al. (76) reported a prolonged latency and reduced amplitude of wave V in audiologically examined tinnitus patients without hyperacusis (n = 30). In tinnitus with concomitant hyperacusis (n = 20), enhanced amplitudes of ABR wave III and ABR wave V for high sound intensities were identified. In the current review, hyperacusis was not an exclusion criterion. Therefore, we cannot determine whether concomitant occurrence of hyperacusis has a possible influence on the discovered results. The possible variation in the presence of hyperacusis may also be a possible explanation for the different results between studies.


Clinical implications

In the review by Cardon et al. (41), the parietocentral (42) P300 is put forward as a potential biomarker for tinnitus at cortical level. The current review proves that by acquiring ABR waves I, III, and V, changes earlier on in the auditory pathway, more specifically at brainstem level, can be revealed in some tinnitus patients. At present, we cannot confirm whether the cortical changes are a result of the changes earlier on in the auditory pathway. Moreover, the P300 depends on the processing of the stimulus context and levels of attention and arousal (44), and is therefore often used as a measure of cognitive processing (43). In contrast, ABR waves are unaffected by arousal and attention (77, 78), therefore providing us with different information on auditory processing. Thus, auditory brainstem responses and cortical auditory evoked potentials might complement each other to identify the various changes on different levels of the auditory pathway in tinnitus patients with identical or different underlying pathologies.

Furthermore, even though tinnitus patients can present with normal hearing, reflected by a normal pure tone audiometry, sensorineural hearing loss at high frequencies could still be present. For that reason, it may be of interest to acquire ABRs in tinnitus patients who present with a normal audiogram anyway and to perform a high frequency audiometry, in order to diagnose potential latency shifts associated with high-frequency hearing loss.



Directions for further research

Risk of bias assessment revealed a low risk of bias in the majority of the included studies. Throughout the various studies, identifying and dealing with confounding factors proved to be the most common source of risk of bias. However, it is well known that AEPs can be affected by several factors, including age, gender, and hearing loss (79–81). For instance, several of the papers in the current review did not report age or gender of participants (55, 62, 82, 83), or did not mention whether matching was performed (16, 56, 57, 59, 84–86). Therefore, we strongly recommend future research to identify and report these confounding factors, and to set clear inclusion criteria accordingly to avoid sampling errors.

We were not able to draw any conclusions on possible differences in MLR and FFR potentials, mainly because insufficient studies investigating these components could be included in our systematic review. Since our review was able to highlight AEP changes at brainstem level and the review by Cardon et al. (41) did so for the cortical level, there still remains a knowledge gap about whether changes occur at subcortical level. Since MLRs are considered to represent subcortical activation (30) and FFRs arise from multiple cortical and subcortical sources (33, 87), these potentials might help to fill in this knowledge gap. This would allow us to further understand which changes occur in tinnitus patients along the complete auditory pathway, from cochlea to cortex. Thus, our recommendation is to conduct cross-sectional studies measuring MLRs, and FFRs, which are carried out in sufficiently large and homogeneous samples.



Strengths and limitations

To our knowledge, this is the first systematic review and meta-analysis investigating both short- and middle-latency AEPs in tinnitus patients. The use of a powerful and well-constructed methodology contributed to the strength of the present paper. More specifically, risk of bias assessment was performed by two independent reviewers, a broad search strategy was constructed, and this paper was reported according to the PRISMA guidelines (47).

Nevertheless, we encountered a few limitations. Although we intended to homogenize the included data in our meta-analysis as much as possible, some clinical heterogeneity is inevitable. For instance, there were some differences in gender ratio and mean age across studies. Some variation in the methodology for the acquisition ABRs was also present, such as the ABR system, the type of transducer, the presentation level, and the filtering settings. Moreover, some papers that were eligible to be included in our meta-analyses did not report ABR latencies and amplitudes, and consequently could not be included in the final analyses.

Additionally, most papers did not provide many details on the tinnitus characteristics of the subjects. These include duration, loudness, and subjective severity of tinnitus.

As mentioned earlier, there may be multiple factors underlying tinnitus (1), which could potentially be a confounding factor on AEPs. In the current review, we tried to accommodate for this by performing separate analyses for tinnitus patients with and without hearing loss, and by setting in- and exclusion criteria as clearly as possible. In risk of bias assessment, we assessed whether the individual studies identified these confounding factors and how they were addressed (Table 1; Supplementary material S3). These items proved to be the most common source of risk of bias throughout the various studies. Thus, despite these efforts to minimize clinical heterogeneity, the influence of multifactorial tinnitus pathways on cortical and subcortical activation patterns could have affected the results of the included studies and this review.




Conclusion

Significantly longer latencies of ABR waves I, III, and V are shown in tinnitus patients with normal hearing compared to controls. This could be explained by a high frequency sensorineural hearing loss or other less known modulating factors such as cochlear synaptopathy or somatosensory tinnitus generators. No conclusions on possible changes at subcortical level could be drawn yet.
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Background: Tinnitus is a common symptom, affecting about 10–15% of the adult population. When input from the somatosensory system can influence and/or elicit tinnitus, this type of subjective tinnitus is called somatosensory tinnitus. Recently, a new type of bimodal neurostimulation treatment has shown promising results for a specific subgroup within the somatosensory tinnitus population. It is, however, not clear if this bimodal stimulation is also effective in patients with other types of subjective tinnitus.

Aim: The aim of this study was to evaluate the feasibility and efficacy of non-invasive bimodal auditory-somatosensory stimulation in reducing tinnitus severity among a general population of people with subjective tinnitus.

Methods: Chronic subjective tinnitus patients were recruited from the ENT department of the Antwerp University Hospital. Somatosensory stimulation was delivered by Transcutaneous Electrical Nerve Stimulation (TENS), and it was combined with auditory stimulation via headphones. The therapy comprised six sessions of thirty minutes twice a week for a period of 3 consecutive weeks. Follow up measurements were scheduled 9–12 weeks after the last treatment session. The change of the Tinnitus Functional Index (TFI) score, a questionnaire evaluating tinnitus burden and effects on the quality of life, was the primary outcome measure.

Results: Twenty-nine patients were enrolled in the study. A linear mixed-effects model was used to analyze the efficacy of bimodal treatment. The results of this analysis showed a statistically significant decrease (by 6, 9 points) in average TFI score at the follow up visit when compared to baseline. The ability to modulate tinnitus did not have an influence on the treatment results.

Conclusion: Our study showed that bimodal stimulation is a feasible and safe method of tinnitus treatment. The method might be an effective treatment for some participants with tinnitus, especially those who have accompanying neck/temporomandibular problems, although, the evidence from this trial is quite weak. Additional research is needed toward establishing the optimal treatment protocol, as well as selecting the most appropriate inclusion criteria.

KEYWORDS
auditory, somatosensory, electrical, bimodal stimulation, treatment, tinnitus


Introduction

Tinnitus is defined as the perception of sound without the presence of any corresponding external stimuli. Patients describe the phenomenon as a ringing, buzzing, humming, or hissing perceived in the ear(s) or in the head. It can be pulsatile, non-pulsatile, continuous or intermittent (Han et al., 2009; Baguley et al., 2013). Globally, about 10–15% of the adult population experiences tinnitus (McCormack et al., 2016). While many of these patients habituate to the phantom sound, in around 1–2% of patients, tinnitus has a major impact on the quality of life. Those affected often suffer from sleep disorders, anxiety, and depression (Pattyn et al., 2016; Bhatt et al., 2017; Ziai et al., 2017; Geocze et al., 2018).

Tinnitus is a complex multifactorial condition which can be caused by pathological changes at any level of the auditory system (Zenner, 1998; Haider et al., 2018). Despite intensive research conducted in the past, the exact underlying mechanism of tinnitus generation is yet to be understood. One of the proposed mechanisms of tinnitus generation states that the phantom sound of tinnitus is generated as a result of compensatory events that occur after damage to cochlear hair cells (Noreña, 2015). The reduced motility of outer hair cells leads to deficit in the auditory signal conveyed to the central auditory system. To compensate for this reduced auditory signal, changes in inhibitory and excitatory activity occur in dorsal and ventral cochlear nuclei (Auerbach et al., 2014; Wu et al., 2016). Corresponding neurons in the dorsal and ventral cochlear nuclei reduce inhibitory activity by reducing release of inhibitory neurotransmitters including gamma-aminobutyric acid (GABA) and glycine (Auerbach et al., 2014; Lee and Godfrey, 2014; Caspary and Llano, 2017). These processes lead to the increase in the spontaneous firing rate which is further transmitted to inferior colliculi (IC). The IC project ascending fibers to medial geniculate body (MGB) of the thalamus. Therefore, neurons in the MGB also increase their spontaneous firing rate which is coherent in spatial and temporal aspect (this is also known as neuronal hypersynchrony) (Eggermont and Tass, 2015). The neuronal hyperactivity at the level of the MGB is further followed by neuroplastic changes in the auditory cortex (Caspary and Llano, 2017). In the auditory cortex, the neurons are arranged in an order to respond to specific frequencies of sound (known as tonotopic organization) (Wang et al., 2020). After the cascade of events following the decrease in auditory signal from the peripheral system, a reorganization of this tonotopic map is observed. The neurons corresponding to a certain frequency of sound in the tonotopic map start responding to the adjacent frequencies rather than responding to their primary frequencies, thereby reorganizing and extending the tonotopic map (tonotopic reorganization) (Mühlnickel et al., 1998). Thus, the hyperexcitability in terms of spontaneous neuronal firing in the resting state, abnormal neural synchrony and tonotopic reorganization in the auditory cortex are hypothesized to be major factors contributing to tinnitus generation and perception (Eggermont and Roberts, 2004; Adjamian et al., 2009; De Ridder et al., 2015; Haider et al., 2017, 2018).

Tinnitus is often associated with hearing loss (Tan et al., 2013), however, not all tinnitus patients suffer from hearing loss which suggests that non-auditory components also contribute to the mechanism of tinnitus generation. Animal research revealed neural connections between the auditory and somatosensory systems (Zhou and Shore, 2004; Shore, 2005; Shore et al., 2007). More specifically, the dorsal cochlear nucleus (DCN) has connections with the somatosensory brainstem nuclei receiving afferent information from the temporomandibular and upper cervical spine regions (Zhou and Shore, 2004; Shore, 2005). Therefore, the DCN is the site of multi-sensory integration (Basura et al., 2012; Shore and Martel, 2019). Through these connecting fibers, altered somatosensory input can cause abnormal activation in the DCN, resulting in the increased spontaneous firing rate and disturbed neuronal synchrony (Kaltenbach, 2006).

Somatosensory input from cervical spine or temporomandibular joint may influence the excitation or inhibition at the neuronal level, thereby influencing physiological correlates of tinnitus or even lead to tinnitus generation (Wright and Ryugo, 1996; Shore et al., 2007). The presence of these connections in humans has been demonstrated by Lanting et al. (2010), who found an increased activation of the auditory brainstem nuclei during active protrusion in patients with tinnitus who could modulate their tinnitus by jaw protrusion, compared to control subjects without tinnitus (Lanting et al., 2010). The normalization of this somatosensory input might contribute to the reduction in tinnitus loudness and severity and less excitation at the level of the cerebellum.

Transcutaneous electrical nerve stimulation (TENS) of the upper cervical spine or temporomandibular area is one possible way of altering somatosensory input in a non-invasive way. The technique has been widely used as a therapeutic modality for the treatment of acute and chronic pain syndromes (Bjordal et al., 2003; Johnson and Martinson, 2007; Zhu et al., 2017). Moller (2000) reported that electrical stimulation of the median nerve could modulate tinnitus (i.e., increase or decrease in loudness). Several studies investigating the efficacy of TENS of e.g., upper cervical spine (C2), mastoid, pre-auricular skin, auricle and tympanic membrane for reducing tinnitus severity have been conducted so far (Dobie et al., 1986; Steenerson and Cronin, 2003; Herraiz et al., 2007; Vanneste et al., 2010; Lee et al., 2014; Li et al., 2019). In general, findings from these studies revealed that tinnitus severity could potentially be decreased by TENS, however, only a small number of patients benefited from the treatment. Therefore, in the past decade a new treatment method has emerged, namely the bimodal stimulation. This therapy combines two types of stimuli (for example auditory stimuli and somatosensory stimuli) and aims to influence the auditory cortex at neuronal level, which can lead to suppression of tinnitus. The idea behind the use of the two different stimuli (engaging different neural pathways) is to increase the potential neuroplasticity by synchronizing the neural events (Hebb, 1949 in Morris, 1999). Especially, the combination of acoustic and somatosensory stimuli has received increasing interest after animal and human models explored the relationship between the auditory and somatosensory systems (Shore et al., 2016).

Several studies (De Ridder et al., 2014; Shim et al., 2015; Tyler et al., 2017; Marks et al., 2018; Conlon et al., 2020) previously investigated the efficacy of bimodal stimulation for tinnitus showing promising results. Marks et al. (2018), whose protocol we followed in the present study, showed that neural correlates of tinnitus can be modified by bimodal stimulation (auditory and somatosensory), but the effect depended on the precise order and timing between the two types of stimuli. In order to establish the most optimal protocol for tinnitus suppression, different stimulation conditions were explored in animal guinea pig model. The comparison of the stimulus order (auditory stimulus preceded somatosensory vs. somatosensory stimulus preceded auditory stimulus) showed that the first unit-pair weakened neural synchrony, whereas the second—strengthened it. Furthermore, the analysis of the three between stimulus intervals (5, 10, and 20 ms) revealed the best suppression of synchrony and spontaneous activity for 5 and 10 ms intervals, and slight changes for the 20 ms interval. However, when compared to unimodal auditory or somatosensory stimulation, 5 ms interval appeared to evoke significantly greater neuronal changes. In terms of the auditory stimulus, Marks et al. (2018) chose one possible concept, namely matching frequency of the sound to tinnitus spectrum. In result, a significant reduction of Tinnitus Index (quantifying behavioral signs of tinnitus in guinea pigs) was obtained at the treated frequency of 8 kHz (frequency at which tinnitus was the most prevalent) and not the other frequencies. Having in mind that human cochlear nucleus contains similar cellular elements as present in rodents’ DCN, the study protocol first determined in experimental animal studies was next applied in humans (Marks et al., 2018). A specific sample of patients with unilateral pure tone tinnitus that could be modulated during specific somatic maneuvers of the neck or jaw was recruited for this study. To obtain long-term depression, which was demonstrated to reverse decreased synchrony and spontaneous activity in fusiform cells and alleviate tinnitus, sound stimulus (tone-burst at tinnitus frequency) preceded electrical stimulus, with the stimulus interval of 5 ms. Somatosensory stimulus was delivered in C2 region in animals, in humans, however, the electrode was positioned on skin of the trigeminal ganglion region or C2 region, depending on which maneuvers induced the strongest tinnitus change. The clinically significant reduction of tinnitus [at least 13 points reduction in the Tinnitus Functional Index (TFI) score] was obtained in 10 out of 20 human participants receiving the active treatment (Marks et al., 2018).

The protocol applied in the current study was based on the study of Marks et al. (2018) who investigated that protocol in both animals and humans. For their human study, Marks et al. (2018) only included patients with a unilateral pure tone tinnitus that could be modulated by neck or jaw movements. However, this subgroup of patients with tinnitus is relatively small. It is probable that the used approach would also be effective in a larger group of tinnitus patients, as animal research has proven the presence of connections between the somatosensory and auditory system unrelated to the tinnitus subtype. Therefore, our study investigated the feasibility of applying the above protocol in a broader group of tinnitus patients.

Thus, the aim of this study was to evaluate the feasibility and efficacy of non- invasive bimodal auditory-somatosensory stimulation in reducing tinnitus severity in general subjective tinnitus population.



Materials and methods


Study design

This feasibility study was conducted at the Tinnitus Treatment and Research Centre Antwerp (TINTRA) at the ENT department of the Antwerp University Hospital, Belgium.



Participants

Twenty-nine adult patients suffering from moderate to severe chronic subjective tinnitus (score less than 90 points on the THI) were recruited by a multidisciplinary team of otolaryngologists, audiologists and physiotherapists. During the consultation, patients were assessed and screened for eligibility considering the inclusion and exclusion criteria. Inclusion criteria were: (a) adult patients > 18 years, with chronic subjective tinnitus (defined as tinnitus duration of six months or more); (b) TFI score less than 90 points (patients for whom tinnitus is a serious problem should receive immediate help/treatment that is a current standard of care). Patients were excluded if they had any of the following: (a) objective or acute tinnitus (< 6 months duration); (b) tinnitus due to Meniere’s disease; (c) metal implants in the body; (d) pacemaker; (e) oncological conditions; (f) active middle ear pathologies; (g) severe hearing loss making the patient unable to hear the auditory stimulus used in the study; (h) skin lesions in region of neck and face (temporomandibular joint area).

The patients were informed about the treatment protocol and their written consent for the therapy was obtained before starting the treatment. The study protocol was approved by the Bioethics Committee of the Antwerp University Hospital (number B300201941421).



Outcome measures


Primary outcome measure

TFI was used as the primary outcome measure. The TFI is a comprehensive scale, assessing tinnitus symptom severity, comprising 25 questions and it has shown good test-retest reliability (r = 0.75). It has eight subscales: intrusiveness, sense of control, cognitive, sleep, auditory, relaxation, quality of life, and emotional. In order to make sure that the reported results correspond to genuine change in tinnitus perception, we used a criterion of clinically relevant change. This means, following Meikle et al. (2012), a change in the total TFI score (increase or decrease) by at least 13 points, which correlates with clinically relevant improvement or clinically relevant deterioration in tinnitus. The other term used in the literature is clinically significant (Ranganathan et al., 2015) used to report the results which meant the noticeable change for the patient in the perception of tinnitus (keeping in mind that statistically significant change in the total TFI score might not be perceived by patient). The TFI was completed at a baseline, immediately after treatment and at follow up which is 9–12 weeks after the last treatment session.



Secondary outcome measures

Apart from the primary outcome measure, we collected data from five different secondary outcome measures in order to evaluate the tinnitus loudness, the presence of temporomandibular disorders (TMD), the presence and degree of neck dysfunction, the presence of anxiety or depression and personality characteristics.

Tinnitus loudness: The visual analogue scale (VAS) was used to assess subjective tinnitus loudness. Patients were asked to report the average loudness of tinnitus in the past week on a 100 mm line. The left end of the line was marked with zero indicating no tinnitus, while the right end was marked with 100, indicating maximum loudness of tinnitus (Adamchic et al., 2012).

Temporomandibular disorders (TMD): The TMD-pain screener is a short, reliable and valid instrument to indicate the presence of temporomandibular disorders, with a sensitivity and specificity of 0.95. It is a 6-item questionnaire related to pain and complaints from the orofacial region. The questionnaire has good internal consistency (α value of 0.93) and acceptable reliability (intra-class correlation coefficient 0.79). A score of 3 points or more indicates the presence of TMD (Gonzalez et al., 2011).

Neck pain: The Neck Bournemouth Questionnaire (NBQ) assesses the presence of neck pain and its impact on a patient’s wellbeing, together with professional and daily activities (Bolton and Humphreys, 2002). It consists of seven questions that are scored on an 11-point Likert scale. The test-retest reliability of the NBQ is moderate (intra-class correlation coefficient 0.65). The construct validity was acceptable with both the Neck Disability Index (r: 0.50) and the Copenhagen Neck Functional Index (r: 0.44). The effect size was found to be high (Cohen’s d: 1.67), which indicates that the NBQ is highly responsive to changes in cervical spine complaints (Bolton and Breen, 1999). A score of 14 points or more on the Neck Bournemouth Questionnaire is considered as a clinically significant neck complaint (De Hertogh et al., 2007).

Anxiety and depression: The Hospital Anxiety and Depression Scale (HADS) is used to screen for the presence of clinical anxiety and depression. It has fourteen questions divided into two subscales; seven addressing anxiety and seven addressing depression. Each question is scored from 0 to 3 points. A score of 8 or more on one of the subscales indicates clinically significant anxiety/depression (Zigmond and Snaith, 1983).

Hyperacusis: The Hyperacusis Questionnaire (HQ) was used to determine the presence of hyperacusis. The questionnaire comprises fourteen questions addressing patient’s hypersensitivity to sound. Patient’s response to these questions is rated on a 4-point Likert scale. For each question the patient chooses between four response options: “no” (0 points), “yes, a little” (1 point), “yes, quite a lot” (2 points), and “yes, a lot” (3 points). The total score ranges between 0 and 42. A total score greater than 28 indicates hyperacusis (Khalfa et al., 2002).

All secondary outcome measures were completed at baseline, immediately after the last treatment session (3 weeks) and at 9–12 weeks (follow-up).




Intervention

All patients received six 30-min sessions of bimodal auditory and electrical stimulation over a period of 3 weeks. Two stimulation sessions were scheduled in a week, with an interval of minimum 1 day in between the sessions. During the treatment, the patient was lying in supine position on the treatment table with knees in light flexion to ensure a comfortable position.

Auditory stimulation: The tone burst used as the auditory stimulus was matched to the patient’s tinnitus frequency. In each case of uni- and bilateral tinnitus, the auditory stimulation was provided bilaterally via on-ear headphones. The loudness of the auditory stimulus was adjusted to a clearly audible but comfortable level as subjectively perceived by the patient.

The tinnitus frequency was obtained by the use of a pitch matching technique (forced choice method) which is the quantitative (matching tinnitus pitch and loudness) and qualitative description (pure tone vs. noise band) of the spectral characteristics of tinnitus. For this technique, a two-alternative forced choice procedure was used, using the contralateral ear as a reference ear. In cases where tinnitus was perceived bilaterally, a reference ear was chosen randomly. By this technique, an attempt was made to identify the center pitch of tinnitus. When multiple tinnitus sounds were perceived, it was suggested to concentrate on the most troublesome tinnitus sound. Each time a pair of pure tones (or noises in case of noise-like tinnitus), differing by one or more octaves, were presented to the subject who had to indicate which of the tones resembles tinnitus the most. This procedure was repeated and finer adjustments were made to obtain a match of tinnitus pitch as exact as possible (Gilles et al., 2016).

Electrical stimulation: Somatosensory stimulation was provided using a portable TENS-device (EMPI TENS, Chattanooga) which was approved according to standard EN 60601-1 “Medical electrical equipment.” A high frequency burst-TENS was used at 150 Hz with an intensity adjusted to a clearly tangible but non-painful sensation. Self-adhesive electrodes were used to apply the electrical stimulation. The location of these electrodes was adjusted according to the patients’ ability to modulate tinnitus with maneuvers of jaw or neck. Electrodes were placed on the skin either (i) bilaterally next to the spinal process of C2 (C2-setup) or (ii) one electrode was positioned unilaterally on the temporomandibular joint (over the trigeminal ganglion) while the second electrode was positioned ipsilaterally next to the spinal process of C2 (TMJ-setup). The C2-setup was similar in case of unilateral and bilateral tinnitus. In case of tinnitus modulation with jaw maneuvers, the electrodes were placed in the TMJ-setup and in case of tinnitus modulation with neck movements, the C2-setup was used. When patients were not able to modulate their tinnitus, the TMJ-setup was used. In case of unilateral tinnitus, the TMJ- setup was placed at the tinnitus side. In case of bilateral tinnitus, the TMJ—setup was placed at the right side.

The timing of auditory and electrical stimulation was chosen in accordance with the study of Marks et al. (2018). The auditory stimulus consisted of a series of pure tone stimuli with 10 ms duration and 1 ms linear rise and fall time. The auditory stimulus was then combined with the electrical stimulus, where each auditory stimulus was followed by an electrical stimulus with a delay of 5 ms.



Statistical analysis

Data was analyzed using SPSS® vs. 24 and R. Intention to treat analysis was applied for the primary outcome measure (TFI). Only completed data were analyzed for secondary outcome measures. First, the normality of the data was investigated using a Kolmogorov-Smirnov test. Baseline comparability (p > 0.05) was analyzed using descriptive statistics, Mann-Whitney U-tests for non-normally distributed data and independent samples t-tests for normally distributed data. Chi square test was used to determine differences between dichotomous variables. To evaluate the change in total TFI score and the existence of a significant relationship at baseline between the total TFI score and the total NBQ score, HADS anxiety, and HADS depression, a linear mixed model was used. This analysis also evaluated the influence of time (i.e., baseline visit, immediately after treatment and follow up visit) on the total TFI score. Furthermore, this analysis reduced the variability introduced into the model by individualizing our patients. The effect of bimodal treatment on secondary outcome measures was evaluated using paired sample t-test comparing the outcome measures at baseline, immediately after treatment and at follow up.




Results


Patient flow and baseline characteristic

In total 29 patients with a mean age of 54.76 years (SD = 11.28; range: 26–70 years) were included in this study. Three out of 29 patients discontinued the study (two due to an increase in the intensity of tinnitus and one could not attend the scheduled sessions) thus a total of 26 patients completed the treatment sessions (n = 26). At follow up, two more patients dropped out being unable to attend the scheduled session, thus 24 participants finished the entire study protocol (Figure 1). An overview of the baseline patient characteristics can be found in Table 1.
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FIGURE 1
Consort flow diagram for patients’ enrollment and data analysis.



TABLE 1    Effect of treatment on primary and secondary outcome measures.
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Six out of 29 patients included in the study were able to modulate their tinnitus. The visual inspection of the characteristics revealed no obvious trends among them and a small size of this subgroup was insufficient to perform any follow up analyses taking this factor into consideration. For comparison with the previous study by Marks et al. (2018) we have used asterisk sign to mark these patients in Supplementary Table 1.



Adverse events

The method of non-invasive bimodal stimulation applied in our study was tolerated well. There were no cases of severe adverse events. Considering entire time of the study (from enrollment until follow up visit) the overall drop out ratio appeared quite high (5 out of 29 patients included initially in the study), but among them only two patients discontinued the study due to increase in tinnitus.

Directly after the therapy, there were 4 patients for whom their TFI score increased (clinically significant increase of at least 13 points). However, at the follow up there was only one person (out of 24) with increase in the TFI score of 13 points or more. The increase in the TFI scores could have resulted from the therapy itself, however, some other factors like increased stress, too much focus on tinnitus, which were not directly linked to the therapy, could have led to such increase.



Reduction in tinnitus severity

The analysis of the linear mixed model evaluating the efficacy of bimodal treatment showed a statistically significant decrease in total TFI score (by 6.9 points) at the follow up (9–12 weeks, mean = 41.14, SD = 18.30) p < 0.05, but not immediately after treatment (mean = 47.15, SD = 19.30) when compared to baseline data (mean = 46.71, SD = 17.89) (Table 1).

This effect was significant, even when controlling for NBQ total, HADS anxiety, and HADS depression at baseline. The value from the TFI questionnaire is lower by 6.9 points at the follow up visit when compared to the visit prior to receiving the treatment. Based on the results of the model, it can also be concluded that patients during the follow up visit had a significantly better treatment outcome than the patients prior to receiving the treatment.

The mixed linear effect model was used to evaluate the potential existence of correlation between baseline total NBQ score, HADS anxiety, and HADS depression scores and total TFI score with respect to time of the visit (i.e., immediately after treatment and at follow up). The results of this analysis showed that these factors did not have any significant correlation with total TFI score (baseline total NBQ and TFI score, p = 0.074, baseline HADS anxiety and TFI score p = 0.140, baseline HADS depression and TFI score p = 0.183) (Table 2).


TABLE 2    Mixed effect linear regression model explaining the change in the TFI questionnaire results.
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Applying the criterion of clinically relevant change in tinnitus (at least 13-point increase or decrease in total TFI score), immediately after treatment, 2 out of 26 patients reported improvement in tinnitus and 4 out of 26 patients reported increase in tinnitus severity (the tinnitus deterioration was not maintained at follow up). At follow up 6 out of 24 patients reported improvement (they were not the same patients who improved immediately after treatment), while 1 patient reported increase in tinnitus severity. Out of the six participants with clinically significant improvement at follow up, 5 experienced tonal tinnitus and 1 had noise like tinnitus.



Effect on secondary outcome measures

There were no significant differences immediately after treatment or follow-up except for a statistically significant reduction in HQ score immediately after treatment [t(24) = 2.28, p = 0.032, paired t-test] (Table 1).

In general, there were six individuals in whom NBQ was high at baseline (above 14 points). Among these six participants, five achieved clinically significant improvement in TFI (2 at immediately after treatment and 3 at follow up), while one did not achieve clinically significant improvement.



Characteristics of clinically relevant improvers

The visual inspection of the characteristics showed that the two out of twenty-six (2/26) patients who reported clinically relevant improvement on TFI immediately after treatment, suffered from a high degree (above 14 points) of neck complaints measured with NBQ (44 and 51 points at baseline respectively; a score of 14 points or more means a clinically significant neck complaint (De Hertogh et al., 2007). The first patient (BT25; 26 years old with noise tinnitus) was able to modulate the tinnitus during the somatic neck maneuvers we applied. In this case we observed a substantial NBQ reduction (from 44 to 25) after treatment. Such a pronounced reduction was not observed in the second patient (BT16, 51 years old, tonal tinnitus; NBQ decrease from 51 to 48 points). In BT25 improvement in TFI immediately after the treatment was not maintained at follow up, BT16, however, did not appear at follow up assessment thus we cannot be sure if the improvement was maintained (Supplementary Table 2).

The visual inspection of the patient characteristics at follow- up showed that among 6 clinically relevant improvers, there were 4 patients in whom a complete (BT01 from 23 to 0, BT08 from 20 to 0, BT23 from 4 to 0) or substantial reduction (BT17 from 42 to 26) of NBQ scores was observed. One participant (BT01) could modulate the tinnitus with jaw movements (see Supplementary Table 3 for detailed characteristics). Due to the small number of improvers in the current study, subgroup analyses were not conducted.




Discussion

The aim of our study was to evaluate the feasibility and efficacy of non-invasive bimodal auditory-somatosensory stimulation in reducing tinnitus severity among a general population of patients with subjective tinnitus. Bimodal stimulation resulted in a statistically significant improvement in tinnitus severity (average TFI score reduction of 6, 9 points) at follow up but not immediately after treatment. However, when we consider the criterion of clinically relevant improvement in tinnitus (defined as reduction in total TFI score by at least 13 points) only 2 out of 26 patients reported improvement immediately after the treatment and 6 out of 24 patients at follow up.

We reported both the statistically significant improvement and clinically relevant improvement (Meikle et al., 2012) to describe the effects of bimodal stimulation on tinnitus symptom severity measured with TFI. While statistically significant improvement suggested that the bimodal treatment might have a potential to improve tinnitus in a general population of patients with subjective tinnitus, only small proportion of those patients could actually perceive the improvement in their tinnitus (TFI score improvement by 13 or more points). Therefore, while the results seem promising, more work should be done to adjust the treatment protocol or treatment intensity (e.g., more sessions) to achieve clinically significant improvement in larger proportion of participants.

The method applied in our study—non-invasive bimodal auditory-somatosensory stimulation, similarly to other studies (Shim et al., 2015; Marks et al., 2018; Conlon et al., 2020) was tolerated well, with no occurrence of severe adverse events. We must keep in mind, however, the two patients who dropped out before the treatment completion due to reported increase in their tinnitus, which could have resulted from the actual increase in tinnitus loudness or the nocebo effect.

The delayed improvement at follow- up, rather than immediately after treatment, can potentially be explained by the concept of the slow process of neuroplasticity (Engineer et al., 2011; Markovitz et al., 2015; Sathappan et al., 2019). Neuroplastic effects develop at the central level following repetitive bimodal treatment sessions and thanks to combining two methods of stimulation, a cumulative effect could be obtained at follow up.


Potential predictors of outcome


Patient characteristics

In order to select potential predictors of outcome, we used different secondary outcome measures. We analyzed the treatment results for possible correlations between tinnitus improvement (in TFI) and neck symptoms (in NBQ), the ability to modulate tinnitus with neck or jaw movements, anxiety and depression (in HADS). The statistical analysis revealed no significant correlations, thus no apparent predictors of outcome.

In the literature, the studies vary in the inclusion/exclusion criteria for auditory-somatosensory stimulation for tinnitus treatment, thus studied groups differ between the studies (Tyler et al., 2017; Marks et al., 2018; Conlon et al., 2020). The researchers, however, analyzed these populations in attempt to select some predictors of outcomes, which would serve to establish the optimal eligibility criteria for bimodal stimulation in the future.

The results of the specific treatment conditions (methods and parameters) may depend on specific patient/tinnitus aspects. For example, Tyler et al. (2017) using vagus nerve stimulation (VNS) paired with tones (excluding tinnitus spectrum) in sensorineural tinnitus patients, recognized greater benefits in participants who didn’t have hissing and/or blast-induced tinnitus (Tyler et al., 2017). On the other hand, Conlon et al. (2020) using sounds paired with tongue stimulation in chronic subjective tinnitus patients (but excluded somatic tinnitus caused by a head or neck injury) reported a trend toward greater improvement in TFI and THI for those who had worse tinnitus symptoms at baseline. The authors investigated the influence of different stimulation parameters on tinnitus severity, not individual difference between the studied subjects (Conlon et al., 2020).

The study by Marks et al. (2018), which protocol we used in the current study, obtained a clinically significant improvement in 50% of patients with unilateral pure tone tinnitus that could be modulated by somatic maneuvers. The fact that this specific population was included in the study was considered by the authors as a study limitation (it remained unknown whether the results would translate to other subgroups of tinnitus patients) (Marks et al., 2018). This led to designing the current study in general tinnitus population, using similar stimulation parameters. It is worth noticing, that in our study in 5 out of 6 clinically improved patients at follow up tinnitus was tonal, and in 4 out of 6 clinically improved patients, there was a pronounced reduction in the NBQ score at follow up assessment. Thus, it could suggest that tinnitus patients with tonal tinnitus and the neck symptoms might be more likely to benefit from auditory-somatosensory stimulation. However, due to the small number of improvers we were not able to explore this potential predictor of treatment outcome further. From studies done in the past it is known that the specific subgroup of somatic tinnitus patients, takes advantage in terms of reduction in tinnitus, from treating neck symptoms (Bechter et al., 2016; Michiels et al., 2016, 2017, 2019a,b; Sajadi et al., 2019; van der Wal et al., 2020). Apart from a few works [(Conlon et al., 2020, who considered TMJ disorder an exclusion criterion, or Marks et al., 2018) who treated somatic tinnitus patients] the subgroup of somatic tinnitus appears to be not enough addressed in bimodal stimulation.

In our study the ability to modulate tinnitus did not seem to have a predictive value for the treatment results. However, the proportion of clinically relevant improvers among those patients who were able to modulate their tinnitus in the current study (2 out of 6) and in the study by Marks et al. (2018) (10 out of 20) seems similar.

A study by Sathappan et al. (2019) suggested another patients’ characteristic to take into consideration: the hearing status. They demonstrated increased and/or redistributed projections from the trigeminal system to the cochlear nucleus after hearing loss (Sathappan et al., 2019). Thus, potentially the increased reactivity of the connections between the auditory and somatosensory systems after cochlear damage (hearing loss) could mean that patients with sensorineural hearing loss will be more responsive to somatosensory input when treated with bimodal stimulation. This, however, needs to be further investigated in human subjects. In the current study both normal and hearing-impaired patients were included, which might have led to less pronounced improvement in tinnitus severity.



Parameter characteristics

Animal and human research showed that combining the two inputs, e.g., auditory and somatosensory stimuli can lead to long term neuroplasticity in the auditory system and improve tinnitus (Marks et al., 2018; Conlon et al., 2020). Using similar to Marks et al. (2018) protocol (5 ms delay of somatosensory stimulus which followed auditory stimulus matched to tinnitus spectrum) we obtained statistically significant TFI score reduction at follow up, but the number of clinically relevant improvers was lower (6 in 24 patients at follow up in our study and 10 out of 20 in Marks et al., 2018 study). This can be the result of differences in studied populations (see above) or less intensive treatment protocol (in general 3 h of stimulation in our study vs. 14 h in Marks et al., 2018 study).

Conlon et al. (2020) used three different stimulation conditions (spectra of pure tones ranging from 100 to 8,000 Hz and interstimulus delays ranging from 0 to 950 ms) and concluded that at long-term assessment the higher-frequency tones with synchronized or shorter delayed tongue stimulation were more effective comparing to low-frequency and long delayed tongue stimulation (Conlon et al., 2020). What’s more, the repeated stimulation over longer period of time (1 h per day for 12 weeks, at minimum 36 h) may be the key factor leading to long-lasting changes in the brain, which are responsible for tinnitus improvement. Authors suggested that in order to avoid habituation effects, the stimulation settings should be varied over the course of treatment, e.g., after 6 weeks (Conlon et al., 2020). When interstimulus delay is concerned, Marks et al. (2018) animal study results are in line with Conlon et al. (2020) study, namely shorter delays (5 and 10 ms) appeared to more effectively induce long term depression thus reduce tinnitus (Marks et al., 2018). Thus, in our study we chose short interstimulus delay (5 ms) as a premise to reduce tinnitus more effectively.

In order to develop habituation to tinnitus and to induce neuroplastic changes at the level of central auditory system, Jastreboff’s neurophysiological model suggests to use the auditory stimuli which spectrum is similar to tinnitus spectrum (Jastreboff et al., 1996). Such an approach was applied in the current study and resulted in statistically significant reduction in the averaged TFI score but clinically relevant improvement was achieved only in 6 out of 24 patients. Another approach is sound stimulation with the use of frequency spectrum excluding tinnitus frequency. The postulated result of application of the notch filters sound is an inhibition of frequencies within the notch of tinnitus spectrum via lateral inhibition (Pantev et al., 2012). Tyler et al. (2017) approach (auditory stimulation with the use of frequencies surrounding the tinnitus spectrum, thus excluding tinnitus frequency) resulted in clinically meaningful improvement in THI in 50% of participants (8 out of 16), but Shim et al. (2015) using notched music paired with transcutaneous vagus nerve stimulation (tVNS) of the external ear, obtained no significant changes in tinnitus severity measured with THI. In conclusion, there seems to be no apparent advantage of using one approach over the other and both need further exploration.




Future implications

Our study showed the feasibility and safety of bimodal auditory-somatosensory stimulation in general group of subjective tinnitus patients. However, since the improvement was not as pronounced as expected, selecting the proper inclusion criteria (e.g., somatic tinnitus, with neck or TMJ symptoms) seems crucial for future studies. Based on the literature and our research we can hypothesize that patients with somatic tinnitus might show a better improvement in tinnitus severity when compared to patients who do not present somatic influence on tinnitus. Other factors to be taken in consideration are tinnitus type (noise vs. tonal), the hearing status of the participants, intensity of the treatment protocol (number and duration of stimulation sessions) and/or the type of auditory stimulus in relation to tinnitus sound. To avoid confounding placebo effect, the study needs control group, ideally with placebo intervention (or active control).



Study limitations

One limitation of our study is a small sample size, the other—lack of control group to assess the potential placebo effect. Having in mind our results (6 clinically relevant improvers out of 24 subjects at follow up), especially in the light of the results in the control group in Tyler et al. (2017) study (the improvement in 4 out of 14 patients, VNS unpaired from tones) or sham stimulation group in Marks et al. (2018) study (the improvement in 4 out of 10 participants, unimodal—auditory stimulation), we interpret the results with caution. Furthermore, the small number of clinically relevant improvers in our study, did not allow further analysis and selection of predictors of outcomes.




Conclusion

Our study showed that bimodal stimulation is a feasible and safe method of tinnitus treatment. The method might be an effective treatment for some participants with tinnitus, especially those who have accompanying neck/TMJ problems, although, the evidence from this trial is quite weak. Additional research is needed toward establishing the optimal treatment protocol, as well as selecting the most appropriate inclusion criteria.
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Tinnitus is a phantom sound perceived in the absence of external acoustic stimulation. It is described in a variety of ways (e.g., buzzing, ringing, and roaring) and can be a single sound or a combination of different sounds. Our study evaluated associations between audiological parameters and the presence or severity of tinnitus, to improve tinnitus diagnosis, treatment, and prognosis. Our sample included 122 older participants (63 women and 59 men), aged 55–75 years from the Portuguese population, with or without sensory presbycusis and with or without tinnitus. All participants underwent a clinical evaluation through a structured interview, Ear, Nose, and Throat observation, and audiological evaluation (standard and extended audiometry, psychoacoustic tinnitus evaluation, auditory brainstem responses, and distortion product otoacoustic emissions). The Tinnitus Handicap Inventory was used to measure tinnitus symptom severity. Our data confirmed that the odds of developing tinnitus were significantly higher in the presence of noise exposure and hearing loss. Also, participants who had abrupt tinnitus onset and moderate or severe hyperacusis featured higher odds of at least moderate tinnitus. However, it was in the ABR that we obtained the most exciting and promising results, namely, in wave I, which was the common denominator in all findings. The increase in wave I amplitude is a protective factor to the odds of having tinnitus. Concerning the severity of tinnitus, the logistic regression model showed that for each unit of increase in the mean ratio V/I of ABR, the likelihood of having at least moderate tinnitus was 10% higher. Advancing knowledge concerning potential tinnitus audiological biomarkers can be crucial for the adequate diagnosis and treatment of tinnitus.

KEYWORDS
tinnitus, audiological biomarkers, hearing loss, pure tone average, auditory brainstem response, distortion product otoacoustic emissions


Introduction

Tinnitus is a phantom sound perceived in the absence of external acoustic stimulation that can be described in a variety of ways (e.g., buzzing, ringing, and roaring) and can be a single sound or a combination of different sounds (Stouffer and Tyler, 1990; Coles, 1995). It can be perceived in one ear, both ears, or the head, as a constant sound fluctuating in intensity (loudness) or frequency (pitch). Tinnitus is frequently perceived as extremely loud, but when matched with calibrated acoustic signals, is typically within 10 dB of the audiometric threshold (Hall and Haynes, 2001). Tinnitus is categorized as objective or subjective. Objective tinnitus describes a real sound produced by the body that can be heard by an examiner. In contrast, an examiner cannot hear subjective tinnitus. Subjective tinnitus is thought to be caused by abnormal neural activity in the peripheral and/or central auditory system (Møller, 2006).

Tinnitus has a variety of etiological factors and may be associated with other diseases, as it is usually viewed only as a symptom. It often accompanies hearing loss (HL) or hyperacusis, but neither is necessary for its presence (Eggermont and Roberts, 2004; Eggermont, 2013, 2015). Most studies have found that participants with high-pitched tinnitus have HL at high frequencies, and the participants with low-pitched tinnitus (below 1.5 kHz) more frequently have low-frequency HL (König et al., 2006; Moore et al., 2010; Sereda et al., 2011). In a recent study involving participants with presbyacusis and a mean age of 69.75 years (SD = 6.53), the authors found an average pitch of 4,781.3 Hz in men and 3,869.8 Hz in women, considering tinnitus participants (Seimetz et al., 2016).

The causes and pathogenesis of tinnitus remain unclear, and there are no objective audiological or non-audiological tests for the diagnosis of tinnitus. Currently, tinnitus presence and impact are established using self-report and subjective measures, such as questionnaires, e.g., Tinnitus Handicap Inventory (THI) (Newman et al., 1996), or the Tinnitus Reaction Questionnaire (Wilson et al., 1991; Henry et al., 2013; Szczepek et al., 2014).

Psychoacoustic assessment of tinnitus can also be performed. Even though participants with similar psychoacoustic measurements may report very different impacts on their lives, it may be useful to interpret neurophysiological mechanisms of tinnitus.

There are two main theories regarding tinnitus pitch prediction in cases where the tinnitus is accompanied by HL, particularly in sloping configurations. On the one hand, several authors argue that tinnitus pitch should be associated with the audiogram’s edge frequency, corresponding to the boundary between a region of normal or near-normal hearing and a region of more significant HL (Moore et al., 2010; Langers et al., 2012). On the other hand, the most accepted theory supports that perceived tinnitus pitch frequently coincides with frequency regions in which hearing thresholds are most elevated (Norena et al., 2002; Roberts et al., 2008; Tziridis et al., 2022).

Abnormal synchronous neural activity can be identified by specialized clinical tests, namely, auditory-evoked potentials (AEP). Previous studies have used AEP measures to study abnormal neuronal activity in tinnitus participants (Gopal et al., 2004, 2017; Kehrle et al., 2008; Gu et al., 2012; Hsu et al., 2013; Gopal et al., 2017). The most widely used AEP is the auditory brainstem response (ABR), a series of vertex-positive waves that occur within 15 ms of the onset of a click stimulus in human adults.

Differences in ABR traces can be seen depending on the type of stimulus used to evoke the response, type of HL, the degree of HL, and the presence of tinnitus, among others. Concerning the degree of HL and the type of stimulus used, elevated hearing thresholds reduce wave V amplitude to click stimuli, so using tone burst ABR when the tone burst characteristic frequency falls within the frequency region of the HL may provide higher sensitivity (Lewis et al., 2015). According to Serpanos, if more frequency-specific stimuli are used, such as brief tones, in sloping configurations of cochlear HL, more precise information on the relationship between the loudness growth and ABR wave V latency can be obtained (Serpanos, 2004).

Although there is a lack of consensus regarding the use of AEP as a diagnostic tool of tinnitus, mostly because of the lack of homogeneity in participant groups and methodologies, AEP measures may contribute to the clarification of the origin of tinnitus and provide objective diagnostic indicators (Gopal et al., 2017). Furthermore, identifying potential correlations between ABR readings and tinnitus pitch can help formalize tinnitus diagnostic procedures (Pinkl et al., 2017).

Considering the models of pathological enhanced neural synchrony and the potential cortical influence on subcortical tuning functions, it is hypothesized that if there are unique ABR features in tinnitus they will become more pronounced if the ABR parameters are adjusted from click stimuli to tone burst stimuli matched to the tinnitus pitch. However, there are recognized difficulties in tinnitus pitch and loudness matching, and these difficulties occur even in the same individual due to intrinsic or even extrinsic variabilities (Norena et al., 2002; Roberts et al., 2006). Moreover, the association between tinnitus perception and the frequency band power in electroencephalography and magnetoencephalography is not standardized [For a review, see the work of Sedley et al. (2016)].

Given the likely role of cochlear function in the generation of tinnitus, it is essential to assess the inner ear. Otoacoustic emissions (OAE) are sound signals produced by the cochlea and reflect the activity of the outer hair cells (OHC). Through OAE, the cochlear function can be tested in an objective and non-invasive way (Lapsley and Marshall, 2007; Fabijańska et al., 2012). Studies measuring OAE in tinnitus participants have used distortion product otoacoustic emissions (DPOAE) to measure a wide range of primary frequencies (f1 and f2) and levels (L1 and L2) (Fabijańska et al., 2012). Two cochlear processes explain the generation mechanisms of DPOAE. The first is a nonlinear interaction of the primary tones induced by the traveling wave, mainly at the cochlear site in and around the basal region to the f2 location, and the second is a linear coherent reflection of the traveling wave from the location corresponding to the distortion product frequency of 2f1-f2 (Kalluri and Shera, 2001; Fabijańska et al., 2012).

In the literature, there are conflicting results regarding the levels of DPOAE in tinnitus participants. Some studies report decreased DPOAE levels in tinnitus participants compared to controls (Shiomi et al., 1997; Ozimek et al., 2006), whereas others see an increase in DPOAE levels in tinnitus participants (Janssen et al., 1998; Gouveris et al., 2005). If we consider HL, the results become even more complicated. Ami et al. found a significant reduction in the mean baseline DPOAE levels in participants with normal hearing and tinnitus compared to participants with a normal hearing without tinnitus, suggesting that reduced OHC activity would result in tinnitus even before there is a shift in hearing threshold (Ami et al., 2008). However, in the case of HL, findings are reversed; in a group, without tinnitus, there was a markedly reduced mean DPOAE compared to a group with tinnitus. From this, it could be postulated that markedly low levels of cochlear hair cell activity may actually cease the source of aberrant peripheral neural activity in tinnitus. Sztuka et al. (2010) found opposite results, where participants with normal hearing with tinnitus have markedly higher DPOAE amplitudes compared to participants with normal hearing and without tinnitus, suggesting that tinnitus may be caused by increased motility of the OHC induced by decreasing efferent fiber activity, and not by OHC failure.

Identifying reliable audiological biomarkers in participants with tinnitus will allow us to improve the diagnosis, treatment, and prognostic of tinnitus (Ami et al., 2008). The present study aims to identify associations between audiological parameters and the presence of tinnitus, enabling improvement of its diagnosis and treatment. Additionally, variables characterizing these participants will be analyzed, in an attempt to look for associations with the severity of tinnitus.



Materials and methods


Participants

The study considered a sample of 122 older participants (63 women and 59 men). According to World Health Organization (WHO), aging is categorized as middle age (45–59 years), elderly (60–74 years), elder (75–90 years), and extreme old age (90 years upward). Since we aimed to study older individuals, we decided that the inclusion criterion would be being in the age group of 55–75 years, which would give us a good appreciation of the aging process regarding tinnitus and related comorbidities. Participants were consecutively recruited from Ear, Nose, and Throat consultations at CUF Infante Santo Hospital from March 2016 to December 2018.

Exclusion criteria were tinnitus from the disease of the outer ear (obliterative exostosis and external otitis), Ménière’s disease, chronic otitis media, otosclerosis, history of ototoxic drug use, exposure to massive noise, history of previous malignancy with chemotherapy, history of autoimmune disorders, neurodegenerative or demyelinating disease, uncompensated medical disorder, or a severe psychiatric disorder. All participants were subjected to immittance audiometry to rule out middle ear pathology (Model: Madsen Zodiac 901, Serial No.:389122).

Additionally, participants unable to comprehend and sign the informed consent or with cognitive impairment were also excluded.



Clinical evaluation

Data were collected from all participants concerning their personal clinical history (past and present), family history, and audiological assessment, including a tinnitus intensity rating on a scale from 0 to 10 (10 being the loudest possible) (Adamchic et al., 2012). Clinical evaluation included a complete Ear, Nose, and Throat examination. Epidemiologic data (demographics, previous and present diseases, toxicological habits, and noise exposure) were collected using a structured interview.



Audiological assessment


Tonal audiometry

Pure tone audiometry (air and bone) was conducted to evaluate hearing thresholds according to ISO 8253 and 389. Standard tonal and extended high-frequency audiometry (250 Hz to 16K kHz) was performed in a soundproof booth employing an Interacoustics,® Assens, Denmark audiometer (Model: AC40, Serial No.: 98 019 046) and TDH39/HDA300 headphones fitted with noise-excluding headset ME70 and bone conductor B-71 were used.

The category of HL was defined according to the recommendations of the Bureau International d’Audiophonologie as follows: normal or subnormal hearing (below 20 dB), mild HL (21–40 dB), moderate HL (41–70 dB), severe HL (71–90 dB), very severe HL (91–119 dB), or total HL-cophosis (over 120 dB) (Bureau International d’Audiophonologie [BIAP], 1996). Pure tone average (PTA) was taken as the average threshold across 500 Hz, 1,000 Hz, 2,000 Hz, and 4,000 Hz. Frequencies not heard were evaluated as 120 dB threshold. “High-frequency” pure tone average (“HF” PTA) was calculated as the average thresholds across 2, 4, and 8 kHz (Newman et al., 2012). For both PTA and “HF” PTA, the averages were calculated with both ears.

The presence or absence of presbyacusis and the presence of tinnitus were recorded. Presbycusis was defined as bilateral sensorineural deafness in a downslope audiometric pattern, above 1,000 Hz, with poor speech discrimination (Speech Recognition Threshold >40 dB SPL and 100% discrimination to 60 dB or worse) (Schuknecht and Gacek, 1993).




Tinnitus assessment

Several tests for measurement and evaluation of tinnitus were performed on all the participants having this complaint.

The same experimenter performed all the audiological tests in a standardized protocol.


Psychoacoustic tinnitus evaluation

Tinnitus evaluation was performed after audiometric testing in a soundproof booth using an Interacoustics,® Assens, Denmark audiometer (Model: AC40, Serial No.: 98 019 046) and TDH39/HDA300 headphones fitted with noise-excluding headset ME70. First, it was established whether the tinnitus percept was more similar to a pure tone or a narrow-band noise. Both sounds were presented to the participant who was asked which of the two had the most resemblance to their tinnitus.

Estimation of tinnitus frequency was then performed using frequencies from 125 to 16 kHz (pure tones or narrow-band noise centered on the same frequencies). The procedure for determining tinnitus pitch was a forced choice between two presented stimuli. Stimuli were presented to the participant who identified which most closely resembled their tinnitus. The test continued until a correspondence between the tinnitus and the presented stimulus was found. For the estimation of tinnitus loudness (intensity), the determined frequency (from the previous step) was presented at an intensity similar to the individual’s hearing threshold and gradually increased (5 dB steps) until it reached the closest matching to the participant’s tinnitus percept.



Loudness discomfort levels

The collection of the discomfort thresholds was performed for each ear individually on the frequencies tested in the tonal audiogram and the frequency at which the tinnitus was identified using pure tones, beginning at the hearing threshold, using an ascendant process with 5 dB increments. The patient was instructed to signal when the sound becomes uncomfortable, not only loud but also uncomfortable. Three tests should be carried out to investigate the thresholds to ensure the test’s reliability (Goldstein and Shulman, 1996).

The difference between the auditory threshold and the discomfort thresholds gave the dynamic auditory field (Goldstein and Shulman, 1996). Once this was determined, the presence or absence of hyperacusis was evaluated.



Feldmann masking curves or minimum masking levels

This test was performed at the frequencies where standard tonal audiometry was tested, using narrow-band noises or pure tones (where narrow-band noises did not mask tinnitus). The sound was presented in 5 dB steps (1–2 s stimulation), from hearing thresholds, until the participant reported that they could no longer hear their tinnitus. According to the spatial relationship of the resulting curves from hearing thresholds and tinnitus masking, Feldmann’s masking curves were categorized as follows: 1, Convergent; 2, Divergent; 3, Congruent; 4 Distant; and 5, Persistent (Goldstein and Shulman, 1997).



Residual inhibition

Residual inhibition or residual excitation was tested by presenting participants with a narrow-band noise centered at their tinnitus pitch, at 10 dB above the tinnitus loudness, for 1 min. RI was categorized as follows: 1, complete (tinnitus is not audible); 2, partial (tinnitus became quieter); 3, negative (no change at tinnitus percept); and 4, “rebound” effect (tinnitus became louder). In categories 1, 2, and 4, we measured the duration of time that tinnitus was abolished or diminished in seconds or minutes, the time that it takes for the tinnitus percept to come back to basal characteristics in terms of loudness (Coles and Hallam, 1987; Goldstein and Shulman, 1997).




Tinnitus handicap inventory

Self-reported tinnitus severity was measured using the Portuguese validated version of the THI (Oliveira and Meneses, 2008). This inventory consists of 25 questions related to tinnitus, with “Yes,” “Sometimes,” and “No” as possible responses, corresponding to scores of 4, 2, and 0, respectively, giving a total score between 0 and 100. This questionnaire consists of three sub-scales: functional (11 items, contributing 0–44 for the final result), emotional (9 items, contributing 0–36 for the final result), and catastrophic (5 items, contributing 0–20 for the final result). Severity is interpreted according to the total score, where 0–16 indicates slight or no handicap (Grade 1), 18–36 indicates mild handicap (Grade 2), 38–56 indicates moderate handicap (Grade 3), 58–76 indicates severe handicap (Grade 4), and 78–100 indicates catastrophic handicap (Grade 5). We have used the cutoff THI >37 for statistical comparison purposes, in agreement with the European Tinnitus Guidelines (Cima et al., 2019). In order to better interpret the results, we refer to the group that covers moderate, severe, and catastrophic severity as “at least moderate.”



Auditory brainstem response

Auditory brainstem response examination was performed in a soundproofed electrically insulated room. The participant was placed in a comfortable position in order to ensure proper relaxation of cervical muscles. The Vivosonic audiometer system (Model: IntegrityTM V500, Serial No. IP0960) was used to collect ABR and determine electrophysiological thresholds. The earphones used were the ER-3A, calibrated according to ANSI S3.6-1996, and a 4,000 Hz tone burst was used to evoke ABR, calibrated in decibel peak equivalent to the sound pressure level (Jiang, 1998). We used an alternating split polarity with a stimulus rate of 27.7 stimuli/s, a high pass filter cutoff frequency at 30 Hz, a low pass filter cutoff frequency at 1,500 Hz, a high pass filter roll of 12 dB/Octave, a low pass filter roll off at 24 dB/Octave, notch filter off, a Blackman windowing, and a rise-plateau-fall of 2-0-2. The non-inverting electrode was placed according to the 10–20 system at the frontal upper forehead (Fz) and the inverting electrode at the mastoid (M1,2) at the examining side (Jasper, 1958). The neutral electrode was placed at the frontal lower forehead (Fzd) region. The monoaural parameters evaluated were the absolute latencies for waves I, III, and V, interwave (interpeak) latency interval (IWI) for waves I-III, III-V, and I-V, amplitude wave I and V, and V/I amplitude ratio. For all variables analyzed, an average for both ears was used.



Distortion product otoacoustic emissions

The distortion product otoacoustic emissions were performed using a Vivosonic audiometer system in a soundproofed room. We tested the DPOAE for the frequencies of 500, 750, 1,000, 1,500, 2,000, 2,500, 3,000, 3,200, 3,500, 4,000, 4,500, 5,000, 5,500, 6,000, 7,000, and 8,000 Hz, with a 1.22 F2/F1 ratio and with an intensity of 65 dB SPL and 55 dB SPL for L1 and L2, respectively. The presence of OAE was considered when the signal-to-noise ratio was equal to or above 6 dB. For all variables analyzed, an average for both ears was used.



Statistical analysis

An exploratory analysis of all registered variables was carried out initially, followed by a data modeling phase. Categorical data were presented as frequencies and percentages, and continuous variables as median and inter-quartile range (25th percentile and 75th percentile), as they presented asymmetric distributions and deviations from normality.

The nonparametric chi-square test or Fisher’s exact test was used for qualitative variables, and for the continuous variables, the Mann–Whitney U-test was applied.

When clinically relevant, some of the variables were recorded. Additionally, the self-reported tinnitus severity score was recoded into a binary variable: Grades 1, 2, and 3 (Low THI score) vs. Grades 4 and 5 (High THI score).

To assess the association between the presence of tinnitus or tinnitus severity and the demographic and audiological variables, univariable logistic regression analyses were performed. Odds ratios estimates [image: image] and corresponding 95% confidence intervals (95% CI) were thus obtained. Logistic regression logit linearity assumption was assessed using the Box-Tidwell test (Box and Tidwell, 1962).

Additionally, to evaluate the discriminative ability (tinnitus vs. non-tinnitus groups) of some of the audiological parameters, the area under the ROC (receiver operating characteristic) curve (AUC) was reported.

The level of significance α = 0.05 was considered. Statistical analyses were performed in SPSS (IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.).




Results


Participant’s demographics and comorbidities

In this study, 122 participants were recruited with a median age of 63.0 (59.0; 68.3) years. In women (n = 63, 51.6%), we obtained a median age of 63.0 (59.0; 69.0) years, while in men (n = 59, 48.4%), the median age was 63.0 (59.0; 68.0) years.

Concerning comorbidities, mumps was present in 56% of the tinnitus group and 40.0% of the group without tinnitus. Also, 53.3% of the population with tinnitus and 26.7% without tinnitus had HL. For further details, please see Supplementary material 1.



Audiological assessment

The sample was naturally divided into four subgroups (Table 1): the subgroup without HL at standard frequencies and without tinnitus (Subgroup 1), without HL at standard frequencies but presenting tinnitus (Subgroup 2), with HL but without tinnitus (Subgroup 3), and participants with both HL and tinnitus (Subgroup 4). These groups allowed comparisons between the presence (Subgroup 2 + Subgroup 4) and absence (Subgroup 1 + Subgroup 3) of tinnitus.


TABLE 1    Distribution of the participants of the sample by four subgroups.

[image: Table 1]

Comparing the non-tinnitus participants versus tinnitus participants, PTA and “HF” PTA were statistically higher in those with tinnitus (Table 2).


TABLE 2    PTA and “HF” PTA according to tinnitus presence.

[image: Table 2]



Auditory brainstem response

When comparing ABR across the four subgroups (Table 3), significant differences in I-III intervals were found between Subgroup 1 and Subgroup 2 (p = 0.022) (Figure 1). In subgroup 1, the time it takes for the stimulus to travel, on average, through the interval between wave I and wave III is 2.2 ms (2.2; 2.4), while in subgroup II, there is a decrease in this same interval, that is, 2.1 ms (2.0; 2.2).


TABLE 3    Comparison of auditory brainstem response in the four subgroups.

[image: Table 3]
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FIGURE 1
Interpeak latency intervals I-III, III-V, and I-V for the four subgroups. Mean values with error bars: column height represents the mean, and the bars of each column show the standard deviation.


When comparing participants with and without tinnitus (Table 4), there was a significant difference in the amplitude of wave I (p = 0.033) (Figure 2). When analyzing these results in more detail, we found that in the participants with tinnitus, the amplitude of wave I was 0.07 μV (0.04; 0.10), while in the group without tinnitus, we verified a significant increase to 0.08 μV (0.05; 0.15).


TABLE 4    Comparison of auditory brainstem response between participants with and without tinnitus.

[image: Table 4]
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FIGURE 2
Amplitude of waves I and V in participants with and without tinnitus. Mean values with error bars: column height represents the mean, and the bars of each column show the standard deviation.




Distortion product otoacoustic emissions

When comparing the four subgroups regarding DPOAE, no significant differences were found. On the other hand, when we compared participants with and without tinnitus, we identified significant differences for the mean DPOAE values between 500 and 8,000 Hz (p = 0.014), and for the 3,500 Hz (p = 0.049), 4,000 Hz (p = 0.013), 4,500 Hz (p = 0.017), 5,500 Hz (p = 0.014), and 6,000 Hz (p = 0.047) (Figure 3 and Table 5). In more detail, we see a decrease in DPOAE for the frequencies of 3,000, 3,500, 4,000, 4,500, 5,500, and 6,000 Hz in the group with tinnitus compared to the group without tinnitus.


[image: image]

FIGURE 3
Mean of distortion product otoacoustic emissions in participants with and without tinnitus.



TABLE 5    Comparison of distortion product otoacoustic emissions in participants with and without tinnitus.

[image: Table 5]



Tinnitus group evaluation

The clinical characteristics of participants with tinnitus (n = 92) are presented in Table 6. The median duration of tinnitus was 5.0 (2.0; 10.0) years, with a rather mild median intensity of 3.0 (2.0; 4.0) on a scale of 1–10. Tinnitus was constant for most participants (88.9%), while onset was gradual for 71.4% and abrupt for 28.6%. In many participants, tinnitus worsened in situations where they were nervous (59.3%). Finally, 50.6% of the participants with tinnitus reported reduced noise tolerance.


TABLE 6    Clinical characterization of tinnitus sample.

[image: Table 6]

Psychoacoustic estimates of tinnitus are given in Table 7. Percentile frequencies matched to tinnitus pitch were 2,000 Hz (25th percentile) and 8,000 Hz (75th percentile), with a median of 4,000 Hz, while for loudness, a median of 0 dB (25th percentile = 0 dB and 75th percentile = 5 dB) was obtained. Our sample was characterized by more than half with central location (52.4%) and pure tone type of tinnitus (59.0%). Concerning Feldmann’s curve, the convergent (47.6%) and distant types (29.8%) were the most frequent, while in the residual inhibition, the negative (43.9%) and partial (36.6%) types characterize the majority of the sample.


TABLE 7    Psychoacoustic tinnitus assessment.

[image: Table 7]

Tinnitus severity was evaluated using THI scores. Thirty-eight participants had a mild handicap (41.3%), followed by 22 with a moderate handicap (23.9%), 17 with slight or no handicap (18.5%), severe handicap in 14 participants (15.2%), and finally, 1 participant had a catastrophic handicap score.



Noise exposure and distortion product otoacoustic emissions

Table 8 presents the results according to noise exposure in participants with tinnitus. The comparison between the groups with/without noise exposure revealed significant differences in DPOAE.


TABLE 8    DPOAE results in participants with tinnitus, according to noise exposure conditions.

[image: Table 8]



Analyzing the data

Although several variables were identified in the univariable study as potential candidates for the multivariable models of both “presence of tinnitus” and “tinnitus severity” outcomes, no multiple models were obtained because all of those identified variables became statistically non-significant when simultaneously considered.


Analyzing the data according to the presence of tinnitus

Six univariable logistic regression analyses were performed for the presence or absence of tinnitus, and the results are presented in Table 9.


TABLE 9    Univariable analysis: logistic regression model for the presence of tinnitus.

[image: Table 9]

From this analysis, we found several variables that were associated with tinnitus. Noise exposure (p = 0.036), mean PTA thresholds (p = 0.009), HL (p = 0.014), and mean “HF” PTA thresholds (p = 0.001) increased the odds of tinnitus. However, some other variables represented lower odds of having tinnitus, including, the mean DPOAE between 500 and 800 Hz (p = 0.023) and the amplitude of ABR wave I (p = 0.016). HL was highly associated with tinnitus; “HF” PTA attained an AUC = 0.72, with 95% CI:0.61, 0.83.



Analyzing the data according to the severity of tinnitus

A univariable analysis considering the severity of tinnitus as the outcome variable was performed. Two subgroups were considered, lower THI (slight or no handicap and mild handicap) and higher THI scores (moderate, severe, or catastrophic handicap). Only the significant results pertaining to tinnitus severity are presented in Table 10. These were tinnitus onset (p = 0.017), hyperacusis (p = 0.030), and residual inhibition (p = 0.035).


TABLE 10    Univariable analysis: patient characteristics by group (high versus low THI score).

[image: Table 10]

Still considering participants’ characteristics (Table 11), participants with abrupt tinnitus onset were around four times more likely to have at least moderate tinnitus[image: image]. Participants with moderate or severe hyperacusis had five times higher odds of having at least moderate tinnitus[image: image].


TABLE 11    Univariable analysis logistic regression model: tinnitus characteristics by group (higher versus lower THI score).

[image: Table 11]

Concerning ABR evaluation, the logistic regression model showed that for each unit of increase in the mean ratio V/I of ABR, the probability of having at least moderate tinnitus was 10% higher [image: image]).





Discussion

This study identifies associations between audiological parameters and the presence of tinnitus. Additionally, variables characterizing these participants were analyzed, and associations with tinnitus severity were identified.

We found statistically significant differences for both the mean PTA thresholds and “HF” PTA thresholds when we compared participants with and without tinnitus. Thus, there is a possible association between the development of HL and the appearance of tinnitus. These results are in agreement with the literature where it has been hypothesized that tinnitus is an epiphenomenon of a neuronal process to attempt normalizing impaired hearing thresholds, that is, a central compensation for peripheral damage (Gollnast et al., 2017). The age range of our study population (55–75 years), most of them presenting presbycusis (sloping configurations), certainly explains higher hearing thresholds at higher frequencies, but thresholds were notably higher in tinnitus participants than those without tinnitus. Gollnast et al. (2017) when comparing tinnitus participants with non-tinnitus participants, verified that in adult participants, hearing thresholds were lower in the low-frequency range, while it was higher at high frequencies in the group of tinnitus participants. Our data also confirm that the odds of having tinnitus were significantly higher in the presence of HL and noise exposure.

Regarding the ABR, one of the findings was the reduction of the amplitude in wave I in tinnitus participants. The reduction of the wave I amplitude is in accordance with the published studies on tinnitus participants (Attias et al., 1993; Schaette and McAlpine, 2011; Gu et al., 2012). From another perspective, the increase in wave I amplitude is a protective factor to the odds of having tinnitus. There are several explanations for this reduced amplitude in wave I, particularly involving changes in the inner hair cells and or auditory nerve fibers (ANFs). Concerning inner hair cells, there may be a diffuse loss of the sensory epithelium, higher in tinnitus participants, which results in a lowered wave I amplitude (Gu et al., 2012). In another model, the inner hair cells are equally intact in both tinnitus and non-tinnitus participants, but in one of them, there is a diffuse loss of the ANFs, while in the other, the ANFs remain intact (Le Prell et al., 2003, 2005; Gu et al., 2012). Another scenario is that ANFs are equally intact, and the reduction of the wave I amplitude is due to the reduced excitability of ANFs via lateral olivocochlear efferent, which terminates on their endings, or there is a diffuse loss of ANFs sufficient to manifest a reduction in mean wave I amplitude. Concerning the severity of tinnitus, the logistic regression model showed that for each unit of increase in the mean ratio V/I of ABR, the likelihood of having at least moderate tinnitus was 10% higher. Since no statistically significant differences were found in the amplitude of wave V, we can infer that this finding is exclusively due to the values of the amplitude of wave I, thus also corroborating the various possibilities described above.

Another finding regarding the ABR is the statistical difference concerning the interpeak latency I-III when comparing Subgroup 1 (no HL or tinnitus) and Subgroup 2 (tinnitus but no HL). We can see a diminished interval interpeak I-III in the group with normal hearing with tinnitus. Interestingly, we did not find similar results in our literature review. However, although we did not find significant differences in absolute latency of wave I in our sample when we compared both subgroups, in Subgroup 2, wave I started later than in Subgroup 1. This could explain the difference in the interpeak latencies I-III when we compared both groups, since, according to several authors, in tinnitus participants, wave I has a significant prolongation (Ikner and Hassen, 1990; Lemaire and Beutter, 1995; Rosenhall and Axelsson, 1995; Kehrle et al., 2008). It has been assumed that it signals a peripheral lesion in the auditory system (Rosenhall and Axelsson, 1995; Kehrle et al., 2008). Lemaire and Beutter (1995) found similar results in tinnitus participants and suggested that this modification is due to a dysfunction of the nucleus tegmenti, which is part of the efferent system. Future research should be performed in this direction in order to clarify this finding.

When we compared the four subgroups, considering HL and tinnitus, no significant differences were found in the levels of the DPOAE. However, when we compared participants without tinnitus and tinnitus, not considering the presence or absence of HL, we found significant differences (Figure 3 and Table 5). One of the differences found refers to the mean of the DPOAE between 500 and 8,000 Hz. This finding agrees with the results reported by Shiomi et al. (1997) and Ozimek et al. (2006), which points us to conclude that the observed differences are specific to the OHC functions instead of the nonspecific non-linearity of the basilar membrane system. The most exciting results were obtained when we analyzed each of the frequencies separately; we found statistically significant differences for the high frequencies, namely, for the frequencies of 3,000, 3,500, 4,000, 4,500, 5,500, and 6,000 Hz. Based on this finding, we can state that frequencies that presented statistically significant differences were the frequencies where the perceived tinnitus pitch coincided and the frequency regions in which hearing thresholds were found to be most elevated (Table 7). However, information regarding the relationship between dominant tinnitus pitch and DPOAE parameters is limited.

When we analyzed these findings in more detail, we noticed a decrease in DPOAE in the group with tinnitus compared to the group without tinnitus for all the frequencies where the results were statistically significant. According to Ozimek et al. (2006); Granjeiro et al. (2008), and Sereda et al. (2015), the decrease in DPOAE suggests that cochlear dysfunction is involved in developing this condition, particularly at higher frequencies. On the other hand, not verified in our study, several studies point to an increase in DPOAE levels in tinnitus participants, which indicates that the tinnitus might be generated by the increase in the motility of the OHC, induced by decreasing efferent fiber activity, and not by OHC failure (Janssen et al., 1998; Gouveris et al., 2005; Sztuka et al., 2010). When we add another variable of noise exposure to the DPOAE, we saw a statistically significant decrease in the values of DPOAE in participants with a history of noise exposure. In fact, this was a protective variable, and when it was higher, the odds of having tinnitus diminished. These results are in accordance with those reported by Sindhusake et al. (2003).

In the participants of our sample, tinnitus frequency (pitch) ranged from 2,000 to 8,000 Hz, with 4,000 Hz being the most often found. This could be explained by the expected localization of the tinnitus pitch in the “edge” frequencies or within the lowest regions in participants presenting both HL, particularly sloping configurations as observed in our sample, and tinnitus (Norena et al., 2002; Roberts et al., 2008; Moore et al., 2010; Langers et al., 2012). The tinnitus loudness in our sample varied between 0 and 5 dB, which meets the literature (Hall and Haynes, 2001). Tinnitus is frequently reported as being extremely loud, but when matched with calibrated acoustic signals, is typically within 10 dB of the audiometric threshold (Hall and Haynes, 2001). More than half of our tinnitus participants have a central location (52.4%), which is in line with the finding reported in the literature (Pan et al., 2009).

Regarding Feldmann’s curves, the convergent (47.6%) and distant types (29.8%) are the most frequent, considering the sloping configuration in our sample. Our results are in accordance with the studies conducted by Goldstein and Shulman (2007). The most frequent residual inhibition type was negative (43.9%). Partial-to-complete residual inhibition was reported by 52.5%, which is far from that found in several studies in the literature that showed about 80% of participants with tinnitus reported some degree of RI. This can be explained by differences in the intensity, duration, and spectrum of the sound used to induce RI (Galazyuk et al., 2019). The duration of RI varies considerably among participants, ranging from several seconds to hours, scaling logarithmically with the duration of the preceding masking sound (Hazell and Wood, 1981; Terry et al., 1983).

Regarding the severity of tinnitus, participants with an abrupt tinnitus onset were more likely to have at least moderate tinnitus. This immediate interpretation of the result is that people who have a gradual tinnitus onset develop natural habituation processes effortlessly (Hallam et al., 1984). In analogy with the sensation of pain and phantom limb perception, tinnitus emerges from damages in the cochlea (e.g., hair cell loss or synaptic damages), leading to a frequency-specific decrease in electric output toward the brain. Our clinical data show that participants with tinnitus in this age group, with or without HL, have higher hearing thresholds, and interestingly that participants with moderate and severe hyperacusis have more risk of at least moderate tinnitus. Data from the literature indicate that there are common pathways for the pathophysiology of tinnitus and hyperacusis, resulting in a central compensatory gain due to reduced neural activity from a damaged cochlea (Knipper et al., 2013; Auerbach et al., 2014).



Conclusion

Our study confirms that in older people, tinnitus is positively associated with HL and noise exposure. Indeed, HL and noise exposure are risk factors for tinnitus.

Nowadays, tinnitus is considered a symptom involving a network of peripheral and central pathways of the nervous system. Due to its complex nature, tinnitus should be approached in a multidisciplinary fashion involving various health professionals specialized in dealing with each of the dimensions encompassed within this symptom (Hall et al., 2018).

Our study puts in evidence some interesting findings, especially concerning audiological tinnitus characteristics or its development. Our data may contribute to defining the patient’s odds of developing a severe or catastrophic grade of tinnitus.

It was in the ABRs that we obtained the most exciting and promising results, namely, in the diminished I-III interval in participants without HL and no tinnitus compared to participants without HL and tinnitus, and the reduction of the amplitude in wave I in tinnitus participants compared with participants without tinnitus. Also, the increased amplitude of wave I has a protective factor to the odds of having tinnitus. Conversely, the increased ratio of V/I showed higher odds of developing at least moderate tinnitus. It should also be noted that there is a common denominator in all the findings in ABR, which is wave I. Future studies should be carried out with the main target of studying wave I in participants with tinnitus. If confirmed in more extensive population studies, these findings may be candidates as audiological biomarkers of tinnitus severity/presence. These are, indeed, the most original contributions of this study, since we have documented the relevant audiological tinnitus severity biomarkers.

Regarding DPOAE, findings highlight the correlation between HL and tinnitus. We can say that participants with tinnitus and relevant noise exposure have lower DPOAE between 500 and 8,000 Hz than participants without tinnitus, and participants with higher DPOAE have a lower risk of developing tinnitus.

Lastly, participants who had abrupt tinnitus onset and moderate or severe hyperacusis featured higher odds of at least moderate tinnitus.

Notable highlights of our findings that could serve as potential audiological biomarkers, in particular, wave I amplitude, wave I absolute latency, and interwave latency interval I-III, suggest the necessity to have appropriate tinnitus subtyping to understand the most probable underlying mechanisms and consequently the most appropriate diagnosis and treatment strategies.

Future research should be designed to improve the sensitivity of non-invasive electrophysiological measures of cochlear synaptopathy in humans and examine the broader neurophysiological impacts of noise exposure and devise a clear distinction between mechanisms more specific to tinnitus or HL. Advancing knowledge concerning potential tinnitus audiological biomarkers can be crucial for the adequate diagnosis and treatment of tinnitus.
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Introduction: Subjective tinnitus is often associated with a reduction in health-related quality of life (HRQoL). The HRQoL represents the impact of tinnitus on an individual's life by addressing the physical, social, and psychological domains of 1. A limited amount of studies has investigated the association between tinnitus and HRQoL questionnaires. The aim of this study was to examine the correlation between tinnitus-specific and HRQoL questionnaires in order to shorten fulfilling questionnaires, as it is often time-consuming.

Material and method: Eighty-five patients with tinnitus as primary complaint completed five questionnaires, including one general, two tinnitus-specific, and two generic HRQoL questionnaires: Tinnitus Sample Case History Questionnaire (TSCHQ), Tinnitus Functional Index (TFI), Tinnitus Handicap Inventory (THI), short version of World Health Organization Quality of Life (WHOQOL-BREF), and the eight-item Short-Form (SF-8). Four simple linear regression models were used to analyze the relationship between the THI and TFI and the WHOQOL-BREF and SF-8.

Results: A negative and strong correlation was found between the tinnitus questionnaires and the SF-8. More than half of the variability in the SF-8 scores could be explained by the TFI and THI, respectively 50.6 and 54.4% (all p < 0.001). A strong negative regression was also found between the WHOQOL-BREF and the THI and TFI with a decrease in the determination coefficient of approximately 10% compared with the SF-8. The weakest correlation (regression coefficient of 0.628, p < 0.001) was observed between the WHOQOL-BREF and the TFI, indicating that the WHOQOL-BREF mean score explained 39.4% of the TFI. When looking at the subdomain scores, a strong correlation was observed between the QoL subdomain of the TFI and a combination of the physical and psychological subdomain of the WHOQOL-BREF (r = −0.627, p < 0.001).

Conclusion: The QoL subdomain of the TFI gives good information about the physical and psychological health. Thus, the TFI is suitable to assess both tinnitus severity and the HRQoL. The coefficients of determination of the WHOQOL-BREF were significantly lower compared to the SF-8, suggesting that the WHOQOL-BREF provides more specific information about HRQoL. If more specific information on HRQoL, such as “environment” and “social relationships”, is required, it is recommended to use the WHOQOL-BREF.

KEYWORDS
 tinnitus, quality of life, health related quality of life (HRQoL) questionnaires, Tinnitus Functional Index (TFI), Tinnitus Handicap Inventory (THI), world health organization quality-of-life (WHOQOL-BREF), 8-item short form health survey (SF-8)


Introduction

Tinnitus is the perception of sound without the presence of an external sound source. It is a highly prevalent disorder, and ~10–15% of the adult population suffers from chronic, subjective tinnitus (1–4). The heterogeneous disorder is experienced differently in every individual: some only experience little discomfort, while others feel a great impact on cognitive abilities and emotional aspects (5, 6). The latter is associated with a reduced health-related quality of life (HRQoL) in tinnitus sufferers. The concept of HRQoL focuses on the impact that a certain health status has on an individual's life by looking at the physical, social, and psychological aspects of health (7). Decreased HRQoL is often caused by additional complaints beyond the tinnitus sound such as elevated stress levels, hearing difficulties, concentration problems, and sleep disturbances (8). Furthermore, there is a high comorbidity between chronic tinnitus and psychiatric disorders, such as anxiety and depression (9). Concurrent psychiatric disorders affect the severity or tolerance of tinnitus, resulting in a decrease in HRQoL in tinnitus patients.

The HRQoL is represented by utility scores that refer to the preferred health state of patients (10). Measuring HRQoL is useful for assessing the burden of tinnitus, detecting hidden or unexpected health problems, and identifying health inequalities among patient groups. In this study, indirect methods including the abbreviated version of the World Health Organization Quality of Life Survey (WHOQOL-BREF) (11) and the eight-item short form (SF-8) (12) were used as HRQoL questionnaires. Two tinnitus-specific questionnaires were used to assess the tinnitus severity, namely the Tinnitus Functional Index (TFI) (13) and Tinnitus Handicap Inventory (THI) (14). In this study, the German versions of these questionnaires were applied, which are all standardized and validated (11–15). The HRQoL in tinnitus patients is a widely impacting and important topic but there is still a limited amount of knowledge about the effect of tinnitus on the HRQoL. According to a search of the literature, few studies were found that considered both tinnitus-specific questionnaires and HRQoL questionnaires. Thus, there is insufficient information on the relationship between tinnitus questionnaires and HRQoL questionnaires to determine the added value of HRQoL questionnaires.

The aim of this study was to investigate whether there is an efficient way to evaluate the impact of tinnitus on the HRQoL by comparing the tinnitus-specific questionnaires (TFI and THI) with the HRQoL questionnaires (WHOQOL-BREF and SF-8). More specifically, the main objective was to investigate the correlation between the tinnitus-specific questionnaires (TFI and THI) and the HRQoL questionnaires (WHOQOL-BREF and SF-8) to investigate if the HRQoL questionnaires provide additional benefit or if the HRQoL is already well assessed with the tinnitus questionnaires. The hypothesis is that there is a strong correlation between the tinnitus questionnaires and the HRQoL questionnaires. In contrast to the THI, the TFI has a subdomain that should represent QoL. As secondary objective, the subdomain QoL of the TFI was analyzed to determine which aspects of the HRQoL were included in this subdomain by comparing the QoL subdomain of the TFI to the four broad domains of the WHOQOL-BREF (physical health, psychological health, social relationships, and environment). The observed information may impact the evaluation of HRQoL for future tinnitus research and clinical practice.



Materials and methods


Study setting and patients

In this study, questionnaires completed by patients in the tinnitus clinic at the Department of Otorhinolaryngology—Head and Neck Surgery at the University Hospital of Zurich (USZ) were analyzed prospectively. The study was approved by the Ethical Committee of the Canton of Zürich (BASEC-Nr: 2021-00361). Only adult patients (male and female) diagnosed with tinnitus as a primary complaint were included. Furthermore, patients had to have sufficient knowledge of the German language and computer skills to complete the self-report questionnaires (one general questionnaire, two questionnaires measuring the tinnitus burden, and two assessing the HRQoL in patients). The assessment of the tinnitus-related handicap was executed by the TFI (16) and THI (17). To measure the impact of tinnitus on the HRQoL in tinnitus patients, the WHOQOL-BREF (11) and SF-8 (18) questionnaires were used. All questionnaires were sent to the patients via an online tool (Innoforce ENT Statistics, www.innoforce.com) a few days before the first consultation in the tinnitus clinic.



Assessment
 
Tinnitus Sample Case History Questionnaire

One general questionnaire, the Tinnitus Sample Case History Questionnaire (TSCHQ), was used to collect data of the patient, including tinnitus history, previous treatments, general hearing problems, impact on HRQoL, and general health status by answering a total of 35 items (19). The validated German version of the TSCHQ was used in this study to obtain background information about the patient's tinnitus (20).



Tinnitus Handicap Inventory

The Tinnitus Handicap Inventory [THI, (17)] is a widely used instrument that investigates three different domains: functional limitations, emotional response, and catastrophic aspects, containing, respectively eleven, nine, and five items. Patients are asked to complete the validated German version of the questionnaire containing 25 statements. Each statement can be answered by yes (four points), sometimes (two points), and no (zero points) (21). The total sum score of the questionnaire indicates the severity of the complaints, with a score of 100 representing the greatest suffering from tinnitus. Five levels of total scores can be differentiated: low handicap (0–16), mild handicap (18–36), moderate handicap (38–56), severe handicap (58–76), and catastrophic handicap (78–100) (17).



Tinnitus Functional Index

To scale the overall tinnitus severity, we used the Tinnitus Functional Index [TFI, (16)], which promises to be the new gold standard for tinnitus assessment (22). In addition, this more recent questionnaire was especially designed to evaluate different tinnitus treatments. In this study, we used the validated German version of the TFI (13, 15). The questionnaire consists of 25 items divided into eight subscales: intrusiveness, reduced sense of control, cognitive interference, sleep disturbance, auditory difficulties, interference with relaxation, quality of life, and emotional distress. Each subscale consists of three questions, with the exception of the subdomain “Quality of Life”, which has four items. By answering each question on an 11-point Likert scale ranging from zero to ten, patients assess how they felt over the past week. Exceptions are questions 1 and 3, as these represent a response scale of 0 to 100% in steps of ten percent, which were transformed into a 0 to 10 scale for further calculations. The total score ranges from zero to 100, with a higher score indicating a greater impact of tinnitus on the patient's daily life. The tinnitus severity can be divided into five categories: not a problem (mean = 14, range 0–17), small problem (mean = 21, range 18–31), moderate problem (mean = 42, range 32–53), big problem (mean = 65, range 54–72) or very big problem (mean = 78, range 73–100) (2).



WHOQOL-BREF

In order to assess the HRQoL, tinnitus sufferers are asked to complete the abbreviated German version of the World Health Organization Quality of Life Survey [WHOQOL-BREF, (11)]. This questionnaire contains 26 items, each rated on a 5-point Likert scale, of which two items are examined separately. The two individual items represent the patient's overall perception of their HRQoL and the overall perception of their general health. The other 24 questions are divided into four broad domains, including physical health, psychological health, social relationships, and environment. A higher total domain score corresponds to a better HRQoL within that domain (11).



Eight-item Short-Form

The eight-item Short-Form (SF-8) is an abbreviated version of the SF-36, a widely-used questionnaire measuring the general health status (12, 18). The SF-8, consisting of eight items, validates the HRQoL profile with regard to physical, psychological, and social aspects. Each item represents one of the eight SF-36 domains: physical functioning (PF), role limitation due to physical problems (RP), body pain (BP), general health (GH), vitality (VT), social functioning (SF), role limitation due to emotional problems (RE), and mental health (MH). For each of the eight questions, patients are asked to answer on a 5-point Likert scale how much the tinnitus affects their daily lives. The SF-8 is assessed by two summary scores consisting of a physical component (PF, RP, BP, and GH) and a mental health component (VT, SF, RE, and MH). A higher SF-8 score represents less disability with eight being the maximum disability and 40 the minimum disability (23).




Statistical analysis

A linear regression model using the least square method was used to analyze the effect of the tinnitus questionnaires on the HRQoL questionnaires. First, general characteristics of the study participants collected by the TSCHQ were summarized as mean values and standard deviations (SD). Normal distributions for the dependent and independent variables were observed using the Shapiro-Wilk's test (p > 0.0125) (24) and a visual inspection of their histograms, normal Q-Q plots and box plots. Then, multiple testing was performed with the THI and TFI as independent predictors and the WHOQOL-BREF and SF-8 as response outcomes. Here, four separate simple linear regressions were calculated: the effect of TFI on WHOQOL-BREF and on SF-8, the effect of THI on WHOQOL-BREF, and on SF-8. After adjustment for multiple testing, a p-value < 0.0125 was considered statistically significant. Residual normality, homoscedasticity and removal of outliers was checked using visual inspection of their histograms, normal Q-Q plots and scatterplots. An analysis of the data was performed using the statistical program SPSS (Statistical Package for Social Sciences, version 26.0, IBM, USA). The Tukey honestly significant difference (HSD) test was used to calculate the difference in HRQoL between all grades of tinnitus severity. This frequently used pairwise comparison technique calculates the HSD between two means using a statistical distribution that gives the exact sampling distribution of the largest difference between a set of means originating from the same population (25).




Results


Demographic characteristics

From the 134 individuals that visited the clinic, 85 participants met all criteria and were included in the analysis. Forty-nine patients could not be included because they did not have sufficient knowledge of the German language (n = 15), not enough computer skills (n = 3), refused to participate in the study (n = 12), informed consent was not obtained (n = 5), or did not complete all five questionnaires (n = 14). The mean age of the participants was 51.6 years (±14.3 SD, range 21–85 years). Fifty-one (60.0%) participants were male and 34 (40.0%) individuals were female. Of the 85 participants, 51 (60.0%) experienced tinnitus on both sides, 17 (20.0%) individuals only on the left, and 17 (20.0%) only on the right side. Additionally, the mean duration of tinnitus of the study population was 7.0 years (±8.4 SD, range 0–37 years) and 61.2% patients had been experiencing tinnitus between 0 and 4 years. Overall, 69.4% of the study population had a normal hearing and only 3.5% suffered from severe hearing loss. Further demographic and clinical characteristics can be found in Table 1.


TABLE 1 Demographic and tinnitus characteristics of all participants.
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The distribution of the tinnitus severity according to the tinnitus questionnaires, divided into five categories is shown in Figure 1. For the THI most patients were categorized in the group with moderate problems, followed by mild and slight problems (Figure 1A). For the TFI, the largest category was also the group with moderate problems (Figure 1B).


[image: Figure 1]
FIGURE 1
 Distribution of the tinnitus severity of the tinnitus questionnaires. (A) Tinnitus severity measured by the THI divided in 5 levels. (B) Tinnitus severity measured by the TFI divided in 5 levels.




Overall and subdomain scores of the different questionnaires

All mean scores and SDs of the different questionnaires and their subdomains are demonstrated in Table 2. The mean total scores of the THI and TFI were 43.3 (SD = 25.7) and 48.0 (SD = 24.1) respectively, which represents a moderate tinnitus severity with a broad range. The distribution of the total scores of both the TFI and THI are shown in Figure 1. The results of both tinnitus questionnaires and both QoL questionnaires were normally distributed. Also, checking for normality of the residuals was normal, homoscedasticity of the results was observed, and there were no outliers. The mean total score of WHOQOL-BREF was 68.1 (SD = 15.3). The mean scores of the subdomains general health, physical, psychological, social relationships, and environment, were all above 50%, indicating an overall good HRQoL in our sample. The mean SF-8 total score was 29.1 (SD = 7.3), which indicated a good HRQoL in our tinnitus population. This can also be confirmed by the physical and mental component that had mean scores of 14.4 (SD = 4.2) and 14.7 (SD = 3.9), respectively. These scores suggested a good physical and mental health.


TABLE 2 Distribution of mean and SD scores of all questionnaires and their subdomains.
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Correlations between both tinnitus questionnaires and HRQoL questionnaires (THI vs TFI and WHOQOL-BREF vs SF-8)

First, the correlations between both groups of questionnaires were calculated (THI vs. TFI, WHOQOL-BREF vs. SF-8). The correlation between the two tinnitus questionnaires THI and TFI was positive and very strong (r = 0.864, p < 0.001, N = 85). For the HRQoL questionnaires, multiple correlations were calculated, because the WHOQOL-BREF has no overall score, only subdomain scores. To compare the HRQoL scores of the WHOQOL-BREF with the SF-8 questionnaire, one overall WHOQOL-BREF score was necessary. Therefore, an overall WHOQOL-BREF score was calculated where the mean of all subdomains was used:

[image: image]

A strong correlation was observed between the WHOQOL-BREF mean score and the total SF-8 score (r = 0.794, p < 0.001, N = 85). In addition, the correlation of the subdomain general health (GH) of the WHOQOL-BREF, consisting of two questions, with the SF-8 had a positive and moderate correlation (r = 0.675, p < 0.001, N = 85). Linear relationships are presented in a scatterplot as shown in Figure 2. These scatterplots confirm the strong correlation between the WHOQOL-BREF mean score and the SF-8. Since the GH subdomain only consists of two questions and has a weaker correlation, the WHOQOL-BREF mean score was used for further calculations as overall HRQoL score.


[image: Figure 2]
FIGURE 2
 (A) Scatterplot of the correlation between WHOQOL-BREF general health and the total score of the SF-8 (r = 0.675, p < 0.001). (B) Scatterplot of the correlation between the WHOQOL-BREF mean score and the SF-8 total score (r = 0.794, p < 0.001).




Linear regressions between the tinnitus questionnaires and the HRQoL questionnaires: Primary outcomes

The primary objective of this study was to investigate if the HRQoL questionnaires have an additional benefit as compared to the tinnitus questionnaires. After calculating four simple linear regressions, all combinations of questionnaires were significant. The linear regression with the SF-8 as dependent variable and the TFI as independent outcome showed a strong correlation with a regression coefficient of 0.711 (b = −0.711 [98.75% confidence interval], CI −0.908 and −0.514, R2 = 0.506, p < 0.001, F = 85.000). The strongest regression was between the THI and SF-8 with a regression coefficient of 0.738 (b = −0.738 [98.75% confidence interval], CI −0.927 and −0.548, R2 = 0.544, p < 0.001, F = 99.101). In addition, the determination coefficient (R2) of both the TFI and THI correlated with the SF-8 was strong and exceeded 50% (Figure 3). This indicates that more than half of the variability in the SF-8 scores can be explained by the model's input. When the WHOQOL-BREF mean was used as dependent variable, a moderate correlation was observed (Figure 3). The weakest correlation occurred between the WHOQOL-BREF and the TFI, which had a moderate regression coefficient of 0.628 (b = −0.628 [98.75% confidence interval], CI −0.846 and −0.410, R2 = 0.394, p < 0.001, F = 53.996). Similarly, a moderate regression coefficient of 0.664 was observed between the WHOQOL-BREF and the THI (b = −0.664 [98.75% confidence interval], CI −0.873 and −0.454, R2 = 0.440, p < 0.001, F = 65.312). Here, the determination coefficient showed that the score of the WHOQOL-BREF mean was explained for 39.4 and 44.0% by the TFI and THI respectively, which was slightly decreased compared to the SF-8 questionnaire with the tinnitus questionnaires. When observing the difference between the TFI and THI, a slightly higher regression coefficient is noticed when the THI is used as an independent outcome. After calculating multiple regressions that included putative confounding factors such as the duration of tinnitus, age and PTA scores, no significant contribution of these factors was observed. Thus, the final model did not include any of these factors.
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FIGURE 3
 Scatterplots and determination coefficients of TFI, THI, WHOQOL-BREF, and SF-8. The scatterplots and determination coefficients (R2) show the strength of the regressions between the TFI, THI, WHOQOL-BREF, and SF-8. In the left corner below, the scatterplots are presented, whereas the determination coefficients are shown in the top right corner.




Linear regressions between the tinnitus questionnaires and subdomains of the HRQoL questionnaires

Furthermore, the relationships between the tinnitus questionnaires and all the subdomains of the HRQoL questionnaires were calculated (Table 3). Both the TFI and the THI related to the mental component of the SF-8 had a strong regression coefficient, respectively 0.715 (R2 = 0.511, p < 0.001, F = 86.842) and 0.793 (R2 = 0.629, p < 0.001, F = 140.913). A weak relationship was observed between the TFI and the social relationships subdomain of the WHOQOL-BREF with a regression coefficient of 0.217 (R2 = 0.047, p = 0.046, F = 4.116). In addition, the regression between the social relationships subdomain and the THI was weak with a regression coefficient of 0.246 (R2 = 0.060, p = 0.023, F = 5.332). If the TFI values were compared to the THI values, no big differences were observed.


TABLE 3 Linear regressions between the tinnitus questionnaires and all subdomains of the HRQoL questionnaires.
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The correlations between the QoL subdomain of the TFI and different subdomains of HRQoL questionnaires

As described previously, the TFI exists of different subdomains, which also include a QoL sub-score. We studied what kind of information this subdomain evaluates in terms of HRQoL assessment. The correlation coefficients are shown in Table 4. Since a higher score of the TFI QoL represents a worse HRQoL, a negative correlation was expected. Only between the TFI QoL and the subdomain social relationships of the WHOQOL-BREF a very weak and non-significant correlation was observed (r = −0.183, p = 0.094). All other correlations were significant. Between the TFI QoL and a combination of the physical and psychological subdomain of the WHOQOL-BREF, a strong correlation was observed (r = −0.627, p < 0.001). There was also a strong correlation between the TFI QoL subdomain and the total score of the SF-8 (r = −0.703, p < 0.001).


TABLE 4 Correlations between QoL subdomain of TFI and all subdomains of HRQoL questionnaires (WHOQOL-BREF and SF-8).
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The mean scores of the HRQoL questionnaires in proportion with the tinnitus severity

We also compared the HRQoL scores by looking at the grade of tinnitus severity. As the tinnitus severity increased (a higher TFI or THI grade), the HRQoL score decreased. The score of the WHOQOL-BREF mean is presented on a scale of 100 compared to a scale of 40 for the SF-8. A noticeable decrease in HRQoL was observed when tinnitus becomes a moderate problem or higher. When tinnitus severity was in the highest level (very big problem), the decline in HRQoL was even more pronounced.

To confirm the results, we calculated the difference in HRQoL between all grades of tinnitus severity, using the Tukey HSD test. The most interesting observations are mentioned in this paragraph. For all combinations of tinnitus and HRQoL questionnaires, no significant differences were observed between grades 1 and 2 (Figure 4). Notably, there was a significant difference between the first two grades (“low handicap” and “mild handicap”) and the three more severe grades using the THI (Figures 4C,D). Using the TFI, there was a significant decrease between grade 1 “not a problem” and grade 5 “very big problem” for both the WHOQOL-BREF mean and SF-8. No significant difference was noticed between the first grade and grades 2, 3, and 4 with the TFI (Figures 4A,B). On the other hand, when we looked at the difference between grade 2 “small problem” and the more severe grades (grades 3, 4, and 5), a significant result was observed (Figure 4A). In addition, the differences between grades 3 and 5 were also statistically significant for both the TFI compared to the WHOQOL-BREF (Figure 4A) and the THI compared to the SF-8 (Figure 4D). Similar to this finding, the difference between grade 3 and 4 was also statistically significant with grade 5 for the TFI with the SF-8 (Figure 4B).
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FIGURE 4
 Boxplots of TFI and THI severity categories. TFI and THI severity categories and the median, minimum, maximum, and interquartile of WHOQOL-BREF and SF-8 are shown. * indicates a significant difference. (A) TFI severity categories vs WHOQOL-BREF scores, (B) TFI severity categories vs SF-8 scores, (C) THI severity categories vs WHOQOL-BREF scores, and (D) THI severity categories vs SF-8 scores.





Discussion

In this study, we investigated the correlation between tinnitus questionnaires and HRQoL questionnaires in order to determine whether HRQoL questionnaires add value in assessing the HRQoL of tinnitus patients. Since it is often time-consuming to complete multiple questionnaires, the goal for this study was to shorten questionnaire completion to a minimum without loss of information. After calculating the four simple linear regressions with the tinnitus questionnaires as independent variables and the HRQoL questionnaires being the dependent outcomes, we observed four negative correlations, as expected. This finding confirms results from previous studies (26–28): the HRQoL decreases when the tinnitus severity increases. To find answers for our primary objective, we observed the strongest correlation between THI and SF-8. Our model suggested that the THI explains 54.4% of the HRQoL score of the SF-8, confirming the validity to use the THI in the assessment of the HRQoL of tinnitus patients (27). Similarly, a strong correlation between TFI and SF-8 was demonstrated as well. Showing an explanation of 50.6 % of the variance in the HRQoL scores of the SF-8, the TFI is useful to evaluate the HRQoL of patients suffering from tinnitus. Here, we can conclude that the SF-8 covers approximately 50% of the same information that is already assessed in the tinnitus questionnaires. If we compare these values with those between the THI or TFI and WHOQOL (44.0, and 39.4%, respectively), these of the SF-8 turned out to be clearly higher. Therefore, using a combination of the SF 8 with a tinnitus questionnaire would not provide a lot of extra information regarding the HRQoL compared to the tinnitus questionnaires. The big advantage of this questionnaire is that it only includes eight questions, which is not time-consuming for both the patient and the physician. On the other hand, this also means that it does not provide specific information about the HRQoL of tinnitus patients. This latter was also confirmed when comparing the THI with the mental subdomain of both QoL questionnaires. If we look at the determination coefficients, we see that the mental subdomain of the SF-8 covers 62.9% of the THI, whereas the psychological subdomain of the WHOQOL-BREF only covers 39.5% of the same tinnitus questionnaire. Here, we can establish that the WHOQOL-BREF provides more insight in the psychological aspect of tinnitus compared to the SF-8.

Regarding the effect of the tinnitus questionnaires on the WHOQOL-BREF, the determination coefficient was decreased by approximately 10%. This implies that the WHOQOL-BREF gives more specific information about the HRQoL compared to the SF-8. The regression between the TFI and the WHOQOL-BREF mean was the weakest. This indicates that a combination of the TFI and the WHOQOL-BREF gives the most specific information about the HRQoL. In addition, the WHOQOL-BREF also has an added value compared to the THI. The WHOQOL-BREF contains more questions and more subdomains than the SF-8, which leads to a more thorough and more specific questionnaire in the assessment of the HRQoL. If more information about the impact of tinnitus, such as the social and environmental impact, is needed, we would recommend using the WHOQOL-BREF for the best understanding of the HRQoL.

To check what aspects of the HRQoL are evaluated in the tinnitus questionnaires, the regression coefficients of the TFI and THI with all subdomains of the HRQoL questionnaires were calculated. In both tinnitus questionnaires, the determination coefficient of the regression with the social relationship subdomain of the WHOQOL-BREF is very low. These regressions were also not significant. This confirms that there is no correlation between the “social relationship” subdomain and the tinnitus questionnaires, and that this subdomain is therefore insufficiently assessed in the TFI and THI. The regressions of the environment subdomain are significant but the determination coefficients are also low. As a result, the THI and TFI also concentrates less on this subdomain. As a previous study already established, we confirmed that the THI particularly focuses on the “physical health” and “psychological health”, and to a lesser extent on the “social relationship' and “environment” subdomain (27). This also is the case for the TFI, as investigated in this study. Furthermore, the correlation between the SF-8 and the physical and psychological subdomains of the WHOQOL-BREF was very strong. This indicates that the SF-8 HRQoL assessment questionnaire is particularly concerned with the physical and psychological effects of tinnitus, while the “social relationship” and “environment” subdomains are less pronounced.

Next, we wanted to investigate what aspects of HRQoL are included in the QoL subdomain of TFI and whether this subdomain gives sufficient information about the HRQoL. Here, we observed weak correlations between this subdomain and the subdomains social relationships and environment of the WHOQOL-BREF. This shows that the TFI QoL subdomain does not assess the social or environmental impact of tinnitus. Both the physical and psychological subdomain of the WHOQOL-BREF had a good correlation, but when both subdomains were combined, the correlation became even stronger. Moreover, the total score of the SF-8, which consists of a physical and mental component, also had a strong correlation. This implies that the QoL subdomain of the TFI predominantly focuses on the physical and psychological aspects of tinnitus and to a lesser extent on the social and environmental component. A previous study by Zeman et al. (27) showed that tinnitus strongly influences the physical and psychological subdomain of the HRQoL and to a lesser extent the social relationships and environment subdomain. This indicates that the QoL subdomain of the TFI gives sufficient information to assess the HRQoL in most cases.

In conclusion, if we want to assess the tinnitus burden on the HRQoL, focusing on the physical and psychological components, the QoL subdomain of the TFI provides sufficient information. Besides the fact that tinnitus primarily affects the physical health and causes psychological distress, the social aspect is also important for the assessment of HRQoL. By making it difficult to interact normally with other people, tinnitus can cause chronic distress that has an impact on a patient's daily activities (29). If we want to know more about the influence on the “social relationships” and “environmental” domain, it is recommended to use the WHOQOL-BREF, as the TFI QoL subdomain does not give enough information about these domains.

We also wanted to know what grade of tinnitus severity most affected the HRQoL. Examining the TFI, there was an interesting, significant decrease in the HRQoL scores from a “small problem” to a “moderate problem”. Similarly, the HRQoL in grades 3, 4, and 5 was significantly diminished compared to grades 1 and 2. Therefore, higher tinnitus severity scores are an indicator for clinicians to further evaluate the impact on a patient's HRQoL. This finding is in line with the studies of Zeman et al. (27) and Weidt et al. (30) where a strong correlation between the THI and Beck Depression Inventory (BDI) was observed. The study of Zeman et al. (27) demonstrated that high scores of the THI indicate the need to further evaluate the potential psychiatric comorbidities because severe and catastrophic tinnitus severity is related to depressive symptoms. Based on our results, it is recommended that a HRQoL questionnaire, preferably the WHOQOL-BREF, is used if a patient's tinnitus severity is in grade 3 ‘moderate problem’ or higher. If a patient's tinnitus severity is in grade 5 ‘very big problem’, it should be mandatory to evaluate the impact of tinnitus on the HRQoL by a HRQoL questionnaire. Since chronic tinnitus is associated with psychiatric disorders, it can result in depression and even suicide in extreme cases. Therefore, it is also recommended to further evaluate the degree of depression and anxiety disorders using the Hospital Anxiety and Depression Scale (HADS) or the BDI, when a patient has a tinnitus severity grade of 5 (31–33).

A possible point of concern of our study is that the mean score of the WHOQOL-BREF was used, because there is no global score of WHOQOL-BREF to assess overall HRQoL. Using the mean score assumes the weight of all subdomains is equal, but it might be the case that some subdomains interfere more with the HRQoL. Since there is no effective treatment for tinnitus, it is useful to compare the different interventions and to see what treatment options have the most benefit on the HRQoL. The SF-8 has the advantage of being a short questionnaire, but it has no additional value for evaluating HRQoL when using the TFI. It would be interesting to investigate the additional benefit of the Short-Form 36 (SF-36), consisting of 36 questions compared to eight questions, to see if this questionnaire gives more specific information about the impact on tinnitus related HRQoL. In addition, it might be helpful to investigate the relationship between the tinnitus questionnaires and the Health Utility Index mark 3 (HUI3). This questionnaire uses one total score to assess the HRQoL, which is more useful compared to the WHOQOL-BREF to compare scores between multiple HRQoL questionnaires. Moreover, it is useful in cost-utility analysis (CUA) as the questionnaire estimates quality-adjusted life-years (QALYs). Future research can investigate the added value of the HUI compared to the WHOQOL-BREF.

This study established that the TFI is a suitable questionnaire to assess both the tinnitus severity and HRQoL. It can be interesting to perform longitudinal studies in the future to check whether the TFI can detect changes in the HRQoL after treatment.



Conclusion

We aimed at finding the best combination of questionnaires to recommend in clinical practice in order to reduce the time needed to complete multiple questionnaires without losing information. We established that the SF-8 is limited to the physical and psychological aspects of the HRQoL, whereas the WHOQOL-BREF offers additional information about the impact on the environment and social relationships. In clinical practice, we would recommend using the TFI instead of the THI. Especially because the TFI has a separate subdomain that evaluates the HRQoL. This subdomain mainly assesses the physical and psychological domains of the HRQoL. Therefore, it gives a good overall view of the effect of tinnitus on the HRQoL. If it is important to know the social and environmental contribution to the HRQoL, it is recommended to use the WHOQOL-BREF questionnaire when assessing the HRQoL. Lastly, we analyzed at what grade of tinnitus severity the HRQoL is affected the most. When tinnitus becomes a moderate problem or worse, the TFI and THI are less useful to assess the HRQoL.
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Animal research focused on chronic tinnitus associated with noise-induced hearing loss can be expensive and time-consuming as a result of the behavioral training required. Although there exist a number of behavioral tests for tinnitus; there have been few formal direct comparisons of these tests. Here, we evaluated animals in two different tinnitus assessment methods. CBA/CaJ mice were trained in an operant conditioning, active avoidance (AA) test, and a reflexive, gap-induced pre-pulse inhibition of acoustic startle (GPIAS) test, or both. Tinnitus was induced in awake mice by unilateral continuous sound exposure using a 2-kHz- or [image: image] octave-wide noise centered at 16 kHz and presented at 113- or 116-dB SPL. Tinnitus was assessed 8 weeks after sound overexposure. Most mice had evidence of tinnitus behavior in at least one of the two behaviors. Of the mice evaluated in AA, over half (55%) had tinnitus positive behavior. In GPIAS, fewer animals (13%) were positive than were identified using the AA test. Few mice were positive in both tests (10%), and only one was positive for tinnitus behavior at the same spectral frequency in both tests. When the association between tinnitus behavior and spontaneous activity recorded in the inferior colliculus was compared, animals with tinnitus behavior in AA exhibited increased spontaneous activity, while those positive in GPIAS did not. Thus, it appears that operant conditioning tests, like AA, maybe more reliable and accurate tests for tinnitus than reflexive tests.

Keywords: gap-induced pre-pulse inhibition of acoustic startle (GPIAS), active avoidance (AA), inferior colliculus (IC), noise-induced hearing loss (NIHL), spontaneous activity


INTRODUCTION

Subjective tinnitus, the perception of sound in the absence of an external stimulus, affects about 10% of American adults (Bhatt et al., 2016). Despite such a high prevalence, tinnitus research has been limited by the methods used to assess tinnitus in laboratory animals. Human patients can report the presence of tinnitus, while animals cannot. Animal models of tinnitus are crucial for developing new therapeutics for tinnitus, but these models must be validated with behavioral tests.

There are a variety of different behavioral tests for tinnitus and methods often vary across laboratories. Animal models of chronic tinnitus often use operant conditioning methods (Jastreboff et al., 1988; Bauer and Brozoski, 2001; Brozoski et al., 2002; Heffner and Harrington, 2002; Yang et al., 2011). In those methods, animals are trained to respond to sound stimuli, or the lack thereof, such that a change in the response indicates tinnitus (Kaltenbach, 2011). For example, animals may be trained to bar-press, lick, or climb only in response to sound, while being trained to suppress their responses in silence (Jones and May, 2017). “Tinnitus animals,” however, are presumed to no longer experience silence, so their behavior would be expected to be altered from non-tinnitus animals.

Active avoidance (AA) is one form of operant conditioning where animals are trained to avoid an aversive shock stimulus in response to sound stimuli. A reduction in percent avoidance in response to a particular sound may indicate tinnitus at that frequency. When multiple frequencies are used to evaluate the avoidance response; the frequency profile of the responses can give insights into the pitch of the tinnitus. Conditioned behaviors are useful because they can be used to determine not only the presence of a tinnitus percept but because they also can help to reveal the subjective qualities of the percept, such as pitch and loudness (Kaltenbach, 2011). However, conditioned behavioral tests are relatively time-consuming because training animals can require weeks before tinnitus induction.

Tinnitus can also be assessed with instinctual or reflexive tests. In a pre-pulse inhibition procedure, the acoustic startle response (ASR) is inhibited when a “warning sound” precedes the startle stimulus. A gap in a continuous background sound can also serve as a “warning stimulus” and inhibit the ASR. Turner et al. (2006) published a behavioral method, referred to as gap-induced pre-pulse inhibition of acoustic startle (GPIAS), that takes advantage of the ASR to assess tinnitus in animals. GPIAS uses narrow-band background noises of different frequencies to assess frequency-specific responses. If the animal has tinnitus, the percept is believed to “fill in the gap” and attenuate the ASR if the tinnitus and the background noise match in frequency. GPIAS has the advantage that animals do not need to undergo training, and, thus, less time devoted to testing is required as compared to that required when operant conditioning procedures are employed. However, the “filling in the gap” hypothesis has come into question. Recent studies have shown that human patients with tinnitus can still perceive gaps, suggesting that tinnitus does not affect gap perception (Campolo et al., 2013; Galazyuk and Hébert, 2015; Zeng et al., 2020).

Since the original publication of the GPIAS method (Turner et al., 2006), there has been little direct comparison of operant and reflexive behavioral tests in the same cohort of animals using a noise-induced hearing loss method of tinnitus induction. In the current study, the goal was to assess the same group of animals for tinnitus in GPIAS and AA to confirm that the results were consistent. After sound overexposure intended to induce tinnitus, the behavioral testing results were compared to determine if both tests indicated tinnitus in the same animals. Increased spontaneous activity has been correlated with behavioral evidence of tinnitus throughout the auditory pathway with operant conditioning methods (Kaltenbach et al., 2005; Bauer et al., 2008; Kaltenbach, 2011). At the level of the inferior colliculus (IC), it is well established that increased spontaneous activity is correlated with sound over-exposure (Mulders and Robertson, 2013; Wang et al., 2013; Gröschel et al., 2014; Ropp et al., 2014; Vogler et al., 2014); however, spontaneous activity in IC has not been correlated with tinnitus assessed with GPIAS (Berger et al., 2014; Coomber et al., 2014; Ropp et al., 2014; Longenecker and Galazyuk, 2016). So, we also compared the spontaneous activity in the IC between GPIAS and AA tinnitus-positive animals. We found that few mice exhibited evidence of tinnitus in both tests and increased spontaneous activity in the colliculus was found in mice with behavioral signs of tinnitus in active avoidance, but not if grouped by GPIAS results.



METHODS


Animals

Experiments were performed on CBA/CaJ mice (Jackson Laboratories; Strain #000654, RRID:IMSR_JAX: 000654) of both sexes. All mice were purchased at the age of 4–8 weeks and then housed five in a cage employing a 12-h light/dark cycle with continuous access to food and water. Additional nesting materials were added as enrichment. All experiments were performed in accordance with institutional guidelines and the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee at the University of Connecticut Health Center.



Auditory brainstem response (ABR) and amplitude modulation following response (AMFR) recordings

Absolute thresholds were established before behavioral testing began via auditory brainstem responses (ABR) and amplitude modulation following responses (AMFR). Animals were anesthetized using a mixture of ketamine and xylazine (ketamine 10 mg/ml, xylazine 1.43 mg/ml) injected intraperitoneal (I.P.) or intramuscular (I.M.). Isoflurane (0.5%–2%) in 100% oxygen was used to maintain an anesthetized state as necessary. Animals were then placed on a gas anesthesia head holder (David Kopf Instruments, Tujunga, CA). Oxygen was provided via a nose cone at a flow rate of 0.5 L/min. Artificial tear ointment was applied. Body temperature was maintained at 36°C–37°C using a heating pad coupled to a rectal thermometer. Depth of anesthesia was assessed using the toe pinch reflex approximately every 30 min. Heart rate, respiratory rate, and O2 saturation were measured continuously via a pulse oximeter (MouseOx, Starr Life Science Corp, Oakmont, PA). Isotonic saline solution was administered subcutaneously, approximately every 30 min. Needle electrodes (Genuine Grass Reusable Subdermal Needle Electrodes, Natus, San Carlos, CA) were inserted under the skin under each ear and at the vertex of the head. If necessary, foam earplugs (CVS Health Foam Earplugs Advanced Protection, 30-decibel reduction rating, CVS Pharmacy, Woonsocket, RI) were used to help isolate responses from individual ears.

All recordings were performed in a sound-attenuated chamber (IAC, NY). Sounds were presented via a free-field speaker (Revelator R2904/7000-05 Tweeter, ScanSpeak, Videbaek, Denmark) at 15 cm from the head at midline and at an angle elevation of 45°. RMS sound levels of click trains having a 21 Hz repetition rate were calibrated at the position of the head within 5 dB from 3 to 70 kHz with a [image: image]-inch microphone (Precision Condenser Microphone, #377C01, PCB Piezotronics, Inc., Depew, NY). Amplitude modulated tones, narrowband noise, and wideband noise were calibrated similarly. ABR and AMFR recordings were made using an RZ6 Acoustic Processor and digitized at 25 kHz using a RA4L1 head stage (Tucker Davis Technologies, TDT, Alachua, FL). Using BioSig software (Tucker Davis Technologies), ABRs were evoked with 0.2 ms clicks with a presentation rate of 21 Hz at 0–90 dB RMS with alternating polarity and a step of 5 dB until the click ABR threshold was found. Responses to 512 click presentations were averaged and bandpass filtered (500–3,000 Hz). Hearing thresholds were determined by the level between the first detectable waveform and the last without a detectable waveform.

The full AMFR procedure is outlined in Burghard et al. (2019). Custom MATLAB code was used to generate and process the AMFR. The AMFR was evoked with a continuous 1/3 octave bandpass-filtered noise centered at 8, 11, 16, 22, or 32 kHz modulated by a 42.9 Hz sine wave, raised to the exponent 8. Stimulus presentation started at 30–40 dB above the click threshold and was decreased in 5 dB steps. The coherence of the responses over a range of modulation frequencies was measured, and coherence strength measured the extent to which the coherence at the modulation frequency differed from that at other nearby frequencies (see Burghard et al., 2019). If the coherence value was above 0.25 and the coherence strength was over 3, or if the coherence value was greater than 0.50 for five consecutive blocks (1 block = 8 epochs, 1 epoch = 10 cycles or minimum 250 ms), it was considered a “pass”. Five consecutive “passes” indicated that the stimulus was audible, and the intensity of the stimulus was decreased by 5 dB SPL. If 350 epochs were completed without five passes in a row, the stimulus was considered inaudible. The ABR and AMFR thresholds for each ear were collected with the opposite ear plugged with a foam earplug (CVS Health). Binaural recordings were made with no earplug inserted.



Acoustic overexposure

Directly prior to sound overexposure, the right ear of the mouse was protected by a foam earplug to help preserve normal hearing in that ear. The earplugs were cut by hand to allow for a tight fit in the ear canal and cut individually for each animal. The animal was lightly anesthetized with 4% isoflurane in oxygen in an induction chamber and then the earplug was compressed, inserted into the ear, and allowed to expand. The fit was checked to ensure that the earplug filled the ear canal, and a liquid bandage (CVS Health Liquid Bandage) was applied over the surface of the earplug and pinna to secure it. The mouse was allowed to recover until sound exposure, at least 20 min. Animals were monitored throughout sound exposure to ensure the earplug was not removed.

Continuous acoustic overexposure was administered to awake mice in an anechoic chamber (IAC Acoustics, Naperville, IL, 28’ × 19’ × 17’) using a pair of Eminence N151M 8Ω speakers (Eminence Speaker LLC, Mulberry Pike Eminence, KY) modified with a Ferrofluid Retrofit Kit (Ferro Tec #020618-L11, Bedford, NH) and mounted on an Eminence H290B horn. The two free-field speakers faced each other one meter above the floor and were 11.5 cm from the center of the mouse holding cage. During sound overexposure, two mice were housed separately in two compartments of a holding cage configured from a small, aluminum autoclave basket mounted on a photographic tripod. Animals were exposed to 16 kHz-centered narrowband noise with a bandwidth of either 2 kHz or [image: image] octave for 1 h. The sound was presented at either 113- or 116-dB SPL. Mice were continuously observed with a webcam during sound exposure and exhibited no signs of discomfort or distress. After sound exposure was completed, the earplug was removed, and the mice were returned to their home cage.

To confirm that the earplug spared the right ear from trauma, bilateral or right ear hearing thresholds and left ear thresholds were reassessed with ABR and AMFR at 2–4 weeks post sound overexposure. Animals with binaural or unexposed ear click ABR thresholds above 65 dB SPL were excluded from further behavioral testing.



Behavioral testing and training

We used two behavioral assessments to assess tinnitus: gap-induced pre-pulse inhibition of acoustic startle (GPIAS) and active avoidance (AA). Performance on both tests was assessed before and two months after sound overexposure (Figure 1).


[image: image]

FIGURE 1. Behavioral training paradigm. Animals were trained either in active avoidance (AA) or gap-induced pre-pulse inhibition of acoustic startle (GPIAS) or both tests at once. Once training was finished, animals were sound exposed to generate tinnitus (113 or 116 dB 16 kHz 2 kHz wide noise band). Most were exposed with 113 dB as 116 dB caused an increase in dropped animals due to hearing loss (need number here). After 4–8 weeks to allow for tinnitus induction, mice were assessed in the tests that they were trained in before sound overexposure. Most animals that were trained in AA PRE were also trained in GPIAS post as the analysis did not require PRE data. However, it was impossible to test GPIAS PRE animals in AA post due to the need for training.




Gap-induced pre-pulse inhibition of acoustic startle (GPIAS)

The GPIAS protocol was adapted from Longenecker et al. (2018) and was performed using a startle audiometer system (Proxima Centauri Technologies, CA) designed by Michael Kinder. Animals were placed in a small cage on a pressure-sensitive plate inside a sound-attenuated chamber. Sounds were delivered with a free field speaker in the chamber, calibrated within 5 dB at 16 kHz with a [image: image]-inch microphone placed in the animal restraint (PCB Precision Condenser Microphone, #377C01, PCB Piezotronics, Depaw, NY). The amplitude (newtons) and time course (ms) of the acoustic startle reflex was measured with a load cell sensor calibrated with 100 g weights. Mice were allowed to acclimatize for 3 min prior to the test. The acoustic startle reflex was elicited with 20 ms, 95 dB SPL broadband noise bursts (broad noise from 3 to 30 kHz) in the presence of a background continuous narrowband noise (55 dB SPL, 1/3 octave bandwidth, center frequency of 11.3, 16, 22.3, or 32 kHz). Intertrial intervals varied randomly from 10 to 14 s with a one second step. Half of the trials consisted of background noise only with a startle stimulus presented at 120 ms (NO GAP). The other half of the trials had a 20 ms gap pre-pulse presented starting 80 ms before the startle stimulus (GAP). Mice were assessed at least five times, once or twice a week on non-consecutive days over multiple weeks post sound overexposure (Figure 1). Additionally, we assessed GPIAS performance in a subset of mice before sound exposure.



Active avoidance (AA)

The active avoidance method assesses tinnitus based on changes in response to a conditioned stimulus and was developed by Dr. Brad May (Johns Hopkins University; access is granted upon request from the authors1). In this method similar to lick avoidance (Jones and May, 2017), animals are trained to associate a tone as a warning of an adversive stimulus, in this case, foot shock. Silence is safe and no avoidance is necessary. The theory behind this is that mice with tinnitus will no longer experience silence. Rather, tinnitus will replace silence and become a “safe” sound. So, if a sound is played that is similar to the perceived tinnitus the animal will categorize the presented sound to the “safe” category and not the “warning sound” category, thus less likely to respond.

Mice were placed in a two-room shuttle box (PanLab, Harvard Apparatus, model LE916-918, Barcelona, Spain) connected by a gated port, housed in a larger sound-attenuated chamber. Load sensors placed underneath the two chambers of the shuttle box were used to track mouse positions. All sound stimuli were generated by a TDT RP2 processor. Tones of 32 frequencies were presented, centered at 8, 16.3, 22.3, and 32 kHz with a [image: image] octave rove. Initially, tones were presented at 65–70 dB SPL, depending on the training success of the animal.

At the beginning of each session, there was a 5-min habituation period during which animals were free to move between rooms in the shuttle box. Mice then heard tones presented continuously for 15 s and had to move to the other room within 5 s after the onset of the tone. If the mice did not move, a shock was administered through the floor grid of the box using a Shock Generator with Scrambler (PanLab, LE100-26). If the mouse failed to avoid the shock initially but moved after shock onset, the shock and tone presentation stopped once it had crossed into the other chamber. If the mouse failed to relocate, the shock and tone presentation stopped after 15 s sound presentation (= 10 s shock duration). Inter-trial intervals varied randomly from 20 to 30 s. If the mouse relocated within the last 5 s before the end of the interval, a new intertrial interval began. Sessions lasted 45 min, thus each frequency was presented two-three times per session. If mice could perform the behavior, then the tones were presented at lower levels, with a minimum level of 60 dB SPL. Animals were trained to perform avoidance behavior with at least 75% accuracy across all frequencies for at least 5 days consecutively with stimuli presented at 60–70 dB SPL. Animals unable to meet that criterion were excluded from the study. Furthermore, if animals failed to improve their avoidance scores over 50% success after 4–5 days, they were excluded.

Eight weeks after sound overexposure, AA performance was assessed over five sessions, once or twice a week on non-consecutive days. Shocks were delivered on 50% of the trials to reduce the speed at which mice may re-learn to categorize sounds similar to their tinnitus percept as “warning sounds” and not as “safe” anymore.

Before sound overexposure, mice were trained in both assessments separately. That is, they would finish training in AA before being assessed in GPIAS, or assessed in GPIAS and then tested in AA. After sound overexposure animals were assessed in both tests in parallel during the same weeks, but not on the same days. So, a specific animal might be assessed in AA on Monday and GPIAS on Wednesday. Multiple training paradigms were used: trained in AA first and then GPIAS PRE sound exposure, trained in GPIAS first and then AA PRE sound exposure, trained in AA only PRE and then AA and GPIAS POST, trained in AA only PRE and POST, and trained in GPIAS only PRE and POST.




Behavioral analysis


GPIAS

Startle amplitude was measured by taking the load cell sensor to the mouse’s weight and computing the RMS of the force during a 120 ms window following the onset of the startle stimulus. Viable startle trials were filtered based on the time course and amplitude of the startle force. First, trials in which the maximum force did not fall within 60 ms of the startle stimulus onset were removed. Then, the baseline amplitude of normal movement for each mouse was determined by averaging the maximum force for trials in the absence of an acoustic stimulus. Trials that were over one standard deviation baseline were included in the analysis. Trials needed to pass both the timing and amplitude requirements to be considered a valid startle response.

The tinnitus assessment was based on the ratio of startle amplitudes between GAP and NO GAP trials. Considering the evidence that sound overexposure can either increase or decrease the GAP: NO GAP ratio in CBA/CaJ mice (Longenecker et al., 2018), we assessed GPIAS performance using a modified ratio format. This strategy accounts for both increases and decreases in the GAP: NO GAP ratio and reduces variability between sessions by comparing the GAP: NO GAP and NO GAP: GAP ratio and taking the lowest (Longenecker et al., 2018). For each background frequency, startle amplitudes were separated into sets of 10 trials (5 GAP and 5 No GAP), resulting in nine sets. The lesser of the GAP/NO GAP or the NO GAP/GAP ratio was taken for each set, and all nine ratios were averaged.

The closer the modified ratio is to one, the less difference between GAP and NO GAP startle responses, consistent with the theory of tinnitus “filling in the gap” and attenuating the effect of the pre-pulse. When the background frequency matches or overlaps with the tinnitus pitch, the modified ratio at this frequency would be closer to 1, as if the mouse did not perceive the gap. We compared the modified ratio using an ANOVA with a post-hoc Tukey test over the five POST sound exposure sessions. A tinnitus frequency would be one with significantly higher (p ≤ 0.05) modified ratios.



AA

Performance on the AA task was recorded as correct or miss, based on whether the mouse moved between chambers before the onset of a shock or not. The percent correct avoidance responses were averaged from five days of post sound exposure testing. The tinnitus percept is hypothesized to interfere with AA performance when its pitch is similar to or overlapping with the presented stimulus. The mean correct avoidance was calculated across all 32 frequencies. The frequency with the worst avoidance score was compared to the mean performance using a one-sided student’s t-test. Significantly lower performance (p < 0.05) determined a positive tinnitus status.



Statistics

Statistical tests were done with OriginPro software (OriginLab Corporation, Northhamptom, MA). For GPIAS, data were analyzed with an ANOVA to determine differences between tested frequencies, followed by a Tukey post-hoc test. The Tukey test was selected as it adjusts for multiple comparisons but can also indicate what groups differ in our sample, and therefore what frequency was significantly different from the rest. AA data were analyzed with a Student’s t-test to compare the frequency with the worst performance to the overall mean performance to determine frequency-specific deficits.




Multi-unit activity in the inferior colliculus

Recordings were performed in the same sound-attenuated chamber as were the hearing tests. Anesthesia was induced using ketamine/xylazine/acepromazine (90, 9, and 2.4 mg/kg body weight, respectively, IM or IP). Anesthesia was maintained using isoflurane in oxygen administered through a nose cone. The head was shaved, and 0.03 ml lidocaine hydrochloride (1%, subcutaneous) was administered at the incision site at the top of the head. The mouse’s head was then fixed in a position pitched forward 5 degrees from the horizontal stereotaxic plane in a stereotaxic frame with mandibular bars. An incision was made at the midline, and the skin and muscle were retraced. A craniotomy exposed both the right and left inferior colliculi. A stainless-steel screw (#0-80) was then inserted into the skull over the left cortex to serve as a reference electrode. A needle electrode was placed subcutaneously in the neck of the animal to serve as a ground. Following this, the dura mater covering the IC was removed.

Signals were collected with custom 32-channel, 2-shank linear silicon probes (length: 3 mm, 16 channels/shank, Neuronexus, Ann Arbor, MI). The shanks were spaced 400 μm apart, and the electrode sites were placed 100 μm apart. The probe was inserted with a manipulator (Scientifica, Uckfield, UK) at an angle of 10 degrees pitched caudal from the vertical. Electrode signals were digitized at 25 kHz with a TDT PZ5 amplifier and delivered to a TDT RZ5 processor.

All acoustic stimuli were generated with an RZ6 processor at a sampling rate of 200 kHz. Parameters of the acoustic stimuli were defined and digitally copied using user interface software “Synapse” and MATLAB function “SynapseLive” (TDT). Broadband noise bursts (3–50 kHz, 85 or 90 dB SPL, 100 ms duration, 2 Hz presentation rate) were played during electrode placement to confirm location within the central nucleus of the IC (ICC). Frequency response areas for each channel were obtained by presenting a sequence of pure tones and measuring the tone-driven response (200 ms duration, 4–64 kHz, 0–90 dB SPL, 10 dB, and 0.25 octave steps in a random presentation pattern). Each tone/sound level combination was presented five times. Spontaneous activity was collected over 1–2 min with no sound presentation.




RESULTS

We induced hearing loss in awake mice (n = 54) with a unilateral exposure to 113 or 116 dB SPL band-passed noise centered at 16 kHz, [image: image] octave, or 2 kHz wide. Mice were evaluated with just AA, just GPIAS, or both behavioral assessments (Figure 1). Tinnitus assessment was performed eight weeks after sound overexposure.


Categories of tinnitus results

Animals assessed in both AA and GPIAS could exhibit tinnitus-positive behaviors in one task, both tasks, and neither task. Behavioral results were grouped into four categories: 1, positive in AA and GPIAS (A+/G+); 2, negative in both tests (A−/G−); 3, positive for tinnitus in GPIAS only (A−/G+), or 4, positive for tinnitus in AA only (A+/G−; Table 1). Figure 2 demonstrates the behavioral results from an example animal in each category. Figure 2A shows an animal with significant deficits in behavioral performance at specific frequencies in both the AA and GPIAS tests, although the deficits are at different frequencies. The AA results show one frequency of deficit (tinnitus frequency) at 19 kHz (one-sample t-test, p = 0.002). The mouse also had a significantly higher modified ratio in the GPIAS task at 32 kHz (One way ANOVA, F(3,27) = 3.12, p = 0.044, Tukey test, p = 0.026). Animals with no tinnitus in either test (Figure 2B) had very flat frequency profiles and no significant differences in either AA and GPIAS testing frequencies. The mouse in 2C had behavioral evidence of tinnitus at 19.8 and 32 kHz in the AA task (p = 0.004 and p = 0.009 respectively, one-sample t-test) but not in GPIAS (one way ANOVA, F(3,23) = 0.142, p = 0.933). In contrast, the mouse in 2D showed behavior consistent with tinnitus at 16 kHz in GPIAS (one-way ANOVA, F(3,19) = 3.76, p = 0.032, Tukey test p = 0.027), but no significant differences in AA frequencies.

TABLE 1. Different sound overexposures have different distributions of tinnitus behavior.
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FIGURE 2. Examples of tinnitus behavior. GPIAS and AA results represented graphically for four example mice. AA results (left panels) show the percent successful avoidance averaged over five session POST sound exposure (red) and PRE (black) for comparison. GPIAS results (right panels) show the modified ratios (greater of GAP: NO GAP and NO GAP: GAP) of startle RMS at each of the four frequencies tested POST sound exposure over five testing sessions. Each row is one animal. (A) Animal has a significantly higher modified ratio at 32 kHz (One way ANOVA with Tukey test, p = 0.04). AA results show one frequency of deficit at 19.027 kHz (one sample t-test, p = 0.002). This animal is A+/G+. (B) Animal has no significant differences between frequencies for both GPIAS and AA testing. This animal is A−/G−. (C) Animal has behavioral evidence of tinnitus at 19.8 and 32 kHz in AA (p = 0.004 and p = 0.009 respectively, one sample t-test) but not in GPIAS. This animal is A+/G−. (D) Animal has behavior consistent with tinnitus at 16 kHz in GPIAS (one way ANOVA with Tukey test, p = 0.027), but no significant differences in AA. This animal is A−/G+. For the GPIAS data, only the POST results are shown, but for AA PRE and POST are shown. Statistics to determine the tinnitus frequency were done on POST data alone to help remove any effect that hearing loss may have on performance. *P < 0.05.



Overall, more animals exhibited behavioral evidence of tinnitus from AA testing (AA+) than from GPIAS testing. In the animals trained in just one behavior, 71% of AA only animals showed tinnitus behavior (AA only, n = 5 out of 7), while only 15% assessed in only GPIAS were tinnitus positive (GPIAS only, n = 3 out of 19, Figure 3). These proportions are similar for mice evaluated in both AA and GPIAS (AA + 57%, n = 16 out of 28, GPIAS + 14%, n = 4 out of 28). These results suggest that AA is more sensitive to potential tinnitus.
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FIGURE 3. Animals showed different patterns of behavior in GPIAS and AA. Animals in the study are separated by training paradigm. GPIAS only = animals only trained in GPIAS (green). AA only = animals only trained in AA (orange with diagonal lines). Animals in both = all animals trained in both AA and GPIAS (purple with boxes). Overall, animals were more likely to be positive in AA than GPIAS. Very few animals were positive in both tests. Most of the animals positive in GPIAS were also positive in AA, very few were positive in GPIAS alone. Active avoidance training first increased the incidence of AA positive animals. N values: Only GPIAS n = 9, Only AA n = 7, AA with GPIAS post n = 28.



When assessed with both behavioral tasks, mice were typically positive for tinnitus behavior in only one task. The A+/G− group was the largest group with 13/28 mice (46.5%) testing positive for tinnitus, while the GPIAS+/AA− group had only one animal 3.5% (n = 1 out of 28). The AA−/GPIAS− had the second largest proportion of mice, with 39.2% of the animals being tinnitus negative in both tasks (n = 11 out of 28). Surprisingly, only a few mice demonstrated tinnitus positive behavior in both tasks (A+/G+, n = 3, Figure 3). Two of these mice did not have the same tinnitus frequencies across both tests, while one mouse had the same tinnitus frequency in both tests. Tinnitus is heterogenous, and the mismatch between frequencies in AA+/GPIAS+ mice and the low percentage of AA+/GPIAS+ mice suggests that AA and GPIAS may not identify tinnitus animals on the same basis.

Of the sound-exposed animals, 42.5% were male and 57.4% were female (n = 23 and 31, respectively). For all animals trained in active avoidance, including those just trained in active avoidance and those trained in both tests, males had a higher tinnitus positivity rate than females (70%, n = 7 out of 10, compared to 48%, n = 12 out of 25). For all animals trained in GPIAS, males also had a higher rate of tinnitus positive behavior than females (23.8%, n = 5 out of 21, compared to 3.8%, n = 1 out of 26).

With a sound exposure centered at 16 kHz, we would expect noise-induced damage in the cochlea to occur at about a [image: image] octave above 16 kHz (or 22.6 kHz; Cody and Johnstone, 1981). Figure 4 shows the distributions of tinnitus frequencies for AA and GPIAS performance. While the AA+ frequencies are often at or above 16 kHz (average = 21 kHz, SD = 6.6 kHz), the majority of the GPIAS frequencies are at 32 kHz (average = 26.7 kHz, SD = 9.1 kHz). Furthermore, in GPIAS, no evidence of tinnitus was found at 22 kHz, where the maximum cochlear damage was expected. This discrepancy may be due to AA allowing for more potential tinnitus frequencies to be screened compared to GPIAS. GPIAS performance also may reflect the effect of high-frequency hearing loss and subsequently the reduced perception of a gap in noise.
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FIGURE 4. Distribution of tinnitus frequencies is different between behavior tests. (A) Histogram of frequencies indicated as tinnitus frequencies by the AA test. The count is calculated across all training paradigms. Most of the frequencies are at or above 16 kHz, which is the exposure frequency. (B) Histogram of frequencies of deficit indicated by the GPIAS test. Most frequencies are at 32 kHz, which is not consistent with the AA graph. GPIAS n = 7 frequencies and n = 7 mice, AA n = 33 frequencies and n = 21 animals.





Effect of different sound overexposures

We investigated whether the type of sound overexposure affected the behavioral phenotypes of our tinnitus animals. Different sound exposure paradigms have been used for noise-induced tinnitus (Galazyuk and Hébert, 2015), so it was essential to compare the outcomes of the different acoustic trauma stimuli used for this study. Three narrowband noise sound exposure paradigms were used: [image: image] octave wide at 116 dB SPL, 2 kHz wide at 116 dB SPL, and 2 kHz wide at 113 dB SPL, all centered at 16 kHz (Table 1). Sound exposure paradigms using 116 dB SPL frequently resulted in severe hearing loss that would interfere with behavioral performance (Table 1). Consequently, we adopted a 113 dB, 2 kHz-wide, 16 kHz centered sound exposure that resulted in a milder hearing loss phenotype.

For each sound trauma protocol, not all mice showed behavioral evidence of tinnitus (Table 1). When looking at all sound-exposed animals, including mice trained in two assessments and mice just trained in one, we found that 116 dB SPL exposures were more likely than the 113 dB SPL exposure to produce tinnitus positive behavior in GPIAS. The 113 dB SPL exposure was slightly more likely to produce tinnitus positive behavior in AA. Of the mice assessed with GPIAS and exposed at 113 dB SPL, only 6.6% were GPIAS+ (n = 2 out of 30); but, amongst the mice assessed with GPIAS and exposed to 116 dB SPL traumatic noise, 29.4% were GPIAS+ (n = 5 out of 17). In contrast, the percentages of AA+ mice did not differ greatly with different sound trauma paradigms. Of the mice assessed with AA, 65% (n = 13/20) were AA+ after 113 dB SPL exposure and 53.3% (n = 8/15) were AA+ after 116 dB SPL exposure.

Different sound overexposure paradigms may result in different magnitudes of permanent threshold shift, which, in turn, could affect the likelihood of a tinnitus-positive diagnosis. Animals with more hearing loss may be more likely to have tinnitus behavior. To investigate a potential link between hearing loss and tinnitus, the hearing thresholds from AA+ and AA− mice were compared. Thresholds were determined using AMFR in the left and right ears (with contralateral ear plugged during recording) before and two weeks after sound exposure. Right ears had little hearing loss (Figure 5D). In left, exposed ears, tinnitus animals had a larger, but not significant, threshold shift across the entire audiogram compared to non-tinnitus animals (Figures 5A–C; 116 dB SPL [image: image] octave wide could not be analyzed due to too low n value; 116 dB SPL 2 kHz wide F(1,41) = 1.56, p = 0.16; 113 dB SPL 2 kHz wide F(1,109) = 3.17, p = 0.07). However, at 24 kHz, the threshold shift was significant for the 116 dB SPL 2 kHz wide exposure (p = 0.04, student’s two-sample t-test). Coupled with preserved hearing in the unexposed ear, it seems unlikely that hearing loss was a confounding variable for behavioral performance (behavior was assessed with both ears open).
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FIGURE 5. Threshold shifts of tinnitus and non-tinnitus groups after different sound overexposures. The mean and standard error for threshold shifts at five frequencies (kHz) approximately 2 weeks POST sound exposed for three different sound overexposure paradigms for tinnitus and non-tinnitus animals. (A) Threshold shifts after 116 dB SPL [image: image] octave sound exposure in the exposed ear. Tinnitus n = 1, non-tinnitus n = 4. (B) Threshold shifts after 116 dB SPL 2 kHz sound exposure in the exposed ear. Significance at 24 kHz (p = 0.04, students two sample t-test). Tinnitus n = 6, non-tinnitus n = 3. (C) Threshold shifts after 113 dB SPL 2 kHz sound exposure in the exposed ear. No significant difference. Tinnitus n = 15, non-tinnitus = 8. (D) Threshold shift for unexposed, right ear across all sound exposures. No significant difference. Tinnitus n = 5, non-tinnitus n = 2. Tinnitus in red, non-tinnitus in black. Data shown as mean and standard error. The lack of standard error bars indicate only one data point for that frequency. *P < 0.05.





Effect of sound overexposure on behavioral performance

It is possible that sound trauma can affect AA and GPIAS performance independently of tinnitus induction or hearing loss. So, performance in non-tinnitus animals before and after sound overexposure was compared for AA and GPIAS. There was a decrease in the percentage of correct avoidance trials in the AA non-tinnitus mice after sound trauma (Figure 6A), although this difference was not significant. Animals evaluated in GPIAS also had a slight, non-significant decrease in the modified ratio (One way ANOVA, F(1,115) = 0.82, p = 0.06; Figure 6B). Although overall performance did not change significantly following sound overexposure, the GPIAS analysis is underpowered (alpha = 0.05, sample size = 116, power = 0.52) and we cannot rule out that there may be a change resulting from sound exposure. This can be ruled out for the results of the AA mice since their power was sufficient (alpha = 0.05, sample size = 575, power = 0.99). Therefore, in both assessments, we determined tinnitus status based only on post sound exposure performance, rather than PRE/POST-exposure performance changes.
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FIGURE 6. Sound overexposure does not affect AA or GPIAS performance: Comparison of percent correct trials for AA and GPIAS testing PRE and POST sound overexposure, plotted as mean and standard error. PRE is red, POST is black. (A) Average percent correct avoidance for non-tinnitus animals for all tested frequencies (kHz) PRE and POST. There are no significant changes between PRE and POST, but there is a small shift downwards for POST testing. PRE n = 14, POST n = 13. (B) Average modified ratio for non-tinnitus animals across all tested frequencies. There are no significant differences PRE and POST, but POST has slightly smaller ratios. PRE n = 9, POST n = 20.





Spontaneous activity and tinnitus

Tinnitus behavior is associated with increased cellular excitability found throughout the auditory system, including spontaneous activity (Brozoski et al., 2002; Ma et al., 2006; Ropp et al., 2014). Therefore, multi-channel electrodes were used to compare the spontaneous activity of both ICs of our tinnitus-positive, tinnitus-negative, and control, unexposed mice. Sound overexposed mice had one ear plugged during sound overexposure, which allowed for recording from the IC contralateral to the exposed ear and a comparison to the IC ipsilateral to the exposed ear (Figure 7). The characteristic frequency (CF) of neurons at each electrode was determined based on the frequency response area. Since most mice were tested with both AA and GPIAS, we sorted them first according to their AA results into AA+ and AA−. We then resorted them according to their GPIAS results. Mice that were tested with AA only or GPIAS only were included in their respective groupings.


[image: image]

FIGURE 7. Average spontaneous firing rate in inferior colliculus collected from multi-channel electrodes. The characteristic frequency (CF) of each channel was determined using the collected frequency response area. Sound exposure frequency was 16 kHz. Data were plotted with the CF regarding sound overexposure. (A) Spontaneous firing rate from the IC contralateral to the sound exposed ear for animals assessed in AA. Includes animals trained in both tests. (B) Spontaneous firing rate from the IC contra to the sound exposed ear for animals assessed in GPIAS. Includes animals trained in both tests. (C,D) Spontaneous activity from the IC ipsilateral to the exposed ear for animals assessed in AA and GPIAS respectively. Tinnitus positive animals in pink, tinnitus negative animals in green, and control, unexposed animals in black. *P < 0.05, **P < 0.0005, ***P < 0.00005. A Pink * indicates significance from tinnitus, green indicates significance from no tinnitus, and black indicates significance to not sound exposed. AA+ n = 23 (18 trained in both tests, five trained in just AA), AA− n = 17 (13 trained in both tests, four trained in just AA), GPIAS+ n = 8 (four trained in both tests, four trained in GPIAS only), GPIAS− n = 28 (15 trained in both tests, 13 trained in just GPIAS), Control n = 3. N value is the number of animals.



Spontaneous spike rates were significantly higher in the contralateral IC of the AA+ mice compared to the control unexposed mice. When the CF was at or below the sound exposure frequency, AA+ animals had higher spontaneous activity than control mice (Figure 7A; two-way ANOVA showed a statistically significant interaction between frequency (above/below/at CF) F(2,3844) = 8.77, p = 0.03, and a main effect of tinnitus category F(2,3844) = 26.2, p = 4.6*10−12, Scheffe post-hoc, below: p = 0.00005, at: p = 0.00001). The no tinnitus and control mice had similar spontaneous firing rates (Scheffe post-hoc tests, below p = 0.861, at p = 0.999, above p = 1).

In contrast, when the same mice were sorted according to GPIAS status, the GPIAS− mice had significantly higher rates of spontaneous activity than GPIAS+ mice at CFs below the sound exposure frequency (Figure 7B; two-way ANOVA showed a main effect for tinnitus category F(2,3655) = 19.81, p = 0, but did not show a significant main effect for frequency F(2,365) = 0.615, p = 0.540. Scheffe post-hoc test below p = 0.00061, pink asterisk). Furthermore, GPIAS- mice had significantly higher spontaneous rates at the sound exposure frequency when compared to control animals (Scheffe post-hoc test at frequency p = 0.00019, black asterisk). There were no significant differences between the control and GPIAS+ mice (Scheffe post-hoc, below p = 0.435, at p = 0.987, above p = 1). Thus, the GPIAS- mice were comparable to the AA+ mice with the highest spontaneous activity in IC.

Differences in spontaneous activity were not present in the IC ipsilateral to the sound trauma-exposed ear (Figures 7C,D). There were no tinnitus-specific differences in either AA+ or GPIAS+ animals. When taken together with exposed ear-specific differences in hearing threshold shifts (Figure 5), these data suggest that our earplug protocol effectively preserved hearing in one ear and limited the changes associated with sound trauma exposure and tinnitus in the ipsilateral IC.




DISCUSSION

In this study, we directly compared active avoidance and gap-induced pre-pulse inhibition of acoustic startle to assess an acoustic trauma-induced model of mouse tinnitus. When the same mice were assessed with AA and GPIAS, the behavioral results were often contradictory. Overall, more mice evaluated with AA exhibited behavioral signs of tinnitus, but very few mice showed tinnitus behavior in both assessments. When louder sound trauma conditions were used, mice evaluated with GPIAS were slightly more likely to exhibit tinnitus positive behavior, but the incidence of tinnitus was not correlated with the amount of hearing loss in the exposed ear. Sound overexposure did not appear to alter AA or GPIAS performance except at specific frequencies thought to represent tinnitus. Because the AA results often did not match the GPIAS results, it is not clear which of the two tests is a better assessment for tinnitus without a “ground truth” for tinnitus. While a definitive ground truth for tinnitus is lacking in mice, several lines of evidence associate increased spontaneous activity in the auditory pathway with tinnitus (Brozoski et al., 2002; Kaltenbach et al., 2004; Ma et al., 2006; Coomber et al., 2014; Kalappa et al., 2014; Ropp et al., 2014; Wu et al., 2016). We found that increased spontaneous activity in the IC contralateral to the exposed ear is associated with behavioral deficits in AA tinnitus performance but not GPIAS tinnitus performance. These results suggest that AA may be more sensitive and accurate in identifying tinnitus than GPIAS.


Problems or sources of artifact

Noise-induced hearing loss models of tinnitus often use different types of acoustic stimuli to generate hearing loss. There is a fine line to walk between enough hearing loss needed to induce tinnitus (Jastreboff, 1990; Nondahl et al., 2011) and not too much loss so that animals can no longer perform behavioral tasks. To overcome this dilemma, one ear was plugged during sound overexposure to protect its hearing, and that allowed the animal to perform AA and GPIAS tests with relatively spared hearing (Figure 5). Turner and Larsen (2016) found that rats exposed to more intense noise had higher rates of hyperacusis, while those exposed to lower intensity noise had higher rates of tinnitus. We used two levels of sound exposures (116 dB SPL and 113 dB SPL) to induce tinnitus. The 116 dB SPL sound exposure resulted in higher threshold shifts, more dropped animals, and more GPIAS+ animals than the 113 dB SPL exposure (Table 1). However, the 113 dB SPL sound exposure resulted in more AA+ animals and fewer animals dropped due to hearing loss, consistent with lower sound exposures resulting in more tinnitus positive behavior.

Our different sound overexposure paradigms may have produced different magnitudes of permanent threshold shift, which, in turn, changes the likelihood of a tinnitus-positive diagnosis. We compared the average post sound exposure threshold shifts between tinnitus and non-tinnitus animals and found no significant differences overall (Figures 5A–C). Furthermore, there was very little threshold shift in the unexposed, protected ear (Figure 5D). Therefore, it is unlikely that noise damage in the exposed ear was a confounding variable for AA or GPIAS performance.

Our sound overexposure was performed in an anechoic chamber on unanesthetized mice. Acoustics in a closed field, such as an ear tube, can be harder to control and high frequencies can be blocked easily, changing the spectrum of the traumatic noise. Likewise, sound exposure in a reverberant environment may also suffer from the presence of standing waves that alter the spectral composition of the sound. Sound exposure in an anechoic chamber allowed for excellent control over the acoustics and a uniform sound environment (Mwilambwe-Tshilobo et al., 2015; Jones and May, 2017). The use of anesthesia is another factor that may influence tinnitus induction since any anesthetic agent that raises the threshold of hearing could reduce the damage induced by sound overexposure. It is common to induce tinnitus by exposing anesthetized mice to a loud sound (Longenecker and Galazyuk, 2011; Wu et al., 2016; Sturm et al., 2017). When compared to unanesthetized mice, mice anesthetized with pentobarbital, isoflurane, or halothane anesthesia have less severe auditory threshold shifts after noise trauma (Chung et al., 2007), suggesting a protective effect. It is unclear how anesthesia influences the development of chronic tinnitus, but isoflurane has been shown to acutely diminish the amplitude of temporary tinnitus (Norman et al., 2012). Therefore, it is possible that awake and anesthetized sound overexposures could result in different patterns of auditory trauma and different (behavioral) phenotypes of tinnitus. The extent to which our open-field, unanesthetized sound overexposure paradigm contributes to our behavioral phenotype of tinnitus is unknown.

One potential pitfall with GPIAS is that there are different sources of variability that can influence the results, variability between GPIAS protocols, and variability intrinsic to the ASR response. To illustrate the inconsistency of GPIAS methodologies, Galazyuk and Hébert (2015) outlined seven mouse studies that used seven different types of protocols to test GPIAS. For ASR variability, Longenecker et al. (2018) outline variables that can influence the ASR, including inter-trial variation, circadian rhythm, sex differences, weight, sensory adaption, and the incidence of both gap-induced facilitation and inhibition. Analytical methods have been adopted to address and reduce the variability of GPIAS performance (Longenecker et al., 2018). We interpreted the GPIAS results based on the modified ratio of RMS amplitudes because it has been shown to limit the variability both within and between GPIAS sessions. Furthermore, CBA/CaJ mice demonstrate both gap-induced facilitation and inhibition, and the modified ratio takes this into account.

One problem with active avoidance is that it is a behavioral test that relies on negative reinforcement for training a behavior. Negative reinforcement can stress animals, which can, in turn, affect behavioral performance. To help mitigate stress, we provided all our mice, regardless of training paradigm, with secondary enrichment in their home cages and monitored their learning in AA. If an animal did not reach criterion performance (75% correct across all frequencies) within five training sessions or its percent correct performance decreased over successive training sessions, we dropped the animal from the study.

Because AA is an operant behavior, the sound trauma exposure followed by an eight-week tinnitus induction period creates a scenario where the animal may forget the conditioned avoidance response. Almost all the mice in this study were able to perform the AA tests at a similar level to before sound overexposure (for non-tinnitus frequencies), but the loss of the learned response is a potential issue with AA testing. In addition, AA requires a greater time commitment than GPIAS since mice need to train before sound exposure and then be tested again after sound exposure.

On the other hand, AA performance may be less variable than GPIAS performance because it is measured as a discrete go/no go response, while GPIAS performance is measured as a continuous data ratio. AA also has advantages over other operant conditioning tests. First, it does not require food or water deprivation, which can cause chronic physiological stress that affects behavior (Faraco et al., 2014). Second, AA uses negative reinforcement, which allows for faster training than positive reinforcement (LeDoux, 2000) and mitigates the time investment needed to train animals. Foot-shock exposure can lead to stress, but avoidable foot-shock does not raise corticosteroid levels above those of animals exposed to the same environment but with no foot-shock (Van der Borght et al., 2005; Lesburguères et al., 2016).



Previous comparison of operant and reflexive tinnitus assessment

We found that AA and GPIAS yielded often contradictory results. In the only other direct comparison of which we are aware, Turner et al. (2006) reported that their GPIAS results were highly consistent with an operant gap detection test for tinnitus conducted in the same animals. This discrepancy may reflect differences in the model species, as well as the behavioral and tinnitus induction methods. Turner et al. (2006) studied rats, while the present study used mice. Both operant methods were go/no-go tasks, but in AA the mice had to initiate an avoidance behavior when any tone was played, while in the operant gap detection the rats had to stop bar pressing to any tone. After a unilateral sound overexposure to a 116 dB, one octave-wide noise centered at 16 kHz under anesthesia, rats were found to have chronic tinnitus at 10 kHz (Bauer et al., 1999; Bauer and Brozoski, 2001). In contrast, our mice were overexposed to narrower-band stimuli centered at 16 kHz at 116 or 113 kHz dB while awake, but the tinnitus frequencies were routinely higher in frequency than the overexposure stimulus in both AA and GPIAS results. The studies also differ in the stimuli used for GPIAS testing. Our GPIAS method tested gap inhibition in four 1/3-octave noises covering the same frequency range as the AA method. In contrast, Turner et al. (2006) used gaps in broadband or 2 kHz-wide noises, but only tested two narrow band noises centered at 10 kHz or 16 kHz. They found there was less inhibition of bar-pressing at 10 kHz consistent with their operant gap detection results. It is possible that if a wider range of center-frequencies were tested, similar to the range of frequencies in the operant gap detection, the frequency identified with GPIAS as tinnitus would have been found at a frequency other than 10 kHz.



Learning and behavior

Behavioral tests for tinnitus, such as AA and GPIAS, may not be accurate if animals learn to distinguish their tinnitus from the acoustic cue. Our AA testing sessions were conducted with only 50% shock reinforcement to delay the mice from learning to distinguish their tinnitus from the test stimulus. This learning was further delayed for both our AA and GPIAS testing since there were at least 2 days to a week between each behavioral testing session after sound overexposure.

Tinnitus testing with GPIAS hinges on the theory that animals cannot learn to distinguish between internal and external sound. The implication is that the tinnitus percept “fills the gap” and masks the perception of a gap in noise (Turner et al., 2006). However, human patients with tinnitus easily learn to distinguish their tinnitus from gaps in external sounds (Fournier and Hebert, 2013). Animals with tinnitus may do the same. It is possible that during gap trials of GPIAS tests, mice learn to distinguish the gaps in the external sounds from their internally generated tinnitus, and this may result in less startle response and more variability.

The results of our AA paradigm could be explained by two potential mechanisms. One possible mechanism is that the tinnitus “masks” the warning sound if the tinnitus is similar to the frequency of the warning sound. A second possibility is that, in active avoidance, the tinnitus percept is easily distinguished from external sound. During initial training, mice learn that silence is safe and that when a tone is presented, they need to move to avoid a shock. After sound exposure, the tinnitus mouse no longer hears silence, and the tinnitus percept is generalized to become a “safe” sound. A cue presented close to the tinnitus frequency would also be categorized as “safe” and the mouse is less likely to avoid the shock. Jones and May (2017) discuss this possibility when developing a lick-suppression protocol where the tinnitus frequency becomes a cue for safe drinking. A “safe” sound test is advantageous because it may be more resilient to tinnitus percept discrimination (Jones and May, 2017).



Attention and tinnitus

In human patients, attention may play a role in triggering tinnitus and in the management of tinnitus. A top-down modulation of subcortical structures may contribute to the perception of tinnitus (Roberts et al., 2013). Attention has also been shown to play a role in auditory perception and tinnitus in animals. Tinnitus rats, when compared to non-tinnitus and control rats, showed more vigilance to unpredictable sounds, suggesting an increased role of attention in behavioral assessments for tinnitus (Brozoski et al., 2019).

There is evidence that pre-pulse inhibition of the ASR can be affected by top-down modulation, including attentional modulation. In rats, pre-pulse inhibition can be enhanced when the pre-pulse is coupled with a shock (Li et al., 2008; Du et al., 2009). However, our GPIAS test does not involve a noxious stimulus for the mouse. Intertrial intervals were randomized for AA and GPIAS so that the stimulus onset would be unexpected, but negative reinforcement is only used in AA testing. For this reason, mice may be more likely to be alert and attentive to their surroundings in AA. Conversely, GPIAS has no negative consequence for the mice if they do not startle. Therefore, AA may require more attention from animals and affect how they perceive their tinnitus.



Spontaneous activity

Increased neuronal excitability across multiple auditory nuclei, including the IC, commonly occurs in animal models of tinnitus (Brozoski et al., 2002, 2007; Kaltenbach et al., 2004; Ma et al., 2006; Bauer et al., 2008). The IC has been shown to be important for the generation of tinnitus in both noise-induced and drug-induced models of tinnitus (Chen and Jastreboff, 1995; Henry et al., 2014; Ropp et al., 2014; Vogler et al., 2014; Smit et al., 2016). In the present study, we examined spontaneous activity on both sides of the IC. We saw a lateralized increase in spontaneous activity in the IC contralateral to the sound trauma exposed ear in mice positive for tinnitus in AA but no increase in the IC ipsilateral to the exposed ear.

Increased spontaneous firing in tinnitus animals following tinnitus-induction has been shown using multiple behavioral models of tinnitus. Tinnitus animals of multiple species identified with operant conditioning methods showed increased spontaneous activity in the auditory system [Chinchillas (Brozoski et al., 2002; Bauer et al., 2008), hamsters (Kaltenbach et al., 2004)]. Gap detection tests used to assess tinnitus behavior also showed increased activity in the auditory system. In a guinea pig study, the increased spontaneous firing rate was correlated with GPIAS tinnitus behavior (Wu et al., 2016). Rats with GPIAS tinnitus have increased rate level function slope in the medial geniculate body positively correlated with tinnitus score (Kalappa et al., 2014). However, the evidence of increased spontaneous activity in the IC specifically, as correlated with GPIAS tinnitus, is mixed. Coomber et al. (2014) in guinea pigs, found that all noise exposed animals had elevated spontaneous activity in the IC, regardless of GPIAS tinnitus status. Furthermore, gap detection thresholds in the IC were determined to be much shorter than the gap durations commonly used in GPIAS (Berger et al., 2014). Ropp et al. (2014) found that in unilaterally exposed rats, GPIAS tinnitus positive animals did not have differences in spontaneous activity between the exposed and unexposed ICs. Similarly, our results show that GPIAS positive animals do not have increased spontaneous activity in the IC, while the AA mice do have increased spontaneous activity in the IC opposite the exposed ear.

Some human patients perceive their tinnitus as localized to one ear (Al-Swiahb and Park, 2016). Lateralization of the tinnitus percept implies that the neurological changes resulting in tinnitus may be asymmetric. Evidence of lateralized tinnitus-dependent changes in the IC is mixed in animal models. Behavioral testing in rats showed that unilateral sound overexposure resulted in more false positive responses to silence on the side of the exposed ear, supporting the hypothesis that unilateral overexposure can result in lateralized tinnitus (Heffner, 2011). However, in unilaterally exposed rats not separated by tinnitus status, there was no difference in spontaneous activity between the contra- and ipsilateral ICs to the sound exposed ear (Ropp et al., 2014).



Does tinnitus fill the gap in GPIAS?

The assumption underlying GPIAS is that tinnitus “fills in the gap” and reduces gap detection, leading to less inhibition of acoustic startle. However, recent studies have raised issues with GPIAS as an accurate test for tinnitus. Mice with acoustic trauma meant to induce tinnitus do not show deficits with GPIAS unless the gap was placed directly before the startle stimulus (Hickox and Liberman, 2014). Another study in rats shows that the behavioral threshold for gap detection does not change after a dose of sodium salicylate meant to induce tinnitus, suggesting that salicylate-induced tinnitus does not affect gap detection (Radziwon et al., 2015). So, changes in the prepulse inhibition of acoustic startle may not always be reliable indicators of tinnitus.

In human subjects, tinnitus does not interfere with auditory and speech perception (Zeng et al., 2020) or frequency-specific gap detection (Fournier and Hebert, 2013). This suggests that people with tinnitus can distinguish between external and internal sounds. Furthermore, Campolo et al. (2013) and Boyen et al. (2015) did not find gap detection deficits in human subjects at all. These studies suggest that gap-detection tests may be useful for assessing other auditory disorders such as hyperacusis, but not tinnitus. This is consistent with our results showing very few mice with tinnitus-positive behavior in both AA and GPIAS.




CONCLUSION

This study attempts to clarify the confusion surrounding the benefits of different behavioral models for noise induced tinnitus in mice and emphasizes that not all tinnitus assessments may evaluate the same phenomena. We found AA to be a more precise and reliable test for tinnitus behavior in mice following noise-induced hearing loss. Mice with tinnitus behavior in AA showed a clear increase in spontaneous activity in the inferior colliculus. In contrast, the hypothesis underlying the GPIAS test for tinnitus has been called into question, and our GPIAS positive mice did not have increased spontaneous activity. Our results suggest that with our sound overexposure in awake mice, the behavioral phenotypes from the AA and GPIAS tests are driven by different auditory pathways and that tinnitus positive behavior in AA is correlated with electrophysiological evidence of tinnitus in the inferior colliculus.
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Objective: This study aimed to investigate the differences in intra-regional brain activity and inter-regional functional connectivity between patients with recent-onset tinnitus (ROT) and persistent tinnitus (PT) using resting-state functional magnetic resonance imaging (rs-fMRI), including the amplitude of low-frequency fluctuations (ALFF), regional homogeneity (ReHo), and voxel-wise functional connectivity (FC).

Method: We acquired rs-fMRI scans from 82 patients (25 without recent-onset tinnitus, 28 with persistent tinnitus, and 29 healthy controls). Age, sex, and years of education were matched across the three groups. We performed ALFF, ReHo, and voxel-wise FC analyses for all patients.

Results: Compared with the control group, participants with ROT and PT manifested significantly reduced ALFF and ReHo activity within the left and right dorsolateral superior frontal gyrus (SFG) and gyrus rectus (GR). Additional voxel-wise FC revealed decreased connectivity between the dorsolateral SFG (left and right) and the right superior parietal gyrus (SPG), right middle frontal gyrus (MFG), and left medial superior frontal gyrus (mSFG) within these two groups. Significant differences were observed between the ROT and PT groups, with the ROT group demonstrating reduced FC.

Conclusion: Our data suggest that patients with PT have more difficulty monitoring external stimuli and reorienting attention than patients with ROT. In addition, patients who perceive higher levels of disruption from tinnitus are more likely to develop persistent and debilitating tinnitus once the tinnitus lasts longer than six months. Therefore, we strongly recommend that clinicians implement effective tinnitus management strategies in patients with ROT as soon as possible.
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recent-onset tinnitus, persistent tinnitus, resting-state functional magnetic resonance imaging, amplitude of low-frequency fluctuation, regional homogeneity, voxel-wise functional connectivity


Introduction

Subjective tinnitus is a conscious auditory perception without a corresponding external source and is one of the most common yet distressing otologic pathologies, affecting approximately 8–20% of the adult population (Roberts et al., 2010). Studies have reported that subjective tinnitus is commonly associated with hearing loss, cerumen impaction, middle and inner ear-related pathologies, noise exposure, exposure to ototoxic medications and chemicals, aging, insomnia, anxiety, depression, head and neck injuries, and temporomandibular joint (TMJ) dysfunction (Baguley et al., 2013; Tunkel et al., 2014; Makar, 2021). In addition, tinnitus can be persistent, bothersome, and costly for patients and society in general. Cases of patients with extraordinarily persistent and debilitating tinnitus accompanied by severe anxiety or depression attempting suicide have been reported (Szibor et al., 2019).

It is generally believed that lesions in the peripheral hearing system and neuronal changes in the central nervous system contribute to tinnitus. Kapolowicz and Thompson (2020) reported that tinnitus might be closely related to an imbalance between auditory neuronal excitation and the inhibition network, leading to plasticity changes in the central auditory system. Knipper et al. (2021) proposed that hearing loss may contribute to a top-down mechanism that leads to tinnitus perception (Knipper et al., 2021). Khan et al. (2021) suggested that tinnitus might be a compensatory response to peripheral hearing system damage (Khan et al., 2021). Cai et al. (2020) reported abnormal functional connectivity (FC) in the auditory and non-auditory cortices in patients with hearing loss and tinnitus (Cai et al., 2020). Zhou et al. (2019) suggested that patients with hearing loss and tinnitus demonstrate abnormal intra-regional neural activity and disrupted connectivity in the hub regions of some non-auditory networks, including the default mode network (DMN), optical network, dorsal and ventral attention network (DAN and VAN), and central executive network (CEN) (Zhou et al., 2019). Minami et al. (2018) reported that tinnitus patients with hearing loss showed a statistically significant reduction in auditory-related FC compared with the control group. Finally, our previous project, using amplitude of low-frequency fluctuations (ALFF), regional homogeneity (ReHo), and voxel-wise functional connectivity (FC) technologies, revealed that disruptions in the brain regions responsible for attention and stimuli monitoring and orientations could lead to tinnitus. Tinnitus has different forms, degrees of severity, and onset duration, which can only be described by patients’ testimony and corresponding symptoms. When categorizing tinnitus based on its onset duration (recent-onset or persistent), numerous studies have concentrated on developing pathophysiological models for chronic tinnitus (tinnitus that has an onset duration of at least six months). However, few studies have investigated the neuronal changes that occur from recent-onset to persistent tinnitus (PT) (Stolzberg et al., 2013; Cai et al., 2020; Lan et al., 2020). To the best of our knowledge, no studies have investigated the aforementioned issue using resting-state functional magnetic resonance imaging (rs-fMRI) technologies. Furthermore, investigating this issue is critical for identifying the contributing neural mechanisms and possible interventions to stop this transition. Therefore, our project aims were to uncover the differences in brain activity between recent-onset tinnitus (ROT) patients and PT patients using resting-state functional magnetic resonance imaging (rs-fMRI) technologies and to apply our findings to existing tinnitus management strategies.



Materials and methods


Participants’ demographic and clinical information

This study was approved by the Research Ethics Committee of the Affiliated Zhongda Hospital, Southeast University. All participants provided written informed consent before participating in the study. We recruited 82 participants (all right-handed, with at least eight years of education), including 25 tinnitus participants with recent-onset tinnitus (ROT), 28 tinnitus participants with persistent tinnitus (PT), and 29 healthy participants as the control group, through our outpatient clinics between September 2011 and September 2013. The patients were group matched in terms of age, sex, and education level. Twenty-five participants perceived bilateral tinnitus and the remaining, 28 participants, perceived unilateral tinnitus. We defined the time course of tinnitus (recent-onset or persistent) according to the Tinnitus Clinical Practice Guidelines of the American Academy of Otolaryngology-Head and Neck Surgery. According to the guideline, if the overall duration of onset equals or is less than six months, tinnitus will be determined to be recent-onset. If the overall duration of onset is more than six months, tinnitus will be defined as persistent (Tunkel et al., 2014).

We performed pure-tone audiometric testing (PTA at 250; 500; 1,000; 2,000; 4,000; 6,000, and 8,000 Hz) for all recruited participants. Participants with a 7-frequency PTA < 25 dB HL were considered to have clinically normal hearing. In addition, we performed comprehensive tympanometry, diagnostic distortion-product otoacoustic emission (DPOAE), and diagnostic auditory brainstem response (ABR) to rule out middle ear pathologies and auditory neuropathy (ANSD). Furthermore, we collected crucial information about the duration of tinnitus and presence of insomnia in all participants.

To assess the distress associated with tinnitus, we distributed the Iowa version of the tinnitus handicap questionnaire (THQ) to both the ROT and PT groups. We also distributed the Self-Rating Depression Scale (SDS) and Self-Rating Anxiety Scale (SAS) questionnaires to all participants for anxiety and depression screening (Zung, 1971). No significant group differences were found in the patients’ gender, age, and educational background (p > 0.05). However, we found a statistically significant difference in the THQ total score, SAS, and SDS scores between the groups (p < 0.05). The demographic and clinical characteristics of the participants in each group are summarized in Table 1.


TABLE 1    Subject characteristics of the ROT, PT, and control group.
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Subject exclusion criteria

The exclusion criteria for this study included Meniere’s disease, objective tinnitus, pulsatile tinnitus, history of alcohol consumption, severe smoking, head and neck injuries, epilepsy, stroke, Alzheimer’s disease, Parkinson’s disease, cancer, MRI contraindications, primary psychiatric conditions including generalized anxiety disorder (GAD), depression, schizophrenia, and severe visual impairment. None of our participants failed depression or anxiety screening.



Functional magnetic resonance imaging scanning and data acquisition

Imaging data using a 3.0 T MRI scanner (Siemens MAGENETOM Trio, Erlangen, Germany) with a standard head coil. All participants were provided with foam paddings and earmuffs to minimize head motion and noise exposure during the scanning process. The participants were instructed to remain calm during the scan with their eyes closed, without falling asleep or thinking of anything particular. Functional images were obtained axially using a gradient echo-planar sequence sensitive to BOLD contrast, as follows: repetition time (TR), 2,000 ms; echo time (TE), 25 ms; slices, 36; thickness, 4 mm; gap, 0 mm; field of view (FOV), 240 mm × 240 mm; acquisition matrix, 64 × 64; and flip angle (FA), 90°.



Amplitude of low-frequency fluctuations: Pre-processing and analysis

Resting-state ALFF reflects spontaneous neural activity and yields physiologically meaningful results. Pre-processing of the ALFF images was performed using the Data Processing Assistant for Resting-State fMRI (DPARSF 5.2), Statistical Parametric Mapping (SPM12), and MATLAB 2021b. The first ten volumes were removed from each time series to account for the participants’ adaptation to the scanning environment. Slice timing and realignment for head motion correction were performed on the remaining 175 images. Subsequently, we performed the following procedures: spatially normalized into the stereotactic space of the Montreal Neurological Institute (MNI) (resampling voxel size = 3 Ã–3 Ã–3 mm3) and smoothed using a Gaussian kernel of 6 mm full width at half-maximum (FWHM), de-trending, and filtering (0.01–0.08 Hz). The participants with a head motion of more than 2.0 mm displacement or a 2.0-degree rotation in the x, y, or z directions were excluded from this study.

We then analyzed the ALFF data by transforming the time domain to the frequency domain using a fast Fourier transform. Next, we computed the square root of the power spectrum and averaged squared across 0.01–0.08 Hz at each voxel. The calculated average square root was used as the ALFF. Finally, the ALFF of each voxel was divided by the global mean ALFF value for standardization.



Regional homogeneity: Pre-processing and analysis

Regional homogeneity calculates the synchronization of low-frequency fluctuations between a given voxel and neighboring voxels, reflecting the neural function synchronization in the local brain region. Pre-processing of ReHo images was performed using DPARSF 5.2, SPM12, and MATLAB 2021b. The first ten volumes were removed from each time series to account for the participants’ adaptation to the scanning environment. Slice timing and realignment for head motion correction were performed on the remaining 175 images. The following procedures were performed: spatial normalization into the stereotactic space of the MNI (resampling voxel size = 3 Ã–3 Ã–3 mm3), de-trending, and filtering (0.01–0.08 Hz).

After the pre-processing stage, we performed the image calculation using the Kendall coefficient of concordance of the time series of a given voxel with its 27 nearest neighbors. Next, ReHo analyses were performed using DPARSF 5.2 software. The ReHo value of each voxel was standardized by partitioning the primal value using the global mean ReHo value. Finally, the data were smoothed with a Gaussian kernel of 6 mm FWHM for further statistical analysis.



Voxel-wise functional connectivity: Pre-processing and analysis

We performed voxel-wise FC analysis using DPARSF 5.2, SPM12, and MATLAB 2021b. The first ten volumes were removed from each time series to account for the participants’ time to adapt to the scanning environment. Slice timing and realignment for head motion correction were then performed for the remaining 170 images. Subsequently, the procedures were carried out as follows: spatially normalized into the stereotactic space of the MNI (resampling voxel size = 3 Ã–3 Ã–3 mm3), and smoothed using a Gaussian kernel of 6 mm FWHM, de-trending, and filtering (0.01–0.08 Hz). Participants with a head motion with more than 2.0 mm displacement or a 2.0-degree rotation in the x, y, or z directions were excluded.

We extracted the ALFF and ReHo differences in brain regions between ROT participants and PT participants for voxel-wise FC analysis and defined them as seeds. We then used the average time series of seeds as a reference and calculated the Pearson correlation coefficient between the average signal change of each seed and the time sequences of the other voxels in the brain. Finally, we converted the correlation coefficient to a z-value by using Fisher’s z-transformation.



Statistical analysis and graphic illustration

One-way analysis of variance (ANOVA) was first conducted to test the mean differences in ALFF, ReHo, and FC between the CG, the ROT group, and the group with PT (MATLAB 2021b). Statistically significant differences between groups were determined at p < 0.05. The participants’ age and sex were included as nuisance covariates. Next, we applied family wise error (FWE) correction for multiple comparisons using voxel-level inference at p < 0.001 and cluster-level inference at p < 0.05. Two-sample t-tests were then conducted to investigate the ALFF, ReHo, and FC differences between participants with ROT and the control group, participants with PT and the control group, and participants with ROT and participants with PT. Again, a statistically significant difference between groups was determined at p < 0.05. Finally, we used MRIcroGL software to draw 2-dimensional brain images to display the brain areas with statistically significant differences.




Results


Amplitude of low-frequency fluctuations results

We found significant differences in ALFF values in the left and right dorsolateral superior frontal gyrus (SFG) and left gyrus rectus (GR) in the ROT and PT groups compared to those in the control group (Figure 1). Compared with the control group, the t-values of the ALFF for both the ROT and PT groups in the left GR were significantly lower than the global mean values from the control group (p < 0.05). The t-value of the ALFF in the ROT group was lower than that in the PT group (p < 0.05).


[image: image]

FIGURE 1
Significant differences in ALFF values were observed in the left and right dorsolateral SFG and rectus gyrus for both Recent-onset Tinnitus (ROT) and Persistent Tinnitus (PT) groups, compared to the healthy control group.


No statistically significant difference was observed for the left dorsolateral SFG between the ROT and PT groups (p > 0.05). However, compared with the control group, the ALFF t-values for both the ROT and PT groups in the right dorsolateral SFG were significantly lower than the global mean values from the control group (p < 0.05).

No statistically significant difference was observed for the right GR between the ROT and PT groups (p > 0.05). However, compared with the control group, the t-values of the ALFF for both the ROT and PT groups in the left GR were significantly lower than the global mean values from the control group (p < 0.05). The results are presented in Table 2A.


TABLE 2A. Decreased ALFF activities in both ROT and PT groups compared to the control group.

[image: Table 2A]



Regional homogeneity results

We also discovered significant differences in ReHo values in the right dorsolateral SFG for both the ROT and PT groups compared with the control group (Figure 2). Regarding ReHo’s t-value, both the ROT and PT groups in the right dorsolateral SFG revealed significantly lower values than the global mean values in the control group (p < 0.05) (Table 2B). A two-sample t-test did not reveal any statistical differences between the ROT and PT groups in the right dorsolateral SFG (p > 0.05).
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FIGURE 2
Significant differences in ReHo values were observed in the right dorsolateral SFG for recent-onset tinnitus (ROT) and persistent tinnitus (PT) groups, compared to the healthy control group.



TABLE 2B. Decreased ReHo activities in both ROT and PT groups compared to the control group.
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Voxel-wise functional connectivity results

Two regions identified in the ALFF analysis (dorsolateral SFG, left and right) were used as seeds for further FC analysis. Brain regions with significant FC pattern differences for ALFF analysis in clusters 2 and 3 are shown in Figures 3, 4, respectively. In contrast to the control group, both the ROT and PT groups exhibited a reduction in connectivity between the seed region in the left dorsolateral SFG (ALFF cluster 2) and the right superior parietal gyrus (SPG), right dorsolateral SFG, and left medial SFG (p < 0.05) (Table 3A). No significant difference was observed between the ROT and PT groups (P > 0.05). At the same time, both the ROT and PT groups exhibited decreased connectivity between the seed regions in the right dorsolateral SFG (ALFF cluster 3) and right middle frontal gyrus (MFG), left medial SFG, and right SPG (p < 0.05) (Table 3B). No difference was observed between the ROT and PT groups (p > 0.05), except for a reduced connectivity pattern between the right dorsolateral SFG (ALFF cluster 3) and the right MFG in the PT group compared to the ROT group.


[image: image]

FIGURE 3
Significant FC patterns between the ROIs (dorsolateral SFG, left) and right SFG, left medial superior frontal gyrus (SFG), and right superior parietal gyrus (SPG) in the recent-onset tinnitus (ROT) and persistent tinnitus (PT) groups compared to the healthy control group.
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FIGURE 4
Significant FC patterns were observed between the right dorsolateral SFG and the right middle frontal gyrus (MFG), right medial superior frontal gyrus (SFG), and right superior parietal gyrus (SPG) in the recent-onset tinnitus (ROT) and persistent tinnitus (PT) groups compared to the CN healthy control group.



TABLE 3A. Decreased activities in voxel-wise FC ALFF cluster 2 for both ROT and PT groups than in the control group.
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TABLE 3B. Decreased activities in voxel-wise FC ALFF cluster 3 for ROT and PT groups than in the control group.
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One region identified in the ReHo analysis (right dorsolateral SFG) was used as the seed for further FC analysis. The brain regions with significant FC pattern differences are shown in Figure 5. In contrast to the control group, both the ROT and PT groups demonstrated lower connectivity levels between the seed region in the right dorsolateral SFG and right MFG, left medial superior frontal gyrus, and right superior parietal gyrus (SPG) (P < 0.05) (Table 3C). No difference was observed between the ROT and PT groups (p > 0.05), except for an elevated connectivity pattern between the right dorsolateral SFG (ReHo Cluster 1) and right MFG in the ROT group compared to the PT group.
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FIGURE 5
Significant FC patterns were observed between the right dorsolateral SFG and the right middle frontal gyrus (MFG), right superior parietal gyrus (SPG), and right dorsolateral SFG in the recent-onset tinnitus (ROT) and persistent tinnitus (PT) groups, compared to the healthy control group.



TABLE 3C. Decreased activities in voxel-wise functional connectivity (ReHo cluster 1) for both ROT and PT groups than in the control group.
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Discussion

In the current study, we utilized various resting-state fMRI technologies, including ALFF, ReHo, and voxel-wise FC, to investigate the differences in intra-regional brain activity and inter-regional FC in patients with ROT and PT. To the best of our knowledge, this is the first study to reveal neuronal changes during the transition from ROT to PT using resting-state fMRI.

Our findings revealed that participants with ROT and PT demonstrated abnormal intra-regional neural activity and disrupted FC. In addition, regions of some non-auditory networks including the DMN, optical network, DAN, and CEN were affected (Chen et al., 2017). Furthermore, we discovered significant differences within the ALFF, ReHo, and FC activity levels between the ROT and PT groups, with the PT group demonstrating the lowest activity and connectivity levels among the three groups. In order to identify the differences in brain activity between recent-onset and PT participants, we explored the roles of each brain region revealed by the rs-FMRI analysis and identified possible strategies to prevent the transition from ROT to PT.


Elevated activity in left gyrus rectus for persistent tinnitus patients

The GR is located on the medial margin of the inferior surface of the frontal lobe. Although its specific function remains unclear, clinical reports have indicated that patients who undergo surgical removal of the GR demonstrate temporary cognitive deficits, including a reduction in memory and personality changes (Joo et al., 2016). In addition, studies using resting-state FC technologies have revealed that patients with distressful tinnitus demonstrate abnormal brain activity within the bilateral GR (Ueyama et al., 2013, 2015). Furthermore, studies have also revealed that the GR demonstrates anatomical connections with the limbic system (Lan et al., 2022). Du et al. (2020) reported that the GR demonstrated strong FC with the anterior, medial, and posterior orbital gyrus, SFG, ventromedial prefrontal cortex, and anterior cingulate cortex (Du et al., 2020).

Our findings revealed that participants with ROT demonstrated reduced activity levels in the GR compared with participants with PT. In addition, compared with the healthy control group, participants from both tinnitus groups demonstrated reduced GR activity levels. Therefore, these results indicate that patients with recent-onset or PT might perceive temporary cognitive decline due to disruptions in the GR. Furthermore, for patients with ROT, the level of disruption to cognitive processing due to tinnitus may be higher than that in patients with PT due to the novelty of tinnitus.



Reduced activity in dorsolateral superior frontal gyrus for both recent-onset and persistent tinnitus patient

Both ALFF and ReHo analyses revealed a reduction in activity level in the dorsolateral SFG on both sides in participants with PT or ROT. The results did not reveal significant differences in dorsolateral SFG activities between the recent-onset tinnitus (ROT) and PT groups. The main functions of the dorsolateral SFG are top-down processing and cognitive functions, including working memory, episodic memory, goal-driven attention, planning, problem solving, and task switching. These findings imply the role of the dorsolateral SFG in CEN manipulation (Kinoshita et al., 2012; Hu et al., 2016).

In addition, the dorsolateral SFG demonstrates FC with the DMN, especially with the precuneus. The existing literature indicates that the DMN specializes in internally oriented cognitive processes, such as conceptual processing, daydreaming, and future planning (Cloutman and Lambon Ralph, 2012; Lin et al., 2017). Therefore, we suggest that the dorsolateral SFG regulates the interaction between the CEN and DMN. Reduced dorsolateral SFG activity might disrupt the CEN, eventually reducing patients’ top-down attention-filtering capability. Furthermore, our results suggest that the overall duration of tinnitus does not contribute to reduced activity levels in the left and right dorsolateral SFG. Tinnitus patients can perceive difficulties switching their attention away from the tinnitus, regardless of experiencing recent-onset or PT.



Reduced functional connectivity between bilateral dorsolateral superior frontal gyrus and medial superior frontal gyrus in both recent-onset and persistent tinnitus participants

The existing literature has revealed that the medial SFG has anatomical connections with the cingulate cortex (mainly the anterior and medial section of the cingulate cortex, ACC, and MCC) through the cingulum and that functional correlation with the MCC and the DMN (Nagahama et al., 1999). In addition, dense connections between the dorsolateral prefrontal cortex (DLPFC) (including the SFG) and, ACC, and MCC, have also been discovered in humans (Zhang et al., 2011; Cloutman and Lambon Ralph, 2012; Ueyama et al., 2013).

Moreover, rs-FCs between SFG, ACC, and MCC have been reported (Cloutman and Lambon Ralph, 2012; Yang et al., 2014; Khan et al., 2021). The anatomical and functional connections between the medial SFG and anterior MCC suggest that the medial SFG is involved in cognitive control because the anterior part of the MCC is related to cognitive control, including conflict monitoring, response selection, error detection, and attention manipulation. Additionally, the medial SFG demonstrates anatomic connections with the ACC, a core node of the DMN, and a functional correlation with the DMN, suggesting that the medial SFG is critical for DMN manipulation (Hu et al., 2021).

Our findings suggest that the overall duration of tinnitus onset does not play a role in generating FC differences in the left medial SFG. Nevertheless, participants from the ROT and PT groups demonstrated reduced FC between the bilateral dorsolateral SFG and left medial superior frontal gyrus compared with the healthy control group. Therefore, we propose that reduced FC between the dorsolateral SFG and medial SFG disrupts DMN regulation, further reducing the patients’ ability to manipulate attention. Furthermore, this significant change within the top-down attention-regulating mechanism increases tinnitus perception regardless of the overall duration of tinnitus onset.



Functional connectivity abnormality between bilateral dorsolateral superior frontal gyrus and right middle frontal gyrus in both patients with recent-onset and persistent tinnitus

As a critical component of the VAN, the right MFG serves as a convergence center for the DAN and VAN by working as a circuit breaker to interrupt ongoing endogenous attentional processes in the DAN and reorient attention to exogenous stimuli (Japee et al., 2015; Briggs et al., 2021). Furthermore, the right MFG actively engages in reorienting distinctive signals from unexpected locations (Carter et al., 2006).

Our findings revealed reduced FC between the dorsolateral and right MFG. This change could lead to a disruption between the VAN and DAN, which influences attention orientation to novel stimuli. This conclusion agrees with the typical description of patients with tinnitus that they unconsciously perceive their tinnitus to be more prominent in quieter situations, regardless of the tinnitus duration (Xu et al., 2019).

In addition, we also discovered that participants with tinnitus developed within six months (ROT group) demonstrated statistically higher FC than participants with PT. Participants with PT also demonstrated higher THQ, SAS, and SDS scores than participants with ROT. This result indicated that patients with tinnitus would experience more difficulties reorienting their attention away from tinnitus once it lasted longer than six months (from recent-onset to persistent).



Reduced functional connectivity between bilateral dorsolateral superior frontal gyrus and superior parietal gyrus in both recent-onset and persistent tinnitus participants

The main functions of the SFG are spontaneous attention regulation and top-down processing. The existing literature suggests that the SPG becomes more active during a task-free resting-state. Since the SFG acts as a critical component of the superior parietal lobule (SPL), it demonstrates a strong connection with the occipital lobe and involves somatosensory and visuospatial stimulus integration, written language, and working memory (Berlucchi and Vallar, 2018). The existing literature also reported SPG’s implications of SPG in shifting attention between visual targets and spatial-related attention shift states (Lin et al., 2021). Our findings revealed no significant differences between the FC levels in the ROT and PT groups. However, both groups demonstrated reduced FC compared with the healthy control group. Thus, this finding indicates that reduced FC between the dorsolateral SFG and SPG could disrupt working memory in patients with tinnitus, regardless of tinnitus duration.



Clinical significance of our findings in tinnitus management

The existing literature indicates that the level of tinnitus distress within six months of the initial onset predicts the long-term level of tinnitus distress in patients after six months of onset. Patients who perceive higher levels of tinnitus disruption are more likely to develop persistent and debilitating tinnitus. Multiple findings from our study indicate that patients with ROT demonstrate reduced capability of top-down attention and stimuli monitoring and orientation. Therefore, clinicians should provide effective tinnitus management strategies for patients with ROT (Kleinstäuber and Weise, 2020).

Considering that the cause of tinnitus can be multifactorial, there is no standard treatment plan for tinnitus. Nevertheless, clinicians can effectively manage tinnitus using multidisciplinary options. According to clinical practice guidelines for tinnitus from the American Academy of Otolaryngology-Head and Neck Surgery, patient education and counseling, hearing amplification, sound therapy, and cognitive-behavioral therapy should be implemented individually or in combination for tinnitus management (Tunkel et al., 2014; Zenner et al., 2016; Liu et al., 2021; Osuji, 2021).



Research limitations and room for improvement

The small sample size of our study may have reduced our ability to detect causal relationships between abnormal connectivity patterns and tinnitus characteristics. Therefore, studies with a larger sampling size are strongly recommended. Furthermore, subjects were exposed to equipment noises during the scanning process. Even though noise cancelation was instrumented in all subjects, scanner noise may reduce subjects’ tinnitus levels, thereby changing rs-FC status. Therefore, reducing the noise of brain imaging equipment will be helpful in future tinnitus-related investigations.




Conclusion

Our project indicated a reduced activity level within the dorsolateral SFG (left and right) and GR using ALFF and ReHo analyses. Patients with PT demonstrated higher activity levels in the GR than those with ROT. Furthermore, our follow-up voxel-wise FC revealed decreased connection activity between the dorsolateral SFG (left and right) and right SPG, right MFG, and left mSFG for participants with ROT and PT, compared to the healthy control group. Patients with ROT demonstrated a higher level of FC than those with PT did. Our data suggest that patients with PT are more likely to experience difficulties in monitoring external stimuli and attention reorientation than patients with ROT. In addition, patients who perceive higher levels of tinnitus disruption are more likely to develop persistent and debilitating tinnitus. Therefore, we strongly recommend that clinicians implement effective tinnitus management strategies in patients with ROT as soon as possible.
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Background: Tinnitus is defined as the subjective perception of sound in the absence of an external stimulus, and tinnitus disorder becomes relevant when it is associated with emotional distress, cognitive dysfunction, and/or autonomic arousal. Hearing loss is recognized as the main risk factor for the pathogenesis of tinnitus. However, clinical guidelines for tinnitus disorder provide little direction for those who have severe-to-profound hearing loss including those who are pre-lingually Deaf. The aim of this scoping review was to catalogue what is known from the existing literature regarding the experience and management of tinnitus in adults who have a severe-to-profound hearing loss.

Summary: A scoping review was conducted following the Preferred Reporting Item for Systematic Reviews and Meta-analysis extension for Scoping Reviews. Records were included if they reported an evaluation of tinnitus in adults who had severe-to-profound hearing loss. The online databases Ovid (MEDLINE, EMBASE and PsycINFO), CINAHL, ProQuest, Scopus, and Google Scholar were searched using the search terms ‘tinnitus’ (as a MESH term) and ‘deaf’ OR ‘profound hearing loss. Thirty-five records met the inclusion criteria for this review and were cataloged according to three major themes: Impact of tinnitus in deaf adults; Primary treatment of tinnitus in deaf adults; and Cochlear implant studies where tinnitus was a secondary outcome. Tinnitus symptom severity was assessed before and after intervention using tinnitus validated questionnaires in 29 records, with six further records using other assessment tools to measure tinnitus severity. Participants using cochlear implants were included in 30 studies. Medication, repetitive transcranial magnetic stimulation (rTMS), electrical promontory stimulation, and behavioral self-control therapy were each reported in single records.

Key messages: This scoping review cataloged the experience, assessment, and treatment of tinnitus in adults who have severe-to-profound hearing loss. It is shown that there is very limited research reported in this field. Although this review included many records, most focused on the provision of cochlear implants for severe-to-profound hearing loss, with assessment and measurement of tinnitus as a baseline or secondary outcome. Largely missing in the literature are empirical studies that seek firstly to understand the nature of the experience of tinnitus by people with no or little residual access to external sound.

KEYWORDS
  tinnitus, deafness, priority question, assessment, experience


Introduction

Tinnitus is the conscious awareness of a tonal or composite noise for which there is no identifiable corresponding external acoustic source. This becomes tinnitus disorder “when associated with emotional distress, cognitive dysfunction, and/or autonomic arousal, leading to behavioral changes and functional disability” (1). An estimated 10–15% of the adult population experience tinnitus, and around 1–2% of all people are severely affected (2). Hearing loss is considered a significant risk factor for tinnitus (3).

In terms of clinical guidelines, little reference is made to the management of tinnitus in those who have severe-to-profound hearing loss beyond the management of hearing loss with hearing aids or cochlear implants (4). Indeed, the UK National Institute for Health and Care excellence (NICE) tinnitus guidance specifies research in this area as being of high priority, e.g., there were no standardized assessments or questionnaires that could be used to make evidence-based recommendations for adults with severe-to-profound hearing loss (5). Furthermore, many tinnitus studies and clinical trials focus on participants who have less severe hearing loss sufficient for them to have good access to common sound-based or talking therapies for tinnitus (6, 7).

The aim of this scoping review was to broadly understand the state-of the art in this field by cataloging research to date that has included participants who had severe-to-profound hearing loss and tinnitus.



Materials and methods

This scoping review was conducted and is reported according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) guideline (8).


Eligibility

The inclusion criteria were based on the PCC (Population/Concept/Context) mnemonic (9) (Table 1).


TABLE 1 Inclusion and exclusion criteria.

[image: Table 1]

Target population: adults aged 18 years or older, bilateral severe-to-profound pre- or post-lingual hearing loss/deafness who also report subjective tinnitus lasting more than 6 months.

Concept: Experience of chronic subjective tinnitus in individuals with severe-to-profound hearing loss. Experiences could include accounts of personal life experiences, and management strategies included but were not limited to clinical assessments, education, counseling, and sound-based therapies such as hearing aids or cochlear implants given prior and after intervention for comparsion.

Context: no restrictions regarding time or geography.

Studies were excluded if they only included adults with normal hearing or mild-to-moderate hearing loss with no reference to severe-to-profound hearing loss. Studies of objective tinnitus, studies involving children, and studies not available in English were also excluded.



Information source

To identify potentially relevant records, the following databases were initially searched in July 2020 and updated in February 2022: MEDLINE, EMBASE, PsycInfo, Web of science, CINAHL, ProQuest, Scopus, EThOS, Pubmed, and Google Scholar. The search strategies were drafted and refined by the review team through discussion and time frame was open. Search results were exported into EndNote, and duplicates were removed.



Search strategy

Medical Subject Heading terms of tinnitus, hearing loss, and were searched as keywords (example search strategy for MEDLINE as in Table 2).


TABLE 2 An example search strategy used for MEDLINE via Ovid SP.
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Selection of source of evidence

Two reviewers (LA, DH) screened all records first by titles and abstracts, and if either reviewer considered the record potentially relevant or if insufficient information was provided to decide it was progressed to full text screening. Records were included if both reviewers considered them eligible. Where disagreement arose, the record was discussed with a third reviewer (MS) and consensus taken to include or not.



Data charting process

Data were charted in Excel Supplemental Information 2 according to the aim of the scoping review. The Excel form was piloted using five records and revised before formal extraction started. Two reviewers (DH, LA) extracted data independently. Extracted data were compared and revisited if required to agree a single final dataset from each included record.



Data items

Data items extracted were as follows: publication year, study design, country, population description including description of hearing loss, etiology of hearing loss, impact of tinnitus, comorbidity, assessment tools used to assess tinnitus or comorbidities, intervention, effects of intervention, and any other relevant finding and recommendations.



Synthesis of results

Extracted data were discussed among researchers (DH, LA, MS) to explore different options for grouping the data according to themes. Data were grouped according to three major themes: Impact of tinnitus in deaf adults, Primary treatment of tinnitus in deaf adults, and Cochlear implant studies where tinnitus was a secondary outcome.



Expert consultation

After data synthesis a draft manuscript was shared with three experts in the field (Speech and language therapist, ENT consultant, deafness researcher) (CSC, HH, RSD) with substantial practical experience in tinnitus and hearing loss. They provided a review of the manuscript and in particular a critique of the reviewer interpretation that had been placed on the dataset, and the relevance of the review to current clinical need and practice. Feedback was incorporated into the manuscript in an iterative manner.




Results

Searches returned 9,186 records of which 6,044 duplicates were removed. Hence, the abstract and title of 3,142 records were screened for potential inclusion. The result was 63 records eligible for full text screening. After full text screening 36 records were included (Figure 1). Reviewers only disagreed on one record for inclusion/exclusion, and in this case the record was discussed with a third reviewer leading to a majority decision to include the record.


[image: Figure 1]
FIGURE 1
 Flowchart showed the process of extracting, screening and analyzing the data.



Study demographic

Of the 36 included records (Table 3) (10–23), 14 were prospective case studies, 11 were retrospective case reviews, three were case reports, two were cross-sectional studies, two were part of randomized controlled trails, one was a narrative, one was a case study, one was a non-randomized controlled clinical trial, and one was a combined retrospective and prospective study. The earliest record was published in 1988 and the most recent was published in 2021. Records originated from 15 countries with most studies originating from Germany (Figure 2). Most studies were published in the last decade (Figure 3).


TABLE 3 Characteristics of included studies (year, author(s), title, country, study design, study population, size of sample with tinnitus, and age).
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FIGURE 2
 Distribution of included studies by country of origin.



[image: Figure 3]
FIGURE 3
 Distribution of included studies by year.


The characteristics of included studies are summarized in Table 3.



Study population

Most records focused on post-lingually deaf cochlear implant users or candidates who reported tinnitus before implantation. Causes of hearing loss, where mentioned, included infections such as meningitis, or head trauma, and were described in some as either sudden or progressive. Few records reported on pre-lingually deaf adults.


Theme 1: Impact of tinnitus in D/deaf adults

Table 4 summarizes the assessment tools and evaluation of impact of tinnitus pre- and post-intervention, changes in tinnitus attributed to interventions and assessed comorbidities in D/deaf adults. Tinnitus assessment tools reported in the literature included validated tinnitus questionnaires (n = 26), in-house tinnitus questionnaires (n = 4), visual analog scales of tinnitus loudness or annoyance (n = 6), and minimum masking levels (n = 2). The validated tinnitus questionnaires used comprised: Tinnitus Handicap Inventory [THI; (24)] (n = 17), Tinnitus Questionnaire [TQ; (25)] (n = 7), Tinnitus Functional Index [TFI; (26)] (n = 2), Tinnitus Handicap Questionnaire [THQ; (27)] (n = 2), and the mini-Tinnitus Questionnaires 12 [miniTQ12; (28)] (n = 1). No problems with the administration of these questionnaires were reported and several had been translated into additional languages from the original. There were three studies which used in-house questionnaires containing questions about tinnitus duration, loudness, severity, and related comorbidities.


TABLE 4 Interventions used to assess and treat tinnitus.

[image: Table 4]

The THI was used to assess tinnitus severity before cochlear implantation in 17 studies and once in a case study involving a Deaf female receiving antidepressant treatment. Although the TFI was used as a primary outcome measure to evaluate treatment including TMS and in unilateral cochlear implantation, it was generally used in conjunction with the THI.

Records commonly reported tinnitus experience either as a testimony from patients or in the format of the patient rating their tinnitus either using validated questionnaires or other assessment tools, e.g., Ruckenstein (29) assessed tinnitus severity using a semi-quantitative scale from 1= no tinnitus to 5= debilitating tinnitus. Some records recounted the individual experience: “Sometimes it's like a bomb—boom! Then my eyes swirl round as if I have spun round the room, but I haven't, and it has happened in a split second. Then a long wheeee whistle, winding down. Then to a ringing ring, noise.” This statement was from an adult who had been Deaf since birth describing his tinnitus attacks (30). He further stated that he preferred one type of tinnitus characteristic over others because of the duration “I prefer the boom type because it slows down the tinnitus rather than the ringing one which goes on forever.” Another statement from a 26-year-old deaf female with a hearing impairment attributed to an acoustic neuroma and right sided tinnitus (31) described her tinnitus as high pitched and a screaming sound that could go to an unbearable level several times a day. In general tinnitus characteristics such as type of sound, tinnitus duration, and localization were reported (32, 33).



Theme 2: Primary treatment of tinnitus in D/deaf adults

Included studies are described here according to whether the intervention was used primarily to treat tinnitus or to treat other conditions. There were only four studies where the study intervention was given primarily to treat tinnitus, and one conversation piece on coping strategies proposed by a Deaf patient. The latter was a case study of a 26-year-old female with deafness following removal of an acoustic neuroma, reporting the use of a behavioral treatment approach aiming to relieve tinnitus over five consecutive months with self-control muscular relaxation techniques resulting in an improvement following therapy whereby the patient reported that she felt in control of her condition (31).

Repetitive transcranial magnetic stimulation (rTMS) was used in one study where a 28-year-old post-lingually deaf (hearing impairment occurred after 5 years of age) female with tinnitus. The treatment consisted of 10 sessions of rTMS using 2,000 pulses/session and the stimulation rate of 1 Hz via a coil that was in adjustable stand against the left side of her head (34). Her tinnitus was not improved based on TFI and THI questionnaires scores.

A 69-year-old Deaf (hearing impairment occurred before 5 years of age) female complaining of severe tinnitus, as well as depression and anxiety since tinnitus onset (35). In this case, oral antidepressants (the selective serotonin reuptake inhibitor paroxetine hydrochloride, Paxil®, 12.5 mg, starting at one tablet a day and increasing to three tablets a day) was given. She additionally received night sedation (suvorexant, Belsomra®, 15 mg, one tablet a day). Her tinnitus was intermittent and subsided completely after 4 and a half years.

One record investigated tinnitus suppression following electrical promontory trans-tympanic stimulation in 11 patients with monaural or binaural profound hearing loss (36). Stimulations were given at various frequencies (50, 100, 200, 400, 800, and 1,600 Hz) at ascending levels to find the participant's threshold for at least 60 seconds and then the discomfort level in μA. Nine out of 11 patients (81.8%) had immediate suppression of their tinnitus following electrical promontory trans-tympanic stimulation with no worsening of tinnitus reported. The most effective stimulation frequencies were 50 and 100 Hz. However, data were pooled so the effects specific to bilateral hearing loss could not be extracted.

One study reported a conversation between two relatives. Both presented with Waardenburg Syndrome, one being Deaf since birth and the other exhibiting an unspecified hearing loss (30). They complained of different attacks of tinnitus with different descriptors such as bomb, whistle, and ringing. However, where the hearing participant sought medical advice for her tinnitus, the Deaf participant had never sought medical advice but adapted to ignore their tinnitus and to live with it. He also acknowledged the potential benefits of sound therapy, but this was not accessible to him due to his deafness. The hearing cousin found it shocking to discover that Deaf people can also experience tinnitus.



Theme 3: Cochlear implant studies where tinnitus was a secondary outcome

A cochlear implant was the most reported treatment (primarily for deafness) investigated in participants with deafness and tinnitus (Table 4). One record proposed a tinnitus recovery model following unilateral cochlear implantation in severe-to-profound hearing-impaired adults complaining of tinnitus based on several factors (37). Lower pre-operative Consonant-Vowel-Consonant (CVC) score, unilateral localization of tinnitus, and larger deterioration of residual hearing at 250 Hz were determined to be predictors of tinnitus recovery. Age at surgery and gender were also reported. Tinnitus recovery was reported in 40% (35/87) of included participants.

One study examined tinnitus suppression according to the method of electrode insertion during cochlear implant surgery (38). Participants were grouped into four groups according to route of electrode insertion whereby group 1: through a scalar change of the position of the cochlear implant electrode from scala tympani to the scala vestibuli; group 2: through perimodiolar electrode insertion in a scala tympani position; group 3: electrode was inserted via scala tympani; and group 4: electrode inserted via scala vestibuli due to obstruction of scala tympani (meningitis, otosclerosis). They observed tinnitus suppression in 73.6% of those in group 1, 50% in group 2, 60% in group 3, and 87.5% in group 4.

Three records considered tinnitus suppression over time following cochlear implantation. While two records found evidence for tinnitus suppression after 1 or 2 years respectively (39, 40). Kim et al. (41) significantly found tinnitus suppression 1 month and early period use of cochlear implant.

Three records (19, 42, 43) studied the impact of age, especially older age, on tinnitus in cochlear implants recipients. Olze (19) found that younger patients (age range 19–67) experienced greater suppression following cochlear implantation (pre-implant TQ scores was 29.1 while post implant decreased significantly to 21.0), older patients (age range 70–84) also had a reduction in TQ score (pre-implant TQ was 26.3 while post implant decreased to 22.3) but this improvement was not clinically meaningful. The second record reported that the prevalence of tinnitus was higher in the older age group (>40 years) than the younger group (<40 years). However, suppression of tinnitus was reported post-implantation in both groups with no new tinnitus being reported in those who did not have tinnitus pre-implantation (42). Finally, Knope et al. (43) found that tinnitus and psychiatric comorbidities were both improved post-implantation in elderly patients over 80 years old (mean TQ pre implant was 18.5 and decreased to 13.2 post implant, which represented a clinically meaningful improvement).

Bilateral sequential cochlear implant was examined in four records (21, 44–46) and reported as beneficial for tinnitus. However, newly induced tinnitus was also reported following implantation (in five out of 10 participants) in the simultaneous bilateral cochlear implantation (44). Von Zan (44) compared unilateral cochlear implant and bilateral cochlear implant in patients who complained of tinnitus pre-operatively. Sixteen patients were included in their trial (seven received unilateral and nine received bilateral cochlear implants). Tinnitus improvement was measured as change on THI and TQ scores. Scores on both questionnaires were significantly decreased over the post-implant in both unilateral and bilateral cochlear implant patients. However, a few cases of the newly induced tinnitus in patients who did not report preoperative tinnitus (five out of 10 in bilateral and one out of 12 in unilateral group) were also reported.

Olze (21) evaluated tinnitus suppression following bilateral cochlear implantation and found that participants who did not benefit from unilateral cochlear implant improved after their second implant. One record (46) provided sequential bilateral cochlear implants for annoying tinnitus in the un-implanted ear. THI and VAS Loudness and Annoyance were measured before the second sequential cochlear implant and 2 years after implant (short term) and 7 years post implant (long term). THI scores significantly decreased from 61. Three pre implant to 29.3 after first implant (SD = 23.5) and then 20.3 (SD = 16.3) post second implant.

One record examined introduction of the regular cochlear implant programing as a factor in tinnitus suppression (47). A sample of 108 patients with pre-operative tinnitus who received one cochlear implant was divided into a control group (n = 54) with no regular programming and a programming group (n = 54). The programing group had regular programming at weeks 6, 8, and 12 post-implants after switching on at week 4 whereas the control group had no regular programing post-activation. Both groups had decreased tinnitus handicap scores on THI, however improvement was slower in the control group (Table 4).

Finally, two records specifically investigated changes in tinnitus characteristics following cochlear implantation. Greenberg et al. (33) found that tinnitus was suppressed totally or partially in the ear ipsilateral to cochlear implant in 57% and in the ear contralateral to cochlear implant in 43% of patients when the processor was turned on. Further, Greenberg et al. (33) reported that humming was the most commonly experienced tinnitus sound by severe-to-profound hearing impaired individuals pre-implantation (68%) and the frequency of those reporting humming reduced (to 50%) post implantation. Conversely, Di Nardo et al. (32) found buzzing to be the most reported sound post implantation, followed by whistling, airplane/ship engine, and bells ringing. Di Nardo et al. (32) found that in a group of individuals pre-implantation, a single sound was present in 13 cases (65%) and multiple different sounds were reported in seven cases (35%). Post implantation, a single sound became the majority, being reported in nine cases (45%) and multiple different sounds were present only in three cases (15%).





Recommendations for future research in the included studies

Authors of the included studies made various recommendations for further research, mostly related to the treatment of tinnitus. Theodoroff, SM and Folmer, RL (34) recommended that future studies of rTMS should be conducted to include more patients who have severe or profound hearing loss but who did not want to use hearing rehabilitation devices such as hearing aids or cochlear implants. Further studies on intracochlear stimulation and electrode insertion specifically to explore its effectiveness in tinnitus suppression and generation of new tinnitus (38) and programming parameters in cochlear implant recipients with tinnitus (48) were also recommended. Pan (49) recommended obtaining estimates of the magnitude of the tinnitus pre-implantation and whether tinnitus burden can be related to hearing improvement post-implantation. Laterality was also recommended to be considered in future studies to differentiate the effects of the cochlear implant surgery and cochlear implant activation on tinnitus perception. Finally, exploring the impact of specific symptoms, such as clinically significant insomnia, on the severity of tinnitus in cochlear implant recipients was also recommended, as were prospective studies to investigate insomnia, depression, and anxiety, and to adequately characterize and assess the clinical importance of any residual tinnitus-related symptoms after implantation (50).



Discussion

This scoping review catalogs two key elements: firstly, the tinnitus experience of Deaf and severe-to-profoundly hearing-impaired adults. Secondly, the assessments and treatments that are offered or have been evaluated in the literature, many of which concern cochlear implantation.


Tinnitus experience/ impact

Studies used various assessment tools including validated questionnaires which according to NICE guidelines (5) are necessary to assess the impact of tinnitus on patient and guide health care providers toward better management strategies. However, none of the questionnaires reported in the literature have been validated for use in Deaf populations (5). We don't know therefore whether they sufficiently capture the real impact of tinnitus, or the relevant changes in tinnitus severity for this population.

Validation studies should explore how pre-existing tinnitus questionnaire scores in a D/deaf population should be interpreted or develop and validate customized questionnaires or other measures of tinnitus severity and treatment-related changes in this population.



Primary treatment of tinnitus in deaf adults

There were four records primarily concerned with the treatment of tinnitus in Deaf and severe-to-profound hearing-impaired adults, reporting four different treatment approaches, with variable outcomes. One study reported a case involving treatment of tinnitus with medication for comorbid depression and sleep deprivation. There is therefore no evidence to support medication use primarily for tinnitus (51).

One study reported the use of rTMS which is hypothesized to modulate neuronal activity over a large region of the brain using magnetic fields. This approach has been used extensively in small-scale studies of tinnitus with mixed evidence for its immediate effectiveness (52, 53) and little data on long-term safety, all authors proposing further and larger studies of this treatment approach. As such to date there is a strong recommendation against the routine clinical use of this method, which includes in those who are both deaf and have tinnitus (4).

A behavioral approach in another case study proved effective in alleviating tinnitus distress (31). The effectiveness of the Cognitive Behavioral Therapy (CBT) was evidenced for tinnitus management in people with less severe hearing loss, but its effectiveness has not been proven in deaf populations (4). Therefore, practice guidelines make no recommendation for CBT in Deaf and severe-to-profound hearing-impaired populations and those with limited conversational ability, and recent systematic reviews make no reference to the use of CBT in deaf patients (54, 55). Given the proven benefits of CBT for tinnitus studies, any necessary adaptations, and the trialing of CBT in deaf populations would be welcomed.

Electrical ear stimulation for tinnitus was used in one record with comparison to a cochlear implant. Although there was improvement in tinnitus using both approaches, improvements were greater for the cochlear implant.

Whilst the majority of tinnitus treatments involve sound and this require the ability to hear those sounds, others under investigation may be suitable for trialing in Deaf adults although do not. E.g. An open trial of Auditory Brain Implant (NCT02630589) excludes those with PTA above 90 dB in the ipsilateral ear, and another open trail on laser light therapy (NCT05374421) excludes anyone with age-related hearing loss or conductive hearing loss. Rationale for exclusions based in hearing loss should be well articulated in trial reports. Beyond any issues with access to sound it is likely that many researchers exclude participants who have severe-to-profound hearing loss in an effort to reduce the number of potential confounders and have a more homogenous study population. Problems with tinnitus may be conflated with those caused by hearing loss (56) so this effect may be more pronounced in those with more severe hearing loss.



Cochlear implant studies where tinnitus was a secondary outcome

Unilateral cochlear implant is recommended for hearing restoration in people with severe-to-profound hearing loss who do not benefit sufficiently from acoustic hearing aids (57, 58). Van de Heyning et al. (58) named few centers worldwide that have reported offering cochlear implants for the purpose of address an individual's tinnitus in addition to their profound hearing loss, but usually only under highly specific conditions or strict criteria. For example, a clinic in Belgium reported implanting patients who complained of tinnitus but only if their tinnitus was the result of a hearing loss, whereas a clinic in Austria reportedly implanted profoundly deaf patients not meeting the standard criteria if they expected to receive more benefits than just restoration of hearing. Hence, these records either studied overall tinnitus suppression following cochlear implantation or investigated specific mechanisms by which the cochlear implant acts to suppress the tinnitus such as electrode insertion or cochlear programming.

These included investigating the degree to which patient related factors such as age, or implant factors such as electrode insertion, programming, and duration of use of device can predicate outcome. Also, for patients receiving a cochlear implant, their residual hearing at 250 Hz can be a positively predictive factor for tinnitus suppression post implantation, which could be beneficial in patients counseling (37).

Finally, few records looked at time as a factor for tinnitus suppression after cochlear implantation, especially in those patients who received cochlear implant but continued to complain of bothersome tinnitus, thus, received a second sequential implant for their tinnitus (46). Although, tinnitus improved in these studies it is unclear whether this was due to the person developing coping strategies or was part of an adaptation mechanism in the auditory brain due to auditory activation following cochlear implantation.

Tinnitus counseling is an important factor in tinnitus management which is lacking in these studies as well as the need for Deaf and severe-to-profoundly hearing-impaired adults to receive personalized management. A cochlear implant is a feasible method of providing hearing restoration but has also been demonstrated to have some efficacy in tinnitus suppression, although the results are variable and cases of tinnitus induction by cochlear implants were also reported. Hence, tinnitus patients should receive vigorous counseling sessions and must engage in the treatment plan.

Research describing advancements in tinnitus management in deaf populations is greatly needed due to significant increased numbers of cases of severe and profound hearing impairments in combination with improved overall life expectancy. All included studies used one treatment method, however due to the heterogeneity of tinnitus pathophysiology and different personal experiences, researchers are looking more into combination of treatments such as sound therapy, personalized counseling, hearing aids, and CBT. A recent multicentre clinical trial involved a comparison of the effects of the single and combination therapy, i.e., hearing aids alone or hearing aids and cognitive behavioral therapy, or hearing aids and structured counseling or hearing aids and sound therapy (59). However, it excluded participants with severe hearing loss due to barriers in communication, which again demonstrates the need for research into adapting the existent or developing new management methods for those who are Deaf or have severe-to-profound hearing loss.



Authors' recommendations

This review highlights the lack of dedicated research involving adults who have severe-to-profound hearing loss. Researchers should clearly justify excluding this population form their tinnitus studies, and where it is not justified, should ensure studies are adequately resourced to be inclusive, and statistical analysis plans adequately consider hearing loss as a potential confounder. To be confident of outcomes it is also important to adequately screen and disambiguate the problems due to tinnitus from those due to hearing loss, e.g., using the Tinnitus and Hearing Survey (56). We recommend greater involvement of carers or significant others, the provision of sign interpreters, and the use of accessible media such as text over audio to include D/deaf adults in tinnitus research. Deaf adults should be involved in setting the research agenda, informing study design, and promoting participation, to ensure inclusivity is maximized. Some recommendations for tinnitus research in D/deaf populations have been identified in clinical practice guidelines, e.g., NICE (5) recommends research to (1) identify the most clinically and cost-effective tinnitus questionnaire to assess tinnitus in people who are d/Deaf, (2) evaluate clinical and cost effectiveness of amplification devices for people who are d/Deaf, and (3) evaluate clinical and cost effectiveness of psychological therapies for people who are d/Deaf and have tinnitus-related distress. There will require multiple approaches to evaluate existing, modified, or newly developed tools and treatments. Before these questions can be addressed, we recommend qualitative enquiry is needed to understand the lived experience of tinnitus more fully in d/Deaf adults. This could inform large scale quantitative enquiry (e.g., online survey) to understand the breadth and scale of tinnitus problems in d/Deaf adults. A formal prioritization exercise involving d/Deaf adults with tinnitus and clinicians with expertise in deafness and/or tinnitus would elevate the profile of research in this area, as has been done with success for other topic areas within the field of hearing (60, 61).



Limitations

Because of resource limitations this review only examined studies available in English. The findings may therefore not generalize to other populations and their experiences where there may be a significant literature published in other languages. For the same reason it is likely that not all interventions that have been trialed for tinnitus in D/deaf adults have been captured. The review was also limited to studies reporting adult populations, so findings and recommendations cannot be applied to d/Deaf child populations.




Conclusion

This scoping review aimed to catalog the experience of, assessment, and treatment of tinnitus in adults who are Deaf or have profound hearing loss. It is evident that there is very limited research in this area. Although this review included many records, most focused on the provision of cochlear implants for severe-to-profound hearing loss, with assessment and measurement of tinnitus as a baseline or secondary outcome. Largely missing in the literature are empirical studies that seek primarily to understand the nature of the experience of tinnitus in people with no or little residual hearing.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



Author contributions

LA performed literature searches, selected records for inclusion, extracted. DH and MS screened records and extracted data. DH, MS, and LA interpreted the data and drafted the manuscript. CC, HH, and RD provided critical feedback as part of scoping review stage six, and contribute to the final interpretation and content of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

LA is funded by King Abdul-Aziz University Hospital (KAU), Jeddah, Kingdom of Saudi Arabia. DH and MS are funded through the National Institute for Health and Care Research (NIHR) Biomedical Research Centre programme. The views expressed are those of the authors and not necessarily those of the NIHR, the NHS, the Department of Health, and Social Care. CC is funded by UNICAMP University of Campinas, Brazil, HH is funded by ENT Department, Hospital Cuf Tejo—Nova Medical School, Lisbon, Portugal and finally RD is funded by Sir Peter Mansfield Imaging Centre, School of Physics and Astronomy, University of Nottingham, United Kingdom. The funders had no role in preparation of the manuscript.



Conflict of interest

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.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. De Ridder D, Schlee W, Vanneste S, Londero A, Weisz N, Kleinjung T, et al. Tinnitus and tinnitus disorder: theoretical and operational definitions (an international multidisciplinary proposal). Prog Brain Res. (2021) 260:1–25. doi: 10.1016/bs.pbr.2020.12.002

 2. Langguth B, Kreuzer PM, Kleinjung TD. Tinnitus: causes and clinical management. Lancet Neurol. (2013) 12:920–30. doi: 10.1016/S1474-4422[13]70160-1

 3. Oosterloo BC, Croll PH, Baatenburg de Jong RJ, Ikram MK, Goedegebure A. Prevalence of tinnitus in an aging population and its relation to age and hearing loss. Otolaryngol Head Neck Surg. (2021) 164:859–68. doi: 10.1177/0194599820957296

 4. Cima R, Mazurek B, Haider H, Kikidis D, Lapira A, Noreña A, et al. A multidisciplinary European guideline for tinnitus: diagnostics, assessment, and treatment. HNO. (2019) 67:10–42. doi: 10.1007/s00106-019-0633-7

 5. NICE. Tinnitus: Assessment and Management, Evidence Reviews for Sound Therapy and Amplification Devices, NG155 Intervention Evidence Review. (2020). Available online at: https://www.nice.org.uk/guidance/ng155/evidence/m-sound-therapy-and-amplification-devices-pdf-255229407254 

 6. Sharma A, Munjal S, Panda N. Demographic variations in tinnitus subjects with and without hearing loss: A study of 175 subjects. Int Tinnitus J. (2018) 22:77–83. doi: 10.5935/0946-5448.20180013

 7. Ivansic D, Dobel C, Volk G, Reinhardt D, Müller B, Smolenski U, et al. Results of an interdisciplinary day care approach for chronic tinnitus treatment: a prospective study introducing the jena interdisciplinary treatment for tinnitus. Front Aging Neurosci. (2017) 9. doi: 10.3389/fnagi.2017.00192

 8. Tricco AC, Lillie E, Zarin W, O'Brien KK, Colquhoun H, Levac D, et al. PRISMA extension for scoping reviews (PRISMA-ScR): checklist and explanation. Ann Intern Med. (2018) 169:467–73. doi: 10.7326/M18-0850

 9. Peters MD, Godfrey CM, Khalil H, McInerney P, Parker D. Guidance for conducting systematic scoping reviews. JBI Evid Implement. (2015) 13:141–6. doi: 10.1097/XEB.0000000000000050

 10. Palau EM, Gil JLM, Vidal CM, González JCF, Cabrera OA. Acúfeno e implante coclear. Acta Otorrinolaringol. Esp. (2010) 61:405–11. doi: 10.1016/j.otorri.2010.07.001

 11. Ito J. Tinnitus suppression by electrical stimulation of the cochlear wall and by cochlear implantation. Laryngoscope. (1994) 104:752–4. doi: 10.1288/00005537-199406000-00017

 12. Skarzynski PH, Swierniak W, Rajchel J, Dziendziel B, Raj-Koziak D. Tinnitus severity in patients with cochlear implants. J Hear Sci. (2017) 3:29–36. doi: 10.17430/904529 

 13. Souliere CR, Kileny PR, Zwolan TA. Tinnitus suppression following cochlear implantation: a multifactorial investigation. Arch Otolaryngol Head Neck Surg. (1992) 118:1291–7. doi: 10.1001/archotol.1992.01880120017004

 14. Knopke S, Szczepek AJ, Häussler SM, Gräbel S. Cochlear implantation of bilaterally deafened patients with tinnitus induces sustained decrease of tinnitus-related distress. Front Neurol. (2017) 8:158. doi: 10.3389/fneur.2017.00158

 15. Olze H, Szczepek AJ, Haupt H, Förster U, Zirke N, Gräbel S, et al. Cochlear implantation has a positive influence on quality of life, tinnitus, and psychological comorbidity. Laryngoscope. (2011) 121:2220–7. doi: 10.1002/lary.22145

 16. Pierzycki RH, Edmondson-Jones M, Dawes P, Munro KJ, Moore DR. Tinnitus and sleep difficulties after cochlear implantation. Ear Hear. (2016) 37:e402–8. doi: 10.1097/AUD.0000000000000341

 17. Quaranta N, Fernandez-Vega S, D'elia C, Filipo R. The effect of unilateral multichannel cochlear implant on bilaterally perceived tinnitus. Acta oto-laryngologica. (2008) 128:159–63. doi: 10.1080/00016480701387173

 18. Ito J. Suppression of tinnitus by cochlear implantation. Am J Otolaryngol. (1994) 15:145–8. doi: 10.1016/0196-0709(94)90064-7

 19. Olze H, Gräbel S, Förster U, Zirke N, Huhnd LE, Haupt H, et al. Elderly patients benefit from cochlear implantation regarding auditory rehabilitation, quality of life, tinnitus, and stress. Laryngoscope. (2012) 122:196-203. doi: 10.1002/lary.22356

 20. Fukuda Y. The AllHear cochlear implant and tinnitus. Int Tinnitus J. (1998) 4:159–61. 

 21. Olze H, Szczepek AJ, Haupt H, Zirke N, Graebel S, Mazurek B. The impact of cochlear implantation on tinnitus, stress and quality of life in postlingually deafened patients. Audiol Neurotol. (2012) 17:2-11. doi: 10.1159/000323847

 22. Miyamoto RT, Wynne MK, McKnight C. Electrical suppression of tinnitus via cochlear implants. Int Tinnitus J. (1997) 3:35–8.

 23. Olze H, Gräbel S, Haupt H, Förster U. Extra benefit of a second cochlear implant with respect to health-related quality of life and tinnitus. Otol Neurotol. (2012) 33:1169–75. doi: 10.1097/MAO.0b013e31825e799f

 24. Newman CW, Jacobson GP. Development of the tinnitus handicap inventory. Arch Otolaryngol Head Neck Surg. (1996) 122:143–8. doi: 10.1001/archotol.1996.01890140029007

 25. Goebel G. The tinnitus questionnaire. A standard instrument for grading the degree of tinnitus results of a multicenter study with the tinnitus questionnaire. HNO. (1994) 42:166–72.

 26. Meikle MB, Henry JA, Griest SE, Stewart BJ, Abrams HB, McArdle R, et al. The tinnitus functional index: development of a new clinical measure for chronic, intrusive tinnitus. Ear Hear. (2012) 33:153–76. doi: 10.1097/AUD.0b013e31822f67c0

 27. Kuk FK, Tyler RS, Russell D. The psychometric properties of a tinnitus handicap questionnaire. Ear Hear. (1990) 11:434–45. doi: 10.1097/00003446-199012000-00005

 28. Hiller W. Rapid assessment of tinnitus-related psychological distress using the Mini-TQ. Int J Audiol. (2004) 43:600–4. doi: 10.1080/14992020400050077

 29. Ruckenstein MJ, Hedgepeth C, Rafter KO, Montes ML. Tinnitus suppression in patients with cochlear implants. Otol Neurotol. (2001) 22:200–4. doi: 10.1097/00129492-200103000-00014

 30. Wheeler SL. Tinnitus: a deafhearing phenomenon. Qual Inq. (2015) 21:173–4. doi: 10.1177/1077800414542700 

 31. Lindberg P. Effects of self-control training on tinnitus in a deaf patient—A case study. Cogn Behav Ther. (1988) 17:223–9. doi: 10.1080/16506078809455830 

 32. Di Nardo W, Cantore I, Cianfrone F, Melillo P, Scorpecci A, Paludetti G, et al. Tinnitus modifications after cochlear implantation. Eur Arch Otorhinolaryngol. (2007) 264:1145–9. doi: 10.1007/s00405-007-0352-7

 33. Greenberg D, Meerton L, Graham J. Developing an assessment approach for perceptual changes to tinnitus sound characteristics for adult cochlear implant recipients. Int J Audiol. (2015) 55:392–404. doi: 10.3109/14992027.2016.1172391

 34. Theodoroff SM. Experimental USe of Transcranial Magnetic Stimulation (TMS) to treat tinnitus in a deaf patient. Clin Med Rev Case Rep. (2015) 2:023. doi: 10.23937/2378-3656/1410023 

 35. Matsuzaki S, Oishi N. Severe tinnitus in a patient with acquired deafness for over 50 years: a case report. Biopsychosoc Med. (2018) 12:1–4. doi: 10.1186/s13030-018-0136-x

 36. Di Nardo W, Cianfrone F, Scorpecci A, Cantore I, Giannantonio S, Paludetti G, et al. Transtympanic electrical stimulation for immediate and long-term tinnitus suppression. Int Tinnitus J. (2009) 15:100–106.

 37. Ramakers GG, van Zanten GA, Thomeer HG, Stokroos RJ, Heymans MW. Development and internal validation of a multivariable prediction model for tinnitus recovery following unilateral cochlear implantation: a cross-sectional retrospective study. BMJ Open. (2018) 8:e021068. doi: 10.1136/bmjopen-2017-021068

 38. Todt I, Rademacher G, Mutze S, Ramalingam R, Wolter S, Mittmann P, et al. Relationship between intracochlear electrode position and tinnitus in cochlear implantees. Acta Otolaryngol. (2015) 135:781–5. doi: 10.3109/00016489.2015.1024332

 39. Tyler RS. Tinnitus in the profoundly hearing-impaired and the effects of cochlear implants. Ann Otol Rhinol Laryngol. (1995) 104:25–25.

 40. Dixon PR, Crowson M, Shipp D, Smilsky K, Lin VY, Le T, et al. Predicting reduced tinnitus burden after cochlear implantation in adults. Otol Neurotol. (2020) 41:196–201. doi: 10.1097/MAO.0000000000002481

 41. Kim DK, Moon IS, Lim HJ, Yoo SY, Heo KW, Bae S, et al. Prospective, multicenter study on tinnitus changes after cochlear implantation. Audiol Neurotol. (2016) 21:165–71. doi: 10.1159/000445164

 42. Kim DK, Bae SC, Park KH, Jun BC, Lee DH, Yeo SW, et al. Tinnitus in patients with profound hearing loss and the effect of cochlear implantation. Eur Arch Otorhinolaryngol. (2013) 270:1803–8. doi: 10.1007/s00405-012-2193-2

 43. Knopke S, Gräbel S, Förster-Ruhrmann U, Mazurek B, Szczepek AJ, Olze H. Impact of cochlear implantation on quality of life and mental comorbidity in patients aged 80 years. Laryngoscope. (2016) 126:2811–6. doi: 10.1002/lary.25993

 44. van Zon A, Smulders YE, Ramakers GG, Stegeman I, Smit AL, Van Zanten G, et al. Effect of unilateral and simultaneous bilateral cochlear implantation on tinnitus: a prospective study. Laryngoscope. (2016) 126:956–61. doi: 10.1002/lary.25493

 45. Ketterer MC, Häussler SM, Hildenbrand T, Speck I, Peus D, Rosner B, et al. Binaural hearing rehabilitation improves speech perception, quality of life, tinnitus distress, and psychological comorbidities. Otol Neurotol. (2020) 41:e563–74. doi: 10.1097/MAO.0000000000002590

 46. Rødvik AK, Myhrum M, Larsson EL, Falkenberg ES. Sustained reduction of tinnitus several years after sequential cochlear implantation. Int J Audiol. (2022) 61:322–8. doi: 10.1080/14992027.2021.1939448

 47. Liu Y, Wang H, Han DX, Li MH, Wang Y. Suppression of tinnitus in Chinese patients receiving regular Cochlear implant programming. Ann Otol Rhinol Laryngol. (2016) 125:303–10. doi: 10.1177/0003489415611907

 48. Sarac ET, Batuk MO, Batuk IT. Effects of cochlear implantation on tinnitus and depression. ORL. (2020) 82:209–15. doi: 10.1159/000508137

 49. Pan T, Tyler R, Ji H, Coelho C, Gehringer A. Changes in the tinnitus handicap questionnaire after cochlear implantation. Am J Audiol. (2009) 18:144–51. doi: 10.1044/1059-0889(2009/07-0042)

 50. Pierzycki RH. Insomnia, Anxiety and depression in adult cochlear implant users with tinnitus. Ear Hear. (2021) 42:235–43. doi: 10.1097/AUD.0000000000000900

 51. Henton A. What's the buzz? The neuroscience and the treatment of tinnitus. Physiol Rev. (2021) 101:1609–32. doi: 10.1152/physrev.00029.2020

 52. Yin L, Chen X, Lu X, An Y, Zhang T. An updated meta-analysis: Repetitive transcranial magnetic stimulation for treating tinnitus. J Int Med Res. (2021) 49:0300060521999549. doi: 10.1177/0300060521999549

 53. Lefebvre-Demers M, Doyon N. Non-invasive neuromodulation for tinnitus: A meta-analysis and modeling studies. Brain Stimul. (2021) 14:113–28. doi: 10.1016/j.brs.2020.11.014

 54. Fuller T, Cima R, Langguth B, Mazurek B, Vlaeyen JW. Cognitive behavioural therapy for tinnitus. Cochrane Database Syst Rev. (2020) (1). doi: 10.1002/14651858.CD012614.pub2

 55. Landry EC, Sandoval XCR, Simeone CN, Tidball G, Lea J. Systematic review and network meta-analysis of cognitive and/or behavioral therapies (CBT) for tinnitus. Otol Neurotol. (2020) 41:153–66. doi: 10.1097/MAO.0000000000002472

 56. Henry JA, Griest S, Zaugg TL, Thielman E, Kaelin C, Galvez G, et al. Tinnitus and hearing survey: a screening tool to differentiate bothersome tinnitus from hearing difficulties. Am J Audiol. (2015) 24:66–77. doi: 10.1044/2014_AJA-14-0042

 57. NICE. Cochlear implant for children and adults with severe to profound with severe-to-profound hearing loss. Semin Hear. (2018) 39:390–404. doi: 10.1055/s-0038-1670705

 58. Van de Heyning P, Gavilán J, Godey B, Hagen R, Hagr A, Kameswaran M, et al. Worldwide Variation in Cochlear Implant Candidacy. J Int Adv Otol. (2022) 18:196–202. doi: 10.5152/iao.2022.21470

 59. Schoisswohl S, Langguth B, Schecklmann M, Bernal-Robledano A, Boecking B, Cederroth C, et al. Unification of Treatments and Interventions for Tinnitus Patients (UNITI): a study protocol for a multi-center randomized clinical trial. Trials. (2021) 22:1–16. doi: 10.1186/s13063-021-05835-z

 60. Fackrell K, Stratmann L, Gronlund TA. Top ten hyperacusis research priorities in the UK. Lancet. (2019) 393:404–5. doi: 10.1016/S0140-6736(18)32616-3

 61. Henshaw H, Sharkey L, Crowe D. Research priorities for mild-to-moderate hearing loss in adults. Lancet. (2015) 386:2140–1. doi: 10.1016/S0140-6736(15)01048-X















	 
	

	TYPE Original Research
PUBLISHED 17 November 2022
DOI 10.3389/fnins.2022.1028776





Triple network activation causes tinnitus in patients with sudden sensorineural hearing loss: A model-based volume-entropy analysis

Seung Jae Lee1†, Jaemin Park2†, Sang-Yeon Lee1,3,4, Ja-Won Koo3,4,5, Sven Vanneste6, Dirk De Ridder7, Seonhee Lim2 and Jae-Jin Song3,4,5*

1Department of Otorhinolaryngology-Head and Neck Surgery, Seoul National University Hospital, Seoul, South Korea

2Department of Mathematical Sciences, Seoul National University, Seoul, South Korea

3Department of Otorhinolaryngology-Head and Neck Surgery, Seoul National University College of Medicine, Seoul, South Korea

4Sensory Organ Research Institute, Seoul National University Medical Research Center, Seoul, South Korea

5Department of Otorhinolaryngology-Head and Neck Surgery, Seoul National University Bundang Hospital, Seongnam, South Korea

6Lab for Clinical and Integrative Neuroscience, Trinity College Institute of Neuroscience, Trinity College Dublin, Dublin, Ireland

7Unit of Neurosurgery, Department of Surgical Sciences, Dunedin School of Medicine, University of Otago, Dunedin, New Zealand

[image: image]

OPEN ACCESS

EDITED BY
Jyrki Ahveninen, Massachusetts General Hospital and Harvard Medical School, United States

REVIEWED BY
Song’An Shang, Nanjing Medical University, China
Yingying Shang, Peking Union Medical College Hospital (CAMS), China

*CORRESPONDENCE
Jae-Jin Song, jjsong96@gmail.com

†These authors have contributed equally to this work and share first authorship

SPECIALTY SECTION
This article was submitted to Auditory Cognitive Neuroscience, a section of the journal Frontiers in Neuroscience

RECEIVED 31 August 2022
ACCEPTED 02 November 2022
PUBLISHED 17 November 2022

CITATION
Lee SJ, Park J, Lee S-Y, Koo J-W, Vanneste S, De Ridder D, Lim S and Song J-J (2022) Triple network activation causes tinnitus in patients with sudden sensorineural hearing loss: A model-based volume-entropy analysis.
Front. Neurosci. 16:1028776.
doi: 10.3389/fnins.2022.1028776

COPYRIGHT
© 2022 Lee, Park, Lee, Koo, Vanneste, De Ridder, Lim and Song. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Tinnitus can be defined as the conscious perception of phantom sounds in the absence of corresponding external auditory signals. Tinnitus can develop in the setting of sudden sensorineural hearing loss (SSNHL), but the underlying mechanism is largely unknown. Using electroencephalography, we investigated differences in afferent node capacity between 15 SSNHL patients without tinnitus (NT) and 30 SSNHL patients with tinnitus (T). Where the T group showed increased afferent node capacity in regions constituting a “triple brain network” [default mode network (DMN), central executive network (CEN), and salience network (SN)], the NT group showed increased information flow in regions implicated in temporal auditory processing and noise-canceling pathways. Our results demonstrate that when all components of the triple network are activated due to sudden-onset auditory deprivation, tinnitus ensues. By contrast, auditory processing-associated and tinnitus-suppressing networks are highly activated in the NT group, to overcome the activation of the triple network and effectively suppress the generation of tinnitus.
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Introduction

Tinnitus is a common otologic symptom characterized by the conscious perception of phantom sounds in the absence of corresponding external auditory signals (De Ridder et al., 2021b). The prevalence of tinnitus in the adult population is 10–15% (Henry et al., 2005), and one in five people with the condition experience emotional distress (Eggermont and Roberts, 2004). Several mechanisms for the generation of tinnitus have been suggested at the microscopic, mesoscopic, and macroscopic levels (Eggermont, 2015). Two main types of tinnitus have been described: tinnitus based on deafferentation and tinnitus based on a noise cancelation deficiency (De Ridder et al., 2014c). However, the exact pathophysiology of the disorder remains elusive. Tinnitus has been described in terms of Bayesian brain processing (De Ridder et al., 2014a,2021b,2015, 2021a; Sedley et al., 2016; Vanneste and De Ridder, 2016; Lee et al., 2017, 2020; Mohan et al., 2018; De Ridder and Vanneste, 2021; Lee S. Y. et al., 2021; Song et al., 2021). The Bayesian brain can be conceptualized as a probability machine that constantly makes predictions about the world and updates them based on input from the senses (Knill and Pouget, 2004; Friston, 2010; De Ridder et al., 2014b). The goal of the Bayesian brain is to reduce environmental uncertainty (Knill and Pouget, 2004; Friston, 2010; De Ridder et al., 2014b). This model proposes that tinnitus resolves auditory uncertainty resulting from sensory deprivation (Friston et al., 2014; Vanneste and De Ridder, 2016; Lee et al., 2017). In other words, the brain tries to “fill in” the missing auditory information from auditory memory when deprived of an external signal, resulting in the perception of phantom sounds that are not present in reality (Noreña and Eggermont, 2005; Schecklmann et al., 2012; Lee et al., 2017).

Recently, a “triple brain network” model was proposed to explain the psychopathology of certain cognitive and affective disorders (Menon, 2011). The triple network model proposes that neuropsychiatric disorders can be explained by abnormal interactions within and between three canonical brain networks: a self-representational default mode network (DMN) (Buckner et al., 2008), goal-oriented frontoparietal central executive network (CEN) (Vincent et al., 2008), and behavioral relevance-encoding salience network (SN) (Seeley et al., 2007). The DMN is activated when individuals are internally oriented, exemplified by the “wandering mind” concept (Shulman et al., 1997; Mason et al., 2007; Christoff et al., 2016), whereas the CEN, also known as the frontoparietal control system (Vincent et al., 2008; Cole et al., 2014); is associated with externally directed cognitive behaviors. Normally, the DMN and CEN are anticorrelated (Menon, 2011). The SN processes sensory, emotional, and cognitive information simultaneously and acts as a switch between the anticorrelated DMN and CEN; in this manner, it integrates and balances internal psychological processes with external stimulus–oriented cognitive and affective pathways (Fox et al., 2005; Menon, 2011, 2018; Goulden et al., 2014). However, when all components of the triple network are activated, the anticorrelation between the DMN and CEN is disrupted, and the SN erroneously ascribes meaning to unimportant external stimuli; this leads to neurophysiological dysfunction in the brain.

Sudden sensorineural hearing loss (SSNHL) is defined as an idiopathic acute hearing impairment (>30 dB loss) across three contiguous frequencies in a pure-tone audiogram occurring within 72 h (Conlin and Parnes, 2007; Chau et al., 2010). The development of tinnitus in subjects with SSNHL can be explained by the abovementioned Bayesian brain model; the brain attempts to compensate for prediction errors by retrieving previously stored auditory memories from the parahippocampal gyrus (PHC) after the sudden loss of auditory input (Lee et al., 2020). According to this perspective, prior auditory experience is necessary for the generation of tinnitus in patients with hearing loss; tinnitus is absent in patients with congenital single-sided deafness (SSD), while it is relatively frequent among those with acquired SSD (Lee et al., 2017; Lee J. M. et al., 2021).

A volume entropy model has been developed to statistically compare the quantity of information flow between hearing loss patients with and without tinnitus (Song et al., 2021). The volume entropy model calculates the exponential growth rate of network pathways by converting distributions of cortical activities derived from quantitative electroencephalography (qEEG) into mathematical information (Lim, 2008). Information inflow and outflow in certain brain cortical areas (i.e., nodes and vertices) are computed if the region is activated after the execution of certain behaviors. Specifically, the global and local efficiency of information flow is represented as volume entropy and afferent node capacity, respectively (Lee H. et al., 2019; Song et al., 2021).

In this study, we investigated the mechanism underlying the selective generation of tinnitus in patients with SSNHL and hypothesized that, in an SSNHL with tinnitus (T) group, tinnitus is caused by changes in the triple network. We further hypothesized that, in an SSNHL without tinnitus (NT) group, tinnitus does not occur due to the deactivation of areas associated with the generation of tinnitus and activation of cortical pathways involved in tinnitus suppression. In summary, a volume entropy model was applied to compare resting-state qEEG data among Brodmann areas (BAs) showing significant differences in information flow between T and NT groups and to elucidate the mechanisms underlying tinnitus generation and suppression.



Materials and methods


Participants

We retrospectively reviewed the medical records of patients with unilateral SSNHL who visited the outpatient clinic of Seoul National University Bundang Hospital (SNUBH) between September 2014 and June 2021. In total, 15 patients (6 males and 9 females) who met the diagnostic criteria for unilateral SSNHL but did not complain of tinnitus were recruited to the NT group. The average hearing threshold [average of the pure-tone audiometry (PTA) thresholds at 500, 1,000, 2,000, and 4,000 Hz] of the NT group for the contralesional normal ear was 21.4 ± 10.6 dB HL. The mean age of the patients in the NT group was 60.1 ± 17.1 years (range: 29–78 years), and six of them (40.0%) complained of right-sided hearing loss. The mean duration of deafness was 29.2 ± 30.8 months.

The comparison (T) group initially comprised 65 patients presenting with both unilateral SSNHL and tinnitus, as identified in the SNUBH database. These patients were matched with those in the NT group based on sex and the average hearing threshold on the contralesional (symptom-free) side. In total, 35 patients were excluded due to bilateral hearing loss >40 dB HL or underlying otologic diseases; the 30 remaining patients (12 males and 18 females) had an average contralesional hearing threshold of 19.8 ± 9.9 dB HL and mean age of 55.2 ± 10.8 years (range: 38–77 years). The mean PTA threshold of all frequencies (measured at 250, 500, 1,000, 2,000, 4,000, and 8,000 Hz bilaterally) on both the lesional and contralesional sides was not significantly different between the T and NT groups. All but one patient (96.7%) in the T group showed left-sided symptoms. The mean duration of deafness in the T group was 13.0 ± 19.8 months, which was significantly different compared to that in the NT group (p-value = 0.022, Mann–Whitney test). Detailed demographic and audiological characteristics of the study subjects are listed in Table 1. Subjects with chronic otitis media, otosclerosis, Meniere’s disease, vestibular schwannoma, psychiatric/neurological diseases, a history of drug or alcohol abuse, and/or a history of head trauma were excluded from the study, which was approved by the Institutional Review Board (IRB) of SNUBH (IRB No. B-2112-725-103). The requirement for informed consent was waived.


TABLE 1    Demographic and audiological characteristics of the study participants.
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Electroencephalography recording

The EEG data acquisition and preprocessing procedures were conducted according to our previously reported protocols (Kim et al., 2016; Song et al., 2017; Han et al., 2018; Lee S. Y. et al., 2019). Prior to EEG recording, the participants were instructed not to drink alcohol for 24 h, and to avoid caffeinated beverages on the day of recording to preclude alcohol-induced changes in the EEG signal and caffeine-induced reductions in alpha and beta power, respectively (Siepmann and Kirch, 2002; Korucuoglu et al., 2016).

Electroencephalograms were recorded over 5 min using a tin electrode cap (Electro-Cap International Inc., Eaton, OH, USA), EEG-201 amplifier (Mitsar, St. Petersburg, Russia), and WinEEG software (version 2.84.44; Mitsar), in a fully lit room shielded from sound and stray electric fields. During recording, each patient sat upright with the eyes closed. Nineteen electrodes were placed according to the 10–20 system of electrode placement and referenced to linked ears. The impedance of all electrodes was kept below 5 kΩ during EEG recording. The vigilance of the participants was meticulously monitored by checking for abnormal EEG patterns, including slowing of the alpha rhythm or the emergence of sleep spindles (Moazami-Goudarzi et al., 2010). Data were obtained at a sampling rate of 1,024 Hz, and filtered using a high-pass filter with a cutoff of 0.15 Hz and low-pass filter with a cutoff of 200 Hz. The raw data were resampled to 128 Hz, band-pass filtered using a fast Fourier transform filter with a Hanning window at 2–44 Hz, and transposed into Eureka! Software (Sherlin and Congedo, 2005). All episodic artifacts, such as eye movements and blinks, body movements, teeth clenching, and electrocardiogram artifacts, were carefully inspected and removed. An independent component analysis (ICA) was performed to verify that all artifacts had been fully removed. The power spectra were compared after removing visual artifacts, and then after removing visual artifacts and performing ICA; there were no significant differences in the mean power of the delta (2–3.5 Hz), theta (4–7.5 Hz), alpha 1 (8–10 Hz), alpha 2 (10–12 Hz), beta 1 (13–18 Hz), beta 2 (18.5–21 Hz), beta 3 (21.5–30 Hz), or gamma (30.5–44 Hz) frequency bands between the two approaches (Kim et al., 2016; Song et al., 2017; Han et al., 2018; Lee et al., 2020). All of the results reported herein were obtained after applying the two-step artifact correction process, and average Fourier cross-spectral matrices were computed for the aforementioned bands (from delta to gamma). No patients exhibited abnormal EEG patterns during the measurements.



Source localization analysis

Standardized low-resolution brain electromagnetic tomography (sLORETA) was used to estimate the intracerebral electrical sources that generated the scalp-recorded activity in each of the eight frequency bands (Pascual-Marqui, 2002). sLORETA computes neuronal activity in current density (A/m2) without assuming a predefined number of active sources. The solution space used in this study is implemented in the LORETA-Key software.1 The sLORETA-key template consists of 6,239 voxels (voxel size: 5 × 5 × 5 mm) and is restricted to cortical gray matter and hippocampi, as defined by the digitized Montreal Neurological Institute (MNI) 152 template (Fuchs et al., 2002). Scalp electrode coordinates on the MNI brain are referred from the international 5% system (Jurcak et al., 2007).

The analysis procedures were conducted for both the T and NT groups on the average EEG data at sensor level (19 electrodes) and on average EEG data that was source-localized to a specific set of regions of interest (ROI) (84 BAs).



Metric graph

The network in this study was modeled as a fully connected undirected graph with 84 nodes and 3,486 undirected edges. Each node of the network represents a BA. The lagged coherence between a pair of BAs provides a weight for the edge that connects them. Weighted and binary graph models are frequently used for modeling brain networks (Mohan et al., 2016). This study focused primarily on the geometric properties of brain networks. In the metric graph, edge lengths are assigned based on the multiplicative inverse of the lagged linear coherence between the endpoints of the edges. This assignment method is in turn based on the relationship between conductance and resistance in the electric network. The edge lengths induce the path metric, which is defined by the infimum of the total lengths of the paths between two points.



Volume entropy

As a metric graph, the brain network is not cyclic and has no terminal vertices. The volume entropy, denoted by hvol, is calculated using the following equation:

[image: image]

where Nr is the number of edge paths in X (without backtracking), the total length of which is less than r. In other words, the volume entropy is equal to the asymptotic exponential growth rate of the number of edge paths, and Nr becomes closer to ehvolr as r approaches ∞.

Although volume entropy is defined abstractly in mathematical terms, we can compute it algorithmically. We first defined a matrix L(h) with rows and columns indexed by directed edges in graph X, as follows:
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Here, t(e) (i(e), respectively) is the terminal and initial node of e, respectively.

Regarding the spectral properties of L(h), the largest eigenvalue of L(0) is a positive real number >1. As h increases, the largest absolute eigenvalue of L(h) decreases. Therefore, there is a unique positive constant h, such that the largest absolute eigenvalue of L(h) is 1. The constant h is equal to the volume entropy hvol of X (Lim, 2008).



Afferent node capacity

The eigenvector x(xe) of L(hvol) associated with an eigenvalue of 1, which is determined uniquely, assigns a positive value to each directed edge. We call these positive values the edge capacities, which are associated with volume entropy hvol. The edge capacity indicates the extent to which the edge affects the spread of information in the brain network.

It follows from the definition of L(hvol) that two directed edges with the same terminal node have similar edge capacities if the graph has rich connections. Because we modeled the brain network as a fully connected network, this property can be observed therein. We converted the edge capacities of directed edges with the same terminal node to the node capacity of their terminal node by summing the edge capacities. The resulting node capacity becomes a new local measure of nodes, and thus also of BAs; we call this local measure the afferent node capacity. The efferent node capacity can be determined by summing the edge capacities of edges with identical initial nodes. However, the efferent node capacity cannot be used as a local measure of BAs, because its value does not vary according to the edge capacity.

One way to interpret edge paths in a brain network is to regard them as information flows. Volume entropy can then be used to investigate information flow along the edges after a sufficient amount of time has passed. Related to the volume entropy, the afferent node capacity of a given node becomes larger when information frequently flows through the node. The volume entropy and afferent node capacity are highly related to each other and serve as global and local network measures, respectively. An alternative method to convert functional data on the edges to node data is discussed in a previous study (Lee H. et al., 2019).



Statistical analysis

For each BA and frequency band, we used a permutation test to determine the difference in distribution of afferent node capacities between the T and NT groups. The permutation test is the most powerful and intuitive nonparametric statistical approach and is particularly useful for small samples. Because the relatively small size of our dataset made it difficult to analyze the data distribution, the permutation test was considered appropriate. We compared the average afferent node capacity between the two groups under the assumption that the samples were identically distributed. We used 10,000 permutations and a significance level of p < 0.05 when comparing volume entropy and afferent node capacity between the two groups. The statistical analysis was performed using Python software (version 3.7.0; Python Software Foundation, Beaverton, OR, USA).




Results


Comparison of the volume entropy between the sudden sensorineural hearing loss-with tinnitus and sudden sensorineural hearing loss-without tinnitus groups

The distributions of volume entropy in the T and NT groups are illustrated in Figure 1. The statistical analysis revealed that volume entropy was significantly higher in the T than NT group for the beta 2 frequency band. For the other seven frequency bands, no statistically significant differences were observed between the two groups. From these results, it can be inferred that there was an increase in the overall information flow for the beta 2 frequency band in the T group.
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FIGURE 1
Histograms showing the distribution of volume entropy for each frequency band in the sensorineural hearing loss with tinnitus (T; red) and sensorineural hearing loss without tinnitus (NT; black) groups. The red and black vertical lines indicate the average volume entropy in the T and NT groups, respectively.




Comparison of afferent node capacity between the sudden sensorineural hearing loss-with tinnitus and sudden sensorineural hearing loss-without tinnitus groups

The comparisons of afferent node capacity between the T and NT groups for all eight frequency bands are summarized in Figure 2. For 14 ROIs for all frequency bands except alpha 2 and beta 3, significantly higher afferent node capacities were seen in the T group, while for 9 ROIs for the delta, alpha 2, beta 2, and gamma frequency bands, afferent node capacities were higher in the NT group. The afferent node capacities for all ROIs, and for ROIs in which afferent node capacity differed significantly between the two groups, are illustrated in Figure 3, respectively.
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FIGURE 2
Frequency bands in Brodmann areas (BAs) showing differences in afferent node capacity between the sudden sensorineural hearing loss patients with tinnitus (T) and sudden sensorineural hearing loss patients without tinnitus (NT) (p < 0.05). The red and black lines represent the T and NT groups, respectively. The black vertical lines denote BAs in which the frequency bands showed significant group differences. The figures were generated using the Nilearn (version 0.2.5) Python package.



[image: image]

FIGURE 3
Afferent node capacity in all regions of interest in Brodmann areas, for all frequency bands (p < 0.05). The figures were generated using the Nilearn (version 0.2.5) Python package. The color scales of blue dots represent the average afferent node capacities at each Brodmann area of the sudden sensorineural hearing loss patients with- and without tinnitus groups; darker dots represent higher afferent node capacity.


In the T group, the afferent node capacity was significantly higher in the left superior parietal sulcus (SPS, BA05), left PHC (BA36), and left angular gyrus (AG, BA39) for the delta band; right temporal pole (TP, BA39) for the theta band; and right SPS (BA05), right secondary visual cortex (V2, BA18), right dorsal anterior cingulate cortex (dACC, BA24), right posterior cingulate cortex (PCC, BA31), right pregenual anterior cingulate cortex (prACC, BA32), and right intraparietal sulcus (IPS, BA40) for the alpha 1 band. The right dACC (BA24) and left medial temporal gyrus (MTG, BA21) showed significantly higher afferent node capacities for the beta 1 and beta 2 bands, respectively. For the gamma frequency band, the afferent node capacity of the T group was significantly higher than that of the NT group in the left occipitotemporal cortex (OTC, BA37), left TP (BA38), and right AG (BA39). By contrast, for the ROIs in the NT group other than those mentioned above, afferent node capacity was significantly higher compared to the T group. In detail, higher afferent node capacity was observed in the right insula (BA13), right MTG (BA21), right superior temporal gyrus (STG, BA22), and right subgenual anterior cingulate cortex (sgACC, BA25) for the delta band; right STG (BA22), right sgACC (BA25) and right retrosplenial cortex (RSC1, BA29) for the alpha 2 band; left hippocampal area (HIP1, BA28) for the beta 2 band; and left insula (BA13), left sgACC (BA25), right insula (BA13), and right primary visual cortex (V1, BA17) for the gamma band.




Discussion

Many psychological disorders, such as depression, anxiety, and schizophrenia, are caused by aberrant neural activity or functional connectivity within the triple network (Menon, 2011; Sha et al., 2019). The triple brain network has recently been implicated in tinnitus (De Ridder et al., 2022), but proof of its involvement is lacking. Tinnitus is commonly accompanied by underlying comorbidities such as presbycusis (Gibrin et al., 2013) and SSNHL; the rate of comorbid tinnitus in the latter condition is 66–93% (Ding et al., 2018).

Herein, we compared the volume entropy and afferent node capacity of 84 ROIs between T and NT groups via linear connectivity analysis of eight resting-state qEEG frequency bands. The T group had significantly higher volume entropy in the beta 2 frequency band than the NT group. The T group had significantly higher afferent node capacities in the left SPS, left PHC2, and left AG than the NT group for the delta frequency band, while the NT group had significantly higher afferent node capacities in the right insula, right MTG, right STG, and right sgACC. For the theta frequency band, the T group had significantly higher afferent node capacity in the right TP. For the alpha 1 frequency band, the T group had significantly higher afferent node capacities in the right SPS, right dACC, right PCC2, right prACC, and right IPS, while the NT group had significantly higher afferent node capacities in the right STG and right sgACC for the alpha 2 band. For the beta 1 band, the T group showed significantly higher afferent node capacity in the right dACC. For the gamma frequency band, the T group showed significantly higher afferent node capacities in the left TP and right AG, while the NT group demonstrated higher afferent node capacities in the left and right insula, and left sgACC. Overall, the T and NT groups showed different patterns of neural information flow in various frequency bands.


New insight into the generation of tinnitus in patients with sudden sensorineural hearing loss provided by a triple network model

As described above, the T group had significantly higher afferent node capacities in the left and right AG for the delta and gamma frequency bands, respectively, as well as in the right PCC for the alpha 1 frequency band, and left and right TP for the theta and gamma frequency bands, respectively. The AG, PCC, and TP are responsible for the activation of, or are functionally connected with, the DMN (Fransson and Marrelec, 2008; Seghier, 2013; Hu et al., 2017). The PCC is a core element of the DMN; it shows elevated metabolic activity when an individual is not focused on the outside world, and decreased activity during attention-demanding tasks (Shulman et al., 1997; Raichle et al., 2001). The TP may be crucial for socioemotional processes and disorders; it is a component of the dorsomedial prefrontal cortex, which is composed of various DMN networks (Olson et al., 2007; Andrews-Hanna et al., 2010). Laird et al. (2009) demonstrated that the bilateral AGs in the DMN network are engaged in dynamic self-referencing processes in the resting state, and Binder et al. (1999) similarly observed activation of the AG during task-free semantic and conceptual processing at rest (Binder et al., 1999; Laird et al., 2009). These findings can be interpreted in the context of the volume entropy model: DMN regions may have been activated to a greater degree in the T than NT group.

The posterior parietal cortex (PPC), which is located between the visual and somatosensory cortices, is a major domain in the human brain cortex, along with the temporal and prefrontal cortices. It consists of the SPS (BA05), superior parietal gyrus (SPG; BA07), AG (BA39), and IPS (BA40) (Whitlock, 2017). Key nodes of the CEN that participate in goal-directed judgments and decision-making include the dorsolateral prefrontal cortex (DPC) and PPC (Müller and Knight, 2006; Koechlin and Summerfield, 2007; White et al., 2010). In our study, significantly higher afferent node capacities in the T than NT group were observed in the bilateral SPS and right IPS, which are both part of the CEN. Similarly, significantly higher afferent node capacities were seen in the T group in the right prACC and right dACC, which are key components of the SN (Seeley et al., 2007; Sturm et al., 2021). The SN functions as a large-scale brain network involved in the detection of salient external stimuli, such as tinnitus.

Tinnitus seems to be the consequence of increased activity in the triple network, which has also been implicated in Bayesian processing. Predictions are generated in the DMN during the resting state (Pezzulo et al., 2021), while prediction errors are computed in the left insula (SN) (Ficco et al., 2021) and left DPC and ventrolateral prefrontal cortex (CEN) (Ficco et al., 2021). Prediction errors generated by the left SN prompt the goal-oriented CEN to reduce uncertainty. The CEN subsequently generates new predictions based on intentions, and new prediction errors are detected by the left SN via active sampling of the environment.

The DMN and frontoparietal network are essential for the conscious perception of stimuli. Studies of patients with loss of consciousness have demonstrated that auditory stimuli can reach the auditory cortex, but for conscious awareness thereof the auditory cortex must be functionally connected to consciousness-enabling networks (Boly et al., 2004, 2005; Laureys et al., 2004; Demertzi et al., 2012) such as the DMN and frontoparietal network (Demertzi et al., 2012; Akeju et al., 2014). Furthermore, auditory stimuli only enter into conscious awareness when certain networks are coactivated (Boly et al., 2008; Sadaghiani et al., 2009). All components of the triple network are important for the conscious awareness of internally generated phantom sounds.



Activation of auditory processing and noise-canceling pathways in sudden sensorineural hearing loss patients without tinnitus

Regardless of whether tinnitus is generated by peripheral or central neural networks along auditory pathways, specific functional cortical regions are involved (Jastreboff, 1990). A recent meta-analysis of studies that have investigated tinnitus-related abnormalities in brain structures and functions demonstrated that temporal gyrus regions, such as the STG and MTG, are crucial for simple peripheral auditory processing and semantic memory (Cheng et al., 2020). Moreover, the connections of the temporal gyrus with the primary auditory cortex and frontal lobe constitute hierarchical structures necessary for the execution of auditory processing (Ishishita et al., 2019). In particular, the temporal lobes are highly activated in patients whose tinnitus is suppressed by narrowband noise or lidocaine injections (Mirz, 2000). Similar to the temporal gyrus, the insula plays a role in auditory temporal processing, as does the central auditory nervous system (which is also involved in speech perception). Aspects of temporal processing involving the insula include organization of acoustic stimuli into meaningful sound units, frequency discrimination, and sound localization (Bamiou et al., 2003). Increased information flow in auditory pathways indicates intentional modification of neural projections to promote auditory processing and reduce the influence of the tinnitus-generating network. Our results accord with those findings in that we found significantly higher afferent node capacities of the right STG, right MTG, and right insula for the delta frequency band; right STG for the alpha 2 frequency band; and both insulae for the gamma frequency band in the NT group. Activation of auditory pathways strongly implies that the temporal gyrus and insula serve as central processing units, compensate for auditory deafferentation in patients with SSNHL, and prevent the generation of tinnitus.

The sgACC extends into the nucleus accumbens-ventral tegmental area and is involved in the processing of aversive sounds (particularly tinnitus) and social distress (Mühlau et al., 2006; Vanneste and De Ridder, 2012). Neuroimaging studies have demonstrated involvement of the limbic system in tinnitus, and a “dysfunctional noise-canceling mechanism” has been proposed (Rauschecker et al., 2010). According to this concept, patients perceive tinnitus only if the noise-canceling system malfunctions, and thus fails to suppress the tinnitus signal produced by auditory cortical changes. Together, the ACCs (particularly the pregenual and rostral ACCs and sgACC) and anterior insula may comprise the noise-canceling system (Rauschecker et al., 2010; De Ridder et al., 2012; Song et al., 2015). In our study, higher afferent node capacities were observed in the right sgACC for the delta and alpha 2 frequency bands, and left sgACC for the gamma frequency band, in the NT group; this suggests that both sides of the sgACC were activated in the NT group, thereby triggering the noise-canceling system and disrupting the tinnitus-generating pathway. In other words, the sgACC may be the core region of what has been described as the “descending noise-canceling pathway,” such that upregulation thereof may suppress tinnitus. These results are in accordance with a transcranial neuromodulation study demonstrating an inhibitory effect on tinnitus of pgACC and rostral ACC activity modulation (Vanneste and De Ridder, 2011).



Study strengths and limitations

Using a volume entropy model, this study demonstrated differences in information flow and afferent node capacity between SSNHL patients with and without tinnitus. The application of our volume entropy model in conjunction with the triple network model could reveal the factors responsible for the selective generation of tinnitus in patients with SSNHL. When information flow is increased in regions of the DMN and CEN after sudden-onset hearing loss, the anticorrelation between the DMN and CEN is disrupted, and the SN perceives tinnitus as normal (and thus generates symptoms, as seen in our T group). However, tinnitus will not be perceived when the information flow auditory network is activated to a greater extent than the tinnitus-generating triple network, and tinnitus generation will be effectively blocked after the activation of noise-canceling pathways (as seen in the NT group). Noninvasive neuromodulation techniques, such as transcranial magnetic stimulation and direct current stimulation, have shown promising results in studies of tinnitus when applied to temporoparietal and prefrontal cortical regions (De Ridder et al., 2005; Joos et al., 2014; Ciminelli et al., 2020). By applying these techniques to triple network regions in studies based on our volume entropy model, new treatment protocols may emerge involving the deactivation of tinnitus-generating regions simultaneous with activation of tinnitus-suppressing regions. In this manner, the outcomes of refractory tinnitus could be improved. Our findings could lead to personalized therapies for patients with tinnitus, particularly those who have experienced sudden hearing loss.

This study also had several limitations. First, due to the relative scarcity of SSNHL patients without tinnitus, the NT group was not large enough for a detailed analysis of the distribution of information flow, which may have reduced the statistical significance of the comparison of afferent node capacity among regions. Follow-up studies including more subjects are warranted to validate our findings. Second, the laterality of the SSNHL could not be fully matched between the T group and NT group due to the limited number of subjects with SSNHL without tinnitus. Because the laterality of the deafness can affect the cortical plastic changes and the oscillatory patterns are different between left- and right-sided tinnitus according to our own previous report (Vanneste et al., 2011), future studies controlling for the laterality of hearing loss should be performed to check the replicability of the current study. Also, as summarized in Table 1, the duration of deafness showed significant differences between the two groups due to the paucity of subjects with SSNHL without tinnitus. Therefore, future follow-up studies utilizing larger subject groups matched for the duration of deafness are warranted. Third, the activities of certain cortical regions not associated with tinnitus were highly correlated in our study. For instance, higher afferent node capacity was observed in the right V2 (BA18) for the alpha 1 frequency band in the T group, whereas significantly higher afferent node capacity in the right V1 (17R) was seen for the gamma frequency band in the NT group. The visual cortex is not involved in generation of tinnitus but could play a role in the multisensory processing of auditory stimuli (Kanaya and Yokosawa, 2011; Rohe et al., 2019). Therefore, future studies should evaluate the potential role of the visual cortices in the generation or suppression of tinnitus. Fourth, the frequency spectrum was limited to the traditional frequency bands; extending it to include the infraslow (0.01–0.1 Hz) and slow (0.1–1 Hz) bands may yield additional relevant information, but studies with larger study populations are required to test this due to the problem of multiple comparisons. Fifth, we did not check for anticorrelations within and between components of the triple network, which may have provided a more complete picture of the interactions of auditory areas with the triple network and noise-canceling system. However, this would require analysis of the infraslow band; most research of this nature is based on functional magnetic resonance imaging, where the BOLD signal correlates with the infraslow EEG band (Pan et al., 2013; Thompson et al., 2014; Grooms et al., 2017). Sixth, state-of-the-art functional cortical atlas such as the gradient-weighted Markov Random Field (gwMRF) model combining the local gradient and global similarity approaches for the functional classification of human cerebral cortex (Schaefer et al., 2018) may be advantageous over BA-based ROI mapping. Future studies based on the recently developed functional atlas to check the replicability of the current study are warranted.




Conclusion

Using a volume entropy model of the brain, we showed that activity within the triple network (comprising the DMN, CEN, and SN) has a major role in the selective generation of tinnitus after sudden hearing loss. By contrast, tinnitus-suppressing networks (i.e., networks activating both temporal auditory processing and noise-canceling pathways) exhibited activity surpassing that of the triple network in our NT group, thereby effectively blocking tinnitus generation. This study could inform neuromodulatory treatments for tinnitus targeting the triple network.
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Subjective tinnitus is a perceived sound in the absence of any objective sound source. This phantom perception has severe consequences, ranging from insomnia to depression or even suicide. Furthermore, tinnitus is assumed to accelerate cognitive decline. However, a recent study showed that in non-hispanic elderly people, tinnitus is associated with a better cognitive function compared to an age- matched control group.

This finding is counter-intuitive, as tinnitus is highly correlated with hearing loss, and hearing loss is highly correlated with cognitive decline. So how is it possible that a phantom sound causing unwanted and severe side effects is associated with decreased cognitive decline?

We argue that tinnitus is a side effect of a processing mechanism in the auditory system to compensate for reduced auditory input by exploiting a phenomenon called stochastic resonance. In particular, the auditory system uses internally generated neural noise from the somatosensory system to lift a sub-threshold auditory signal above the detection threshold. We could already show in computer simulations that this mechanism has the potential to significantly increase speech perception in hearing impaired people.

We hypothesize that the decreased cognitive decline is a direct consequence of an improved speech perception and less cognitive deprivation due to the stochastic resonance based mechanism of improving hearing ability and speech perception on the one hand and as a side effect causing tinnitus on the other hand.


Introduction

In our aging society the impairment of cognitive functions named cognitive decline is a big issue that recently gets a lot of attention (see e.g., Burns and Zaudig, 2002; kulak-Bejda et al., 2021). However, cognition is an abstract concept (Morris et al., 1999), which summarizes a lot of different cognitive functions such as processing speed, memory, reasoning, and executive functions such as speech production (Deary et al., 2009). These functions are tested with a bunch of different tasks, such as tests on oral naming of pictures, the recognition of animal silhouettes, or tests on verbal fluency, to test phonological as well as semantic cognitive abilities (Bird et al., 2004; Cullen et al., 2007). It is common knowledge that in elderly people cognitive function are more and more decreased, although it is not obvious which exact factors lead to the cognitive decline. Thus, e.g., dementia leads to cognitive decline, but cognitive decline in turn can also drive dementia worsening (Marioni et al., 2015). Already in 1989, it has been shown that hearing loss can increase the probability of dementia in elderly people (Uhlmann et al., 1989), suggesting that hearing loss plays a crucial role in age related cognitive decline.



Hearing loss reduces speech perception and cognitive performance

Hearing loss is an important factor driving cognitive decline through several pathways (Uhlmann et al., 1989; Lin et al., 2013; Fortunato et al., 2016; Uchida et al., 2019). Up to now, it is not entirely clear via which mechanism hearing loss promotes cognitive decline (Fulton et al., 2015; Jafari et al., 2021). There exist four major theories trying to explain the correlation of hearing loss and cognitive decline: the cognitive-load-on perception-hypothesis, the common-cause-hypothesis, the sensory-deprivation-hypothesis, and the information-degradation-hypothesis (Wayne and Johnsrude, 2015).

The cognitive-load-on-perception hypothesis, which suggests that hearing loss is a result of cognitive decline does not fit to most of the observations (see e.g., Lindenberger and Baltes, 1994).

The common-cause-hypothesis suggests an unknown cause leading coincidentally to cognitive decline as well as hearing loss. However, it is not clear which cause this could be (Wayne and Johnsrude, 2015) and thus, also this theory has low explanatory power.

The sensory-deprivation-theory explains cognitive decline as a direct consequence of sensory deprivation, which means that neuroplastic changes occur, which favor sensory perception at the expense of worse general cognitive resources. As language is the dominant medium for transmission and processing of information in humans (Kemmerer, 2014), it is likely that a necessary compensation for impaired speech perception is highly related to cognitive decline (Lin et al., 2013).

A similar theory—the information-degradation-theory—proposes that in elderly people, the de- creased sensory input and especially degraded speech perception is compensated by the recruitment of further cognitive resources. Thus, these resources cannot be used for higher cognitive tasks finally resulting in cognitive decline again, which might be reversible (Wayne and Johnsrude, 2015).

The central role of speech perception in cognitive decline is emphasized by the fact that worsened speech perception causes a cascade of secondary effects such as a loss of communicative skills, which consequently causes social isolation and finally depression (Amieva et al., 2015; Fortunato et al., 2016). In summary, it can be stated that no matter which hypothesis may explain the connection of hearing loss and cognitive decline best, speech perception might play a crucial role.



Tinnitus, hearing loss, and stochastic resonance

It is a broad consensus that not only cognitive decline correlates with impaired hearing, but also tinnitus is mutually induced by or at least related to hearing loss (Konig et al., 2006; Savastano, 2008; Schaette and Kempter, 2012).

However, cochlear damage related to tinnitus does not necessarily lead to increased pure tone thresholds, but can be detected by electrophysiological measurements such as brainstem evoked response audiometry or speech in noise comprehension tests (Schaette and McAlpine, 2011; Paul et al., 2017; Bakay et al., 2018; Tziridis et al., 2021).

Note that, there exist many different models, which try to explain tinnitus development, including models based on e.g., decreased lateral inhibition (Gerken, 1996; Eggermont, 2003), thalamic gating (Rauschecker et al., 2010) or top-down models based on the Bayesian brain hypothesis (Sedley et al., 2016). However, here we want to focus on the two most advanced bottom-up models, which include already a solid mathematical and computational background: the central gain hypothesis (Norena, 2011; Auerbach et al., 2014) and the central noise hypothesis (Zeng, 2013, 2020).

According to the central gain model, tinnitus is caused by an increased sensitivity along the auditory pathway, in most cases as a result of homeostatic plasticity (Roberts, 2018), which increases the input sensitivity of neurons via several mechanisms. Unfortunately, this model only states that auditory input is somehow amplified, however, it does not explain, how the neural correlate of a persistent auditory phantom percept looks like.

A more recent model is the so called central noise model developed by Zeng (2013, 2020). In contrast to the central gain model, where the input signal is further amplified, the central noise model suggests that internally generated neural noise is added to the signal to increase the mean firing rates of neurons along the auditory pathway. However, it was not completely clear why internally generated neural noise is advantageous for auditory processing.

Starting in 2016, in a number of papers, we proposed an advancement of the central noise hypothesis (Krauss et al., 2016, 2017, 2018, 2019; Schilling et al., 2021a) and its consequences (Krauss and Tziridis, 2021; Schilling et al., 2022a). In particular, we proposed stochastic resonance to be the critical mechanism behind the central noise hypothesis. Thus, the auditory system mutually accounts for decreased cochlear input by the addition of neural noise, which stochastically lifts auditory signals above the detection threshold. Therefore, the addition of neural noise does counter- intuitively not mask the auditory input, but on the contrary improves the detection threshold (for details of the model see Krauss et al., 2016; Schilling et al., 2022b). Our model further suggests a feedback-loop in the cochlear nucleus, which continuously adjusts the amount of added noise by evaluating the information content of the neural signal. We could demonstrate that the signal's auto-correlation, may serve as a good estimate to quantify the amount of information (Krauss et al., 2017). Furthermore, the internally generated neural noise probably originates in the somato-sensory system, which is known to be connected to the dorsal cochlear nucleus (DCN) (Young et al., 1995; Shore and Zhou, 2006; Dehmel et al., 2012). Indeed cross-modal stochastic resonance is a universal principle to enhance sensory processing (Krauss et al., 2018) and can be found in different sensory modalities (cf. Manjarrez et al., 2007; Lugo et al., 2008; Ai et al., 2009; M'endez-Balbuena et al., 2015; Yashima et al., 2021). The stochastic resonance model predicts that the hearing ability is partly restored by the addition of the neural noise. Therefore, a slightly better hearing ability of tinnitus patients compared to an age-matched non-tinnitus group was a crucial prediction of our model, which we could actually confirm by analyzing patient data (Krauss et al., 2016; Gollnast et al., 2017), and with a newly developed animal paradigm to simulate transient hearing loss (Krauss and Tziridis, 2021). The improvement is around 5 dB pure-tone threshold decrease, which is not a huge benefit for every-day life. These insights eventually led us to develop a completely new treatment strategy for tinnitus: spectrally matched near-threshold noise significantly attenuated subjective tinnitus loudness in two pilot studies (Schilling et al., 2021b; Tziridis et al., 2022).

As described above, pure-tone audiometry is only one side of the whole truth. Tinnitus is always related to a measurable or a hidden hearing loss, which is more difficult to detect. A potential way to detect a hidden hearing losses is to check for the efficiency of the auditory system to process complex spectral temporal cues such as speech. Thus, hidden hearing loss is often diagnosed using speech or speech in noise comprehension tasks (Barbee et al., 2018; Monaghan et al., 2020). The stochastic resonance model suggests that the neural noise improves hearing and thus also leads to a better speech in noise comprehension. However, Oosterloo et al. (2020) found a decreased performance in a speech in noise detection task for people with tinnitus compared to a control-group without tinnitus. Also other studies point into this direction (Huang et al., 2007; Moon et al., 2015).

At a first glance this finding contradicts the central noise or stochastic resonance model, respectively. However, the mentioned studies report only a small effect size, which is only present at very high hearing losses above 25 dB. For lower hearing losses, the tinnitus group performs equally well or even slightly better than the non-tinnitus group.

Furthermore, many novel studies argue that in older studies the effect of hearing loss and tinnitus itself were not sufficiently decomposed. For example, Oosterloo et al. (2020) state “studies thus far have not been able to disentangle tinnitus, hearing loss, and speech in noise intelligibility”. Finally, Hamza and Zeng (2021) criticize that “most studies did not control for potential interactive factors such as age, sex, race, hearing loss, education, anxiety, depression, and physical wellbeing”.

To further investigate the effect of intrinsic neural noise on speech perception in an impaired auditory system, we have chosen a cognitive computational neuroscience (CCN) approach (Krauss and Schilling, 2020; Schilling et al., 2022b). Thus, we implemented a hybrid neural network, where the cochlea was modeled as parallel bandpass filters and the DCN as a layer of Leaky-Integrate-and-Fire (LIF) neurons. Higher brain structures were modeled as deep convolutional neural network (Schilling et al., 2022a). This hybrid neural network was trained on word recognition using a custom-made speech data set consisting of the 207 most common German words spoken by 10 different speakers, and the free spoken digit data set (FSDD) (Jackson et al., 2018). The combination of biologically inspired neuron models and brain inspired architectures with common deep learning architectures (Marblestone et al., 2016; Schutter, 2018; Richards et al., 2019; Tanaka et al., 2019; Krauss and Maier, 2020; Saxe et al., 2021; Yang et al., 2021; Maier et al., 2022; Schilling et al., 2022a), provides the possibility to use established techniques from artificial intelligence research (Krauss et al., 2012, 2021) on the one hand, and to analyze effects of impairments in silico (Gerum and Schilling, 2021) on the other hand. Thus, we showed that a simulated hearing loss, trivially leads to a decreased word recognition accuracy. However, this worsened accuracy caused by the simulated hearing loss could be re-improved by a factor of more than two by the addition of neural noise in the DCN (Schilling et al., 2022a). This study provides evidence that SR indeed can help to re-improve speech perception. Furthermore, it becomes obvious that the benefit of SR is far higher than a 5 dB decrease of pure-tone hearing thresholds. Thus, this simulation provides an answer to the question, why the implementation of the SR effect became evolutionary advantageous, although the secondary effect namely tinnitus leads to a significant drop in life quality and is a remarkable psychic burden.



Discussion: Tinnitus, speech perception, and cognitive decline

There are three connections between tinnitus and speech perception—two causal and one correlational.

First, it is well known that (hidden) hearing loss induces tinnitus, and that hearing loss is also highly correlated with cognitive decline (Schaette and McAlpine, 2011). Furthermore, (hidden) hearing loss definitely impairs speech perception compared to normal hearing subjects. Therefore, tinnitus is correlated with impaired speech perception compared to subjects without hearing loss. However, there is not necessarily a causal relationship between tinnitus and impaired speech perception.

Second, we already showed that tinnitus improves hearing ability after hearing loss through the addition of neural noise (stochastic resonance) (Krauss et al., 2016). We also showed in a computational model that SR is also suited to enhance speech perception (Schilling et al., 2022a) These finding point to a positive effect of tinnitus on speech perception compared to patients suffering from hearing loss alone, but not compared to normal hearing subjects.

Third, tinnitus is also known to cause distress, which in turn causes concentration issues and attentional deficits, and hence might lead to a decrease of cognitive capacity and also speech perception (Ivansic and Guntinas-Lichius, 2017). Thus, tinnitus might also have a negative (side) effect on speech perception mediated by distress. However, these effects depend on the severity of the tinnitus percept and the subjectively perceived burden (Ivansic and Guntinas-Lichius, 2017).

These counteracting phenomena could explain the variety of findings, and tinnitus heterogeneiety. We conclude that internally generated neural noise can improve hearing ability and speech perception by means of SR. However, tinnitus leads to a significant psychic burden. Thus, people often report a decrease in the ability to focus on certain tasks (Hallam et al., 2004). Therefore, on the one hand psychic burden can favor cognitive decline, but on the other hand the improved speech perception abilities via SR can help to decrease cognitive decline via different pathways. Indeed, there exist some studies reporting a correlation of tinnitus and cognitive decline by means of mental concentration, executive control of attention, lower processing speed, or an impaired short term memory (Hallam et al., 2004; Savastano, 2008; Tegg-Quinn et al., 2016; Chu et al., 2020; Clarke et al., 2020). However, recently Hamza and Zeng (2021) reported a decreased cognitive decline in tinnitus patients compared to an age-matched control group. Thus, the authors speculate that in some earlier studies the effect of tinnitus on cognitive decline is overestimated and mixed up with effects of hearing loss. We argue that all of these findings can be brought together with no further contradictions. On the one hand tinnitus indeed causes cognitive decline via secondary effects such as psychic burden, depression and difficulties in concentration. On the other hand, tinnitus has also a benefit on cognitive performance (Hamza and Zeng, 2021), as tinnitus improves speech perception and decreases the hearing thresholds and therefore symptoms of worsened speech perception such as social isolation are reduced.
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Introduction: This study was performed to assess identifiable abnormalities in tinnitus patients with normal hearing.

Methods: The medical records of subjective non-pulsatile tinnitus patients with normal hearing confirmed by conventional pure-tone audiometry who visited our tinnitus clinic between March 2020 and May 2022 were reviewed. The loudness discomfort level (LDL), extended high-frequency hearing loss (EHFHL), summating potential (SP)/action potential (AP) ratio, distortion product otoacoustic emission (DPOAE), thresholds of auditory brainstem response (ABR) wave V, somatic modulation, and psychiatric symptoms, such as anxiety, depression, and stress were evaluated by questionnaires.

Results: Decreased LDL (n = 48, 59.8%) was the most frequent finding, followed by EHFHL (n = 29, 35.4%), increased SP/AP ratio (n = 27, 32.9%), psychiatric symptoms (n = 24, 29.3%), decreased DPOAE (n = 17, 20.7%), somatic modulation (n = 8, 9.8%), and increased ABR threshold (n = 3, 3.7%); 75.6% of patients had one or more of these findings. The presence of psychiatric symptoms was independently associated with the Tinnitus Handicap Inventory (THI) score.

Conclusion: Tinnitus in patients with normal hearing may be accompanied by a combination of various subclinical abnormal audiological findings. However, the presence of psychiatric symptoms alone was independently associated with tinnitus distress.

KEYWORDS
  tinnitus, normal hearing, tinnitus distress, sound intolerance, psychiatric symptom


1. Introduction

Tinnitus is the conscious awareness of a tonal or composite noise without an identifiable cause (1). Changes in the central auditory pathway caused by peripheral auditory deafferentation due to age-related hearing loss or noise-induced hearing loss may explain the tinnitus percept in most situations because tinnitus usually occurs following hearing deterioration. The risk factors are similar for age-related hearing loss and tinnitus, with both aging and cardiovascular disease as prognostic factors (2).

However, some tinnitus patients show normal hearing in conventional audiometry and do not feel any subjective hearing loss or aggravation of hearing loss along with new-onset tinnitus. Despite conventional audiometry findings within the normal range, about 10–15% of subjects have self-report hearing loss (3). A cross-sectional study based on the National Health and Nutrition Examination Survey 1999–2002 reported that confusion/memory, self-reported hearing difficulty, pain/tingling in hands/feet, balance problems, and diabetes were common in patients with persistent tinnitus and normal audiometric threshold (3). With regard to risk factors associated with tinnitus in subjects with normal hearing, the Korea National Health and Nutrition Examination Survey (KNHANES) showed that tinnitus is associated with female sex, ischemic heart disease, dyslipidemia, noise exposure, and depression (4).

Tinnitus disorders are present in tinnitus patients with tinnitus and accompanying emotional, attentional, or cognitive problems (1). Tinnitus distress results from integrating various brain networks involving the limbic, auditory, hypothalamus, etc., (5). A recent review highlighted the role of the triple network in tinnitus distress (6). Tinnitus distress is also aggravated by accompanying hyperacusis (7). Taken together, these findings suggest that various changes in the auditory, emotional, and somatosensory systems may be involved in the generation and maintenance of tinnitus. These changes include decreased loudness discomfort level (LDL), extended high-frequency hearing loss (EHFHL), increased summating potential (SP)/action potential (AP) ratio, decreased distortion product otoacoustic emission (DPOAE), altered wave V thresholds of auditory brainstem response (ABR), somatic modulation, and accompanying psychiatric symptoms (4, 7–28). In addition, various subclinical auditory dysfunctions may be hidden. These have been reported in studies in subjects with normal hearing and tinnitus. On the other hand, as we gained more clinical experience in identifying auditory abnormalities in tinnitus patients with normal hearing, we observed that there always exists not just one auditory abnormality at one time in many patients with tinnitus with normal hearing. In many cases, several abnormal findings occurred simultaneously. However, to our knowledge, it remains unclear which characteristics are most common in these patients and whether they exist alone or simultaneously. In addition, insufficient information is available regarding which factors are most closely associated with tinnitus distress.

It is important to know which etiologies are more common in cases of normal hearing and tinnitus because, when these patients visit a tinnitus clinic, more successful treatment outcomes may be achieved by preparing for more common causes in advance and first addressing these causes. Therefore, this study was performed to assess the identifiable audiological abnormalities and psychiatric problems in tinnitus patients with normal hearing.



2. Materials and methods


2.1. Patients and documented variables

The medical records of tinnitus patients who visited a tinnitus clinic at a tertiary university hospital between March 2020 and May 2022 were screened and reviewed. The inclusion criteria were all pure-tone threshold not exceeding 25 dB from 250 to 8 kHz and non-pulsatile subjective tinnitus. Exclusion criteria were as follows: brain malignancies; and neurological deficits. Based on review of medical records, we documented the patients' age, sex, accompanying symptoms (aural fullness, headache, dizziness, attention problems, temporomandibular/neck pain, sleep disturbance, and history of exposure to loud noise), accompanying diabetes mellitus, and/or hypertension.

The Tinnitus Handicap Inventory (THI) score was determined for all patients. THI score ≥38 was considered to indicate the presence of moderate distress. Psychiatric symptoms were assessed using several questionnaires, including Beck's Depression Inventory (BDI), Beck's Anxiety Inventory (BAI), and the Brief Encounter Psychosocial Instrument (BEPSI). Anxiety was considered present in cases with BAI score ≥22. Depression was defined as BDI score ≥16. BEPSI score ≥1.8 was taken to indicate the presence of stress.



2.2. Psychoacoustic tests and physical examinations

For audiological evaluation, pure-tone audiometry, speech audiometry, ABR, electrocochleography, and tinnitogram consisting of pitch (Hz), loudness (dB SL), and minimal masking levels (MMLs) were performed. The mean pure-tone hearing threshold was calculated as the arithmetic means of hearing at 0.5, 1, 2, and 4 Hz. For bilateral tinnitus, the hearing threshold of the right side was used to calculate the pure-tone threshold. DPOAE was measured using the Neuro-Audio system (Neurosoft, Ivanovo, Russia), and the presence of DPOAE was defined as a signal-to-noise-ratio > 6 dB at five of eight f2 frequencies up to 8 kHz. Click ABRs were recorded with Navigator Pro software (Biological Systems Co., Mundelein, IL, USA). The threshold of wave V and wave V amplitude at the 90-dB click stimulus were documented.

A threshold exceeding 30 dBnHL was defined as an increased threshold of wave V of ABR (29). Decreased LDL was defined as LDL ≤ 90 dB at two or more frequencies (7). Increased SP/AP ratio was defined as a ratio ≥0.4 (30). EHFHL was defined as hearing threshold >15 dB in patients in their 20 s, 50 dB in those in their 30 s, 55 dB in those in their 40 s, 65 dB in those in their 50 s, and 75 dB in those in their 60 s (31).

Somatic modulation test was performed as described previously (32). Patients were considered to have positive somatic modulation if their tinnitus was modulated by at least one of the neck or jaw maneuvers.



2.3. Statistical analysis

Descriptive analysis was conducted to evaluate patient characteristics. Numerical data were compared between groups using Student's t-test. Pearson's correlation analysis was performed to analyze correlations between pairs of numerical variables. Binary logistic regression analysis with the ENTER method was performed to determine which abnormal findings significantly affected THI and tinnitus loudness. All analyses were performed using SPSS for Windows ver. 27.0 (IBM Corp., Armonk, NY, USA). In all analyses, p < 0.05 was taken to indicate statistical significance.




3. Results


3.1. Patient characteristics

Eighty-two patients consisting of 28 males (34.1%) and 54 females (65.9%) with a mean age of 37 years (range: 14–64 years) were included in the study. The symptom duration was 13.87 months (range: 0.5–240 months). The mean hearing levels were 7.78 ± 3.94 dB on the right (range: 2–17 dB) (Figure 1) and 7.71 ± 4.08 dB on the left (range: 2–18 dB). With regard to laterality, 47.5% (n = 39) had unilateral tinnitus, 43.9% (n = 36) had bilateral tinnitus, and the remaining patients (n = 7, 8.5%) complained of non-lateralized tinnitus. The most common accompanying symptom was aural fullness (n = 35, 42.7%), followed by headaches and hyperacusis (n = 25, 30.5%), sleep disturbance (n = 22, 26.8%), dizziness (n = 20, 24.4%), neck pain (n = 16, 19.5%), and attention difficulty (n = 9, 11.0%). Hypertension (n = 8, 9.8%), diabetes (n = 1, 1.2%), and thyroid disease (n = 5, 6.1%) were reported as comorbidities, and 12.2% (n = 11) of patients had a history of exacerbation after noise exposure. Based on the results of the questionnaires, 65.2% (n = 15/23) of the patients had a moderate or higher level of stress, while 26.1% (n = 6) and 22.0% (n = 18) had anxiety and depression, respectively.


[image: Figure 1]
FIGURE 1
 The average audiogram. red line: right side, blue line: left side. Error bar indicates standard deviation.




3.2. Abnormal findings in tinnitus patients with normal hearing

Decreased LDL (n = 49, 59.8%) was the most common possible etiology, followed by EHFHL (n = 29, 35.4%), increased SP/AP ratio (n = 27, 32.9%), psychiatric symptoms (n = 24, 29.3%), decreased DPOAE response (n = 17, 20.7%), somatic modulation (n = 8, 9.8%), and increased ABR threshold (n = 3, 3.7%) (Table 1).


TABLE 1 Abnormal audiological findings observed in tinnitus patients with normal hearing.

[image: Table 1]

Among the items evaluated, 24.4% (n = 20) of patients were positive for three abnormal findings, followed by 23.2% (n = 19) with one abnormal finding, 22.0% (n = 18) with two, 9.8% (n = 8) with four, and 2.4% (n = 2) had five abnormal findings (Table 1). There were no abnormal findings in 18.3% (n = 15) of cases.

The number of abnormal findings showed a weak positive correlation with tinnitus awareness (r = 0.341, p = 0.002) and effect of tinnitus on life (r = 0.231, p = 0.037). However, the THI showed no correlation with the number of abnormal findings (p > 0.05).



3.3. Influence of abnormal findings on THI and tinnitus loudness

Regression analysis showed that only the presence of accompanying psychiatric symptoms was significantly associated with THI≥38 (Table 2). None of the etiological factors examined showed a significant association with tinnitus loudness (data not shown).


TABLE 2 Results of binary logistic regression analysis of the factors affecting Tinnitus Handicap Inventory in tinnitus patients with normal hearing.
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4. Discussion

Decreased LDL showed the highest incidence in this study (n = 48, 59.8%), followed by various audiological findings suggestive of subclinical auditory dysfunction in patients with normal hearing and tinnitus. In most cases, patients had multiple abnormal findings, while 18.3% of patients did not show any prominent abnormal findings. In addition, the presence of psychiatric symptoms was independently associated with THI. None of the audiological findings examined in this study showed a significant relation to tinnitus distress.

Patients with concomitant tinnitus and hyperacusis complained of more severe tinnitus distress, and a criterion for the co-occurrence of LDL ≤ 90 dB at two or more frequencies can be applied to predict accompanying hyperacusis (7). As described above, decreased LDL was the most common abnormal finding in this study. Similar to this study, in our previous study with 194 tinnitus patients, 26.3% had subjective symptoms, and 68.4% also showed lower LDL by the same criteria (7). Therefore, we assumed that hyperacusis is not a unique symptom observed only in tinnitus patients with normal hearing but seems to be a common symptom in tinnitus patients regardless of the hearing level.

On the other hand, decreased sound tolerance was persistent in adolescents with normal hearing and tinnitus who did not recover during 1-year follow-up (8). To diagnose decreased sound tolerance, thorough history taking, audiological assessment, and psychological evaluation are necessary to exclude the possibility of misophonia (9). In a recent study, where tinnitus patients and a control group of patients with normal or symmetric hearing loss were enrolled, patients with unilateral tinnitus had significantly lower LDLs than the control group (10). However, those with bilateral tinnitus showed no difference in LDLs compared to the control group. The authors interpreted that the decreased sound tolerance may reflect hidden cochlear damage, but it leads to unilateral tinnitus only and bilateral involvement depends on the hearing status (10). These authors discussed a previous study reporting differences in quantitative electroencephalography (qEEG) findings between unilateral tinnitus and bilateral tinnitus, with the former showing increased gamma-band activity in the contralateral parahippocampal and auditory cortex, and the latter showing an association with delta activity in the ventrolateral prefrontal cortex (11).

EHFHL is quite common, occurring in 64% of subjects aged 18–65 years, and can begin even in the early 20 s for males (12). Risk factors include noise exposure, drugs, infection, premature aging, heredity, and head trauma. EHFHL is associated with a high risk of future hearing loss and may also affect speech recognition (13). In addition, EHFHL is correlated with cognitive performance, regardless of tinnitus (14). EHFHL can also cause tinnitus in subjects with normal hearing and may appear normal in conventional audiometry, especially in young patients under 35 years old, and tinnitus patients were shown to have a worse extended high-frequency (EHF) threshold than controls (15). Worsening of EHFHL was observed during 1-year follow-up in patients with decreased sound tolerance and persistent tinnitus (8).

Auditory nerve fibers with high thresholds and low spontaneous firing rates are preferentially destructed in cochlear synaptopathy after aging or noise exposure (33). Reduced amplitude of ABR wave I and increased ABR V/I amplitude ratio are the most common predictors of cochlear synaptopathy in animals (16). However, ABR wave I is not often measured in humans, and the amplitude of wave V varies widely (16, 34)—these may limit the applicability of ABR to detect cochlear synaptopathy in humans. Various techniques have been tried to overcome the shortcomings of conventional ABR and increase the detection rate of synaptopathy in humans. As a result, a small latency shift of wave V in masked ABR was found to be a better indicator of cochlear synaptopathy in humans and mice (35). In addition, the quantification of envelope following responses (EFR) evoked by the application of rectangular amplitude modulation tone predicted word recognition better than conventional sinusoidal amplitude modulation (36). The other study by Vasilkov et al. also reported the optimal stimulation paradigms for this measurement method (37). In addition to ABR, electrocochleography (ECoG) is also available to detect hidden hearing loss. The results of ECoG are usually interpreted as audiological evidence of endolymphatic hydrops, and are also regarded as cochlear synaptopathy because of the similarity to ABR in that the summating potential comes from hair cells and the AP is equivalent to wave I of ABR (17).

A previous study showed a higher SP/AP ratio in patients with normal hearing and tinnitus than in those without tinnitus (18). Cochlear hydrops or cochlear synaptopathy may have been mixed etiologies in our patients.

Subclinical auditory dysfunction can also be assessed by DPOAE or ABR. Some reports provided evidence of increased latency of ABR wave I in subjects with normal hearing with tinnitus compared to those without tinnitus (19). Contrary to ABR wave I, which often shows an increased latency and decreased amplitude in tinnitus patients with normal hearing, alterations in waves III and V are inconsistent (38). Some reported the increased latencies of waves III and V (39). However, our previous study observed a shortening of latency in waves III and V in patients with bilateral tinnitus compared to the normal control (40). For abnormal DPOAE, reduced DPOAE amplitude is common in tinnitus patients with normal hearing, suggesting subclinical cochlear degeneration. These observations suggest that outer hair cells (OHCs) play an important role in tinnitus generation. However, others suggested that, although OHC dysfunction is associated with tinnitus, changes in OHCs do not always lead to the generation of tinnitus (20). That is, OHC dysfunction is not the only determinant of tinnitus (21). DPOAE and transient evoked OAE (TEOAE) did not differ according to the presence or absence of tinnitus in subjects with normal hearing (18). Another study similarly showed that DPOAE amplitudes did not differ according to the presence of tinnitus and/or hyperacusis, and were instead affected by EHF hearing thresholds (22). Reduced DPOAE is common in subjects with normal hearing regardless of accompanying tinnitus.

Some tinnitus patients may modulate their tinnitus by head and neck maneuvers or eye movement, regardless of hearing loss (23). Somatosensory tinnitus is a condition associated with head and neck pain or problems, such as temporomandibular joint disorders and bruxism (24). The following conditions indicate the presence of somatosensory influence: neck or jaw pain that appears simultaneously with tinnitus; neck/jaw symptoms that are simultaneously aggravated with tinnitus; head or neck trauma preceding tinnitus; varying pitch, loudness, and/or location; and discrepancies in audiogram and unilateral tinnitus (25). Disinhibition or unfamiliar somatosensory input to the dorsal cochlear nucleus may be regarded by the brain as changed auditory perception even in subjects with normal hearing (26). The percentage of patients with somatic modulation in this study was merely 9.8%, which was much lower than our previous study results (61.7%). We assumed that this substantial difference was due to differences in clinical settings or the experiences of audiologists (32).

Of the psychiatric symptoms, higher rates of depression were seen in tinnitus patients with normal hearing even after adjusting for other confounders, such as age, sex, past medical history, and noise exposure (4). These patients have a higher prevalence of depression and anxiety than those without tinnitus, and the severity of psychiatric symptoms is correlated with tinnitus distress (27). Although younger tinnitus patients tend to have normal hearing compared to older patients, the rates of self-reported depression and stress showed no differences according to age (28). In our study, about a quarter of subjects with normal hearing showed psychiatric symptoms, which was less than initially expected. However, this was the sole, independent prognostic factor for tinnitus distress, suggesting that control of psychiatric symptoms is the most important consideration for relieving tinnitus distress.

The auditory dysfunction may be addressed by correction of decreased sound tolerance. To our knowledge, there have been no randomized controlled trials of medications for treatment of hyperacusis. Therefore, gabapentin, anticonvulsants, anxiolytics, or antidepressants may be chosen empirically based on the clinician's clinical experience. We usually recommend that patients with hyperacusis alone avoid sound and use ear protection because of their heightened sensitivity to sound. For those with both tinnitus and decreased sound tolerance, listening to broadband noise, such as pink noise at a well-tolerated level that does not induce discomfort, may be appropriate (41). In addition, sound therapy is recommended to induce habituation to tinnitus. Total masking or partial masking based on tinnitus retraining therapy can be chosen based at the physician's discretion. Next, patients should be checked for recurrent vertigo or fluctuating hearing loss to exclude the possibility of endolymphatic hydrops. In addition, noise exposure history and ABR results should also be confirmed to avoid missing the possibility of cochlear synaptopathy. Due to the possibility of somatic tinnitus, various treatments, including physical therapy and muscle relaxants, may also be considered. It should be emphasized that tinnitus does not have a single cause, so treatment must be multifaceted. Of the various treatments available, the psychiatric symptoms should be treated first.

This study had several limitations. The relatively low number of 82 patients was too small to analyze the overall etiologies of tinnitus in patients with normal hearing. We checked EHF hearing loss at 12 kHz, but a more diverse analysis would have been possible if we had tested up to 16 kHz. However, it was impossible to acquire additional data because the audiometer in our hospital did not support frequencies in this range. In addition, no abnormal findings were observed among the items reviewed in 18.3% of the patients. These patients may have had subclinical abnormalities that could not be detected by questionnaires or audiological tests (42).



5. Conclusion

Various subclinical auditory abnormalities were observed in tinnitus patients with normal hearing, and most cases showed several abnormalities simultaneously. However, only the presence of psychiatric symptoms was independently associated with THI.
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Introduction: Auditory rehabilitation with a cochlear implant (CI), in many cases, positively impacts tinnitus. However, it is unclear if the tinnitus-related benefit of CI is equal for patients with various indications for CI. Therefore, this study aimed to determine differences in tinnitus prevalence and distress, health-related quality of life, subjective hearing, perceived stress, and psychological comorbidities between patients diagnosed with asymmetric hearing loss (AHL), single-sided (unilateral) deafness (SSD), and double-sided (bilateral) deafness (DSD) before and six months after cochlear implantation.

Methods: One hundred-one CI candidates were included in this prospective study (39 AHL patients, 23 DSD patients, and 39 SSD patients). The patients completed questionnaires measuring tinnitus distress, health-related quality of life, subjective hearing, perceived stress, and psychological comorbidities before and 6 months after CI.

Results: The prevalence of tinnitus in the entire cohort (80.2% before CI) decreased 6 months after CI to 71.3%. The DSD group had the lowest tinnitus prevalence at both time points. The degree of tinnitus-induced distress decreased significantly in all three groups after CI. Differences in quality of life, subjective hearing, and psychological comorbidities between the groups at the study onset disappeared after CI. Significant correlations existed between anxiety, depression, and tinnitus distress in AHL and SSD but not in DSD patients before and after CI.

Discussion: Our results demonstrate significant differences between the three groups of CI candidates, which might affect the implantation outcome. These differences suggest a need for personalized psychological counseling during the auditory rehabilitation process, focusing on anxiety and depressive symptoms for SSD and AHL patients.

KEYWORDS
 auditory rehabilitation, cochlear implant, tinnitus, asymmetric hearing loss, double-sided deafness, single-sided deafness


1. Introduction

Auditory rehabilitation with cochlear implants (CI) is an optional treatment for profoundly hard of hearing or deaf children and adults (1). Cochlear implantation improves general hearing abilities, speech perception, and sound localization in patients with asymmetric hearing loss (AHL) (2), single-sided (unilateral) deafness (SSD) (3), and double-sided (bilateral) deafness (DSD) (4). Accumulating evidence suggests that the beneficial effects of implantation extend beyond the main indication (improvement of auditory abilities) and can positively impact cognition (5–7), health-related quality of life (6, 8), and comorbid symptoms such as depression or anxiety (9). Additionally, the predominantly positive influence of implantation on tinnitus presence and tinnitus-induced distress is well-documented (9, 10), although the exact mechanism of this phenomenon is still not fully understood.

Tinnitus is a perception of sound in the absence of an external acoustic stimulus (11). It is a symptom that can be induced by various pathological mechanisms, including cochlear deafferentiation seen in CI candidates with profound unilateral or bilateral sensorineural hearing loss (11, 12). The loss of signal from the periphery contributes to neuroplastic changes in the central auditory system, resulting in the activation of the primary auditory cortex. Tinnitus percept can but does not have to be bothersome.

Previous research demonstrated a significant impact of tinnitus on auditory rehabilitation outcomes in patients implanted with CI. In implantees with SSD and DSD types of deafness, the degree of tinnitus-induced distress correlated negatively with the hearing-related quality of life (13). Similar results were obtained in a different sample of implanted SSD and DSD patients, indicating that tinnitus can predict the overall hearing-related quality of life after implantation (14). In addition, several other studies have shown that auditory rehabilitation with CI generally reduces tinnitus burden (15–17). The relationship between tinnitus and regaining auditory abilities after implantation is heterogeneous. On the one hand, tinnitus can impact the outcomes of CI by creating a challenge in CI programming and negatively influencing patients' satisfaction with CI (18, 19). On the other hand, auditory rehabilitation with CI frequently reduces tinnitus (20–22), but in some cases, it might induce tinnitus or worsen its burden (23, 24). In recent years, we have shown a variety of benefits of cochlear implantation, including tinnitus reduction, in three distinct groups of patients with AHL (25), SSD (26), and DSD (27). These studies supported the notion of auditory rehabilitation with CI restoring binaural hearing leading to improvement of hearing abilities and tinnitus burden in all three groups.

Although there is a wealth of research on tinnitus-related outcomes of cochlear implantation, only a few studies compared the tinnitus-related and other outcomes between implantees based on various indications for CI. Hence, here, we performed comparative analyses and evaluated the impact of rehabilitation with CI on tinnitus and tinnitus-induced distress between three groups of hard-of-hearing patients: AHL, SSD, and DSD. Additionally, we explored possible differences between the three groups regarding health-related quality of life, auditory abilities, perceived stress, and presence and grade of comorbid anxiety and depressive symptoms.

To address the above issues in detail, we posed three research questions. (1) “Does the tinnitus prevalence and severity differ between AHL, SSD, and DSD patients) before and 6 months after cochlear implantation?” (2) “Do the health-related quality of life, auditory abilities, perceived stress, and presence and grade of comorbid anxiety and depressive symptoms differ between AHL, SSD, and DSD patients before and 6 months after CI?” (3) “Does the strength of the relationship between the variables (tinnitus-induced distress, health-related quality of life, auditory abilities, perceived stress, and presence and grade of comorbid anxiety, and depressive symptoms) vary between AHL, SSD, and DSD patients before and 6 months after CI?”.



2. Material and methods

The present study was approved by the Ethics Committee of Charité Universitaetsmedizin-Berlin (EA2/030/13). The investigations were conducted according to the principles expressed in the Declaration of Helsinki, and all subjects gave written informed consent. Data were prospectively collected from a cohort of 101 patients (54 women and 47 men) included in the study between 2013 and 2021. The inclusion criteria comprised age (18 years of age or older), confirmed diagnosis of AHL (39 patients), DSD (23 patients), and SSD (39 patients), and qualification to the cochlear implantation program (see Table 1 for detailed characteristics of the study population). All the DSD patients were implanted sequentially, and the median time between the implantations was 14.9 months (Table 1). These patients completed the questionnaires before the first and 6 months after the second implantation.


TABLE 1 Descriptive statistics of the cohort.

[image: Table 1]

The diagnosis of AHL was based on the presence of severe to profound sensorineural hearing loss in the poorer ear [average hearing loss ≥70 dB SPL (sound pressure level)] and audiometric hearing loss of ≤60 dB SPL up to 4 kHz and >30 dB SPL in at least one frequency up to 4 kHz in the better ear (25). The diagnosis of DSD was made based on bilateral sensorineural severe or profound hearing loss with speech recognition ≤40% in the Freiburg Monosyllabic Test in quiet and with a hearing aid using 65-dB SPL (28). The diagnosis of SSD was made based on the presence of severe to profound sensorineural hearing loss in the poorer ear (average hearing loss ≥70 dB SPL) and normal hearing in the better ear. The hearing level in the better ear could not exceed the hearing loss threshold of 30 dB in 500, 1,000, 2,000, and 4,000 Hz, as per pure tone audiometry (26).

All 101 patients were included in the analysis of tinnitus incidence. Thirty-three AHL, 16 DSD, and 32 SSD patients who reported tinnitus at the study onset were included in further analyses of pre-post changes in tinnitus burden and other variables tested and correlations between tinnitus distress and other variables. The study flow is presented in Figure 1.
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FIGURE 1
 The data was collected from all patients at the study baseline (T1). Only the patients with tinnitus were included in further analysis. T2 indicates the time at which the patients in all groups had their CI activated. The second data set was collected at T3 (six months after activation of the cochlear implant). Created with BioRender.com.



2.1. Questionnaires
 
2.1.1. Tinnitus questionnaire (TQ)

Several psychometric instruments were developed to test the degree of tinnitus-induced burden. One of these instruments is Tinnitus Questionnaire (TQ), developed by Hallam et al. (29), and since 1994, used in its validated German version (30). The TQ measures the degree of tinnitus-induced distress and consists of 52 items assigned to 6 scales (tinnitus-induced emotional distress, cognitive distress, intrusiveness, auditory perceptual difficulties, sleep disturbances, and somatic complaints) (30). Scores can range from 0 to 84, and the results are interpreted as a degree of tinnitus-induced distress: a 1st-degree burden represents a score of 0–30 points; 2nd-degree to 31–46 points; 3rd-degree, 47–59 points; and 4th-degree, 60 to 84 points.

A therapeutically relevant system for tinnitus classification based on the total TQ score was developed (31). That system uses the TQ cutoff score of 47 to split the patients into a compensated group (meaning the patients are habituated to the tinnitus sound) and decompensated group (indicating that tinnitus is not habituated and induces suffering in the affected patients) (32). According to German guidelines, there is no therapeutic need for patients with compensated chronic tinnitus, while psychological or psychosomatic treatment is recommended for patients with decompensated chronic tinnitus (33). The goal of that therapy is a reduction of tinnitus distress.



2.1.2. Oldenburg inventory (OI)

The subjective hearing was measured with the short version of OI (34) that has 12 questions and three scales: (1) listening in a quiet setting (questions 1, 3, 5, 7), (2) listening with background noise (4, 6, 8, 11, 12), (3) directional listening (2, 9, 10). Responses to each of the 12 questions were rated 1 to 5 points. The higher the total score, the better the subjective hearing.



2.1.3. Nijmegen cochlear implantation questionnaire (NCIQ)

The NCIQ estimates patients' quality of life before and after cochlear implantation (35). NCIQ contains six scales and consists of 60 items. The scales reflect the following domains: physical domain (NCIQ1 basic sound perception, NCIQ2 advanced sound perception, NCIQ3 speech production); psychological domain (NCIQ4 self-esteem); social domain (NCIQ5 activity limitations and NCIQ6 social interactions). The NCIQ scores are normalized to percentages. The higher the total score, the better the health-related quality of life.



2.1.4. General anxiety disorder 7 questionnaire (GAD-7)

GAD-7 measures the frequency and degree of anxiety within the 2 weeks before taking the test (36). Seven items are measured and scored based on patients' responses, using the following scale: 0 = not at all; 1 = on some days; 2 = more often than every other day; 3 = almost every day. A sum of the scores provides a value for estimating the degree of the burden presented by fear (small, mild, medium, or severe). The answer scores range between 0 and 21. The higher the score, the greater the anxiety.



2.1.5. General depression scale (ADS)

The ADS uses 20 items to measure depressive symptoms (presence, degree, and length of depressive episodes) within a week before the test (37). The total score ranges from 0 to 60; a score of 23 is considered the cutoff value for major depression.



2.1.6. Perceived stress questionnaire (PSQ)

The German version of PSQ measures a subjective perception of stress (38). The short version of the PSQ used in the present study consists of 20 items (4 subscales: worries, tension, joy, and demands). Each scale can have values from 0 to 1. A score above 0.45 represents a moderate stress level, and above 0.6 represents a high-stress level.




2.2. Statistical analysis

The data were analyzed using the German version of IBM SPSS Statistics 27 (IBM Deutschland GmbH, Ehningen, Germany). Descriptive statistics determined the variables' means, standard deviation, and minimum and maximum values. Most data did not have a normal distribution as per the Kolmogorov-Smirnov test; thus, non-parametric tests were used to calculate the pre-post differences, the between-group differences, and correlations. Contingency tables were used to determine the proportion of tinnitus in subgroups. Wilcoxon test for paired samples was applied for the within-groups calculation of changes before-after implantation. For the between-group comparison, we used Kruskal–Wallis test with Bonferroni correction. The relationships between the variables were tested using Spearman correlation. P-values <0.05 were considered statistically significant.




3. Results


3.1. Prevalence of tinnitus and clinically relevant compensation-decompensation status before and after CI

Before CI, the prevalence of tinnitus in the entire cohort was 80.2%; in the AHL group, 84.6%; in the DSD group, 69.6% and in the SSD group, 82.1% (Table 2). After CI, 71.3% of the entire cohort reported having tinnitus (71.8% in the AHL group, 52.2% in the DSD group, and 82.1% in the SSD group).


TABLE 2 Contingency table showing tinnitus prevalence and degree of tinnitus-induced distress before and after CI for each group and the whole sample.

[image: Table 2]

Fourteen of 20 patients in the entire cohort who were tinnitus-free before CI (13.9%) remained tinnitus-free after CI, whereas 6 (5.9%) reported post-CI tinnitus. Thirteen patients who reported tinnitus before CI (12.9%) were tinnitus-free 6 months after CI (Table 2). Interestingly, the latter group comprised 22% DSD, 13% AHL, and only 8% SSD patients.

A clinically significant change in tinnitus when using German TQ was determined to be 12 points (39). Improvement of tinnitus by 12 or more points was noted in 41 (50.6%) of all patients [17 AHL patients (51.5%), 12 DSD patients (75.0%), and 12 (37.3%) SSD patients]. No clinical change in tinnitus was seen in 38 entire cohort patients (50.6%). In individual groups, no difference was reported in 16 (48.5%) of the AHL group, 3 (18.8%) of the DSD, and 19 (59.4%) of the SSD group. Tinnitus worsened significantly in one DSD patient and one SSD patient.

Regarding the clinically significant tinnitus compensation (habituation) status, before implantation, 21 patients (20.8%) of the entire cohort had decompensated (not habituated) tinnitus. 6 months after CI, this number decreased to 14 (13.9%) patients. None of the patients in the DSD group reported decompensated tinnitus after CI, and the incidence was roughly equal in the other two groups.



3.2. Changes in tinnitus-related distress within the groups 6 months after cochlear implantation

Changes in tinnitus-induced distress measured by TQ and assessed with Wilcoxon Test indicated that 6 months after regaining bilateral hearing, the total TQ scores significantly decreased in all groups (Supplementary Table 1). In addition, the scores of TQ subscales (emotional distress, cognitive distress, intrusiveness, auditory perceptual difficulties) decreased significantly in all groups. The subscales “sleep disturbances” and “somatic complaints” decreased significantly only in the DSD group.



3.3. Post-implantation changes in hearing-related variables and psychological comorbidities within the groups

The overall health-related quality of life indicated by a total score of NCIQ (Supplementary Table 1) significantly improved in all three groups after 6 months of auditory rehabilitation (measured with Wilcoxon Test, significance is shown in Supplementary Table 1). However, the improvement in the subscales varied. A significant improvement in NCIQ1 (basic sound perception) was seen in the DSD and SSD but not in the AHL group. A considerable improvement in NCIQ2 (advanced sound perception) was seen only in the DSD group. The DSD and SSD groups significantly improved their NCIQ3 (speech production). The domain NCIQ4 (self-esteem) increased significantly in all three groups after implantation. The NCIQ5 score (social activity limitations) improved in DSD and SSD, whereas the NCIQ6 (social interactions) improved significantly in all three groups.

The subjective quality of sound perception (in quiet, noise, directional and overall) measured by the Oldenburg Inventory improved significantly (Supplementary Table 1) in all three groups.

Only a few changes were found in perceived stress (PSQ) after CI. The subscale “tension” significantly decreased in the SSD but not in other groups, whereas the subscale “demands” improved significantly but only in the AHL group (Supplementary Table 1).

The GAD-7 score (before and after CI) decreased, indicating a significant decrease in anxiety symptoms in the SSD (Supplementary Table 1) but not in the other groups.



3.4. Differences in tinnitus-related distress between the groups before and 6 months after implantation

Kruskal–Wallis test performed for the patients who reported having tinnitus has not indicated significant differences between the AHL, DSD, and SSD groups regarding subscales or the total score of the TQ before CI. However, 6 months after implantation, we found a significant difference between the groups regarding the subscale “emotional distress” [H (2) = 7.398, p = 0.025]. DSD patients reported significantly less tinnitus-induced emotional distress (Mdn 2) than the SSD patients (Mdn 5), with Bonferroni-adjusted alpha level p = 0.020 (Figure 2).
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FIGURE 2
 Between-group differences regarding the TQ subscale “emotional impact of tinnitus”. Kruskal-Wallis with Bonferroni correction (*p < 0.05) demonstrated that six months after cochlear implantation, the DSD group patients reported significantly less tinnitus-induced emotional distress than the SSD group. ns, not significant.




3.5. Between-group differences regarding non-tinnitus variables in patients who reported tinnitus
 
3.5.1. Health-related quality of life (NCIQ)

We analyzed the differences between the three groups regarding the health-related quality of life (NCIQ), hearing quality (Oldenburg Inventory), perceived stress (PSQ), as well as the grade of depressive (ADS) and anxiety symptoms (ADL) before and after cochlear implantation.

Before CI, there were significant differences between the groups regarding the basic sound perception NCIQ1 [H (2) = 19.328, p = 0.000], advanced sound perception NCIQ2 [H (2) = 32.246, p = 0.000], speech production NCIQ3 [H (2) = 16.929, p = 0.000], social interactions NCIQ6 [H (2) = 8.095, p = 0.017], and the total NCIQ score [H (2) = 20.983, p = 0.000] (Figure 3). Detailed analysis revealed that the SSD group's health-related quality of life was lower than the other two groups. Kruskal–Wallis test indicated no differences between the groups regarding self-esteem NCIQ4 or social activity limitations NCIQ5.
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FIGURE 3
 Between-group differences in the health-related quality of life (NCIQ) before and after CI. The Kruskal-Wallis test with Bonferroni- correction indicated significant differences. *p < 0.05. **p < 0.01. ***p < 0.001. ****p = 0.0. ns, not significant.


6 months after CI, there was a difference in the NCIQ4 [H (2) = 6.368, p = 0.042], reflecting significantly greater self-esteem of DSD patients than in the AHL (but not SSD) group. All groups scored similarly in the rest of the scales and the total NCIQ score.



3.5.2. Oldenburg inventory

Regarding the OI, there were significant differences between the groups except for directional hearing. The “hearing in quiet” differed significantly between the groups [H (2) = 27.154, p = 0.000], as did the “hearing with background noise” [H (2) = 22.728, p = 0.000], and the total OI score [H (2) = 24.297, p = 0.000], reflecting the presence of profoundly bilaterally hard of hearing patients DSD, who significantly differed from the SSD and AHL. At the same time, no differences were found between SSD and AHL (Figure 4).
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FIGURE 4
 Between-group differences in the self-reported quality of hearing before and after CI. The sound perception in quiet and noise, as well as the total score of the Oldenburg Inventory, differed between AHL and DSD and SSD and DSD but not AHL and SSD before implantation. The DSD group scored poorer than the other two. Six months after the activation of CI, there were no longer differences between the groups. ***p < 0.001. ****p = 0.0. ns, not significant.


6 months after the CI activation (or activation of the second CI for DSD patients), the differences between the groups were no longer found.



3.5.3. Perceived stress (PSQ)

Before the activation of CI, there were between-group differences in the subscale “tension” of the PSQ questionnaire (H (2) = 10.492, p = 0.005). The DSD groups perceived significantly less stress-related tension than the AHL (Bonferroni-adjusted alpha level p = 0.047) and the SSD (Bonferroni-adjusted alpha level p = 0.004). 6 months after the CI activation, significant differences between the groups were found in the subscale “joy” (H (2) = 6.290, p = 0.043). The DSD group had higher scores than the SSD group (Bonferroni-adjusted alpha level p = 0.037); (see Figure 5).


[image: Figure 5]
FIGURE 5
 Between-groups differences in the perceived stress (PSQ). At the study onset, the DSD group reported significantly less tension than the AHL and SSD patients. Six months after implantation, there were no longer differences detected with the Kruskal-Wallis test. *p < 0.05. **p < 0.01 after Bonferroni correction. ns, not significant.




3.5.4. Anxiety and depression (GAD-7 and ADS-L)

The anxiety differed between the groups before implantation (H (2) = 9.383, p = 0.009). The SSD group scored significantly higher in GAD-7 than the DSD group (Bonferroni-adjusted alpha level p = 0.007) but not the AHL group (Figure 6). 6 months after CI, no differences in GAD-7 were found between the groups.
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FIGURE 6
 Between-group differences in the anxiety symptoms (GAD-7). Kruskal-Wallis test indicated a significant difference between the DSD and SSD groups at the study onset. After implantation, there were no longer differences between the groups. *p < 0.05; ns, not significant.


The ADS-L scores did not differ between the groups before or after implantation.



3.5.5. The correlation pattern differs between the groups

Spearman's rank correlation assessed the relationship between tinnitus-induced distress (total score of TQ) and the total scores of health-related quality of life (NCIQ), Oldenburger Inventory (OI), perceived stress (PSQ), anxiety (GAD-7), and depressive symptoms (ADS-L) before and after CI in each group (Table 3).


TABLE 3 The Spearman correlation was computed for the main variables before and after implantation.
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At the study onset, the total TQ score in the AHL and SSD groups correlated positively with anxiety (GAD-7) and negatively with the health-related quality of life scores (NCIQ). In addition, in the SSD patients, we found a positive correlation between the TQ score and depressive symptoms (ADS-L), TQ and perceived stress (PSQ), and a negative correlation between TQ and the OI. In the DSD group, the TQ scores negatively correlated with anxiety levels (GAD-7).

After cochlear implantation, the correlation pattern between TQ and other variables has changed. In the AHL group, relationships between TQ and NCIQ or GAD-7 remained (but the correlation coefficient value decreased). However, the correlation between TQ and OI was no longer detected. Two new positive relationships between TQ and PSQ and TQ and ADS-L were seen, indicating a possible influence of tinnitus on perceived stress and depressive symptoms. No correlations between TQ and any other variable were found in the DSD group. In the SSD group, all correlations remained the same, with one exception: TQ no longer correlated with the Oldenburg Inventory score.

We also analyzed other relationships, the first between NCIQ and other variables. At the study onset, there was a positive correlation between NCIQ and Oldenburg Inventory scores in all three groups. After CI, this correlation was no longer significant in the AHL patients, unlike in DSD and SSD groups. Furthermore, before implantation, we found negative correlations between NCIQ and PSQ, NCIQ and GAD-7, and NCIQ and ADS-L in the AHL group (but not DSD or SSD). These correlations suggest the negative influence of perceived stress, anxiety, and depressive symptoms on health-related quality of life in patients with asymmetric hearing loss. 6 months after CI, these correlations persisted in the AHL group and appeared in the SSD group. Additionally, a negative correlation between NCIQ and ADS-L was present in the SSD group before implantation. This correlation was also present after implantation in the AHL and SSD groups, indicating a negative association between depressive symptoms and the health-related quality of life in AHL and SSD but not DSD patients.

In all three groups, before and after implantation, there was a significant positive correlation between ADS-L and PSQ. The positive correlation between ADS-L and GAD-7 before and after implantation was seen only in the AHL and SSD groups. Finally, PSQ correlated positively with GAD-7 before implantation in the AHL and SSD and after implantation in all three groups of patients.





4. Discussion

At the beginning of this study, we posed three research questions. Based on the performed analyses, the answer to our first question is that the tinnitus prevalence does differ between AHL, SSD, and DSD patients. We observed that before implantation, the AHL group had the highest prevalence of tinnitus (84.6%), followed by SSD (82.1%) and DSD (69.6%). Tinnitus prevalence reported in the literature varies between the studies and is sometimes very low [22% (40)], some other times in the middle range such as 65% (41) or 70% (42), and finally as high as 80% (43), 85% (44), or even 90% (45). Unfortunately, none of the above studies provided information about the deafness laterality of the subjects included in that research. More recent studies have delivered information on the prevalence of tinnitus among groups of patients with defined types of deafness. In a sample of 51 DSD patients, 94.1% of CI candidates had preoperative tinnitus (46). In other studies, the prevalence of tinnitus in DSD patients was 42% (21) and 55.8% (47), which is comparable to our results. The majority of data regarding tinnitus incidence in severe and profoundly deaf people originates from the field of cochlear implant, and the subjects included in the research were verified CI candidates.

After cochlear implantation, tinnitus prevalence decreased and differed between the groups. The SSD group remained at the same level as before CI. In that group, three persons reported tinnitus loss after CI, but the other three, originally tinnitus-free, reported tinnitus occurring after implantation. In the other two groups, tinnitus prevalence decreased. A newly induced tinnitus was observed in all groups but with different frequencies (Table 2, 5.9% of the entire cohort). An earlier report determined the prevalence of post-CI tinnitus to be 12.7% in a cohort of 187 implanted DSD patients (48), which is three times more than in our present study. However, in contrast to our study, only the unilaterally implanted DSD patients were included in that sample. Another study found tinnitus induction in 13% of DSD patients 1 year after CI (23). These patients were, however, simultaneously implanted, whereas ours were implanted sequentially. A systematic review published in 2015 determined the prevalence of newly induced tinnitus in implanted DSD patients to be between 0 and 10% (21) and pointed out methodological differences between the studies included in the review, suggesting a need for further studies using uniform design. As for SSD patients, the evidence provided by another systematic review (10) proposed an absence of tinnitus induction in implanted SSD patients. However, only three studies included in that particular sub-analysis of tinnitus prevalence used 6 months of follow-up after CI (49–51). Only one of the 39 patients included in the analysis was tinnitus-free before CI. In contrast, in our study, 18% of SSD patients were tinnitus-free before CI. We failed to identify a survey on tinnitus incidence in AHL patients after CI. Our results and those of others indicate the direction of further research in which standardized pre-CI diagnostics and follow-up conducted in multicentric studies could contribute to providing answers to still-open questions.

The severity of tinnitus is a critical factor negatively affecting auditory function and rehabilitation. In all three groups, tinnitus severity significantly decreased after CI. Nevertheless, the groups differed concerning tinnitus-induced sleep disturbances and somatic complaints, with only DSD patients, but not AHL or SSD patients, having significantly reduced scores after CI. It should, however, be noted that in all the groups, the median values of somatic and sleep complaints were low (Supplementary Table 1). In addition, it should be remembered that DSD patients were implanted twice (sequentially). In that group, there is a known and previously described benefit of the first implantation on tinnitus (21), which could have influenced the final results after the second implantation. Furthermore, a between-groups comparison indicated that after CI, the DSD patients are under significantly less tinnitus-induced emotional distress than the SSD (but not AHL) patients. A recent systematic review found a substantial benefit of cochlear implantation concerning tinnitus for SSD patients (10) and determined that 90% of SSD patients reported decreased tinnitus distress after CI. This finding agrees with the results presented here, despite the short time of data collection (6 months after activation of CI), as we found that 69.7% of SSD patients reported improvement and 9.1% of SSD patients total disappearance of tinnitus (total 79.8%). A recent systematic review supports our findings in the SSD group (10). Another systematic review conducted for the DSD patients also found a benefit of CI regarding tinnitus incidence and a decrease in tinnitus-induced distress (21) but pointed to inadequate evidence of the studies included. Finally, a systematic review analyzing the benefit of CI in AHL and SSD patients identified research on changes in tinnitus-related parameters (e.g., tinnitus loudness or tinnitus-induced distress) but pointed out a significant heterogeneity of studies included and a need for more studies (52).

The answer to our second question is “partially yes.” There were differences in the health-related quality of life, auditory abilities, perceived stress, and presence and grade of comorbid anxiety and depressive symptoms between AHL, SSD, and DSD groups. We first evaluated the changes in subjective hearing and hearing-related activities assessed with NCIQ and OI. At the study onset, we found several between-group differences consistent with the DSD patients having the worse health-related quality of life. That observation agrees with Blue Mountains Hearing Study results, showing a significantly worse quality of life in bilaterally deafened adults than in the unliterally affected persons (53). The only difference between the AHL and SSD groups was in the advanced sound perception (NCIQ2), which was better in the SSD than in AHL patients, confirming our earlier observations (25). 6 months after CI, all domains of NCIQ equalized between the groups. A single significant difference between the groups indicated that DSD patients' self-esteem (NCIQ4) was better than AHL patients. We have previously performed a comparative analysis of similar parameters between the AHL and DSD groups and found that 6 months after implantation, the DSD group had significantly lower NCIQ2 and NCIQ3 scores than the AHL group (27). In the present detailed analyses, unlike before, we included only patients with tinnitus at the study onset. Therefore, our findings support the notion of tinnitus impacting auditory rehabilitation with CI. Since the DSD patients were the most successful group in our study regarding reducing tinnitus incidence and decreasing scores of all tinnitus subscales, one could assume that this reduction had positively influenced the quality of life. However, correlation analyses (discussed below) have not confirmed this hypothesis for the DSD group; therefore, one should seek other explanations. At the study onset, the subjective audiological assessment with Oldenburg Inventory indicated that the DSD patients have worse sound perception in quiet and noise and the total OI score than the AHL or SSD patients. This result is not surprising for the DSD patients, who were bilaterally deaf before the implantation. However, these differences were no longer present 6 months after CI indicating that according to the patient's subjective view, their hearing performance was alike in all groups.

Analysis of psychological comorbidities indicated that before implantation, the subscale “tension” in the perceived stress questionnaire was lower in the DSD group than in AHL or SSD. After implantation, apart from the scores of the subscale “joy” that was higher in the DSD group than in the SSD patients, there were no other between-group differences. Pre-post analysis within groups indicated only minor changes, namely a significant tension decrease in the SSD group and a decrease in demands in the AHL group. Previous research stated improvement of all PSQ subscales after a more extended period of 24 months after CI (54), but the study sample included patients with and without tinnitus. There were no differences in depressive symptoms (ADS-L) levels between the groups before or after CI. There was, however, a difference in anxiety score (GAD-7), being higher in SSD than in the DSD group before CI. The anxiety levels equalized after CI due to a significant decrease in the GAD-7 score within the SSD group. The presence and impact of anxiety on the lives of unilaterally deafened patients were determined in qualitative research (55), confirming our qualitative findings.

The answer to our last question is “yes.” We detected a pattern in relationships between variables that were distinct for a given group. At the study onset, we found positive associations between tinnitus-induced distress (TQ) and anxiety (GAD-7) but only in AHL and SSD groups (Table 3). In the DSD group, we found a negative relationship between the TQ and GAD-7, indicating that increased anxiety correlated with decreased tinnitus-induced distress. Score values and sample size, which are low in the DSD group, can explain this surprising finding (see Supplementary Table 1). In contrast, the scores of the AHL and SSD groups are significantly higher than the DSD (Figure 6). We found a positive correlation between TQ and the SSD group's perceived stress level (PSQ), confirming earlier reports (56). Furthermore, TQ correlated negatively with NCIQ and OI in both AHL and SSD groups. 6 months after CI, in the AHL and SSD groups, we observed the same correlation pattern between TQ and other variables: a positive correlation with PSQ, GAD-7, and ADS-L and a negative correlation with NCIQ. As for the DSD group, no significant correlations were detected between TQ and any other variables, confirming our earlier published observation (57). These results suggest that the number of analyzed CI candidates with DSD and tinnitus should be increased in the future. The analysis should also be performed between the first and second implantation. The results obtained for the SSD and AHL groups imply the need for psychological intervention during auditory rehabilitation. Psychological counseling could help reduce the negative impact of comorbidities on hearing abilities (seen in the correlation) and improve the outcomes of auditory rehabilitation. Lowering the significant negative correlations between comorbid psychological symptoms and NCIQ or OI would likely benefit rehabilitation outcomes.

The lack of correlations between TQ and other variables in the DSD group suggests that these patients do not require additional psychological support to aid their auditory rehabilitation with a second CI. Unlike the AHL and SSD groups, the DSD patients were implanted twice between T1 and T2 (Figure 1). Our present research focused on the analysis after the second implantation in this group; however, it is known that already after the first implantation, DSD patients benefit in terms of quality of life (NCIQ) and subjective quality of hearing (OI) and that this positive change is sustainable (58). Therefore, some of the parameters measured at T3 could have been improved in the DSD group before.


4.1. Study limitations

Our study is not free of pitfalls; the first is the small sample size of the subgroups, which could be expanded in a multicenter study or an extended study duration in the future. The second drawback of our work is that the study looked at a relatively short period after cochlear implantation (6 months). To track changes that might have occurred later, we need to prolong the observation time in the future. Finally, the data regarding tinnitus is limited, as it does not contain detailed information about laterality, matching, loudness, tinnitus awareness, and other tinnitus-related variables.




5. Conclusions

This study identified differences between three groups of CI candidates (AHL, DSD, SSD) concerning tinnitus, quality of life, subjective hearing, and psychological comorbidities. Most of these differences prevailed before implantation but faded 6 months after CI. Tinnitus prevalence varied among AHL, DSD, and SSD groups before and after CI, being the lowest in the DSD group at both times. Tinnitus distress improved significantly after 6 months of auditory rehabilitation with CI, as did the quality of life and subjective hearing in patients who initially reported tinnitus in all three groups. The differences between AHL, DSD, and SSD groups before CI in the quality of life, subjective hearing, perceived stress, and anxiety symptoms disappeared after CI. We suggest considering several features associated with hearing loss type and the presence or absence of tinnitus when planning auditory rehabilitation with CI. In individual cases, particularly AHL and SSD patients, psychological interventions targeting tinnitus distress and mental comorbidities could indirectly improve the health-related quality of life and subjective hearing of implanted tinnitus patients.
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Introduction: Tinnitus pitch matching is a procedure by which the frequency of an external sound is manipulated in such a way that its pitch matches the one of the tinnitus. The correct measure of the tinnitus pitch plays an important role in the effectiveness of any sound-based therapies. To date, this assessment is difficult due to the subjective nature of tinnitus. Some of the existing pitch matching methods present a challenge for both patients and clinicians, and require multiple adjustments of frequency and loudness, which becomes increasingly difficult in case of coexisting hearing loss. In this paper, we present the comparison in terms of reliability between two self-guided pitch matching methods: the method of adjustment (MOA) and the multiple-choice method (MCM).

Methods: 20 participants with chronic tinnitus and hearing loss underwent the two assessments in two different sessions, 1 week apart. Measures of intraclass correlation (ICC) and difference in octaves (OD) within-method and within-session were obtained.

Results: Both methods presented good reliability, and the obtained values of ICC and OD suggested that both methods might measure a different aspect of tinnitus.

Discussion: Our results suggest that a multiple-choice method (MCM) for tinnitus pitch matching is as reliable in a clinical population as more conventional methods.

KEYWORDS
 tinnitus, pitch, matching, self-guided, hearing loss


1. Introduction

Tinnitus is often defined as the perception of sound without an external source. Several studies have reported the tinnitus prevalence in the population, which ranges from 5.1% to 42.7% (McCormack et al., 2016). One of the main challenges of health care when addressing tinnitus is the large heterogeneity of its symptoms and etiologies (Langguth, 2011), making it improbable that a specific therapy would be suitable for every patient (Hall et al., 2019). Some authors have highlighted the importance of personalized treatments, which are prescribed according to the physiological mechanisms that underlie each individual’s symptoms. The most frequent comorbidity of tinnitus is hearing loss which, in the case of the Dutch population, has an association with an odds ratio of 8.5 (Schubert et al., 2021).

There is an increasing interest in sound-based therapies for tinnitus treatment (e.g., Henry et al., 2008; Hobson et al., 2012; McNeill et al., 2012; Shekhawat et al., 2013; Searchfield et al., 2017). The most common sound-based tinnitus therapy by far are hearing aids, and it has been estimated that up to 90% of the tinnitus population may benefit from their use (Henry et al., 2015). Hearing aids increase the volume of external sounds, improving the communication of users. They may help to reduce other tinnitus symptoms like stress or anxiety, but also mask or provide distraction from tinnitus (Sereda et al., 2015). Nevertheless, patients differ with respect to many audiological characteristics, such as the degree of hearing loss, the tinnitus pitch and loudness, the factors that influence their tinnitus or their psychological response to the tinnitus percept (Schaette et al., 2010; Cederroth et al., 2019).

The potential dependency of the tinnitus pitch and the effectiveness of a sound-based therapy has motivated the development of different pitch-based treatments. Examples of these are the vagus nerve stimulation combined with a sound stimulus (De Ridder et al., 2015), tailor-made notch noise training (Stracke et al., 2010), notch filter amplification (Marcrum et al., 2021), harmonic sound therapy (Mahboubi et al., 2012), phase-shift sound therapy (Heijneman et al., 2012), or different discrimination/attention tasks focused on re-adjusting the attention to the tinnitus percept (Hoare et al., 2010; Wise et al., 2015).

Sound-based therapies are often fine-tuned to the pitch of the tinnitus (Hoare et al., 2014). A procedure well-known in the tinnitus field, is tinnitus matching, where the frequency of an external sound is manipulated such that its pitch matches that of the tinnitus (Henry and Meikle, 2000). Although pitch matching is part of the standard audiological assessment of a tinnitus clinic, its reliability is often questioned due to its self-reported nature and the large variability between consecutive sessions (Hoare et al., 2014), which can even vary over 2 octaves (Henry et al., 2004). It remains unclear whether these variations are the result of the patients’ difficulties when performing the tests or whether they reflect a change of the percept between sessions (Penner and Bilger, 1992). Even though clinicians have to rely on patients’ feedback when performing a pitch matching test, the procedure does not entirely resemble a “black box.” Many authors have investigated the relationship between the audiogram and the tinnitus pitch and, more specifically, several instances can be found in the literature where authors theorize on the link between audiogram edge and pitch (Schaette and Kempter, 2009; Moore, 2010; Jain et al., 2021). However, there seems to be a broader consensus on the relationship between the pitch and the whole frequency region of hearing loss (Norena et al., 2002; Roberts et al., 2006; Schecklmann et al., 2012; Jain et al., 2021).

The literature reports plenty of different approaches to carry out the pitch matching, and their performance have been extensively compared with each other (Tyler and Conrad-Armes, 1983; Penner, 1995; Henry et al., 2004; Neff et al., 2019). Some of these methods consist of several steps of choices where the distance in frequency between the presented tones is narrowed step by step, just as in the case of the two-alternative forced-choice method (2AFC; Penner and Bilger, 1992) or the forced-choice double staircase (FCDS; Henry et al., 2013). Other methods, such as the likeness rating (LR; Norena et al., 2002), aim to broaden the tinnitus characterization from a single frequency to a wider spectrum by means of comparisons between the subject’s percept and several pure tones of different frequencies. Unlike these approaches, which are usually based on the interaction between audiologist and patient through a series of questions and adjustments, the method of adjustment (MOA) allowed subjects to self-guide the test by using a computer interface or a noise generator and dial (Tyler and Conrad-Armes, 1983; Henry et al., 2004). The MOA involves the constant presentation of a stimulus (typically a pure tone or a narrow-band noise) whose frequency and loudness can be controlled by the subject. The finer adaptability of this method might provide a more accurate representation of the subject’s tinnitus. However, the MOA can be difficult to perform for some patients due to a steep slope of their audiogram, which leads to numerous adjustments of the loudness dial (Penner and Bilger, 1992). It is worth mentioning that most pitch matching methods require extra time for the adjustment of the stimulus loudness, despite the fact that pitch-based therapies (as their name suggests) do not usually need loudness data to be implemented.

Due to the above-mentioned reasons, we decided to develop a different pitch matching method and to compare its performance to the MOA. In this paper, we report the reliability of a self-guided multiple-choice method (MCM) for tinnitus pitch matching, and we compare the results to the MOA between sessions. With the MCM, we aim for an easy-to-conduct method, with higher reliability and a user-friendly interface to simplify the procedure.



2. Methods


2.1. Participants

A total of 20 adult patients of the Otorhinolaryngology Department of the University Medical Center Groningen (UMCG) were recruited to participate in this study between September of 2020 and April of 2021. All of the 20 participants had chronic tinnitus (suffering tinnitus for at least 3 months; Vesterager, 1997) and presented a symmetric hearing loss (≤15 dB difference between both ears at 2, 4 and 8 kHz) with an averaged pure-tone audiometry (PTA at the same frequencies) of at least 30 dB. Excluding tinnitus and hearing loss, participants had no history of either neurological or psychiatric disorders. All participants gave written informed consent to join the study, which was approved by the ethics committee of the University Medical Center Groningen (METc 2018/445).



2.2. Questionnaires

After giving written informed consent and prior to being invited to the clinic, participants received by mail a series of questionnaires that were sent back to us with a return envelope. These questionnaires were the Tinnitus Functional Index (TFI; Meikle et al., 2012), the Hyperacusis Questionnaire (HQ; Khalfa et al., 2002) and the European School for Interdisciplinary Tinnitus Research Screening Questionnaire (ESIT-SQ; Genitsaridi et al., 2019). The latter was used to gather demographic data and additional tinnitus characteristics.



2.3. Method of adjustment

When the process starts, the question “Hoe klinkt uw tinnitus?” (“what does your tinnitus sound like?”) appears on the screen, followed by two clickable answers: “Pieptoon” (“Beep”) for pure tone and “Ruis” (“Noise”) for narrow-band noise with a bandwidth of ⅓ of an octave. After choosing one of the two, the stimulus is presented initially at 1 kHz and 60 dB SPL, while the interface shows the sentence “Verplaats de balk totdat het geluid het meest op uw tinnitus lijkt,” meaning “Move the bar until the sound most resembles your tinnitus” (Figure 1). The subject then can adjust the central frequency and the loudness of the stimulus by using two sliders. The stimulus, which is continuously presented during the entire test, can also be changed between pure tone and noise at this stage. The subject can finalize this stage by pressing the button “Kies” (“Choose”), by means of which the frequency of the stimulus is stored. Next, an octave confusion test is performed. For this, the selected frequency is tested against two other stimuli that are centered at an octave below and an octave above, with the three of them presented at the same intensity level. Here, the participant has to choose one out of the three options, which is stored as the final frequency and loudness of the pitch matching process. Onset and offset times of the stimuli were 100 ms. The frequency slider (range from 0.05 to 16 kHz) allows minimum changes in linear steps of 18.5 Hz, and the loudness slider (range from 10 to 95 dB SPL) can be adjusted in steps of 0.81 dB.

[image: Figure 1]

FIGURE 1
 MOA’s interface.




2.4. Multiple-choice method

Like MOA, this method starts by asking the participant to choose between noise and pure tone. After the subject chooses one of the two options, the interface shows 22 different clickable buttons that can be activated one by one (see Figure 2). Each of them then presents a stimulus of 1 s duration and centered at the following frequencies: 0.1, 0.3, 0.5, 0.6, 0.7, 0.8, 1, 1.1, 1.2, 1.35, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 9, 10, and 12 kHz. Stimuli are presented at a comfortable level and adjusted to the participant’s audiogram, according to the following procedure: the level of each stimulus is adjusted by adding 60 dB of baseline presentation level to the dBs of the nearest frequency available of the audiogram, with a maximum level of 95 dB SPL. Bandwidth of the noise, onset and offset times are identical to MOA.

[image: Figure 2]

FIGURE 2
 MCM’s interface.




2.5. Procedure

Figure 3 shows the timeline of the experiment. The participants were invited to come to the clinic for two sessions, 1 week apart. Hearing thresholds were measured during the first session with a conventional audiometry at frequencies between 0.125 and 8 kHz in octave steps, as well as 3 and 6 kHz. For this, an audiometer AC40 (Interacoustics) and a pair of TDH39 headphones (Telephonics) were used. All measurements were carried out in sound proof rooms. For the pitch matching procedures, a MOTU UltraLite audio interface and a pair of Sennheiser HD660S headphones wer used. All sounds were delivered monoaurally. In case of unilateral tinnitus, sounds were presented in the contralateral ear. For the bilateral cases, sounds were presented in the best hearing ear.

[image: Figure 3]

FIGURE 3
 Timeline of the experiment. The measurements are shown in chronological order for each session.




2.6. Analysis

Data was analyzed in R version 4.0.2. Sample size was determined based on a power analysis with an expected reliability of 0.9, a minimum acceptable reliability of 0.65 and a significance level of 0.05 (α). Reliability of the two matching methods was estimated by means of several coefficients and measures. Intraclass correlation (ICC) was used to quantify the reliability of each method within and between sessions. ICC was estimated using the package “irr” of R (version 0.84.1). Data were tested for normality by the Shapiro–Wilk Test. Mean frequencies and standard deviations over all participants for both methods between and within sessions were calculated. Moreover, the within-method and within-session differences in octaves were also estimated. Mean loudness and standard deviation of MOA was obtained.




3. Results

Demographic characteristics of the participants are presented in Table 1. Hearing thresholds were assessed by estimating a Pure Tone Average (PTA of 2, 4 and 8 kHz) and did not differ significantly between ears. Averaged values of the TFI and HQ scores are shown.



TABLE 1 Demographic characteristics of the participants.
[image: Table1]

Figure 4 shows the individual pitch-matching results during both sessions and using both MOA and MCM. Normality of the data could not be assumed for MCM. The reliability measures and pitch matching averages of both methods are represented in Table 2. When comparing the two methods, the intraclass correlation coefficient was higher for MCM compared to MOA. However, the overlap between the two confidence limits of both ICCs indicated that there was no significant difference between both methods. There was no significant difference in the averaged tinnitus pitch between both methods. The mean octave difference (OD) between the two sessions was calculated for both methods, no significant difference was found. The within-method and within-session individual’s ODs are shown in Figure 5.

[image: Figure 4]

FIGURE 4
 Participant’s pitch-matching results for both methods and both sessions, each data point represents one participant. (Upper-left corner) Comparison between bothmethods within the 1st session. (Upper-right corner) Comparison between both methods within the second session. (Bottom-left corner) Comparison within MOA between both sessions.(Upper-right corner) Comparison within MCM between both sessions.




TABLE 2 Averaged pitch matching results and reliability measures.
[image: Table2]
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FIGURE 5
 Box plots of the difference in octaves, from left to right: MOA within-method, MCM within-method, 1st session between methods, 2nd session between methods. For each boxplot, the data points represent individual participants.




4. Discussion

In this study, we compared two self-guided methods to measure the tinnitus pitch in 20 participants with chronic tinnitus. The participants used the both methods MOA and MCM to measure their tinnitus pitch in two sessions, 1 week apart. The comparison was made by means of reliability, mean frequencies and octave difference between and within sessions.

Both methods presented very good reliability. However, due to the relatively large confidence intervals of the ICC, it is not possible to determine which one of the methods is more reliable. Nonetheless, MCM presented an ICC ≥ 0.9, which is considered the required standard of a tool used for clinical decision making for individual patient data (Kottner et al., 2011). MOA presented an ICC ≥ 0.7, indicating good agreement between measures for group data (Nunnally and Bernstein, 1994). In terms of octave difference, no significant difference was found between both methods as a result of the spread of the data.

A previous study compared three different pitch matching methods including the MOA, for which they obtained analogous results of reliability (Neff et al., 2019). In this study, the authors mentioned the potential bias of the participants in the decision-making due to the initial presentation of the stimulus of this method (1 kHz in our case), which explains differences in pitch between methods. However, the authors did not report the standard deviation of the frequency selection. In our case, despite no significant difference in frequency was found between methods, we also suspect that the starting frequency can play a role in the procedure. This potential bias is avoided in the MCM, which is not initialized with any stimulus. However, some subjects have the tendency of starting the matching from the first option, which corresponds to the lowest frequency available. Future implementations could prevent this by removing the numbers from the buttons and keeping the same sequence of frequencies.

Pitch-dependent sound-based therapies such as the tailor-made notch noise training (Stracke et al., 2010), the notch filter amplification (Marcrum et al., 2021) or the harmonic sound therapy (Mahboubi et al., 2012) are based on narrow-band approaches which commonly use a bandwidth of half or a third of an octave. Consequently, frequency resolution might not be the most important characteristic of a pitch matching procedure. Instead, a self-guided method that allows the subject to choose the closest available option without having to constantly adapt the volume of the stimulus (as in the case of MOA), might be a practical solution for a clinical environment. Another advantage that the MCM presents is the automatic adaptation of the loudness of the stimuli to the hearing profile of the subject. In the case of MOA, patients with high-frequency tinnitus often have trouble adjusting the loudness of the stimulus due to the abrupt decrease of their audiogram, which could be solved by using loudness correction. The MCM addresses this issue so the subject can focus only on the frequency of the sound. Future implementations of the method could adjust the intensity in a more cautious way for high frequencies, following a half-gain rule as in hearing aids fitting (Lybarger, 1963). Moreover, the MCM can be implemented on mobile devices such as smartphones or tablets, which have the potential to be used for hearing diagnosis after the corresponding validation (Wunderlich et al., 2015; Hauptmann et al., 2016; De Wet Swanepoel et al., 2019).

Unfortunately, the test duration was not recorded. This limitation prevents us from claiming that one of the methods has significantly lower duration than the other one. Nevertheless, by observing the participants during the experiment, we noted shorter durations during pitch matching with the MCM than with the MOA. Additionally, it’s worth mentioning the fact that the order of test procedure was not randomized, which could potentially result in a learning effect when performing the second test. Another limitation that both methods had during the experiment is the constraint of 95 dB HL as the maximum level of presentation of the stimulus as a safety measure. A subject whose tinnitus’ loudness is above that level is likely to choose the closest audible frequency during the matching procedure. For presentations within the extended high frequency range in the MCM, a similar problem can be seen: since the stimuli were adjusted to the audiogram, and this was measured up to 8 kHz, presentations for extended high frequencies will not be perceived equally loud by participants with high frequency hearing loss. An extended high frequency audiometry could mitigate this issue. Previous comparisons between pitch matching methods used repeated measurements in one single session, which might not be a sufficient time interval to reveal changes in cases of fluctuating tinnitus (Neff et al., 2019). Instead of several measurements in one session, we opted for measuring in 2 different sessions, 1 week apart. The fact that the obtained within-methods ICC values and OD values are higher and lower, respectively, than the between-method ICC and OD, suggests that each method is consistently measuring a different aspect of tinnitus. However, this aspect or feature differs between both methods, hence the higher between-methods OD and lower between-methods ICC. Based on these results, we cannot conclude whether the differences between the two sessions are a result of changes in the tinnitus or an overall difficulty that subjects may have to match an external stimulus to their tinnitus. In addition to this, it is noteworthy the difference in step sizes between both methods, which can affect the reliability results.

To conclude, our results suggest that a multiple-choice method (MCM) for tinnitus pitch matching is as reliable in a clinical population as more conventional methods such as the method of adjustment (MOA). This self-guided approach can be easily implemented on mobile devices. Due to the limited number of response options and the only requirement of having to include the subject’s hearing threshold in advance, the MCM has the potential to speed-up the matching process.
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Although disabling tinnitus is a chronic auditory phantom sensation, current knowledge on time perception (i.e., subjective time) in sufferers is limited and unsystematic. This theoretical analysis provides a first approach to this topic, highlighting the heterogeneity of time perception in humans as shown in various research areas. This heterogeneity is inherently related to goal attainment. Our immediate perception of time is restricted to present moment and recent past, whereas our sense of time is mostly future-oriented and represented as our past in a mental time line. The heterogeneity of time translates into a tension between anticipated changes one wants to see happen and full commitment that is required to goal attainment. Tinnitus sufferers are intensely aware of this tension in their self-perception. Their most compelling desire is that they no longer perceive tinnitus, but they get closer to this goal only by avoiding to put all their thoughts into it. Our analysis provides new perspectives on acceptance of tinnitus in relation to this time paradox. Building on the Tolerance model and the role of self-awareness in time perception, we contend that the main way for patients to gain long-term self-confidence is to engage in the present moment. Attention to this attitude is obscured in chronic sufferers by worries and ruminations associated with the ongoing presence of tinnitus. We provide arguments that time perception is a social perception, emphasizing the role of rewarding interactions in helping sufferers to overcome the feeling of being prevented from living in the moment. In the course of improvement towards acceptance, different changes in time perception are hypothesized that promote individuals’ disengagement from unattainable goal (i.e., tinnitus suppression). A framework for future research is proposed, which distinguishes individuals’ behaviors and associated emotions in relation to the time paradox.
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 tinnitus, time perception, heterogeneity, self-awareness, frustration, enjoyment, hearing aids


‘Let anyone try, I will not say to arrest, but to notice or attend to, the present moment of time. One of the most baffling experiences occurs. Where is it, this present? It has melted in our grasp, fled ere we could touch it, gone in the instant of becoming.’ William James (1890) Principles of Psychology, p. 608.

‘Apart from a few special moments I never really live in the present, I never think of it. But the sickbed does not allow me to escape from the present […] As a patient I live with a useless body in a disconnected present.’ Jan Hendrick Van den Berg (1966) The Psychology of the Sickbed, p. 28.
 


1. Introduction

According to the clinical guidelines proposed by Tunkel et al. (2014), the individual reaction to tinnitus can improve over time, without medical intervention, during the first 6 months after the onset of the symptom. This clinical knowledge is important to communicate to patients during this period, in order to reassure them and avoid the multiplication of costly investigations. Thereby, routine examination of the patient’s hearing and education about the mechanisms of tinnitus perception are recommended over potentially invasive interventions. After 6 months the likelihood of spontaneous improvement decreases, although improvement is still possible up to 5 years after the onset of the symptom (ibid.). Since most patients enrolled in comparative research report having persistent distress more than 6 months after the onset of their tinnitus, this criterion of duration was advocated in the distinction between acute and chronic (i.e., persistent) tinnitus (ibid; see also Cima et al., 2019). The duration is set at 3 months in the guidelines proposed by Mazurek et al. (2022) who emphasized the potential treatment options during this early period, such as cortisone injection therapy and treatment of sudden deafness if associated with tinnitus. After 3 months, the chances of success of these interventions decrease over time and other approaches to tinnitus perception (rather than tinnitus generation) should be considered such as hearing aids or psychological-based therapies. Using the definition of chronic pain as an example, De Ridder et al. (2021) also proposed persistence of tinnitus perception after 3 months be considered chronic. This criterion would also reflect the complex changes over time in brain activity and connectivity, which may contribute to considerable disablement in patients, by turning the tinnitus symptom into tinnitus disorder (ibid.). The distinction between acute and chronic tinnitus indicates that the time factor is an important element in recommendable therapeutic strategy and decisions when receiving patients with tinnitus. Equally important in the management of their distress is the perception of time by patients themselves, a field of investigation on its own right since the use of metric alone provides little understanding of this dimension. The experience of individuals is the main source of inquiry in this matter, as qualitative studies with tinnitus patients have shown (e.g., Andersson and Edvinsson, 2008; Marks et al., 2019). However, observations related to time in patients with tinnitus are rather limited to date and, furthermore, often do not explicitly refer to time perception as such. The implementation of mindfulness-based approaches to tinnitus is an exception to this remark (Marks et al., 2020). By emphasizing the importance of how patients live the present moment, these approaches further investigate into time perception and lead to a better comprehension of annoyance variability (Dauman and Dauman, 2021). The present theoretical analysis proposes a first systematic approach to this topic in patients with tinnitus and provides a psychological framework for future research.

Time perception (i.e., subjective time) is notoriously an elusive topic which challenges scientific inquiry. Unlike other perceptions, we do not have a sensory organ for the passage of time (Wittmann, 2009) and our sense of time (e.g., duration) is much more unclear than, for instance, our sense of distance by vision (Grondin, 2010). Even though time is intangible, unobservable, and hard to understand, the study of time perception is unmissable as ‘nontemporal behavior does not exist.’ (Hancock and Block, 2012, p. 269). In other words, a scientific inquiry into time perception addresses our interaction with ourselves and ever-changing environment around us. A cornerstone in the inquiry of time perception, which a non-specialist in this field will find useful to keep in mind, is that our perception of time is heterogeneous. We do not perceive our past, or conceive our future, in the same way that we experience the moment. Yet these distinct perceptions have strong psychological connections, as James (1890) observed in his pioneering work, this heterogeneity being central to his psychological approach to time (see below, Part 2).

In cognitive psychology, the heterogeneity of time perception shows through the distinction between prospective and retrospective duration judgments (Block and Zakay, 1997). In prospective judgment, individuals are informed that they will have to give an estimate of the time elapsed during the experiment. Part of their attentional resources is allotted to duration monitoring, which competes with a nontemporal task. As attentional resources are limited, the more complex the task is the less accurate prospective duration judgments are (Zakay and Block, 1997). Duration estimates tend to decrease in length with higher cognitive load (Block et al., 2010), i.e., a shorter time elapses for individuals when stimuli information processing distracts them from duration monitoring. In retrospective duration judgment, no information about time is given beforehand and individuals, therefore, have to remember the elapsed duration (Block and Zakay, 1997). In this latter setting, duration estimates tend to increase with higher cognitive load (Block et al., 2010), i.e., individuals consider a longer period has elapsed when stimuli information processing involved more cognitive resources. Attention-based (i.e., prospective) and memory-based (i.e., retrospective) processes likely account for the heterogeneity of time perception in experimental settings (see, for a review, Block et al., 2010).

A similar pattern characterizes research in embodied cognition that focuses on time perception in relation to self-awareness (e.g., Droit-Volet et al., 2013; Wittmann, 2015; Thönes and Stocker, 2019). Typically, an intensified self-awareness goes with greater awareness of the passage of time, i.e., the feeling that time ‘elongates’ or ‘drags’. For instance, when individuals are asked to make prolonged physical efforts (e.g., holding their breath) they tend to report longer durations (as compared with actual durations), a cognitive bias which reflects the depletion of their body resources due to self-regulation (Vohs and Schmeichel, 2003). Intensified self-awareness also characterizes boredom in meaningless situations, that seem to drag on whenever individuals wish to escape from them and, therefore, induce impulsive behaviors in order to shorten their dissatisfaction (Moynihan et al., 2021). In contrast, the dissipation of self-awareness occurs typically when individuals develop rewarding activities in which they are fully engaged, losing thus their track of time (Csikszentmihalyi, 1990; Wittmann, 2015).

These changes in self-awareness and time perception would not occur by chance, but rather serve adaptive purposes in an evolutionary perspective (Droit-Volet and Meck, 2007; Droit-Volet et al., 2013). This perspective distinguishes engagements in opposite directions according to motivation and goals, with individuals preferring either withdrawal from aversive stimuli or approach to appetizing stimuli (Gable and Harmon-Jones, 2010). Withdrawal motivation (i.e., the desire to increase distance from threatening stimuli) is typically accompanied by the passage of time slowing down (Droit-Volet and Meck, 2007; Gable et al., 2022). The resulting longer perception of time increases the organism’s readiness to act as soon as possible (Gil and Droit-Volet, 2012; Droit-Volet et al., 2013) and, if the aversive situation persists, the distorted perception of time causes the organism to disengage from a situation that overloads the available resources (Gable et al., 2022). In contrast, accelerated passage of time characterizes the desire to get closer to rewarding stimuli, i.e., the approach motivation (Gable et al., 2022). An accelerated sense of time promotes the pursuit of on-going goals as the organism moves closer to their achievement (Gable et al., 2022) and focuses attention exclusively on them (Gable and Harmon-Jones, 2010) to the point of forgetting self-awareness. In sum, the alternation of elongated time perception (with intensified self-awareness) and accelerated time perception (with self-dissipation) would be indicative of the inner resources the organism can afford while pursuing current goals. Time perception would thus inform the self about the efficiency with which it engages in goal-directed behavior.

The quotes from James (1890) and Van den Berg (1966) at the beginning of the report might seem contradictory at first glance. Yet they are in line with the above-mentioned approach to self-awareness and time perception. For the former author, the present moment would not exist as such, because our consciousness only apprehends a succession of fleeting impressions (i.e., the present is ‘gone in the instant of becoming’, in James’ words). For the second one, the present moment would be all that remains to the patient who has to face his vulnerability (i.e., ‘a body in a disconnected present’ according to Van den Berg). Actually, when one observes aimlessly passing time, presence to oneself is all one can feel. There is no obstacle against which resources can be tested and driven. On the contrary, the one who suffers and experiences the insufficiency of his resources feels intensively the passage of time while he attempts to resume his usual habits and interactions with his surroundings. The embodied nature of time (Droit-Volet et al., 2013) is highlighted by the constraints of illness.

As Thönes and Stocker (2019) pointed out, the very use of notions such as ‘passage’ and ‘speed’ of subjective time implicitly involves a reference to space, since space is necessary to conceive movement. Time being elusive, communication is also facilitated by the use of spatial metaphors that organize temporal events along a symbolic, unidirectional line (e.g., ‘The worst is behind us’ or ‘Thursday is before Saturday’ see Boroditsky, 2000). The widespread metaphor that time passing is motion (McGlone and Harding, 1998; Ruscher, 2011) can be rooted to our experience of locomotion in space (Rinaldi et al., 2018). As we move through space, we visually associate the objects we approach with a decrease in the space between those objects and our body, while the distance increases with those we have passed. What is to come in our path (i.e., the future) is in front of us, what is no longer current in our experience (i.e., the past) is behind our body (ibid.). Our body’s asymmetrical sensitivity to the stimuli in front of us would also be related to the particular value we attribute to the future, which is associated with our sense of agency (i.e., our ability to act on events in the way we want; Caruso et al., 2008).

The influence of the metaphor ‘time passing is motion’ is reflected in everyday communication about temporal events. A speaker may describe a future event in two ways along a sagittal time line (Boroditsky, 2000). On the one hand, she may describe the passage of time as if she was moving towards the upcoming event (e.g., ‘we are approaching the weekend’). She adopts an ego-moving perspective and attributes a stationary position to the event (Boroditsky, 2000; McGlone and Pfiester, 2009; Richmond et al., 2012). On the other hand, the person may describe the passage of time as if the event itself was getting closer to her as time goes by (e.g., ‘The week-end is approaching’). She then adopts a time-moving perspective and, importantly, attributes to herself a stationary position (ibid.). Although both temporal descriptions are understandable, these perspectives reflect distinct attitudes in the speaker towards the narrated events. Anticipated happiness elicits a greater sense of agency in individuals who tend to use an ego-moving perspective towards rewarding events (Richmond et al., 2012), which is reflected in expressions such as ‘looking forward’ to positive events. On the contrary, a time-moving perspective is associated with a sense of helplessness in individuals who consider future negative events that elicit depressed mood and anxiety. By endorsing a stationary position, they attribute temporal agency to the events they fear will happen. Expressions such as ‘depression descended on me like a darkness’ illustrate this loss of agency in individuals (ibid.). In sum, the assignment of temporal agency in communication (either to oneself or to future events) would reflect both our willingness to deal with future events (Ruscher, 2011) and our emotions we associate with their arrival (McGlone and Pfiester, 2009).

In many ways, the preceding remarks suggest that the literature on time perception may provide new perspectives for approaching the individuals’ perception of chronic tinnitus. In particular, the alternative between ego-moving or time-moving perspectives seems relevant to exploring patients’ sense of agency in managing tinnitus over an indefinite period of time (Dauman and Dauman, 2021; Pryce et al., 2023). Individuals enduring tinnitus in their consciousness may feel as if they were forced into a stationary position, which they try to counteract by being more active themselves. Intensified self-awareness, coupled with limited resources to cope with the situation, is also likely to exacerbate a time-moving perspective that patients express as a hopeless sense that tinnitus ‘will be there forever’ (Colagrosso et al., 2019; Marks et al., 2019). Instead, patients who are more tolerant to tinnitus may put it in the background of consciousness (Slater and Terry, 1987; Adams et al., 2010), indicating an ego-moving perspective on the continuous presence of tinnitus. They learn to focus on something else (Pryce and Chilvers, 2018) and continue with their activities (Marks et al., 2022). They anticipate periods of calm beyond a current crisis (Marks et al., 2020) and rely on routines that have proven effective in the past to restore inner balance (Dauman et al., 2017). They remain lucid in their efforts (Pryce et al., 2019) and are more indulgent to themselves than they were at the onset of tinnitus (Marks et al., 2020). These observations suggest that tinnitus may challenge individuals’ time perception and require them to be willing to overcome the feeling of being prevented from freely living in the moment. Table 1 provides examples of contrasted time-moving and ego-moving perspectives in patients’ discourses, as illustrated by qualitative studies on chronic tinnitus.



TABLE 1 Ego-moving and time-moving perspectives illustrated from qualitative studies on chronic tinnitus.
[image: Table1]

The purpose of this theoretical analysis is to investigate which changes in patients’ perception of time promote the acceptance of tinnitus.

Part 2. will address a phenomenological approach to time perception, which highlights the heterogeneity of our sense of time. Part 3. will map this approach to time to the Tolerance model (Dauman et al., 2023), showing in particular how temporality can be applied to patients’ frustration in dealing with tinnitus. Changes in time perception will be discussed in more detail in Part 4. with an analysis of the heterogeneity of time (future, past, recent past, and present moment) that we relate to behavior changes in patients. Finally, we will propose a framework for future research on time perception in chronic tinnitus and provide testable hypotheses (discussion, Part 5.).



2. Perception of time in William James’ Principles of Psychology

In his seminal work, James (1890) provides in-depth insights into time perception that he distinguishes from other perceptions (e.g., hearing, vision) as being our internal perception. In carrying out this theoretical analysis on tinnitus, we will consider in detail three observations inquiring our psychological sense of time.

First, James starts with how our sense of time contrasts by its narrowness in comparison to our ability to appraise lengths with our eyes. One only has to look at the window in order to have a feeling of great distances from his own body. In striking contrast with the extended space that one is able to grasp at once through vision, our sense of duration (of time) is very limited: ‘The units of duration, James notes, which the time-sense is able to take in at a single stroke, are groups of a few seconds, and within these units very few subdivisions […] can be clearly discerned.’ (p. 611). Within short durations (i.e., half a minute), our voluntary attention towards the passage of time can be accurate, and even improved by training. However, beyond those instants that have just elapsed, our appraisal of time becomes vague and, a few minutes later, any estimate of duration has completely melted in our grasp. Thenceforth, we only get reliable information about time by looking to our watch. In other words, we cannot rely on our intuitive perception of time above short spans of experiencing its passage before our awareness.

This limited range of accurate temporal information usually goes unnoticed. Since our time-sense is ‘as continuous as any sensation can be’ (ibid., p. 622), we rather experience time as a stream of sensations and events connected one to another without noticeable disruption. When we are attentive to those stimuli, they seem to unfold before our awareness. That is, a feeling of pastness is inherent to our ongoing perception of them. Such a feeling is impossible to overcome in our intuitive sense of time. James even doubted that anyone could seize a single moment of time apart from the stream of his own consciousness (see his citation at the start of this text). Our intuitive sense of time should be referred to as a ‘specious’ present (as suggested by Clay), which continuously appears before our awareness with ‘a vaguely vanishing backward and forward fringe’ (p. 613). Not only the specious present contains duration (i.e., our feeling that events are ‘passing’ before us); it also has a direction with an ‘earlier’ part and a ‘later’ part. Along this direction, past events are considered to be ‘no more’ in our ongoing perception, and events to come as being ‘not yet’ perceptible.

A second observation results from this careful description. Beyond the restricted boundaries of the specious present, we can only estimate time in a symbolic way (i.e., not intuitively). Any notion of duration (i.e., longer or shorter) and direction in time (i.e., before or after) is merely positioned by imagination on a time ‘line’ that is extracted from our sensory experience. Abundant memories associated with some past event lead us to widen our view of it and to remember it with a longer duration than other, less vivid memories. A shorter duration is associated with past events that are not associated to individual engagement and meaning. In sum, our symbolic estimate of time reflects how we filled in—with our goals—the duration of time that we consider in retrospect. Future events would follow a similar pattern. Greater durations would be associated (symbolically) with greater diversity and interest, which we anticipate in our engagements with coming activities.

A last observation appears as a paradox in our perception of time, which W. James sums up as follows: ‘In general, a time filled with varied and interesting experiences seems short in passing, but long as we look back. On the other hand, a track of time empty of experiences seems long in passing, but short in retrospect.’ (p. 624). In fact, this paradox highlights an alternative in our psychological relationship with time perception. Either we distract ourselves from monitoring the passage of time, by accomplishing valued goals (i.e., ‘a time filled with varied and interesting experiences’) or we develop attention to time itself, whenever we fail to engage ourselves with meaningful activities (i.e., ‘a track of time empty of experiences’). When we look back to past events, this alternative in our attention manifests to ourselves with a striking contrast. In retrospect, we estimate the duration of these distinct situations (i.e., ‘interesting’ or ‘empty’) in a symbolic way that reflects how much we were engrossed with them. Duration in our memory extends with the abundance of events that time contained for ourselves. This symbolic relationship would not be fortuitous, but rather certify our continuous search for stimulation. Indeed, lack of commitment and novelty cannot distract ourselves from the ‘odiousness’ of the ‘insipid’ passage of time (p. 626), that is, when time is empty of content and meaning. Full of expectations and waiting for new stimuli, our whole attention decisively stands against such monotony. A pause in music or a halt during a captivating speech make our attitude tangible, as we anticipate for sounds or words to come that would feed our appetite for rhythm and for change.

With his psychological analysis of time, W. James provides significant insights into the uninterrupted and meaningless presence of chronic tinnitus in self-perception, when he observes that ‘A day full of excitements, with no pause, is said to pass ‘ere we know it’. On the contrary, a day full of waiting, of unsatisfied desire for change, will seem a small eternity.’ (p. 626).



3. Tolerance model in relation to time perception

Tolerance model is grounded on in-depth interviews with patients who suffer from chronic tinnitus. The model emerged from an inductive, qualitative analysis of their daily experience (Dauman et al., 2017). It has been further elaborated (Dauman and Dauman, 2021) by following a narrative approach to self-perception with tinnitus (Dauman and Erlandsson, 2012; Erlandsson et al., 2020). A recent review of psychological models of tinnitus-related distress defines this model as a humanistic approach to suffering of patients (Dauman et al., 2023). This theoretical analysis will explore further the relevance of time perception in the suggested pathways towards tolerance. Figure 1 provides an overview of the model.
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FIGURE 1
 Progress in tinnitus tolerance is supported by the fulfillment of basic psychological needs (green arrows), whereas the frustration of these needs increases the intrusiveness of tinnitus into self-perception (red arrows). In the course of tolerance improvement, initially disrupted sense of identity is restored through meaningful experiences with oneself and others.


Three basic statements define the model’s approach to tinnitus. They provide a psychological basis to the understanding of the subjective experience of tinnitus over time.

• First, variability in tinnitus intrusiveness, and related distress in the patient, is essential to our psychological understanding of chronic tinnitus (Bouscau-Faure et al., 2003; Dauman et al., 2015). This variability is depicted within the model with green and red arrows that indicate the individual’s improvement in tolerance and worsening of intrusiveness, respectively. Improvement and intrusiveness are considered within self-perception, for tinnitus is located within the organism’s boundaries (as contrasted with external stimuli, see Dauman et al., 2013). Furthermore, the model posits that the individual’s goal-directed behaviors can modulate self-perception and intrusiveness of tinnitus.

• Second, the model suggests that fluctuation in intrusiveness reflects the amount of frustration the individual encounters in pursuing their goals (Dauman et al., 2017; Dauman and Dauman, 2021). Frustration is the feeling elicited by the inability to change a situation as one would wish. The greater the feeling of frustration in the individual, the worse the intrusiveness of tinnitus in self-perception. Illustrative of persistent frustration is the inability to get rid of tinnitus definitively. The model defines frustration management as a core variable in dealing with chronic tinnitus. This core variable is bidirectional. On the one hand, goals-fulfillment is accompanied with a softening of the intrusiveness of tinnitus and the dissipation of niggling self-awareness. On the other hand, the thwarting of goals-pursuit is associated with worsening in intrusiveness. Many obstacles associated with tinnitus may interfere with the individual’s pursuit of their goals (e.g., hearing difficulties, noise sensitivity, lack of understanding by others, interpersonal conflicts). Interference with goals-directed behaviors fuels rumination in the sufferer about having tinnitus (Trevis et al., 2016; see also Nolen-Hoeksema et al., 2008). In turn, rumination hinders the individual’s sense of smooth engagement with ongoing activities that distract him from the intrusiveness of tinnitus.

• Third, disabling tinnitus jeopardizes the patient’s sense of identity in dealing with a burden that cannot be removed from self-perception (Dauman et al., 2023). The model considers tinnitus in relation to psycho-social factors that are inherent to living with chronic illness. These factors have been identified in patients’ self-narratives with tinnitus (see, e.g., Marks et al., 2019, 2020; Erlandsson et al., 2020; Pryce et al., 2023). In the model, they are labeled with plain words that patients can understand at once: (1) looking for consideration, (2) caring for oneself and (3) fulfilling valued goals. These factors resonate with basic psychological needs that contribute to personal growth and long-term well-being (i.e., relatedness, autonomy, and competence, see Reis et al., 2000). They are also in line with a biopsychosocial perspective on tinnitus-related distress that has been recently promoted in the literature (Erlandsson et al., 2020; Marks et al., 2020). The model emphasizes that such factors involve interpersonal resources (e.g., within interactions with the health professionals, the patient’s partner, their relatives and friends, their workmates). Suffering patients look for consideration from others, and health professionals’ consideration is instrumental in dealing with tinnitus. Similarly, the individual can fulfill valued goals on his own, but goals-fulfillment by others also provides useful distraction from tinnitus. In accordance with this perspective, patients’ sense of identity is strengthened when their needs are nurtured by supporting interactions with their social surrounding. On the contrary, confusion and worsening of intrusiveness in self-perception results from the deprivation of these basic needs (Erlandsson et al., 2020; see also Reis et al., 2000).

Tolerance model of tinnitus was elaborated with no reference to James (1890) psychological analysis on time perception. Yet, it is noticeable that these frameworks share common perspectives on time and tinnitus perception.

In particular, the alternative that is core to James’ approach to time perception echoes with the current analysis of intrusiveness of tinnitus. Either we distract ourselves from monitoring the passage of time, James observes, by pursuing valued and enticing goals, or we grow attentive to time itself when we fail to engage in meaningful situations. In the same way, the Tolerance model posits that goals-fulfillment in patients is accompanied with the dissipation of both niggling self-awareness and the monitoring of tinnitus (see for details Dauman and Dauman, 2021). Conversely, patients grow attentive to the salience of tinnitus when they are not engaged in activities they can pay attention to (see also Marks et al., 2020).

Both analyses explicitly relate this alternative in time and tinnitus perception (i.e., either ‘ongoing distraction’ or ‘growing attention’) to the individual’s wish for novelty. According to James (1890), we grow attentive to time when we confront ourselves with ‘a day full of waiting, of unsatisfied desire for change’ (p. 626). Tolerance model endorses a similar viewpoint on the fluctuation of salience, by suggesting that intrusiveness of tinnitus worsens with increased frustration in the patient. In both analyses, the role of goals-fulfillment is equally important (i.e., the feeling of achievement in one’s pursuit of valued goals). The passage of time goes unnoticed, in James’ observation, during ‘a day full of excitements, with no pause’ (ibid., p. 626). The same way, tinnitus may go unnoticed the moment before patients cease performing meaningful activities (i.e., tinnitus salience increases with the cessation of activity, see Adams et al., 2010; Dauman et al., 2017).

Tolerance model shares a last dimension with James (1890) analysis of time perception, as both distinguish four alternatives in the individual experience of tinnitus and time. Perception of time is both intuitive and symbolic, for we compensate the narrow range of our ongoing perception of time with representations of events (i.e., obvious past and future) on a mental time line. Close attention to the passage of time can lead to skepticism about our ability to attend to a discrete moment of time that deserves to be called ‘the present’ moment (ibid., p. 608). Our intuitive perception of time is rather that of continuous pastness of present stimuli (i.e., ‘recent past’, that is associated with movements and changes in the stimuli). James (1890) thus distinguishes four alternatives in time perception, depending on the kind of activity one is involved in. On the one hand, three of these experiences are related to the stationary position of an observer of the passage of time. The experiences of the obvious past and future (i.e., both symbolic) and that of the recent past (i.e., intuitive) are related to such stationary position, where the observer stop moving in order to pay attention to time. On the other hand, the experience of the present moment can also be associated with a moving position in the individual, which then attenuates awareness of time. The alternative in time perception involves such distinction of four experiences that are elicited according to whether the perceiver adopts a moving (i.e., present moment) or a stationary position (i.e., obvious past, recent past, and future). Similarly, the Tolerance model distinguishes four behavior circuits and individual attitudes toward tinnitus in self-perception (Dauman and Dauman, 2021). Table 2 sums up the correspondences between these circuits and the experiences of time according to James (1890).



TABLE 2 Theoretical correspondences between time perception (in James, 1890) and tinnitus perception (in Dauman and Dauman, 2021).
[image: Table2]



4. Changes in time perception in patients with chronic tinnitus

Behavior circuits in the Tolerance model are depicted from the higher levels of distress to gradual improvements in tinnitus tolerance. In accordance with this view, the heterogeneity of time perception in patients will be addressed in the following order: future (circuit 1), past (circuit 2), recent past (circuit 3) and present moment (circuit 4). Attention to the moment is the last experience in sufferers, as enjoyment is obscured by worries, ruminations and frustrations associated with the ongoing presence of tinnitus in their self-perception. Each perception of time will be first illustrated by patients’ observation on tinnitus, as this theoretical analysis is grounded on qualitative studies.

Broadly, changes in time perception that are hypothesized here concern the direction, the passage and the value of time for tinnitus patients. A major change that would accompany the individuals’ gradual tolerance is a shift from a time-moving to an ego-moving perspective about tinnitus. The felt passage of time would also be altered in the course of improvement, being accelerated by anxiety and slowed down by depression and boredom. Notably, the acceptance of tinnitus is best characterized by individuals’ loss of track of time when engaged in rewarding activities. Eventually, the resignation of distressed patients before the perceived accumulation of time (i.e., tinnitus is ‘there forever’) would turn to a valuation of the time shared with others, and greater attention individuals pay to themselves in the present moment.


4.1. Frosty future: Anxiety and disrupted self-regulation


“At first, you feel really overwhelmed by tinnitus. So you think you will remain this way all your life. First because the ENT specialist I met told me so. He said: ‘Your hair cells are destroyed, they will not grow again. So, you will have tinnitus all your life’. […] When a physician tells you that, it’s crazy.” (Female participant, 63 years old. Tinnitus duration: 13 years).
 

Patients with tinnitus commonly fear that intrusiveness will worsen over time and become out of their control (Stouffer and Tyler, 1990; Dauman and Bouscau-Faure, 2005; Davis and Morgan, 2008; Dauman et al., 2017; Marks et al., 2019). It is typical for distressed patients to worry about their future (Andersson and Edvinsson, 2008), lifestyle (Tyler and Baker, 1983) and quality of life with tinnitus (Watts et al., 2018). The inherent uncertainty of the future (Caruso et al., 2008) increases worries that are associated with the unanticipated onset of tinnitus (Marks et al., 2019).

Tolerance model posits that consideration for patients is key in their perception of tinnitus over time, and has crucial impact upon their self-regulation (Dauman and Dauman, 2021). As depicted in Figure 2, lack of consideration (red arrows) deprives them of reliable perspective about tinnitus, for individuals being overwhelmed by tinnitus can only appraise the course of tinnitus through their present sense. With no perspective of positive evolution emerges increased anxiety and disrupted self-regulation.
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FIGURE 2
 The individual’s experience is dominated by anxiety about a dead-end future when no one helps him to step back from the intrusion of tinnitus. A vicious cycle develops that impoverishes the individual’s sense of identity due to the disruption of self-regulation and the inability to find ways to take care of oneself.


Human beings have a normal future orientation of time perception, which is unquestioned in healthy individuals (Davies, 1997; Holman and Silver, 1998). Fulfilments of personal and socially valued goals, associated with a sense of body ownership, are usually taken-for-granted as part of expectations about future in such individuals (Bury, 1982). In contrast, chronic illness can dramatically challenge these beliefs, throwing individuals into unanticipated restrictions and dependency to others in their daily lives. Such a change is a biographical disruption (ibid.).

In the case of tinnitus, health professionals have significant influence over patients’ sense of agency in dealing with their symptom. In particular, an exclusively cure-focused discourse is counterproductive for sufferers who wander for months searching for relief through the suppression of tinnitus (Marks et al., 2019). Greater uncertainty also arises from the help-seeking process itself, with patients having to wait for further examinations after consultation with their GP (Pryce et al., 2023). In addition, patients are confused in thinking about their future as they widely have to discover by themselves ways of coping with tinnitus that are seldom explicitly articulated to them (ibid).

The symbolic association between the perspective over one’s future and the diversity of activities that one will undertake (James, 1890) suggests that monotony of tinnitus generates strong protest in patients who suffer from it. This hypothesis is in line with high levels of anxiety in distressed patients (Hesser and Andersson, 2009) who complain that tinnitus spoils every goal they pursue (Dauman et al., 2017; Watts et al., 2018). Anxiety results from endless struggle with tinnitus, which always returns in the forefront of awareness whenever patients are attempting to avoid it (Hesser et al., 2009). Patients’ protest against an impoverished future as a consequence of tinnitus is characterized by the narrowing of their scope on self-perception. Selective attention (McKenna et al., 2014) and catastrophizing (Cima et al., 2011) are established cognitive biases that accompany the patients’ attempt to reject tinnitus out of themselves. High motivation in pursuing this goal suggests that, in distressed patients, the passage of time is speeded up (Gable and Harmon-Jones, 2010). Their compulsive search for a cure becomes disconnected from the clock-and-calendar time of their surrounding (see Hellström, 2001). Suffering individuals thus multiply consultations with physicians (Brüggemann et al., 2016) and feel their time is being wasted with no effective intervention on tinnitus (Dauman and Dauman, 2021).

Psychological research suggested that individuals’ ability to imagine their future relies on how specific (i.e., contextualized) their autobiographical memories are (Williams et al., 1996). Specific memories (with places, relationships and personal feelings) would facilitate concrete and achievable goals in people taking advantage of their remembered experiences. Lacking reliable perspective over their future, suicidal patients typically have overgeneralized memories (i.e., vague and restricted) upon which they cannot base effective goals-pursuit. Similar pattern of impoverished memories was reported in patients with chronic tinnitus (Andersson et al., 2003) and chronic pain (Quenstedt et al., 2021). Both groups of patients with chronic illness would have difficulties in imagining their future in a practical way, because of present concerns with intrusiveness (Meyer et al., 2015; Quenstedt et al., 2021). Ceaseless efforts to deal with intrusiveness of tinnitus (Marks et al., 2019) would also narrow time perspective in disabled patients, in relation to self-depletion of energy and inability to devote attention to distant future goals (Vohs and Schmeichel, 2003).

A time-moving perspective (McGlone and Harding, 1998; Richmond et al., 2012) is characteristic of distressed patients in general. They suffer intrusiveness in a passive way, as if they were stuck in a stationary position with time accumulating over them. Although they devote considerable energy in distractive activities, they feel enable to outrun tinnitus which always stands over their consciousness. Risk of exhaustion is high in a struggle that is defeated by the endless returns of tinnitus in self-perception (Slater and Terry, 1987; Hébert et al., 2012). According to the present analysis, high motivation to withdraw from tinnitus cannot be sustained by patients in the long term. Persistent anxiety and fruitless efforts in diverting attention away from the internal noise would rather result in depressive mood, with noticeable changes in time perception.



4.2. Mourning past: Depression and grief from accumulated losses


“My brain compensates so that I don’t overly busy myself with tinnitus, but after a while it no longer succeeds in doing so. In the past, this was the moment when, having gone too far, I used to get depressed. But now that I know myself better, I try to slow down and pause. I am more withdrawn over myself and have fewer contacts with people. This is my limit for being able to deal with tinnitus.” (Female participant, 60 years old. Tinnitus duration: 11 years)
 

Depression is widely documented in patients with tinnitus (Langguth et al., 2011; McKenna et al., 2014; Trevis et al., 2016) and rumination about one’s life before the onset of tinnitus is typical in sufferers (Trevis et al., 2016; Erlandsson et al., 2020). In the wake of disabling tinnitus, many losses have been identified that account for changes in self-perception that individuals find hard to overcome. Part of these losses concerns intimate dimensions of self, such as free attention (Marks et al., 2019) and peace of mind (Pryce and Chilvers, 2018), relaxation doing nothing special (Dauman et al., 2017) and being able to fall easily asleep (Munir and Pryce, 2020). Other losses relate to social life and translate as one’s isolation from relationships with others (Dauman and Dauman, 2021) and reluctance to become a burden for close relatives (Marks et al., 2019).

Tolerance model posits that caring for oneself replaces, over time, patients’ initial striving for a cure that would free them from intrusiveness (i.e., rejection of tinnitus). Consideration from others, including professionals, eases this shift in searching for relief (Marks et al., 2022), but even individuals who gained improved tolerance remain interested in an accessible treatment that would eventually suppress tinnitus (Adams et al., 2010; Marks et al., 2019; Pryce et al., 2019). This dual attitude (i.e., looking for relief from outside and inside) is depicted in Figure 3 with green arrows and red arrows in opposite direction. If patients find ways to care for themselves they also strengthen their sense of identity, but feeling of helpless in doing so drives them easily back to external assistance searching (see Ryan and Deci, 2000).
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FIGURE 3
 The individual refocuses on himself in a depressive withdrawal when he realizes that his resources are limited in face of continuous presence of tinnitus. Consideration from health professionals and his entourage allows this disengagement from the unattainable goal of suppressing tinnitus in which the individual unwisely consumed his resources.


Ruminating on one’s past is characteristic of self-narratives of patients who feel unable to cope with chronic tinnitus (Erlandsson et al., 2020). Suffering patients also narrate how their life goals remain unattainable in their views (ibid), which is consistent with a sense of passivity and a time-moving perspective (Richmond et al., 2012). Similar to the anxiety-driven rejection of tinnitus, patients’ resignation is associated with a stationary perception of themselves in front of the relentless presence of tinnitus. Although there is evidence to suggest that depression is associated with maladaptive behavior in tinnitus patients (see, for review, Trevis et al., 2018), arguments exist that support an alternative interpretation of depression as being an adaptation to unpropitious situations (Nesse, 2000). This alternative view is enlightened by further analysis in the perception of time.

Passage of time is typically slowed down in the awareness of patients with depression (Thönes and Oberfeld, 2015). Depressed individuals report that time seems to ‘drag’ for them, a feeling that is associated with psychomotor retardation (Blewett, 1992). With reference to Nesse (2000), the present analysis suggests that such alteration in time perception is adaptive in depressed patients who must deal with disabling tinnitus. Indeed, the slowing down of the passage of time is associated with increased self-awareness, an aversive experience that is precluded by the anxiety-driven rejection of tinnitus in oneself. With lack of energy available for distraction, depressive self-focused perception (Pyszczynski and Greenberg, 1987) makes it obvious to individuals that they must manage limited resources in dealing with chronic (i.e., unlimited) tinnitus. Therefore, a slower perception of time in depressed mood contributes to patients’ conservation of resources, which limits the sense of helplessness in front of accumulated stressors (Höbfoll, 1989). Following this realization, patients adopt a more regular lifestyle to avoid wasting energy and exposing themselves to inconsistent social demands (Dauman et al., 2017). Self-focused perception also makes them realize how counterproductive their struggle with tinnitus is, as it merely increases their frustration at not being able to get rid of it (Dauman and Dauman, 2021).

When individuals exhaust themselves in pursuing unreachable goals, the inhibition of activity—which is characteristic of depression, whatever its cause—is more adaptive than the opposite (Nesse, 2000). Constant distraction from tinnitus (Hesser et al., 2009) and attempt to get rid of it definitively (Dauman et al., 2017) can be seen as such unattainable goals. In line with this view, disengagement from the restless pursuit of these goals (see Wrosch et al., 2003) enables individuals’ progress toward acceptance of tinnitus (McKenna et al., 2018; Dauman and Dauman, 2021).

The inhibition of activity also contributes to self-preservation in the face of a suicide risk, as committing suicide was reported to be an attempt to escape from unbearable self-awareness (Baumeister, 1990). Higher prevalence of suicidal ideation was found in patients with tinnitus as compared to general population (e.g., 13 vs. 9.8%, respectively, in Aazh and Moore, 2018). However, prevalence of suicidal behavior in tinnitus patients is much less (around 0.25% in Cheng et al., 2023), which indicates that ideation about self-harm most of the time does not translate into suicide attempts. In agreement with this statement, Martz et al. (2018) found no significant correlation between depression in veterans diagnosed with tinnitus and increased likelihood of death caused by suicide. Quite the opposite, they reported a lower risk of suicide in this later group than in veterans with no tinnitus. Although counterintuitive, these observations are in line with an adaptive function of depression associated with the slowing down of the passage of time and the inhibition of suicide risk. Self-focused perception and rumination about the past may pave the way to greater awareness into one’s resources and patterns of behaviors that can restore a sense of agency in patients (Dauman and Dauman, 2021). A slower time awareness would be a determining factor in this process of personal growth.



4.3. Vanishing past: Boredom and interrupted engagement with others


“With my hearing aids I try to rise above the tinnitus. However, this is not always possible. When I am particularly busy, I manage not to listen to it. Nevertheless, when I am inactive or at table with many people talking at the same time, I get the feeling that tinnitus is worse. […] Shortly after hanging up the phone [with the psychologist], the whistling will be louder. I will find myself back to a non-speaking situation and have the feeling that my head is going to explode. Afterwards, I’ll move, drink a glass of water, and will feel better. I will carry out another activity and once again forget to listen to my noise. And I will hear it again, perhaps, half an hour later.” (Male participant, 62 years old. Tinnitus duration: 16 years)
 

Interest in how patients live the moment expanded with the implementation of mindfulness-based approaches (e.g., McKenna et al., 2018; Marks et al., 2020), attentional models of tinnitus-induced annoyance (e.g., Trevis et al., 2016) and experience sampling methods with smartphone that report moment-to-moment variability in annoyance (e.g., Schlee et al., 2016). In regard to time perception, a hallmark feature of tinnitus is the patients’ sensitivity to interruption in their goal-directed behavior (Trevis et al., 2016; Dauman and Dauman, 2021) and to changes in their auditory surrounding (Hébert et al., 2013; Pan et al., 2015; Vielsmeier et al., 2016). The interference of tinnitus with activities is a major threat to quality of life (Watts et al., 2018) and, as suggested in pain by Eccleston and Crombez (1999), the recovery of chronic interruption is significant in the burden of tinnitus. According to James (1890) analysis, these observations concern our perception of an ever-changing environment that is associated with a sense of pastness. Observing vanishing past, patients usually have the feeling that they are prevented from freely engaging with the moment.

Tolerance model posits that pursuing valued goals is key in the patients’ improvement towards tinnitus acceptance, in line with consistent observations in the literature (Slater and Terry, 1987; Adams et al., 2010; Pryce and Chilvers, 2018; Colagrosso et al., 2019; Dauman and Dauman, 2021; Marks et al., 2022; Pryce et al., 2023). However, chronic interruption in the pursuit of patients’ goals triggers in them a sense of niggling self-awareness (Dauman and Dauman, 2021) which fuels rumination (self-focused thoughts) and a sense of discouragement. Repeated shift from goal-directed behavior to self-focused attention is depicted in Figure 4 with green arrows and red arrows in opposite direction. Relief that patients experience in goal-fulfillment may be short, tinnitus returning rapidly in their consciousness when they are interrupted or finished in doing so.
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FIGURE 4
 The individual finds momentary relief in rewarding interactions, but often experiences boredom when interrupted by rapid return of tinnitus into their consciousness. Personal routines, past experiences of transient worsening, and cultivated self-indulgence help to put the intrusiveness of tinnitus into perspective.


It is well-established that quiet environments can enhance the salience of tinnitus in patients who report that tinnitus suddenly ‘shows up’ (Colagrosso et al., 2019), is worsened (Pan et al., 2015) or returns in the forefront of consciousness (Dauman et al., 2017; Beukes et al., 2018). Likewise, increased levels of noise may worsen salience, as well as the contrast between the noise by which individuals were surrounded just before and their current (softer) acoustic environment (Pan et al., 2015). Auditory sensitivity in patients with tinnitus (Hébert et al., 2013) translates into greater difficulties to comprehend speech in noisy situations and filtering out irrelevant sounds (Vielsmeier et al., 2016; Ivansic et al., 2017). Sensitivity to change in attentional focus is also illustrated by increased salience following termination of engrossing activities (Dauman et al., 2017) and, in many patients, just talking about tinnitus with others gets them notice it vividly (Pryce and Chilvers, 2018; Colagrosso et al., 2019; Marks et al., 2022). These observations suggest that patients easily feel expelled from living the ongoing moment. As Eccleston and Crombez (1999) suggested in chronic pain, such interruption may threaten individuals’ need for meaning, as impoverished interactions with others inevitably follow.

According to the literature on boredom, individuals strive to get involved with meaningful situations providing them with an optimal amount of information on a regular basis (Eastwood et al., 2012; Zakay, 2014; Moynihan et al., 2021). Impoverished interactions induced by the monotony and meaningless presence of tinnitus, with its repetitive returns into consciousness, are likely to induce boredom in patients. Boredom is the feeling of ‘wanting but not being able to engage in satisfying activity’ (Eastwood et al., 2012, p. 482). Like depression, this emotion is associated with a slowing of passage of time (Zakay, 2014) and the feeling that boring situations last longer (Elpidorou, 2014). Passage of time is felt intensely in boredom since much attentional resources are allotted to prospective timing (Zakay, 2014). This situation is experienced by patients who are disrupted in their activities and monitor the enduring return of tinnitus in consciousness.

When people are bored they feel trapped in an unwanted situation and monitor their failure to find meaning in the unpleasant moment (Eastwood et al., 2012). Boredom threatens their sense of agency because they have no purpose to engage with (ibid.). Yet boredom is useful also, since it informs the self—though distorted time perception—of the pressing need to find alternative goals that will provide more satisfaction (Elpidorou, 2014). The irritation that accompanies boredom prompts individuals to leave the unsatisfying moment (ibid.). In tinnitus, boredom might help individuals sustain their routines despite the dull presence of tinnitus (Slater and Terry, 1987; Dauman et al., 2017). As repetitive patterns of highly predictable and relaxing actions, routines help individuals shorten the perceived duration of time (Avni-Babad and Ritov, 2003). In particular, routines diminish the complexity of one’s surrounding and resume attention to familiar sequences of events. Walking outdoors is such a helpful routine in tinnitus (Slater and Terry, 1987), enabling patients to break physical immobility that worsens depressive mood (Holgers et al., 2000).

Mindfulness provides new insights on the changes in time perception in patients who develop acceptance of tinnitus (see Marks et al., 2020). In particular, it promotes an alternative attitude towards tinnitus that is neither distraction nor routines, by purposefully allowing the noxious presence of tinnitus in self-perception (ibid.). Through regular practice, patients learn to rid themselves of both resignation (induced by a stationary position in front of ongoing tinnitus) and exhaustion (trying to be ahead of tinnitus with constant distraction). Rather than being tensed up on tinnitus, they broaden their attention to simultaneous stimuli they carefully experience (e.g., background sounds, others’ voices, one’s own breathing). Growing attention to the flow of consciousness is associated with patients’ wish to take time for themselves (ibid.), in clear contrast with their previous reluctance not to be constantly busy. Patients realize that worsened intrusiveness pass on like other phenomena, which softens the fear of being trapped by tinnitus. Essential to this renewed experience with the moment in patients is the absence of judgment on oneself and tinnitus (ibid.).

An ego-moving perspective characterizes improvement in acceptance of tinnitus, with a lower and a higher level of changes in patients’ perception of time. The former level relies on the dynamics of boredom with attempts at preserving the self from meaning threat by means of distraction and routines (Avni-Babad and Ritov, 2003; Moynihan et al., 2021). The latter level cultivates indulgence with oneself (i.e., self-compassion, see O’Dea et al., 2022) which enables to overcome boredom with greater efficacy in the long term (Marks et al., 2020). Mindfulness helps patients broadening their sense of self and inner resources to put transient intrusiveness in perspective. Both levels foster the individuals’ attention in the moment and contribute to the embodiment of tinnitus as being part of oneself (Munir and Pryce, 2020).



4.4. Enticing present: Enjoyment from collapsed time monitoring


“Manual work is the most efficient. Even in silence I manage not to hear my tinnitus then. When I am very busy manually, that is good, I am settled down, my work is perfect and then I don’t hear it […] This afternoon, I was tinkering on a motorbike quietly in my workshop. Without any noise, just the sound of the keys and my full focus. I was concentrating on what I had to do to make it work well and then, for two or three hours, I did not hear my tinnitus.” (Male participant, 56 years old. Tinnitus duration: 12 years)
 

Acknowledging the inherent search for meaning in individuals, the concept of acceptance of tinnitus was promoted in the literature (see Hesser et al., 2015), differing from a more traditional view relating patients’ relief to habituation to the noise (see, for review, Dauman et al., 2013). This change in the approach of tinnitus progress was emphasized by Hesser et al. (2015, p. 176) who indicate that acceptance is ‘used as a way [for patients] to persist or engage in effective actions to pursue valued goals in life’. The importance of having attainable goals was earlier promoted by Slater and Terry (1987) who noted how instrumental absorbing activities can be, advising patients to cultivate consistency in pursuing well-mastered activities so helpful for them. Importantly, the acceptance of tinnitus involves changes in how individuals spend their time and resources in meaningful goals—instead of struggling against the presence of tinnitus.

Building on the role of frustration in annoyance variability, the Tolerance model posits that fulfilling valued goals strengthens the individuals’ sense of identity and contributes to growing self-confidence in living with tinnitus (Dauman et al., 2023). As depicted in Figure 5, patients get involved in a virtuous circle from the time they manage to fulfill personal goals, taking care for themselves as well as others with whom they share meaningful activities. The relation between engagement in meaningful activities and their self-confidence essentially depends on their perception of time.
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FIGURE 5
 The individual develops long-term self-confidence immersing oneself in the present moment, by undertaking intrinsically rewarding activities and disregarding the presence of tinnitus. A virtuous circle sets up, with enriched experiences providing broader perspective over the monotony of tinnitus, as the individual can retrospectively contrast it with longer tinnitus-free situations.


Many patients manage to put tinnitus in the background of awareness when they are engrossed in activities they have freely chosen and are able to carry out without any constraint (e.g., Adams et al., 2010). Individuals have intrinsic motivation for choosing these activities (Slater and Terry, 1987), i.e., they enjoy performing them without caring about tinnitus. Manual work, gardening, talking with friends or playing sport, are the most usual activities that patients report as being associated with self-induced relief (Dauman and Dauman, 2021), even though the latter is usually momentary. Also well known is the detrimental influence of awareness of time on intrinsic motivation (Conti, 2001). Thinking about time disrupts one’s interest for and willingness to be absorbed in activities, and highly motivated individuals rarely focus on the passage of time (ibid.). In fact, persistency in goal-directed behavior is a selective process that abates from awareness irrelevant stimuli (Gable and Poole, 2012) and gives monopoly to the monitoring of one’s current progress towards goal acquisition (Threadgill and Gable, 2018). Self-scrutiny is the most impeding obstacle to enjoyment in carrying on one’s activities (Nakamura and Csikszentmihalyi, 2009), and the fading of self-awareness is a hallmark feature of complete engagement with rewarding activities (i.e., optimal experience or ‘flow’ see Csikszentmihalyi, 1990). When the individual enters in a flow state, both the notions of self and time lose their negative influence on pursuing rewarding goals.

Paradoxically, the main way for patients to gain long-term self-confidence is to engage actively in the present moment. Individuals who understand this point stop longing for immediate relief (Marks et al., 2022) and rather explore with greater attention their relation to themselves and to others (Marks et al., 2020). Acceptance of tinnitus notably changes the quality of experience in patients, who become more appreciative of others’ skills and endeavors, and more sensitive to the beauty of nature that surrounds them (ibid.). They also become more assertive in their relationships with others (Andersson and Edvinsson, 2008), taking responsibility in selecting their encounters in a more judicious way (Dauman and Dauman, 2021). As for elderly individuals who have a more limited number of years ahead of them, time itself becomes more valuable for tinnitus sufferers who know that their resources are restricted (see Carstensen et al., 1999). This resonates with the particular appreciation that is attached to dedicated professionals who spend time listening them and explaining tinnitus mechanisms to them (Marks et al., 2019; Munir and Pryce, 2020; Pryce et al., 2023). Experience-sharing in support group (Pryce et al., 2019) is another illustration of this reconsidered value of time spent with others whenever receptive, as is the willingness to return the attention one received by becoming a member of a patient organization (Dauman et al., 2017). Having a sense of belonging to a patient community plays a key role in the acceptance of tinnitus (Pryce et al., 2019; Marks et al., 2022), because sufferers do not feel isolated among others who cannot relate (Marks et al., 2020). The changes in patients’ attitude towards the present highlight the time paradox inherent in the acceptance of tinnitus. Tinnitus-induced distress chronically distracts sufferers from paying attention to their experience. The intrusion of tinnitus into their self-perception causes them to flee the present moment and engage in avoidance of tinnitus. Instead, exploring the present allows them to cultivate persisting attention to their experience. Therefore, patients realize how much of the improvement in acceptance comes through the attenuation of self-consciousness, which becomes part of a broader perception of the present. Ongoing perceptions that are simultaneous with the tinnitus (e.g., external and internal sounds, attitudes of and conversations with others) can only be integrated into sufferers’ perception by paying greater attention to these events. This process paradoxically involves losing track of time. In doing so, patients learn to make better use of their time through the alleviation of their constant preoccupation with the passage of time.

Because self and time are two aspects of the same dynamic (Wittmann, 2015), the time paradox applies to the process of personal growth. Many paradigms in psychology define personal growth as a process of extending initially self-centered interests to broader social structures of which the individual is a part (James, 1890; Csikszentmihalyi, 1990; Antonovsky, 1996; Ryan and Deci, 2000; Delle Fave and Massimini, 2005). Such an affiliation process provides life goals for individuals who cultivate skills (Delle Fave and Massimini, 2005) and satisfy basic psychological needs (Ryan and Deci, 2000) through an extended complexity of their self. Since enjoyment is the condition for consistent goal attainment, individuals’ engagement in the present moment is the building block for lifelong goal attainment (Csikszentmihalyi, 1990). In other words, the process of personal growth is enabled by self-immersion in a wide range of activities that transcend the current experience of self. As with the time paradox, personal growth involves losing sight of oneself by committing to broader values and goals (ibid.). Because multiple stressors are likely to interfere with such goals, the ability to make sense of disorder protects individuals from health threats (Antonovsky, 1996). In fact, individuals who experience tinnitus-related distress lose a sense of purpose after the onset of tinnitus (Davis and Morgan, 2008). Those who are more accepting of tinnitus in their self-perception find resources in social structures (e.g., the health care system) allowing them to make sense of their anxiety. In the latter, a sense of pride permeates self-narratives and reflects personal growth (Erlandsson et al., 2020).

Social life that surrounds sufferers is not as much present as tinnitus in self-perception. Yet, it is worth noting that smooth interactions and shared enjoyment distract individuals from self-scrutiny (Deinzer et al., 2017). Furthermore, enriched social situations (e.g., dance performance) provide individuals with experiental changes that they associate restrospectively with extended duration of pleasant time (ibid.). Such restrospective judgment of time would be instrumental in building self-confidence in acceptance of tinnitus. In particular, this may help individuals to qualify their sense that tinnitus is omnipresent (see Marks et al., 2020). Enjoying the moment with others is the hallmark feature of an ego-moving perspective, without being self-centered. The lively presence of others gives the individual a sense of being part of the same moment as them, which is essential in the acceptance of tinnitus over time.




5. Discussion

The major finding of the present analysis is the psychological connection we identified between the heterogeneity of time perception and the time paradox. As decisively distinguished by James (1890), the perception of our future and our past is symbolic, whereas our perception of recent past and present moment is intuitive. Human perception being essentially future-oriented, at every moment of our perceptual life there is a tension between the (symbolic) anticipation of goal and the (intuitive) perception of the progress towards this goal. The time paradox originates from this tension. One cannot be fully committed to a given activity and, simultaneously, anticipate the changes one wants to see happen.

The most compelling desire of patients with tinnitus is that they no longer perceive tinnitus in their awareness field (Pryce and Chilvers, 2018). The problem is that exaggerated focus on this wish only leads to increased time- and self-awareness, with a sense of growing frustration from being unable to get rid of tinnitus (Dauman and Dauman, 2021). On the contrary, individuals’ relief from the intrusiveness of tinnitus requires the acceptance of the time paradox. One can only achieve the self-defined goal by forgetting about that goal and being fully devoted to the accomplishment of the corresponding act. Indeed, patients who better admit tinnitus in their self-perception are those who soften their struggle against it (ibid.). Instead, they dedicate themselves more exclusively to each moment of their lives and to those around them (Marks et al., 2020). They get closer to their goal by avoiding to put all their thoughts into it.

The psycho-social perspective of the Tolerance model leads to emphasize distinct components in the theoretical account of patients’ experience in comparison with other tinnitus models. For instance, the need for consideration from others and the search for valued goals, which provide a sense of fulfillment in individuals despite the presence of tinnitus, play no specific role in the Neurophysiologic model (Jastreboff and Hazell, 2004). The model is based on animal behavior that shows similar patterns with human behavior, such as the need for self-preservation in the face of stressors that tax resources in the individual (i.e., the variable ‘caring for oneself’ in the present model). Yet, animal behavior hardly provides clear information about how social recognition (i.e., sense of belonging) may interact with the intrusiveness of tinnitus in self-perception. In human, verbal data (i.e., interviews and questionnaires) consistently show how important is others’ behavior in the experience of tinnitus sufferers. In fact, perceived lack of understanding from interlocutors or dedicated attention to sufferers result in opposite outcomes regarding their sense of ability to cope with tinnitus (see, e.g., Marks et al., 2022).

Moreover, human behavior is characterized by individuals having perspective on their time, constantly appraising their present behavior in regard to future, long-term outcomes (Zimbardo and Boyd, 1999). Tolerance model alines with this hallmark feature of human perception of time (Wittmann, 2017), by emphasizing the role of goal-directed behavior in patients’ willingness to accept tinnitus over time (i.e., the fulfillment of valued goals). To our knowledge, no specific role is attributed to time perspective in the Neurophysiological model, an observation which is consistent with animal behavior that is more restricted to immediate perception of changes in the environment. Putting foreward conditioning processes (i.e., automatic and subconscious) between the tinnitus signal and negative emotions, the model would place less emphasis on cognitive processes than do psychological models (McKenna, 2004). Further exploration on the potential role of time perception in the Neurophysiologic model (e.g., through the importance of counseling, in addition to sound therapy) would be of interest in the future.

Tolerance model share common features with other psychological models of tinnitus that have been proposed in the literature. In particular, these models all hypothesize self-perpetuating processes that maintain tinnitus-induced distress over time. The Cognitive-behavioral model of tinnitus proposed by McKenna et al. (2014) emphasizes the role of negative thoughts about tinnitus that fuel feedback loops inducing greater autonomic arousal, selective attention and repetitive monitoring of tinnitus, in addition to safety behaviors in sufferers who aim to escape from intrusiveness (e.g., avoiding silence and impulsive alcohol/drugs consumption). Similarly, the Fear-avoidance model proposed by Cima et al. (2019) (see also Cima et al., 2011) suggests that fear of tinnitus leads to hypervigilance towards its presence and search for short-term reliefs through distraction and avoidance of situations that increase salience (e.g., quiet environments and stressful social situations). The same model further suggests that such strategies turn out to be unhelpful in the long term, because avoidance exacerbates sensitivity to tinnitus and, ultimately, social withdrawal that becomes necessary in order to keep tinnitus under control. Eventually, the Neurocognitive model that is supported by Trevis et al. (2016) argues that the salience of tinnitus results from a functional imbalance in the interaction of the cognitive control network (CCN) which is directed towards specific aims to be achieved in the environment, and the autobiographical memory network (AMN) whose neural activity translates into self-focus thinking and mind-wandering. The model posits that salience of tinnitus is exacerbated by the joint action of hypoactivity in the CCN (i.e., lack of consistency in individuals’ goal-directed attention) and hyperactivity in the AMN (i.e., ruminations about the interference of tinnitus with life expectations).

In regard to time perception, the Cognitive-behavioral model (McKenna et al., 2014) and the Fear-avoidance model (Cima et al., 2019) would both emphasize the detrimental role of patients’ symbolic sense of time in tinnitus-induced distress (i.e., how they mentally represent their past ‘without tinnitus’ and their future associated with its ‘unlimited’ presence). The Neurocognitive model (Trevis et al., 2016) would specifically illuminate patients’ intuitive sense of time (i.e., their recent past associated with changes in the interplay between self-perception and their surrounding). In particular, the model focuses on how interference becomes more salient with the interruption of goal-directed behavior and is associated with rumination about the loss of distraction from self-awareness. We would suggest that the Tolerance model contributes to psychological research in tinnitus by integrating patients’ experience of enticing moments, that are associated with the attenuation of time- and self-awareness, into a coherent framework of time perception. The model broadens the current scope on behaviors in patients by recognizing the essential role of rewarding activities that induce a flow state in the acceptance of tinnitus. Moreover, the consideration for patients’ perception of time in relation to their self-confidence allows for new perspectives on the heterogeneity in the severity of tinnitus (Cederroth et al., 2019). In particular, the contrast of individual experiences that are dominated by a time-moving perspective (i.e., anxiety and depression) and those that show an ego-moving perspective (i.e., embodiment and acceptance of tinnitus) may provide a novel avenue towards psychological resources and personal growth in individuals with chronic tinnitus.

Building on the heterogeneity of time perception and the time paradox, we will now provide a psychological framework (Figure 6) for future research about acceptance for patients with chronic tinnitus. The figure is organized around a vertical dashed line that separates, one from the other, behaviors and associated emotions characterizing an individual’s rejection of the time paradox (left side of the figure) and the acceptance of this paradox (right side). Although this framework provides hypotheses for inter-individuals comparisons (see below), it was designed in priority to more closely explore intra-individual changes in tinnitus perception over time.
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FIGURE 6
 Psychological framework for future research about changes in time perception in patients with chronic tinnitus. The ordinate axis distinguishes high and low motivation in the individual’s behavior, either towards avoidance of tinnitus (i.e., withdrawal motivation) or pursuit of valued goals (i.e., approach motivation). The abscissa axis indicates the individual’s attitude towards the presence of tinnitus in self-perception (i.e., rejection, resignation, embodiment, and acceptance). In the patient’s emotional experience, anxiety and depression are associated with a time-moving perspective (i.e., individual stationary, tinnitus in the front of awareness), whereas boredom and enjoyment are associated with an ego-moving perspective (i.e., individual in motion, tinnitus stationary). Relation of these coordinates to the time paradox are explained in the text.


An individual who rejects the time paradox wants to be immediately relieved from tinnitus. Experiencing the persistence of tinnitus, the sufferer is dominated by a time-moving perspective. Tinnitus returns systematically in the forefront of awareness whatever the individual undertakes to avoid it (Hesser et al., 2009), a finding that throws them into a stationary position associated with helplessness (Richmond et al., 2012). Persistent loss of agency in the sufferer results in high levels of anxiety and depression, which both are central to tinnitus-related distress (Hesser and Andersson, 2009; Langguth et al., 2011), and relate to attitudes of rejection and resignation towards tinnitus in self-perception, respectively, (see also Marks et al., 2020).

Tolerance model suggests that anxiety and depression are related one to another in regards to the individual’s disengagement from unattainable goals (see Nesse, 2000; Wrosch et al., 2003). Endless pursuit of avoidance of tinnitus leads the sufferer to exhaustion, which is a waste of energy that runs counter to self-preservation (Höbfoll, 1989). The present analysis suggests that high levels of anxiety reflect constant expectations and fear towards the future (Cima et al., 2011), while high levels of depression indicate continuous rumination towards the past (Erlandsson et al., 2020). Hence, the alternation between one’s rejection (i.e., anxiety-driven) and resignation (i.e., depression-driven) in front of tinnitus essentially characterizes individuals’ inattention to the present moment. This view on time perception is in line with a mindfulness-based approach to tinnitus (McKenna et al., 2018) and highlights the notion of ‘distorted perception’ of tinnitus that is promoted in the Cognitive-behavioral model (McKenna et al., 2014). A time-moving perspective (McGlone and Pfiester, 2009; Richmond et al., 2012) accounts for tinnitus-related distress in the individual who find themselves stuck in a stationary position, unable to move forwards due to the omnipresent intrusiveness of tinnitus (see Ruscher, 2011).

Acceptance of the time paradox fundamentally involves an ego-moving perspective towards one’s future and valued goals to come (see Boroditsky, 2000; McGlone and Pfiester, 2009). An individual with tinnitus who accepts the time paradox typically focuses greater attention on the present moment (Marks et al., 2020) and spares one’s resources in adopting a regular lifestyle (Dauman and Dauman, 2021). The struggle against tinnitus is replaced by wiser attitudes towards its presence in self-perception, i.e., embodiment (Munir and Pryce, 2020) and acceptance (Hesser et al., 2015). As pointed out by Munir and Pryce (2020), the presence of tinnitus in self-perception fuels a feeling of dissociation between body and self, from which the individual tries to escape with the help of chosen auditory environment (e.g., sound generators, music, conversations). The individual also relies on routines (e.g., walking outdoors, doing gymnastics) to shorten the duration of time and overcome boredom induced by the dull presence of tinnitus (Avni-Babad and Ritov, 2003; Elpidorou, 2014). Because chronic tinnitus spoils sufferers’ experience with their life, immersing into rewarding social activities helps them to distract from adversive self-awareness (Moynihan et al., 2021). Thus, an ego-moving perspective over tinnitus involves the alternated experiences of boredom and enjoyment of the moment with others. Serenely allowing both to be part of self-perception—boredom as much as enjoyment—is essential to the acceptance of tinnitus (McKenna et al., 2018; Marks et al., 2020).

Individuals’ willingness to engage in the present moment relies on their acceptance of the time paradox. The benefit for patients with tinnitus is twofold. Finding intrinsic reward allows them to lose track of time and self-awareness at once. In addition, meaningful experiences also have greater contextual changes that, retrospectively, are perceived with greater length in one’s memory (Block et al., 2010; Wittmann, 2015; Deinzer et al., 2017). In fact, engaging in the moment is the main way by which individuals experience gradual acceptance of tinnitus in their self-perception. Associated with greater contextual changes, multiple memories of tinnitus-free situations help them qualify their belief about the omnipresence of tinnitus. This view is consistent with studies on autobiographical memories in chronic pain patients, where impoverished memories were reported to be associated with greater intrusiveness (Meyer et al., 2015; Quenstedt et al., 2021). Coupled with an increased self- and time awareness, prospective timing (Zakay, 2014) can only confirm to the individual their experience of an unlimited presence of tinnitus. Therefore, an ego-moving perspective over tinnitus provides the individual with self-induced relief mediated by one’s engagement with the moment.

The theoretical consistency of this framework allows for general hypotheses that require further experimental testing with respect to the time paradox. Inter-individual comparisons may be undertaken from the cross-sectional survey by Beukes et al. (2022), which distinguished four clusters of patients with associated levels of annoyance severity: debilitating tinnitus (cluster 1), distressing tinnitus (cluster 2), annoying tinnitus (cluster 3) and accepting tinnitus (cluster 4). The following predictions can be made for future psychological research, attempting to match each cluster with a distinct attitude towards tinnitus in self-perception: rejection (cluster 1), resignation (cluster 2), embodiment (cluster 3) and acceptance (cluster 4).

1. A time-moving perspective will be characteristic of individuals’ perception in clusters 1 and 2, in contrast with an ego-moving perspective that defines individuals’ perception in cluster 3 and 4. In the framework, this hypothesis contrasts individuals who reject the time paradox (clusters 1 and 2) from those who accept it more widely (clusters 3 and 4). This hypothesis can be tested by experiments on temporal agency assignment (see McGlone and Pfiester, 2009; Richmond et al., 2012) and by eye-tracking experiments (see Pfaltz et al., 2021).

2. In real waiting situation, individuals in cluster 1 and 2 will show more impulsivity, associated with an overestimation of duration and perceived slower passage of time, as compared with individuals in clusters 3 and 4. This hypothesis builds on the role of impulsive behaviors to escape from adversive self-awareness and self-focused attention. This hypothesis can be tested by questionnaires (see Jokic et al., 2018).

3. Autobiographical memory will be more specific (i.e., contextualized) in individuals in cluster 3 and 4, as compared with individuals in cluster 1 and 2. This hypothesis builds on the role of engagement in the moment, which provides individuals with enriched contextual changes that are associated with enhanced memory retrieval. This hypothesis can be tested by words association (see Williams et al., 1996) or sentence completion tasks (see Quenstedt et al., 2021), providing further data to the study by Andersson et al. (2003).

4. Time perspective will be broader (i.e., with long-term goals) for individuals in groups 3 and 4, compared to individuals in groups 1 and 2. This hypothesis builds on the time paradox, according to which deeper attention to the present, associated with lucidity about one’s opportunity for action, expands individuals’ ability to schedule future goals (see Zimbardo and Boyd, 2008). The accuracy of this hypothesis can be tested by a specific questionnaire (the ZTPI, Zimbardo Time Perspective Inventory, see Zimbardo and Boyd (1999)).



6. Conclusion

This theoretical analysis on time perception in tinnitus patients contributes to the current knowledge about the temporal aspects that lead to distinguish acute and chronic tinnitus from different clinical and basic research perspectives (Tunkel et al., 2014; de Ridder et al., 2021; Mazurek et al., 2022). The preceding remarks suggest that metric assessment of tinnitus (i.e., duration since onset) can be advantageously completed by further research into how patients spend their time and how they perceive changes in their self-perception induced by their own behavior. In particular, individuals who take a time-moving, shorter perspective on their future would be more likely to be sensitive to tinnitus-induced heightened awareness of self that comes with a greater awareness of the passage of time. In these patients, the increased attention to time and self would contribute to more frequently interrupted behavior and impaired attention to the present moment that is essential for growing acceptance. Thereby, exploring time perception in patients with recent onset of tinnitus (e.g., through questionnaires) may provide further information about the likelihood of spontaneous improvement in their reaction to the symptom (see Tunkel et al., 2014). The study of time perception in patients with tinnitus also echoes with contemporary reflection in psychology about the sense of agency in individuals under stressful situations (Swann and Jetten, 2017). In line with an increased attention to the professionals’ discourses and others’ attitudes towards patients (Pryce et al., 2023), the present analysis contends that time perception is a social perception. This inquiry also led us to articulate one to another several psychological impacts of tinnitus that are usually considered as being separated co-morbidities. In particular, anxiety and depression are viewed as two facets of individuals’ struggle towards an unattainable goal (i.e., tinnitus suppression). Further research is needed to investigate the hypothesized role of depression (Nesse, 2000) in regard to self-preservation (i.e., suicide risks) and resources conservation in patients with tinnitus (i.e., long-term stress coping). In agreement with acceptance-based approaches, the study of time perception also led us to broaden a pathogenic view on tinnitus (i.e., focusing on detrimental factors) by integrating positive factors that modulate time awareness, such as enjoyment in rewarding activities (Csikszentmihalyi, 1990). This exploration provided further support to the role of frustration and goal-fulfillment in chronic tinnitus (Dauman and Dauman, 2021). We contend that future research on self-awareness is a promising avenue to further exploring moment-to-moment annoyance variability. In particular, the connection between enjoyment (i.e., dissipated self-awareness) and personal growth should be further investigated. Mindfulness-based approaches are especially designed to address this goal (McKenna et al., 2018). Research on personal growth in relation to time perception will also benefit from narrative-based approaches in the field of psychotherapy (Erlandsson et al., 2020). Eventually, the connection between the heterogeneity of temporal perception and the time paradox may provide practical insights to suffering patients and health professionals who dedicate time to help them.
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Extensive literature supporting the view of tinnitus induced stress in patients is available. However, limited evidence has been produced studying the opposite, that is, does stress cause tinnitus? The hypothalamus pituitary adrenal axis, one of the main neuroendocrine systems involved in stress response, is commonly disturbed in tinnitus patients. Patients with chronic tinnitus have been shown to develop abnormal responses to psycho-social stress, where the hypothalamus pituitary adrenal axis response is weaker and delayed, suggesting chronic stress contributes to the development of chronic tinnitus. The sympathetic branch of the autonomic nervous system also plays a major role in stress response and its chronic hyperactivity seems to be involved in developing tinnitus. Psycho-social stress has been shown to share the same probability of developing tinnitus as occupational noise and contributes to worsening tinnitus. Additionally, exposure to high stress levels and occupational noise doubles the likelihood of developing tinnitus. Interestingly, short-term stress has been shown to protect the cochlea in animals, but chronic stress exposure has negative consequences. Emotional stress also worsens pre-existing tinnitus and is identified as an important indicator of tinnitus severity. Although there is limited body of literature, stress does seem to play a vital role in the development of tinnitus. This review aims to highlight the association between stress, emotional states, and the development of tinnitus while also addressing the neural and hormonal pathways involved.

KEYWORDS
 stress, tinnitus, HPA axis, emotional states, anxiety, depression, PTSD, chronic stress


Introduction

Tinnitus is a symptom characterized by a phantom auditory perception in the absence of an external stimulus (Henry et al., 2005). It is a common condition, with prevalence ranging from 8 to 25.3% in the United States of America. Population-based studies in other countries have reported similar prevalences, ranging from 4.6 to 30% (Khedr et al., 2010; Jalessi et al., 2013; Park and Moon, 2014). Chronic tinnitus, defined as the presence of tinnitus for more than 3 months, is more prevalent among seniors (12% after age 60) than in young adults (5% in the 20–30 age group) but can occur at any age (Chronic Tinnitus, 2006). In 1–3% of the general population, tinnitus is loud enough to affect the quality of life, causing sleep disturbance, work impairment, and psychiatric distress (Dobie, 2003). There are also concerns about future increases in the prevalence of tinnitus, due to increased exposure to loud music and leisure noise (Pienkowski, 2021).

The etiology of tinnitus has been extensively researched and common causes include noise induced hearing loss, presbycusis, Meniere’s disease, infectious causes, and neurological etiologies such as whiplash injury and acoustic neuroma. Tinnitus may also present as a side effect of medications such as salicylates, non-steroidal anti-inflammatory drugs, aminoglycoside antibiotics, loop diuretics, and chemotherapy agents (Han et al., 2009). Pathologic lesions in the auditory pathway or reduction in auditory nerve function can also cause tinnitus (Nuttall et al., 2004). Epigenetic processes, which involve phenotypic changes caused by modification of genetic expression, have recently been proposed as mechanisms behind hearing- loss-related syndromes, contributing to the pathogenesis of tinnitus (Mittal et al., 2020). Interestingly however, approximately 40% of patients cannot identify any underlying cause for their tinnitus (Henry, 2004).

Patients suffering from tinnitus perceive their symptoms as stressful and are also often impaired by psychological problems like depression, anxiety, difficulty concentrating, and insomnia (Zöger et al., 2006; Milerová et al., 2013; Mohamad et al., 2016; Tegg-Quinn et al., 2016). About 10–60% of chronic tinnitus patients suffer from depressive disorders and 28–45% present with clinically relevant symptoms of anxiety (Andersson, 2002; Reynolds et al., 2004). It has also been observed that many tinnitus patients present with psychological or psychiatric distress before or during the onset and evolution of tinnitus, suggesting a relationship (Ciminelli et al., 2018).

Although tinnitus itself is known to cause discomfort and stress to the patient, research studying the role of stress and emotional states in the development of tinnitus and their effect on the clinical course of pre-existing tinnitus has been limited and somewhat mixed. This mini-review highlights available literature assessing the potential of stress and emotional states to cause tinnitus while also discussing their impact on pre-existing tinnitus and shedding light on associated neural and hormonal mechanisms of action. Results from this review will allow researchers and readers alike to better understand the association between stress, emotional states, and tinnitus and serve as a template for potential interventions to prevent onset of tinnitus secondary to stress and improve prognosis.



Stress and tinnitus

The response to stress involves various neural and hormonal pathways, namely, the hypothalamus-pituitary-thyroid (HPT) axis (Mebis and van den Berghe, 2009), hypothalamus-pituitary–adrenal (HPA) axis (Lupien et al., 2007), and the autonomic nervous system (ANS) (Ulrich-Lai and Herman, 2009). These relationships are summarized in Figure 1. The role of these pathways in response to stress has been researched and their interaction with the pathogenesis of tinnitus has also been reported. The nervous system adapts to stress by neuronal plasticity, which plays a key role in the development of tinnitus (Eggermont and Roberts, 2004; Eggermont, 2015). This has also been researched in animals, where stress alters synaptic plasticity in the hippocampus in rats (Yeh et al., 2012). Reduced stimuli input is an important promoter of neuronal plasticity expression and tinnitus is commonly seen with hearing loss or auditory nerve injury, thus suggesting a link between neuronal plasticity and tinnitus onset (Bauer et al., 2007; Møller, 2007). The limbic system has been linked with tinnitus where the hippocampus, amygdala, and prefrontal cortex have been shown to potentially be affected by cortisol release following response to stress (Eggermont and Roberts, 2004; Simoens and Hébert, 2012; Eggermont, 2015). Chronic activation of the HPA-axis and subsequent elevations in plasma cortisol has been associated with several conditions, including anxiety and depression (Lupien et al., 2007). As an alternative to measuring cortisol plasma concentrations, a recent study has suggested hair content of cortisol may be a better biometric measure of the stress response (Basso et al., 2022). Basso et al. (2022) compared a panel of psychometric measures of tinnitus and stress with the two biomarkers of stress: cortisol and brain-derived neurotrophic factor (BDNF), using hair samples from patients with tinnitus. They reported higher perceived tinnitus loudness to be associated with higher hair-cortisol and lower hair-BDNF. Further, higher tinnitus-related distress was associated with lower hair-BDNF. However, a longitudinal study from the same research group found no association between tinnitus-related distress and perceived stress with either of these biomarkers (Basso et al., 2022). The authors conclude that further studies are needed to investigate hair-biomarkers with tinnitus patients (Basso et al., 2022).
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FIGURE 1
 The response to stress involves various neural and hormonal pathways. The hypothalamus-pituitary-thyroid (HPT) axis, hypothalamus-pituitary–adrenal (HPA) axis, and the autonomic nervous system (ANS) have been implicated in the development of tinnitus.


Stress also affects the auditory system. One animal study measuring neural activity in response to stress in the auditory cortex of rats reported a direct link between the two, wherein sound-evoking activity in the auditory cortex was enhanced in response to stress (Ma et al., 2015). These findings, however, will need to be reproduced in human trials to conclude the same.

Stress factors and hormones in the endocrine system can affect the limbic, reticular, and auditory systems and interactions within these systems have been proposed to induce tinnitus and/or hyperacusis (Al-Mana et al., 2008; Kraus and Canlon, 2012). Patients with tinnitus have been reported to have elevated hormones such as norepinephrine and the serotonin metabolite 5-hydroxy indole acetic acid (5- HIAA) (Kim et al., 2014). Immunological dysregulation has also been associated with the two (Hébert et al., 2004; Hébert and Lupien, 2007; Lupien et al., 2009). Both stress responses and tinnitus share interactions with the HPA axis and the ANS, which has been extensively reported by Mazurek et al. (2019). A positive correlation of the sympathetic nervous system has been reported in tinnitus related distress (Datzov et al., 1999) while parasympathetic tone was found to be increased in cases of tinnitus suppression (Matsushima et al., 1996). Other studies, however, have failed to show significant findings (Değirmenci et al., 2014).

The HPA axis is altered in tinnitus patients, where response to stress is delayed and sub-optimal (Mazurek et al., 2012). Szczepek and Mazurek (2021) reviewed stress-induced mechanisms affecting cochlear physiology in the context of tinnitus generation and reported HPA axis- induced actions on mineralocorticoid and glucocorticoid receptors and altered gene expression in the cochlea. The corticosteroids released upon HPA activation may contribute to the N-methyl-D-aspartate (NMDA)/aminomethylphosphonic acid (AMPA) imbalance, further supporting the role of the HPA axis in the onset of stress-induced tinnitus. The sympathetic-adreno-medullar (SAM) axis was also proposed to increase blood pressure, inducing degenerative microvascular changes in the cochlea likely leading to hypoxia and potentially damaging auditory hair cells and spiral ganglion neurons. The authors, however, have advised further investigations to confirm this hypothesis. Gamma-aminobutyric acid (GABA)-related genetic changes may also be responsible for decreased auditory function and HPA inhibition as stress on the HPA axis can be hampered by GABA (Mazurek et al., 2015). These findings display the complex pathways involved in stress-induced tinnitus.

Some literature involving animal and human trials has highlighted an association between stress and the onset of tinnitus. One animal study assessing low-frequency hearing loss in prenatally stressed rats concluded prenatal stress to cause low-frequency hearing loss (Kadner et al., 2006). Prenatal stress has also been associated with dysregulation of the HPA axis (Hougaard et al., 2005; Koenig et al., 2005). The study in question reported acute short-term stress to protect the cochlea in animal models, however, this has not been replicated in humans (Wang and Liberman, 2002; Tahera et al., 2007). Another group studying changes in behavior and brain glucose metabolism in rats in a chronic mild stress model of depression with PET imaging reported activation of the left auditory cortex and deactivation of the left inferior colliculus in stressed animals after 4 weeks (Hu et al., 2010). Though these findings do not directly correlate with tinnitus, the association with hearing loss and interaction with the auditory cortex, respectively, suggests an underlying mechanism with tinnitus onset. An experimental study evaluating whether tinnitus can develop due to, or be aggravated by stress, in rats, found reduced gap prepulse inhibition of the acoustic startle (GPIAS) reflex, a reliable indicator of tinnitus development in animals (Kim et al., 2021). The study also reported decreased immunofluorescence expression of GABA A receptor α1 and increased NMDA receptor 1 immunofluorescence expression in the hippocampus in the group exposed to both noise and stress. This suggests an imbalance in excitatory and inhibitory neurotransmitters in the hippocampus to be the mechanism responsible (Kim et al., 2021). The inferior colliculus is also affected by stress where atrophy of the inferior colliculus in rat brains was reported by a study assessing the effect of chronic immobilization stress isolation in the auditory and visual regions (Dagnino-Subiabre et al., 2005). Similarly, another study looking at the effect of stress on the auditory system in Wistar rats concluded significant temporary reductions in evoked auditory potentials and increase in expression of inflammatory genes in the inferior colliculus (Mazurek et al., 2010, 2012). These findings support the potentially detrimental effects of stress on the auditory system. Although no direct correlation with tinnitus was evaluated, given the results, development of tinnitus seems very plausible and further research in both animals and humans may support this.

Long-term stress exposure has also been suggested as a key predisposing factor for tinnitus (Simoens and Hébert, 2012). A study conducted in Germany evaluating the extent of chronic stress as an influencing factor among tinnitus sufferers concluded that about 25% of tinnitus sufferers considered chronic stress the main reason for their tinnitus (Schaaf et al., 2014). The data concluded comprise patient reported questionnaires and do not directly associate stress duration with tinnitus; however, the high response rate accounting for chronic stress supports a potential relationship. One study assessing the prevalence of hearing complaints and tinnitus regarding different work-and health related stressors found a nearly linear correlation between tinnitus and the duration of stress (Hasson et al., 2011). This study, however, only described prevalence without directly studying tinnitus and stress duration. Additionally, the study considered multiple stressors, not allowing researchers to conclude a single implicating factor. A survey evaluating the influence of noise and stress on the probability of tinnitus in the general population reported stress to be almost as important as occupational noise exposure regarding discomfort level secondary to tinnitus. Although the study included n = 12,166 responders, patient hearing loss was not taken into account and the survey could not prove a direct association (Baigi et al., 2011). One cross-sectional study investigated 658 users of the “TrackYourTinnitus” smartphone application and reported a direct effect of stress level on tinnitus loudness and tinnitus distress, where stress levels acted as partial mediators (Probst et al., 2016). Hébert et al. (2004) demonstrated that on completing social stress tasks, tinnitus patients with high stress levels had higher serum cortisol levels and subjective feelings of stress and tinnitus severity. In patients with chronic tinnitus, exposure to an acute stressor induced sustained cortisol levels or a reduced cortisol response and subjective experiences of higher stress. This suggests that chronic stress may contribute to the development of chronic tinnitus (Hébert and Lupien, 2007). Taken together, these studies suggest the duration of stress plays a role in the status of tinnitus severity but the data analyzed predominantly consisted of self-ratings and did not directly assess a quantitative association. Randomized controlled trials and other research may be useful in confirming this relationship.

Stress may also affect the status of pre-existing tinnitus and potentially alter overall clinical course. A study evaluating depression, anxiety, and stress associated with tinnitus patients reported a direct correlation between stress severity, and the severity and duration of tinnitus (Baigi et al., 2011). A review on updated literature on emotional stress influence on the functioning and homeostasis of the auditory system highlighted unpublished data (S Herbert) which showed more than 53.6% of tinnitus patients reported recurrence of symptoms during stressful periods and 52.8% reported worsening of symptoms during these periods (Mazurek et al., 2012, 2015). The results, however, do prove a causal relationship and require further research. Stress has also been suggested as a vital risk factor in the transition from mild to severe tinnitus (Gomaa et al., 2014). A study evaluating the effect of stressful life events as precipitating or exacerbating factors for tinnitus sensation found the tinnitus handicap inventory scores (a self-reported measure to determine perceived tinnitus handicap severity) of the study group to be significantly higher when compared to control, suggesting stress to worsen tinnitus (Yıldırım et al., 2017).

A similar cross-sectional study evaluating the associations between hearing status and health regarding tinnitus reported emotional exhaustion as a predictor of tinnitus (Hébert et al., 2012; Brüggemann et al., 2016). Brüggemann et al. (2016) aimed to associate the grade of tinnitus-related distress with the psychological distress, physical, or psychological discomfort, and concluded hearing loss, perceived stress-related tension, pessimism, and concentration to be predictors of tinnitus-related distress. This could mean that physical and psychological stress can determine the level of distress secondary to tinnitus.

Although the pathogenesis is unclear, one study assessing the role of endogenous dynorphins and glutamate and NMDA receptors in stress-mediated Type-I auditory neural exacerbation of tinnitus concluded stress-activated release of dynorphins into the cochlea to potentiate the effects of glutamate, leading to hyperacusis, with acute exacerbation of chronic aberrant Type-I neural activity and worsening of the central auditory neural plasticity responsible for tinnitus perception (Sahley et al., 2013) However, further research will be required to identify the underlying pathophysiology of stress-induced worsening of tinnitus.



Emotional states and tinnitus

Tinnitus has been associated with anxiety, depression, insomnia, and post-traumatic stress disorder (PTSD). These associations and pathways involved have been briefly discussed in Figure 2. High tinnitus severity has been linked to diagnosis with psychological conditions and positive correlation between tinnitus severity and increase in variables of anxiety, insomnia, and depression have also been reported (Beukes et al., 2021). Mood disorders have been linked to the dysfunction of neurotransmitters involved in the habituation process, which helps decrease tinnitus intrusiveness with time. A key role of the habituation process is to prevent overstimulation from harming the auditory system. This is achieved via complex neuronal circuits and multiple transmitter systems; acetylcholinergic, dopaminergic, GABA-ergic, nitric oxide, and serotonergic systems. The serotonergic system reacts to continuous stimulation by enforcing a “gain-control” between facilitating and inhibitory mechanisms. Thus, changes to neurotransmitters and dysfunction of habituation processes caused by various emotional states could explain the association with tinnitus (Al-Mana et al., 2008).
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FIGURE 2
 Disturbances of the hypothalamic–pituitary–adrenal axis (HPA-axis) are common to anxiety, depression, and tinnitus. The resulting chronically increased cortisol levels may influence limbic system components, particularly the amygdala. These areas are implicated in the anxiety response, symptoms of depression, and tinnitus.



Post-traumatic stress disorder and tinnitus

Both PTSD and tinnitus share decreased tolerance to loud noises, and tinnitus exacerbations in patients have been reported to occur due to reminiscence of triggering sounds from past trauma. Another association relates to the medication used in both disorders. Selective serotonin reuptake inhibitors (SSRIs) are the “front line” treatment options for PTSD and as both disorders share similar biochemical stimuli, the same medication may affect them in comparable ways. One study conducted on veterans to determine the correlation between tinnitus and PTSD reported that tinnitus loudness was exacerbated during periods of stress (Moring et al., 2018). Another study suggests that tinnitus may serve as a significant contributor to symptoms of PTSD, as they are caused by past traumatic events that included loud noises such as gunfire and explosions (Fagelson, 2007). Tinnitus and PTSD have also been shown to share alterations in neural anatomy where some reviews report physical changes to the thalamus, hippocampus, and amygdala, with reduced hippocampus vascularity and subsequent volume reduction being reported in patients of abuse and trauma (Shulman et al., 1995; Lockwood et al., 1998; Bremner, 2002; Cacace, 2003; Bremner, 2005). This association is further complicated by interaction between the amygdala and the medial pre-frontal cortex (Sotres-Bayon et al., 2004).



Insomnia and tinnitus

A study conducted in an Audiology Department in the United Kingdom, reported nearly 70% of patients seeking help for tinnitus to have symptoms of insomnia. In addition, the emotional distress caused by tinnitus was more likely caused by the severity of insomnia (Aazh and Moore, 2019). Often, tinnitus therapies tend to improve insomnia complaints, since both conditions are associated with diseases such as depression and anxiety. Furthermore, some evidence suggests that both conditions induce the hyperactivation of the ANS, limbic system as well as the HPA axis (Wallhäusser-Franke et al., 2013). One animal study assessing brain activity, post-exposure to loud noises or systemic application of large dose salicylates, reported an increased number of immunoreactive neurons in the auditory cortex when compared to controls. In contrast, exposure to impulse noise led to prolonged c-fos expression, a marker of neuronal activity (Wallhäusser-Franke et al., 2013). Some studies have suggested psychological and physiological mechanisms to be similar in chronic tinnitus and primary insomnia, including dysfunctional beliefs, negative thoughts, and hyperarousal (Richter et al., 2021).



Depression and tinnitus

Multiple studies have highlighted an association between depression and tinnitus. Some studies have suggested the anterior parietal area, the limbic system, comprising the anterior cingulate cortex, anterior insula, amygdala, and the hippocampal and para hippocampal area to all be potentially involved in the association between tinnitus and depressive mood (Lockwood et al., 1998; Besteher et al., 2019; Hu et al., 2021). Folmer et al. (1999) reported the current prevalence of depression in tinnitus patients at 27.8% and the lifetime prevalence at 34.6%. Another study looking at United States veterans revealed that 38% of those diagnosed with tinnitus were also diagnosed with depression (Martz et al., 2018). The mechanism of tinnitus caused by depression is thought to be the impairment of the habituation process. A study by Trevis et al. (2016) contradicts the relationship by studying 70 tinnitus patients and revealing their average Beck Depression Inventory (BDI) to be within a minimal range. However, the study did not use a control group for comparison. Assessing the results of another study that included a control group, a significant statistical difference between the BDI’s of the control and tinnitus groups is highlighted (Weidt et al., 2016). Although this demonstrates a difference between both groups, the BDI of the tinnitus group is still within the minimal range. However, only 42 tinnitus patients were used in this study compared to 70 in the former. Although there is evidence suggestive of an association between tinnitus and depression, further research with larger sample sizes and control groups will be required.



Anxiety and tinnitus

Several studies have highlighted a link between tinnitus and anxiety. One study concluded that moderate or severe anxiety was experienced in 24% of tinnitus patients (Ciminelli et al., 2018). Another study reported that tinnitus patients who perceived their tinnitus as severe had an anxiety rate of 40.4% compared to the 10.6% reported by those who did not perceive their tinnitus as severe (Bhatt et al., 2017). This not only suggests an association between anxiety and tinnitus but also between anxiety and tinnitus severity. The mechanism behind this relationship still remains unclear. Kaltenbach, (2006) suggested an explanation by claiming that when the dorsal cochlear, which plays a significant role in producing norepinephrine and serotonin, is hyperactive, the locus coeruleus is stimulated leading to anxiety. Since injury of the cochlea often causes dorsal cochlear hyperactivity, such an explanation would clarify the relation between anxiety and tinnitus. However, there is no consensus between the studies that challenge this hypothesis. Karaaslan et al. (2020) concluded that despite tinnitus patients having higher anxiety scores compared to control groups, results are not statistically significant. On the contrary, another study reported statistical significance between cognitive concerns in both groups, with higher scores in tinnitus patients (Kumbul et al., 2022). One study conducted in Sweden suggesting the perception of tinnitus severity to be affected by anxiety disorders could explain discrepancies found in results (Holgers et al., 2005).

Various structures involved in tinnitus networks are also shared with anxiety disorders. The amygdala is commonly involved along with the insula and hippocampus (Cain and Ledoux, 2008; Craig, 2009; Kraus and Canlon, 2012; Ledoux, 2012). The locus coeruleus and the raphe nucleus are other structures also involved, predominantly mediating limbic system hyperresponsiveness, a phenomenon observed in both tinnitus and anxiety disorders (Pohl et al., 1987; Shulman et al., 1995; Lockwood et al., 1998; Tanaka et al., 2000; Etkin and Wager, 2007; Martin et al., 2009). These findings imply that the anxiety and tinnitus may share more in common than previously thought but further research is required to explore the relationship and pathophysiology of interaction between tinnitus and anxiety.




Implications for treatment

A variety of interventions have been used to manage both tinnitus and stress caused by it. These range from psychological to psychopharmacological modalities with many studies supporting their effectiveness (Weber et al., 2002; Rief et al., 2005; Fornaro and Martino, 2010). Psychological interventions targeted toward stress management seem to play a vital role in tinnitus treatment, where one study suggests particular emphasis on early-stage intervention prior to chronic changes in neuronal plasticity (Ciminelli et al., 2018). Further studies both in animals and humans are strongly encouraged to establish conclusive evidence both for understanding pathophysiology and potential treatment outcomes. Studies focusing on short- and long-term outcomes will also be valuable in determining clinical progression of tinnitus, effects on preexisting tinnitus, and determining appropriate time frame for curative or preventive intervention.



Conclusion

The nature of tinnitus is multifactorial and involves both auditory and emotional systems (Kaltenbach, 2011). The pathways involved in these systems inevitably have common threads and elements. Several associations between the two systems have been highlighted here. However, the current body of knowledge is not emphatic on causal links between mood states, stressors and tinnitus. A major consideration that must be considered when assessing the various studies associating tinnitus with stress and mood disorders is selection bias and collider bias. These have been acknowledged as sources of distorted associations between predictors and outcomes in this area (Couth et al., 2019; Lan et al., 2020). Also, correcting for confounding factors such as age and degree of hearing loss, the severity of depression, and anxiety has been challenging in existing studies. Future work is likely to be more cognizant of these issues.

Previously, there has been a focus in the research on psychometric rather than biometric reporting. This will likely change with improvements in laboratory assays and sampling methods such as hair sampling. Future studies may explore the relationship between tinnitus-related distress and biomarkers of mood states, and these should improve the understanding of both mood states and tinnitus.

Although major advances have been made in understanding the basic biology of tinnitus, this understanding has not translated well into the clinical setting. Future therapeutic approaches to tinnitus will be influenced by the elucidation of the neurochemistry and cellular plasticity involved in tinnitus pathophysiology (Guitton, 2012). In tandem with this evolving science, the mapping out pathways for stress, anxiety, and depression will likely guide future treatments for tinnitus. In order for the fundamental neuroscience of tinnitus to be translational, we predict that research will be performed in parallel or in conjunction with the fundamental neuroscience of stress and emotional states.

Collectively, evidence suggests stress plays a role in developing tinnitus and the worsening of pre-existing tinnitus. Further research combining auditory and emotional systems would be beneficial to establish this hypothesis and help guide treatment modalities, prevent tinnitus secondary to stress exposure, and predict the prognosis of patients with tinnitus.
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Introduction: Loud noise-exposure can generate noise-induced tinnitus in both humans and animals. Imaging and in vivo studies show that noise exposure affects the auditory cortex; however, cellular mechanisms of tinnitus generation are unclear.

Methods: Here we compare membrane properties of layer 5 (L5) pyramidal cells (PCs) and Martinotti cells expressing the cholinergic receptor nicotinic alpha 2 subunit gene (Chrna2) of the primary auditory cortex (A1) from control and noise-exposed (4–18 kHz, 90 dB, 1.5 h, followed by 1.5 h silence) 5–8 week old mice. PCs were furthermore classified in type A or type B based on electrophysiological membrane properties, and a logistic regression model predicting that afterhyperpolarization (AHP) and afterdepolarization (ADP) are sufficient to predict cell type, and these features are preserved after noise trauma.

Results: One week after a loud noise-exposure no passive membrane properties of type A or B PCs were altered but principal component analysis showed greater separation between type A PCs from control and noise-exposed mice. When comparing individual firing properties, noise exposure differentially affected type A and B PC firing frequency in response to depolarizing current steps. Specifically, type A PCs decreased initial firing frequency in response to +200 pA steps (p = 0.020) as well as decreased steady state firing frequency (p = 0.050) while type B PCs, on the contrary, significantly increased steady state firing frequency (p = 0.048) in response to a + 150 pA step 1 week after noise exposure. In addition, L5 Martinotti cells showed a more hyperpolarized resting membrane potential (p = 0.04), higher rheobase (p = 0.008) and an increased initial (p = 8.5 × 10–5) and steady state firing frequency (p = 6.3 × 10–5) in slices from noise-exposed mice compared to control.

Discussion: These results show that loud noise can cause distinct effects on type A and B L5 PCs and inhibitory Martinotti cells of the primary auditory cortex 1 week following noise exposure. As the L5 comprises PCs that send feedback to other areas, loud noise exposure appears to alter levels of activity of the descending and contralateral auditory system.

KEYWORDS
auditory system, electrophysiology, tinnitus mechanisms, whole-cell patch clamp, principal component analysis


Introduction

Several studies report adaptive changes in the primary auditory cortex (A1) following acoustic overstimulation of animals (Popelár et al., 1987; Seki and Eggermont, 2002; Noreña and Eggermont, 2003; Sun et al., 2008; Munguia et al., 2013; Basura et al., 2015; Takacs et al., 2017). For example, larger evoked potentials and increased firing frequency in the auditory cortex has been observed immediately following noise exposure of rats (Sun et al., 2012). Also, an increase in spontaneous firing frequency of the A1 has been shown 4–6 weeks following noise-induced tinnitus in guinea pigs (Basura et al., 2015). Recently noise overexposure was shown to increase the firing gain of A1 pyramidal neurons projecting to the inferior colliculus and areas of the limbic system (striatum and amygdala) for up to 2 weeks after the noise exposure (Asokan et al., 2018). Yet, whether loud noise can have persistent effects on pyramidal neurons with different projection profiles, or whether subtypes of pyramidal neurons are more vulnerable to noise exposure, is unknown.

Cortical pyramidal cells (PCs) are heterogeneous in respect to connectivity, as well as morphology and laminar distribution (Mason and Larkman, 1990; Harris and Shepherd, 2015; Wang et al., 2018). Especially layer five, constituting the main output neocortical layer, PC heterogeneity has been extensively studied (Molnár and Cheung, 2006; Morishima and Kawaguchi, 2006). Layer 5 PCs can be divided into many subtypes based on their specific projections but for simplification L5 PCs are often grouped into two main subtypes: corticofugal and commissural-projecting PCs (Oswald et al., 2013). We have previously used the distinction of type A and type B L5 PCs based on electrophysiological profile, where type A PCs correspond to large L5 PCs with thick-tufted dendrites, to study connectivity between L5 PCs and inhibitory Martinotti cells (Hilscher et al., 2017). Moreover, type A are known to express prominent h-current (Ih), AHP, ADP, and project subcortically, while type B PCs are thin-tufted, have little Ih, AHP, ADP, and connect contralaterally or to the striatum (Lee et al., 2014; Hilscher et al., 2017). Another study by Joshi et al. (2015) retrogradely labeled PCs in the A1 from inferior colliculus and contralateral A1 and could also distinguish two different types of PCs with different hyperpolarization-induced sag amplitude (indicating Ih) taking part of two functionally distinct synaptic pathways of input-output of the A1. In addition we have previously shown layer 5/6 inhibitory Chrna2 positive (+) Martinotti cells to preferentially connect to apical dendrites of type A PCs and generate rebound excitation important for type A PC synchronization (Hilscher et al., 2017). Still, how excessive loud noise affects membrane properties of different L5 PCs and specific interneurons of the A1 is still not clear. Here we compare whole-cell patch clamp recordings and principal component analysis of L5 type A and type B PCs, and genetically defined inhibitory Chrna2-Martinotti cells of the A1 from control and noise-exposed mice. We found that loud noise, which can cause acute noise-induced tinnitus (Winne et al., 2020; Malfatti et al., 2022), alters the firing frequency of L5 main cell types 1 week after the noise overexposure.



Materials and methods


Animals

A total of 19 wild type mice (c57BL/6) of either sex, age between 2 and 3 weeks (n = 4) and 5–8 weeks (n = 15) and 5–8 weeks (n = 10) Chrna2-cre mice bred with homozygote tdTomato reporter mice on a mixed genetic background (Sv129:c57BL/6) (Madisen et al., 2010; Leão et al., 2012) of either sex were used in this study. All experimental procedures followed current guidelines and were approved by the Ethics Committee for the Use of Animals of Federal University of Rio Grande do Norte (CEUA/UFRN) protocol no 097.019/2018 and 135.064/2018. Animals were housed on a 12/12 h day/night cycle and had free access to food and water.



Noise exposure

Acoustic noise overexposure was carried out in a sound shielded room, inside a sound-isolated cabinet (44 cm × 33 cm × 24 cm) during the late afternoon. Mice were handled and habituated for 3–5 days by being placed inside an acrylic cylinder (diameter 4 cm × 8 cm length), with restraining doors perforated at regular intervals (Acrilart, Natal-RN, Brazil), for 5–10 min at a time. Mice were considered habituated when freely entering the cylinder and there was minimal trace of defecation. A speaker (Selenium Trio ST400) connected to a sound amplifier (Marantz PM8004) and sound board (USBPre2), was placed 10 cm in front of the acrylic cylinder to produce the sound stimulation. The speaker was calibrated using a microphone (Brüel and Kjaer 4939-A-011) and adjustment of intensity, frequency and duration of the sound was done using custom written code (Matlab, MathWorks, Natick, MA, USA). Awake mice were exposed to broadband noise of 4–18 kHz, at 90 decibel sound pressure level (dBSPL) for 1.5 h (Winne et al., 2020) to over-activate a large portion of the auditory cortex. Immediately following noise overexposure animals were removed from the acrylic cylinder but remained in the sound shielded cabinet, inside a standard plastic cage for another 1.5 h in silence. This was done since increased ambient noise and acoustic enrichment immediately following a noise trauma can prevent noise-induced tinnitus (Sturm et al., 2017). Following the silence period animals were returned to their home cages in the animal facility for 1 week before being sacrificed for electrophysiological experiments. Control animals were age matched littermates. We have previously shown a noise level of 90dBSPL, followed by a brief period of silence, to cause significant impairment in gap pre-pulse inhibition of acoustic startle (30/34 mice showed decreased gap detection capabilities for at least two frequency bands tested) indicating acute noise-induced tinnitus (Malfatti et al., 2022).



Whole-cell patch clamp

Young mice (P16-23) were sacrificed by decapitation and thereafter immediate brain dissection. To improve cell visibility and cell survival of slices from more mature mice (>5 weeks old), mice were routinely perfused prior to slicing and had recovery solution applied (Ting et al., 2014). In detail, mature animals (P38-52) were sacrificed by intraperitoneal injection with ketamine (90 mg/kg) for anesthesia before intracardiac perfusion with artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl, 124; KCl, 3.5; NaH2PO4, 1.25; MgCl2, 1.5; CaCl2, 1.5; NaHCO3, 30; glucose, 10. Brains were rapidly dissected, the cerebellum and brainstem removed, glued to a platform and submerged in ice-cold sucrose/artificial cerebrospinal fluid (ACSF) consisting of the following (in mM): KCl, 2.49; NaH2PO4, 1.43; NaHCO3, 26; glucose, 10; sucrose, 252; CaCl2, 1; MgCl2, 4. The brain was cut in coronal slices (300 μm thick) using a vibratome (VT1200, Leica, Microsystems) and slices containing the A1 were collected and moved to a holding chamber containing normal ASCF, or for >1 month old mice containing N-methyl-D-glucamine (NMDG, recovery) solution (in mM): NMDG, 93; KCl, 2.5; NaH2PO4, 1.2; NaHCO3, 30; HEPES, 20; sodium ascorbate, 5; thiourea, 2; sodium pyruvate, 3; hydrated MgSO4; 10; CaCl2, 0,5, pH calibrated with HCl to pH 7.3–7.4, for 12 min to improve cell survival and cell visibility in in vitro slices (Ting et al., 2014), and next being placed in normal ACSF constantly bubbled with 95% O2 and 5% CO2 at room temperature (22–24°C). Next slices were transferred to a submerged chamber under an upright microscope equipped with differential interference contrast (DIC) optics (Olympus, Japan) and perfused with room temperature oxygenated ASCF (1–1.25 ml/min). Patch pipettes from borosilicate glass capillaries (GC150F-10, Harvard Apparatus, MA, USA) were pulled on a vertical puller (PC-10, Narishige, Japan). Pipette resistances varied from 8 to 12 MΩ. Pipettes were filled with internal solution containing (in mM): K-gluconate, 130; NaCl, 7; MgCl2, 2; ATP, 2; GTP, 0.5; HEPES, 10; EGTA, 0.1 (from Sigma Aldrich, MO, USA). The pH was adjusted to 7.2 using KOH. Whole-cell current clamp recordings were acquired using an Axopatch 200B amplifier (Axon instruments, CA, USA) and digitized with a BNC-2111 panel block (National instruments, TX, USA). The primary auditory cortex was identified using the mouse brain atlas (Paxinos and Franklin, 2012) by recognizing the shape of the hippocampus and the rhinal fissure in coronal sections, and next consistently patching from layer 5 (identified visually based on the internal edge of the cortex, tissue density and cell morphologies). Pyramidal cells were identified by size and morphology and routinely clamped to −65 mV before breaking in. The cholinergic receptor nicotinic alpha 2 subunit-positive (Chrna2+) Martinotti cells (Hilscher et al., 2017) of layer 5/6 of the A1 were identified by red fluorescent protein in brain slices from Chrna2-cre/tdTomato-lox mice. WinWCP software implemented by Dr. J. Dempster (University of Strathclyde, Glasgow, UK) was used to record electrophysiological signals. Cells with an unstable baseline, membrane resistance and/or more depolarized resting membrane potential than −50 mV (pyramidal cells) or −45 mV (Martinotti cells) were discarded from further analysis.



Data analysis

Matlab (version 2016a, MathWorks) was used for data analysis of recordings. Resting membrane potential (Vrest) was noted as the baseline in current clamp mode. Membrane resistance was calculated from the current activated by a small test step (5 mV, 10 ms). Rheobase is the minimum amount of current necessary to generate an action potential (calculated from a ramp protocol from 0 to 200 pA, 500 ms, where the time of the first spike was noted; AP time). Hyperpolarizing sag amplitude was quantified in response to a negative current steps (−100 pA, 500 ms) as the difference between peak and steady-state voltage (ΔV mV). The afterdepolarization (ADP) and afterhyperpolarization (AHP) were measured following the termination of a −100 pA or + 150 pA step (500 ms duration) respectively, as the peak amplitude subtracted by Vrest. The first AP generated upon positive current injections (ramp from 0 to 200 pA, 500 ms) was analyzed for AP threshold (>10 mV/ms). We also examined the properties of APs using phase-plane plots, which show the derivative of membrane potential (dVm/dt) as a function of instantaneous membrane potential. Phase plots were obtained by plotting dV_m (obtained using the matlab command diff. vs. V_m.top). Firing frequency was analyzed from AP generated by depolarizing current injections (50 to 400 pA, 50 pA increments, 1 s duration). Initial frequency denotes the frequency of the first two APs, calculated as the inverse of the first interspike interval (ISI). Steady-state frequency denotes the frequency of the last 3 APs, calculated as the inverse of the mean of the last three interspike intervals. The initial and steady-state gain was calculated by fitting a trendline to both initial and steady state frequency in response to 150, 200, and 250 pA current steps and quantifying the slope (Hz/pA). For Martinotti cells the current clamp steps applied were in either 20 pA or 50 pA increments (−40 to 150 pA, or −100 to 400 pA, respectively, 500 ms or 1 s duration).



Statistical analysis

For statistical analysis of the predictability of cell type and effect of condition, the experiment followed a 22 factorial design, hence with 2 factors: cell type and noise-exposure (experimental condition), both with 2 levels. Sample sizes (after outlier removal) were 11 (8), 13 (8), 19 (17), and 21 (19) for groups A-control, B-control, A-noise, and B-noise, respectively. Principal component analysis (PCA) was computed from the correlation matrix of quantitative variables of the dataset, namely: absolute sag, ADP and AHP, resting potential, input resistance, AP threshold, AP time, rheobase, initial ISI, initial frequency, steady-state ISI and frequency, initial and steady state frequency-current gain. The principal components (PrC) were derived from the correlation matrix as the successive pairs of eigenvectors-eigenvalues. For each PrC, corresponding eigenvalue reflects the amount of information accounted for by it. In turn, each eigenvector indicates the coefficients for the linear combination of original variables that represents, in geometrical terms, the rotation toward the directions of the correlation matrix with highest variability. Thus, the meaning of each PrC was interpreted according to the signal and absolute value of these coefficients that generated it. The model for cell type classification was developed by means of logistic regression. When separated according to cell type only, all variables were shown to be compatible with the normal distribution. The selection of variables to the model was assisted by forward and backward stepwise selection and highly correlated variables were avoided. The model was defined based on the lowest deviance and AIC (Akaike information criteria) obtained. To perform parametric inference, 8 outliers were discarded because they were hampering the normalization of at least one variable. The variables incompatible with the normal distribution were transformed by injective functions: Box-Cox transform, Ln or inverse. Then, the effect of factors was tested by multivariate analysis of variance (MANOVA). To further identify response variables that most contribute for each effect, individual 2-way ANOVA was used as post hoc. For those untransformed variables, we also estimated effect sizes and an empirical model, which was based on multiple linear regression. For both ANOVA and linear regression, normality, independence, and variance homogeneity assumptions were checked by the analysis of the residues. Main effects were computed as the mean difference between levels of correspondent factor, whereas interaction effect was estimated by half the difference of the effect of one factor relative to both levels of the other factor. For all hypothesis tests, a significance level of 0.05 was used. For basic comparison between type A and type B variables and Martinotti cells from control and noise exposed mice shown in tables, two-tailed Student’s t-test, equal variance was applied, and data reported as standard error of the mean (s.e.m).




Results


Noise overexposure does not alter passive membrane properties important for classifying L5 PC type

To test whether noise exposure (4–18 kHz at 90 dBSPL for 1.5, 1.5 h silence post noise exposure) affects L5 PCs firing properties, we performed current clamp recordings of pyramidal cells (n = 87 cells, on average 5 cells per animal) in layer 5 of the primary auditory cortex 1 week following noise exposure (Figure 1A). Layer 5 PC main subtypes were identified post hoc by fitting a model for cell type classification based on logistic regression (Table 1) showing that afterdepolarization (ADP) and afterhyperpolarization (AHP) magnitude was sufficient for cell classification (maximum predictive power of the model) (Gee et al., 2012; Lee et al., 2014; Joshi et al., 2015; Hilscher et al., 2017). Thereby, L5 PCs are hereafter referred to as type A or type B PCs (Lee et al., 2014). Type A and type B PC are also possible to distinguish in slices from young mice (2–3 weeks old), however, membrane properties still develop in the first weeks of age (Supplementary Figure 1 and Supplementary Table 1). Thereby we only compare mature membrane properties between control and noise-exposed mice >5 weeks old (n = 64 cells).
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FIGURE 1
Criteria for separating L5 PCs into type A and type B remains robust between control and noise-exposed experimental groups. (A) Experimental schematic representation, Right: brightfield image of the primary auditory cortex with the pipette pointing toward layer 5. (B) Representative traces in response to –100 and 150 pA steps from L5 type A and type B PCs from control (top) and noise-exposed (bottom) mice. (C) Type A and type B cells show distinct values for hyperpolarizing sag, rebound afterdepolarization (ADP) and afterhyperpolarization (AHP) potential for control and noise-exposed groups. (D) Sum of sag, ADP and AHP show difference between type A and type B PCs from control (Crt) and noise-exposed (noise) mice. Error bars–s.e.m., Student’s t-test, two tailed, and equal variances, *indicates p < 0.05.



TABLE 1    Logistic regression model for L5 pyramidal cell type classification.
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Examining each electrophysiological parameter separately we first show that noise exposure did not alter hyperpolarization sag, ADP and AHP in responses to a negative (−100 pA, 500 ms) and a positive (150 pA, 500 ms) current step for L5 type A or type B PCs from noise-exposed or control mice (Figure 1). In both conditions, type A PCs (n = 30) had pronounced sag, ADP and AHP compared to type B PCs (n = 34) that showed generally flat response following negative and positive current injections (Figure 1B). Differences between type A and type B PCs were equally recognizable following noise exposure (Figure 1B) with a >6 mV cut-off criteria of the sum of sag, ADP and AHP amplitude (Figures 1C, D), similar to previously shown (Lee et al., 2014).

Passive and active membrane properties of L5 PCs from control and noise exposed mice (Table 2) showed that type B PCs have a more hyperpolarized membrane potential than type A PCs but that resting membrane potential and input resistance are not altered for type A and type B PCs following noise exposure. Examining action potential properties showed no difference in action potential (AP) threshold, although type A PCs showed a trend toward a slightly depolarized AP threshold in cells from noise-exposed animals (ctr A: −46.8 ± 1.8 mV vs. noise A: −42.8 ± 1.2 mV, p = 0.068) while AP threshold was robust for type B PCs from the two groups (ctr B: −41.5 ± 1.9 mV vs. noise B: −42.2 ± 1.7 mV, p = 0.924).


TABLE 2    Type A and type B L5 pyramidal cells of the A1 show different firing frequencies in slices from noise-exposed animals compared to control mice.
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To further investigate action potential (AP) shape we carried out phase plot analysis (Trombin et al., 2011) for control and noise-overexposed type A and type B L5 PCs (Figure 2A). The first derivative of the AP is represented as a loop highlighting the threshold membrane potential (Vthres), and the maximal voltage amplitude (Vmax), with the depolarization and repolarization phases (slopes) characterized as the upper and lower portions of the loop, respectively (Figure 2B, left). Still, the phase plots did not reveal any differences of type A or type B PCs following noise exposure (Figure 2B). The slope of repolarization (Srepol; ctr A: 3.9 ± 0.3 mV/ms vs. noise A: 4.7 ± 0.25 mV/ms, p = 0.09, and ctr B: 4.3 ± 0.2 mV/ms vs. noise B: 4.4 ± 0.3 mV/ms, p = 0.63) was not different following noise exposure. Neither was slope depolarization (Sdepol; ctr A: 1.35 ± 0.2 mV/ms vs. noise A: 1.4 ± 0.08 mV/ms, p = 0.66, and ctr B: 1.4 ± 0.08 mV/ms vs. noise B: 1.5 ± 0.09 mV/ms, p = 0.29) or Vmax and repolarization voltage (Figure 2B) showing that previous noise exposure does not alter the shape of the first action potential of L5 type A and type B PCs.
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FIGURE 2
Phase plot analysis of action potentials from L5 PCs. (A) Representative traces of first APs recorded from control and noise-overexposed type A and B PCs in response to a 150 pA current injection (top) and the relative phase plots (bottom) showing depolarization and repolarization phases. (B) The first panel shows a phase plot and the representation of the threshold membrane potential (Vtresh), the maximal voltage peak of the AP (Vmax), the repolarization potential (Vrepol), and the upper and lower portions of the loop which represents the depolarization and repolarization phases (Slopes), respectively. Bar graphs of Vtreshold, Vmax, Vrepol, Sdepol and Srepol for type A and type B PCs from control and noise-exposed mice. Error bars–s.e.m.


Next, principal component analysis based on the 11 electrophysiological parameters collected (Table 2) from control and noise exposed mice was carried out to illustrate any variability in the data from type A and type B PCs from control and noise exposed mice (Figure 3). The values of the first two principal components (PrC1-2, Supplementary Table 2) corresponded to 50% of the dataset (Table 2) information (i.e., variability, PrC1: 31%, PrC2: 19%, Figures 3A, B). Plotting the first and second principal components showed a minimal overlap between the type A and type B PC clusters, where type B cells (exhibited in dark colors) gather at greater values of the PrC2 than type A cells (Figure 3A). The first PrC was mostly relevant for separating cell types in control condition (Figure 3A). Addition of the third PrC (accounting for an additional 12% of variability, Figure 3B) allowed for a more comprehensive representation of the data in a 3D plot preserving 62% of the whole dataset information (Figure 3C). In the 3D plot the distinction between subtypes of PCs is visible (black line) and for type A PCs the experimental condition becomes more evident (Figure 3C). For type B cells, control and experimental conditions remain overlapped, but noise exposed type B PCs spread more than the control type B PCs cluster (Figure 3C). A multivariate analysis of variance (MANOVA) test confirmed that cell type had a significant effect (p = 1.58 × 10–11) on response variables and such effect was different in control and noise-exposed animals (Supplementary Table 3). This shows that type A and type B PCs are different electrophysiologically, but more importantly, that noise exposure increases variability but in different directions for type A and type B PCs.
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FIGURE 3
Principal component (PrC) analysis of PC parameters. (A) Visual clusterization of the data based on the first two PrC accounting for 50.2% of whole dataset information. Type A control (light blue), type B control (light green), type A noise-exposed (dark blue) and type B noise-exposed (dark green). Clusters of distribution of cells are highlighted with lines contouring the corresponding data points. (B) The relevance of each PrC, by the proportion of the whole dataset information relating to each PrC. The dotted line highlights the 10% cut-off for useful PrCs. (C) The inclusion of the third PrC adds 11.92% of whole dataset information to the visual clusterization. The black line highlights the separation of type B (upper in the plot) and type A (lower in the plot) pyramidal cells.




Noise overexposure alters firing frequency of type A and type B PCs in opposite direction

As one of the main physiological outputs of electrophysiological membrane properties is regulation of firing frequency, responses to depolarizing current steps (100–250 pA, 1 s duration) was examined for type A and type B L5 PCs from control and noise exposed mice (Figures 4A, B). We found that the average initial firing frequency (from the interspike interval of the first two APs) was significantly lower for type A PCs 1 week after noise exposure in response to +200 pA (ctr A: 87.9 ± 9.6 Hz, n = 11 vs. noise A: 59.4 ± 6.8, n = 19, Hz, p = 0.02) and +250 pA (ctr A: 103.7 ± 9.8 Hz, n = 11 vs. noise A: 73.1 ± 6.8, n = 19, Hz, p = 0.014) current steps (Figures 4A–D). Type B PCs showed no difference in initial firing frequency in slices from control or noise exposed mice (Figure 4). The initial frequency increased linearly in response to 1 s duration current steps (100–250 pA) for both type A and type B PCs from both experimental conditions (Figure 4C, left). Noise exposure thereby appears to decrease the initial firing frequency of type A PCs and make initial frequency more similar to type B PC initial frequency (Figure 4C). Next, comparing steady-state firing frequency (last three APs in response to+150 pA step, 1 s duration) also showed a lower frequency for type A PCs from noise exposed mice (ctr A: 20.3 ± 1.8 Hz, n = 11 vs. noise A: 16.1 ± 1.2 Hz, n = 19, Hz, p = 0.050). On the contrary, type B PCs showed a higher average steady state firing frequency from noise exposed mice (ctr B: 13.3 ± 1.3 Hz, n = 13 vs. noise B: 19.5 ± 2.4 Hz, n = 21, p = 0.048, Figures 4A–D). Specifically, type B PCs from noise-exposed animals showed a higher firing frequency in response to increasing current injections (150–250 pA) compared to type A PCs and control type B PCs (Figure 4C, right).
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FIGURE 4
Noise exposure alters steady state frequency in opposite directions for L5 type A and type B PCs. (A) Representative traces illustrating firing frequency in response to a 1 s current injection of 150 pA. Gray shadows highlight the first two APs used for calculating initial frequency and the last 3 APs used for calculating steady-state frequency. (B) Higher magnification of traces highlighting the difference in initial firing frequency of L5 type A PCs from control and noise exposed mice (left), and the difference in steady state firing for control and noise-exposed L5 type B PCs. (C) Initial frequency over current plots shows a decrease in initial frequency for type A PCs after the noise overexposure (left). Right: steady state frequency-current plot shows significant increase in steady state frequency for type B PCs after noise exposure while type A cells on the contrary shows a decrease in steady state frequency. (D) Bar graphs showing initial and steady state firing frequency in response to a 150 and 200 pA stimulation. Error bars–s.e.m., Student’s t-test, two tailed, and equal variances. (*) denotes p < 0.05 for type A control vs. type A noise-exposure, (#) denotes p ≤ 0.05 for type B control vs. type B noise-exposure (see Table 2 for specific values).


To further investigate differences in firing frequency we examined frequency-current (f-I) gain by comparing the average slope (Hz/pA) of initial and steady-state frequency in response to depolarizing current steps (150, 200, and 250 pA) of type A and type B L5 PCs (Figures 5A, B). Comparing the average slope of initial frequency showed a trend of type A PCs decreasing gain following noise exposure (ctr A: 0.46 ± 0.08 Hz/pA vs. noise A: 0.32 ± 0.03 Hz/pA, p = 0.055) while type B PCs showed no difference in initial firing frequency gain. For the average steady state frequency gain there was no difference between control and noise-exposed cells for type A or type B PCs (Figure 5C and Table 2). However, the differences in steady state gain becomes significantly different between type A and type B PCs following noise exposure (noise A: 0.04 ± 0.0 Hz/pA vs. noise B: 0.09 ± 0.02 Hz/pA, p = 0.03, Figure 5C, right). This supports that noise-exposure has persistent effects on firing frequency of type A and B PCs in the opposite direction.
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FIGURE 5
Frequency over current gain becomes significantly different between type A and type B PCs following noise exposure. (A) Representative current clamp traces in response to 150, 200, and 250 pA current injections (1 s duration) for type A and type B PCs from control (top) and noise-exposed (bottom) mice. (B) Example of a f-I plot showing initial frequency vs. current injection (left) and steady state frequency vs. current injection (right) for the neurons shown in (A). (C) Bar graphs of gain (frequency/current) of initial firing frequency (left) and steady-state frequency (right) for L5 type A and type B PCs from control and noise-exposed mice. Error bars–s.e.m., Student’s t-test, two tailed, and equal variances, *indicates p < 0.05.




Chrna2-Martinotti cells fire at higher frequency in noise-exposed mice compared to control

The dual response of type A and type BPC action potentials made us question whether loud noise exposure could also modify Chrna2-Martinotti cells (MCs), as L5/6 MCs have been shown to be specifically inhibiting type A PCs of the auditory cortex, and generating synchronous firing between type A PCs, while minimally affecting type B PCs (Hilscher et al., 2017; Figure 6A). We examined MCs membrane properties from transgenic c57BL/6 mice (cre expressed by the Chrna2-cre promoter) crossed with tdTomato-lox mice to generate red fluorescent protein in chrna2 positive cells (Leão et al., 2012; Hilscher et al., 2017, 2019) that were either submitted to loud noise-exposure 1 week prior to recordings or control age matched littermates, not noise-exposed. We found the resting membrane potential to be more hyperpolarized in Chrna2 + MCs from noise exposed mice compared to MCs from control Chrna2-cre/tdTomato-lox mice (ctr MC: −57.8 ± 1.3 mV, n = 40 vs. noise MC: −63.3 ± 1.6 mV, n = 19, p = 0.050) (Figure 6B and Table 3), no difference in average input resistance was found (ctr MC: 383.8 ± 25.8 MΩ, n = 32 vs. noise MC: 356.4 ± 37.7 MΩ, n = 19, p = 0.835) but an increase in current needed to generate an action potential (rheobase: ctr MC: 25.6 ± 2.8 pA vs. noise MC: 40.5 ± 3.4 pA, p = 0.013). Furthermore, an increased average steady state frequency (ctr MC: 29.2 ± 2.4 Hz vs. noise MC: 37.3 ± 3.5 Hz, p = 6.3 × 10–5) was seen in MCs from noise exposed mice in response to a 150 pA current step (Figure 6C). Other electrophysiological properties of Chrna2-Martinotti cells were not affected by the noise exposure (Table 3). This shows that MCs are more hyperpolarized at rest, and require more positive current to generate an action potential, but in response to higher (+100 pA) positive steps, the MCs from 1 week previously noise-exposed mice can fire at higher frequency compared to control mice.
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FIGURE 6
Chrna2 + MCs of the A1 increase steady state firing frequency after a noise overexposure. (A) Representative fluorescent image of Chrna2-Martinotti cells (red) in layer 5/6 of the A1. Inset shows the schematic connectivity of type A PC, type B PC and MCs in the A1. (B) Representative current clamp traces from MCs from control (left) and noise-overexposed (right) mice in response to –50, 50, and 150 pA. (C) Line plot showing a significantly higher steady state firing frequency after a noise trauma in response to 150 pA current injection (left). Bar graphs showing a significantly larger rheobase current (center) and steady state firing frequency (right) in MCs that have been exposed to noise compared to control mice. Error bars–s.e.m., Student’s t-test, two tailed, and equal variances, *denotes p < 0.05.



TABLE 3    Membrane properties of L5 Chrna2 + Martinotti cells in the A1 of slices from control (n = 40) mice and mice with prior (1 week) noise exposure (n = 19).
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Discussion

This study shows that noise-exposure has opposite effects on in vitro firing frequency of two main types of L5 PCs of the primary auditory cortex of mice. Type A and B PCs are broad classes of PCs that differ in morphology and response to hyperpolarization. As it has been shown that subcortical/corticofugal projecting L5 PCs show a thick-tufted dendritic tree and prominent hyperpolarization-activated current (Ih) (i.e., type A PCs), while contralateral/callosal-projecting PCs show thin-tufted dendrites and have less Ih (i.e., type B) (Oswald et al., 2013; Lee et al., 2014), we used electrophysiological criteria for type A and type B L5 PCs (Lee et al., 2014; Hilscher et al., 2017). Thereby, the presence of h-current, generating afterdepolarization, together with afterhyperpolarization values, were sufficient to identify two broad PC classes. This study did not find any effect of noise exposure on h-current (as indicated by sag size) (Leao et al., 2006). Our previous voltage clamp data suggest that noise exposure may affect outward currents that control firing frequency (Leão et al., 2010). For example, 1 h of sound stimulation (4–12 kHz chirps, 75 dBSPL, 1 h) quickly increases high-threshold voltage dependent potassium channel (Kv3.1b) expression (responsible for sustaining high frequency firing) in brainstem auditory neurons (Leão et al., 2010). Future studies should aim to investigate how specific outward currents are affected by noise trauma, especially as potassium channel modulators may be used in tinnitus treatment (Sun et al., 2015; Henton and Tzounopoulos, 2021). Here we do not infer that mice have acute tinnitus, as no such tests were performed. Instead, we merely consider the persistent effect (after 1 week) of a session of loud noise exposure on single L5 A1 neurons.

To separate noise-exposure effects from maturation of membrane properties, such as lowering of input resistance and hyperpolarizing the AP threshold (Kroon et al., 2019), we opted to record neurons from 5–8 weeks old (P38-52) mice, similar to Gee et al. (2012) and Lee et al. (2014), as our initial experiments showed that the resting membrane potential decreased with age for type B PCs, but not type A PCs after the third week of age. Our data supports the work of Joshi and others in which mice aged P24-32 showed corticocollicular neurons from A1 to have an average resting membrane potential of −66 mV and cortico-callosal PCs a resting of −71 mV (Joshi et al., 2015), (our results for mature cells: type A −66 mV and type B −72 mV). Here we found resting membrane potential of type A and B cells to be indistinguishable in animals younger than P24 (young type B = −64 mV). Still, resting membrane potential is not reliable as an only indicator of PC subtype from animals >5 weeks of age, but emerged when averaging values following the type A and type B criteria. We further confirmed that the lack of distinct sag, ADP and AHP for type B PCs does not appear related to the age/resting potential.

Our study has several limitations, for example, not all neurons of the A1 respond to the noise overexposure applied due to limitations of the speaker frequency range. Still, by patching a random sample of type A and type B PCs we could identify differences in firing frequencies, supporting that the effects are strong enough to emerge and the principal component analysis of the variability of the sample supports our findings. In general, principal components are linear combinations of original variables and their meaning rises from directions (negative or positive) and magnitude of corresponding coefficients that generate each PrC. In this work, the first PrC can be regarded as an inertia of the PC to fire action potentials, due to higher values of rheobase, initial ISI, AP threshold and timing of first AP, all leading to higher values of PrC1. In the same way, lower values of initial and steady state frequency and resting potential also generate higher PrC1 values. Next, PrC2 may be interpreted as cells with higher values of steady-state frequency, f-I gain for steady state frequency, rheobase, initial frequency and f-I gain of initial frequency. On the other hand, cells with higher values of absolute sag, ADP and AHP and resting potential exhibit lower values of PrC2. Lastly, PrC3 may reflect firing of an action potential as the PrC3 is dominated by the values of AP threshold and input resistance. Visualizing the first three PrC of type A and type B L5 cells from control and noise exposed mice showed how the different cell types move further away from each other following a previous noise exposure, validating that the noise exposure has a persistent effect on L5 PC membrane properties, but effects are not the same for type A and type B PCs.

Future studies using tracers and filling patched neurons with biotin will allow for a more detailed description of what anatomical structures and cell morphologies are more sensitive to loud noise. Asokan et al. (2018) has, for example, shown that corticofugal projecting L5 PC of the auditory cortex, with the main target of the ipsilateral inferior colliculus, also innervate the striatum, amygdala and the medial geniculate body. Furthermore they showed corticocollicular neurons to increase firing frequency gain for up to 2 weeks after a noise trauma, where instead auditory brainstem responses showed the wave 1 (cochlear nerve response) to decreased response gain (Asokan et al., 2018). Here our data show the opposite trend of type A PCs (possibly corticofugal projecting, Figure 7) showing a lower average steady state firing frequency 1 week after noise exposure. Still, Asokan et al. used a slow indicator for calcium imaging (GCaMP6s) to record increased response gain following noise exposure, which might capture a stronger synchrony of firing among corticocollicular neurons (i.e., type A PCs rather than reflect firing frequency). In addition, brief noise overexposure has been shown to generate reorganization of excitatory and inhibitory inputs onto inferior colliculus neurons and gap detection deficits in mice 7 days after a noise trauma (Sturm et al., 2017). It is known that noise overexposure can cause a multitude of circuit alterations (Shore and Wu, 2019) and here we also show that Chrna2-MCs show higher firing frequency in in vitro slices from noise exposed mice. We have previously shown that Chrna2-MCs activity in short bursts of 15 Hz can generate synchronous firing of type A PCs (Hilscher et al., 2017). Thereby we speculate that increased activity of MCs after noise exposure could generate a stronger type A output through increased synchrony to the descending auditory system, in line with increased corticocollicular response gain for several weeks after noise overexposure (Asokan et al., 2018). In addition, this could also indicate that MCs are more likely to inhibit L5 type A PCs and thereby contribute to the decrease in firing frequency of type A PCs seen here in vitro, as Chrna2-MCs provide distal dendrite inhibition to nearby (type A) PCs (Hilscher et al., 2017; Nigro et al., 2018; Figure 7). Still, it is necessary to further confirm these results exclusively in Chrna2-cre/tdTomato-lox animals to draw any specific conclusions on circuit modulation by noise overexposure.
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FIGURE 7
Schematic putative model of alterations in firing properties, 1 week following a session of noise overexposure, speculating that L5 type A PCs could receive increased inhibition from nearby MCs leading to decreased firing frequency, while L5 type B PCs showed increased firing frequency following noise overexposure.


It is also important to further investigate Chrna2-MCs as there might be additional subtypes of these interneurons, for example, Chrna2 positive interneurons of the striatum were recently shown to exhibit 3 subtypes (Tokarska and Silberberg, 2022). Still, Chrna2+ neurons of the hippocampus specifically labels oriens-lacunosum/moleculare (OLM) cells (Leão et al., 2012), however, we have shown that Chrna2+ OLM cells differ in h-current magnitude across the dorso-ventral axis of the hippocampal CA1 region (Hilscher et al., 2019). Here our criteria was to patch tomato expressing neurons of the A1 and quantify basic firing properties. A larger sample of Chrna2+ MCs may allow for further subdivision of membrane properties and cell morphology (Nigro et al., 2018) since the genetic profiles of Chrna2+ MCs show several possible subclassifications based on clustering of transcriptomic data (Allen brain Atlas, Transcriptomics Explorer).1

It is generally accepted that loud noise exposure can lead to noise-induced tinnitus by cochlear injury triggering peripheral deafferentation and adaptive changes in ascending auditory pathways (Elgoyhen et al., 2015). However, both human and animal studies have shown tinnitus without hearing loss (Langers et al., 2012; Longenecker and Galazyuk, 2016), but few studies separate the two conditions. Loud noise that does not significantly change hearing thresholds, but can generate acute tinnitus (Winne et al., 2020; Malfatti et al., 2022), similar to as used in this study, shows that PCs in the A1 still can alter input/output function following loud noise exposure. The increased firing frequency observed in type B PCs might indicate increased interhemispheric activity, as type B neurons are likely to project cortico-cortically (Lee et al., 2014; Joshi et al., 2015). Thereby, we speculate that even in the absence of underlying cochlear pathology such as hearing loss, plastic alterations in higher auditory areas could still sustain tinnitus by general increased interhemispheric activity. Increase in auditory cortex activity has been observed 1 day after loud noise exposure in mice with normal audiograms using resting-state functional magnetic resonance imaging (fMRI), but 28 days later the auditory cortex activity was instead decrease while limbic structures such as the amygdala showed increased activity (Qu et al., 2019). This shows the dynamic modulation of higher areas in response to loud noise, and that limbic structures are also part of tinnitus pathophysiology (Leaver et al., 2011). Thereby mapping of connectivity of subtypes of A1 L5 neurons projecting to limbic structures (Asokan et al., 2018), or their connectivity with areas regulating limbic structures, such as the basal forebrain cholinergic system (Joshi et al., 2016), becomes crucial to further extend our understanding of noise-induced tinnitus mechanisms.

In summary, we report that loud noise exposure can cause distinct effects on type A and B L5 PCs and inhibitory MCs of the mouse A1 one week after a noise exposure. Principal component analysis of membrane properties of type A and type B L5 PCs from >5 weeks old mice show parameters to spread in the opposite direction between the two subtypes of L5 PCs from noise-exposed mice compared to control mice. Whether this is due to increased activity of L5 MCs remains to be further elucidated, but together this study illustrates the moldability of membrane properties of A1 L5 neurons after exposure to loud noise.
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Variables

Gender (female)
Age

Duration
Localization
Frequency

Loudness

nitus sound types
Hearing loss

THI

SAS

B, partial regression coefficient;
regression equation.

B

0359
0412
—0222
0.160
0173
1081
0561
0.392
1558
1.998

Simple regression analysis

p-Value

0331
0.118
0.289
0.454
0387
0.089
0.138
0292
<0.001
0.002

OR (95%CI)

1432 (0.695-2.953)
1510 (0.900-2.534)
0801 (0.532-1.207)
1173 (0.773-1.781)
0841 (0.568-1245)
2,946 (0.849-10.226)
1753 (0.835-3.681)
1480 (0.714-3.069)
4751 (2.564-8.803)
7.376 (2.091-26.021)

FDR

0509
0262
0.487
0.605
0553
0223
0276
0.487
<0.001
0010

Multiple regression analysis

B p-Value OR (95%CI)
L8 <0.001 2761 (1.924-3.961)
1370 0.001 3.935 (1.793-8.636)

OR, odds ratios CI, confidence interval; FDR, false-discovery rate corrected p-value. Variables with FDR < 0.15 were included in the multiple logistic
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Variables
B

Gender (female) 1078
Age 0.054
Duration ~0.092
Localization 0.014
Frequency ~0464
Loudness 0478

Tinnitus sound types 0,011

Hearing loss 1.099
THI 1420
PSQI 1.049

Simple regression analysis

p-Value

0.006
0867
0719
0.958
0.055
0553
0981
0033
<0.001
0.001

OR (95%CI)

4405 (1.519-12.770)
1.055 (0.562-1.983)
1.071 (0.807-1.420)
1.014 (0.604-1.702)
0629 (0.391-1.010)
1.017 (1.003-1.032)
1011 (0.407-2.512)
3.000 (1.094-8.225)
4138 (2.094-8.178)
2855 (1.536-5.305)

Multiple regression analysis

FDR B p-Value
0.024 0927 0.008
0.963

0.846

0981

0.183

0.691

0981

0.110 1.065 0.003
<0.001 0.662 0.003
0.007 0920 0,001

OR (95%CI)

2.526 (1.268-5.035)

2.901 (1.437-5.853)
1.863 (1.243-2.792)
2510 (1.491-4.223)

B, partial regression cocfficient; OR, odds ratio; CI, confidence interval; EDR, false-discovery rate corrected p-value. Characteristics with FDR < 0.15 were included in the multiple logistic

regression equation.
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Method of 077 | 44424
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ICC, intraclass correlation; OD, difference in octaves. Mean values and standard deviations are

presented, unless stated otherwise.
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Demographic data

Number of subjects () 20
Age (years) 62285
Sex —n (%)

Male 15(75)
Female 5(25)
Average hearing threshold in both ears 5135116

(dB HL)
PTA (2, 4 and 8kHz)
Left ear 5204115
Right ear 5074126
TFI score (0-100) 5145164
HQ score (0-42) 215877

Mean values and standard deviation are presented, unless stated otherwise.
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Measure

Number of participants
Age

Gender

TEI (Screen)
Pitch (Hz)
Duration
Loudness rating
Awareness rating
Annoyance rating
Localization

Left

Right

Left of center
Right of center
Equal ears

In head

Hearing loss

Yes

No

Hearing aids

uUsL

31
53(15)
19M 12F
60 (11)
6,842 (3,698)
15.(18)
74(10)
71(23)
56 (23)

S

2

2

Per protocol

WN

30
53(14)
16 M 14F
61(13)
5,872 (2,979)
12(15)
77(13)
76 (21)
57(23)

usL

50
54(15)
28 M 22F
63(13)
6419 (3,628)
16(17)
74(12)
73(25)
58 (23)

33
17

38

Intent to treat

WN

48
54(11)
27M21F
60(13)
6,075 (2,808)
mnan
75(13)
71(24)
5224)

10

16

35
13

v o w
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Tinnitus and
depression

SF-36

WHO-Qol

Age
Gender

Tinnitus duration (months)

TH

BDI

scL

Physical functioning index
Role-physical index

Bodily pain index

General health perceptions index
Vitality index

Social functioning index
Role-emotional index

Mental health index

Physical

Psychological

Social

Environmental

Decliner #1

36
Male
36
18
3
0.56
5
0
16
23
36
12.50
0
12
85.71
7917
66.67
90.63

Decliner #2

37
Male

033

50
45
18
40

71.43
7917
100
75

THI, Tinnitus Handicap Inventory; BDI, Beck Depression Inventory; SCL, Symptom Checklist; WHO-Qol, World Health Organization Quality of Life Questionnaire; SF-36,

Short Form Health Questionnaire.
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Tinnitus &
Depression

SF-36

WHO-QoL

Age

Mean hearing loss (dB)
Tinnitus duration (months)
THI

BDI

SCL

Physical functioning index
Role-physical index
Bodily pain index

General health perceptions index
Vitality index

Social functioning index
Role-emotional index
Mental Health index
Physical

Psychological

Social

Environmental

Mean

47.10
7.32
110.12
33.64
6.40
0.67
5.70
17.00
16.16
29.10
46.80
15.00
18.00
32.24
s
71.42
68.33
82.94

SD

12.84
8.80
126.43
17.72
5.02
0.57
9.79
26.46
21.58
17.15
15.28
18.39
31.01
15.51
13.47
14.94
18.75
12.57

Median

46.00
4.15
49.00
30.00
5.50
0.50
0.00
0.00
0.00
28.00
45.00
12.50
0.00
30.00
78.57
75.00
70.83
85.94

Min

24.00
0.00
8.00
4.00
0.00
0.00
0.00
0.00
0.00
0.00

20.00
0.00
0.00
0.00

42.86

33.33

25.00

46.88

Max

75.00
34.40
720.00
84.00
22.00
2.67
50.00
100.00
79.00
65.00
80.00
62.50
100.00
68.00
100.00
95.83
100.00
100.00

THI, Tinnitus Handicap Inventory; BDI, Beck Depression Inventory; SCL, Symptom Checklist; WHO-Qol, World Health Organization Quality of Life Questionnaire; SF-36,
Short Form Health Questionnaire; SD, standard deviation.
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Fit statistics 2 Classes 3 Classes 4 Classes

LogLi (n) 1448.266 (9) 1454.970 (12) 1456.002 (15)
BIC —2861.323 —2862.995 —2853.324
SSABIC —2889.572 —2900.661 —2900.406
Entropy 0.018 0.869 0.645
AIC —2878.531 —2885.939 —2882.004
Group size (%) C1 62% 80% 20%

c2 38% 4% 64%

c3 16% 2%

c4 14%

cs

LoglLi, Log Likelihood; n, number of parameters; BIC, Bayesian Information
Criterion; SSABIC, Sample size adjusted Bayesian Information Criterion. Bold
values indicate best model fit statistic compared to other classes.
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Class 1: non-responder (n = 40)

Class 3: responder (n = 8)

Estimate (SE)

Tinnitus &
Depression

SF-36

WHO-QoL

Intercept
Slope
Variance-covariance

Age

Gender

Duration in months

THI

BDI

SCL

Physical functioning index
Role-physical index
Bodily pain index

General health perceptions index
Vitality index

Social functioning index
Role-emotional index
Mental health index
Physical

Psychological

Social

Environmental

Mean
Mean
Intercept
Slope
Intercept-slope

0.91 (0.01)* 0.99 (0.02)*

0.01 (0.00) 0.01 (0.01)

0.02

0

-0.01

Regression coefficient (SE)
Reference class

0.97 (0.04)
2.56 (1.29)
0.98 (0.01)
0.99 (0.03)
1.15(0.13)
0.24 (1.45)
1.21 (0.11)
0.92 (0.06)
1.01 (0.03)
0.88 (0.08)
1.24 (0.11)
1.11 (0.07)
1.01 (0.03)
0.77 (0.12)*
1.03 (0.09)
0.99 (0.08)
0.96 (0.06)
0.92 (0.08)

THI, Tinnitus Handicap Inventory; BDI, Beck Depression Inventory; SCL, Symptom Checklist; WHO-Qol, World Health Organization Quality of Life Questionnaire; SF-36,
Short Form Health Questionnaire; SE, standard error; OR, Odds ratio. 95% Confidence interval in parentheses.
*Statistically significant at 0.05 level.
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Characteristics PSQI scores SAS scores

M (IQR) Z/K p-Value M (IQR) Z/IK p-Value
Gender Male 5.00 (5.00) —2.198 0.028 44,00 (650) ~3326 <0.001
Female 5.00 (6.00) 46.00 (8.00)
Age (years) <30 4.50 (4.00) 11.681 0.009 44.00 (5.00) 3453 0327
31-55 4.00 (5.00) 45.00 (7.00)
56-79 6.00 (6.00) 45.00 (7.00)
>80 6,00 (3.00) 4450 (9.75)
Duration (months) <3 5.00 (5.00) 0.692 0.708 45.00 (7.00) 0.049 0976
36 4.00 (6.00) 45.00 (8.00)
>6 5.00 (5.00) 45.00 (7.00)
Left 4.00(5.00) 5673 0.059 45.00 (7.00) 0979 0613
Right 5.00 (5.00) 45.00 (7.00)
Both 500 (6.00) 45.00 (8.00)
Frequency (Hz) <500 5.00 (5.00) 0782 0676 45.00 (8.00) 0271 0873
500-3,000 5.00(7.00) 44.00 (5.75)
23,000 5.00 (5.00) 45.00 (6.00)
Loudness (dB) <25 4.00(5.00) —1.827 0.068 44.50 (6.00) ~0.147 0883
>26 5.00 (6.00) 45.00 (7.00)
Tinnitus sound types Pure 5.00 (5.00) —0212 0832 44,00 (7.00) —2373 0.018
Compound 5.00 (6.00) 45.00 (7.00)
Hearing status Normal 500 (5.00) ~1.081 0280 45.00(625) ~1577 0115
Impairment 5.00 (6.00) 45.00 (9.00)
THI Slight 350 (3.00) 95.872 <0.001 40,50 (5.75) 79940 <0.001
Mild 4.00 (4.00) 45.00 (6.00)
Moderate 8.00(5.00) 46.00 (8.00)
Severe 9.000 (6.00) 51,00 (7.00)
Catastrophic 11.00 (7.00) 66.00 (20.75)
Sleep disorders Normal 44.00 (6.00) 45.125 <0.001
Mild 45.00 (8.00)
Moderate - - - 49.00 (6.75)
Severe 48.00 (22.00)
Anxiety Normal 4,00 (4.00) 48.349 <0.001
Mild 800 (5.00)
Moderate 1050 (6.00)
Severe 12.50/(9.00)

Sclf-rating Anxiety Scale; PSQL

5 IQR, interquartile range; Z, Mann-Whitney U test statistic; K, Kruskal-Wallis H test statistic; THI, Tinnitus Handicap Inventory;
durgh Sleep Quality Index.
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Brain region Peak MNI coordinates T score Cluster size (voxels)

(*y,2)
CN L. Cerebelum_Crus2 —27, —78, —36 —3.9593 55
ECN R. Middle Frontal Gyrus 30, 30, 18 3.5888 22
VN L. Calcarine Gyrus —9,—-87,9 —4.4746 46

The two-tailed GRF method was employed for multiple comparisons (voxel-level p < 0.001, cluster-level p < 0.005). L, Left; R, Right; MNI, Montreal Neurological Institute; CN, cerebellum
network; ECN, executive control network; VN, visual network.
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Characteristics

Gender

Age (years)

Tinnitus duration

Localization of tinnitus

nitus frequency (Hz)

Tinnitus loudness (dB)

innitus sound types

Hearing status

PSQI scores

SAS scores

Male

Female

31-55
56-79
>80
<3 months
3-6 months
>6 months
Missing
Left
Right
Both ears
<500
500-3,000
>3,000
Missing
<25
>26
Missing
Pure tones
Compound tones
Missing
Normal
Impairment
Missing
0-16
18-36
38-56
58-76
78-100
<5
5-10
11-15
16-21
<50
50-59
60-69

>70

185

208

36

169

176

12

122

36

200

35

18

9

182

138

3
220

48

310
35
174

216

198

191

92
159

18

16

180
164

44

315

64

%

47.07
5293
920
43.00
44.80
310
31.04
9.16
50.89
891
30.03
23.66
4631
3511
814

55.98

78.88
891
4427
54.96
076
5038
48.60
102
2341
40.46
3003
407
204
4580
4173
1120
127
80.15
1628
204

1.53
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Age (years)

Gender (male/female)
Education (years)
Handedness (right/left)
Tinnitus laterality (right/left)
Duration (days)

PTA of right ear (dB)
PTA of left ear (dB)
THI score

SAS score

SDS score

Data are presented as mean =+ SD. PTA, pure-tone audiometry; THI, Tinnitus Handicap Inventory; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Depression Scale; ES, effect size.

Patients (n = 40)

42,65 +11.92
18/22
12.18 4 2.96
40/0
17/23
743 +3.15
49.87 +£15.95
44.32 +£13.85
33.13 £8.96
31.38 £ 512
30.35 £6.11

Controls (n = 40)

46.08 +13.42
16/24
12.63 £ 3.27
40/0

17.68 £ 3.44
18.14 £3.91
25.48 +2.67
25.80 +2.03

*P < 0.001 (independent-sample -test, two-tailed) showed a statistical difference in hearing threshold between patients and HCs.

P-value

0.231
0.653
0.521
1.000

<0.001*
<0.001*
<0.001*
<0.001*

ES

0.27

2.78
2.57

1.44
0.99
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Time perception

Tinnitus
perception

Time perception
in patients with
chronic tinnitus

Future (symbolic and

stationary perception)

Obvious past (symbolic
and stationary
perception)

Recent past (intuitive
and stationary
perception)

Present moment

(intuitive and moving

perception)

Circuit 1. Helplessness

and relapse

Circuit 2. Control of

intrusiveness

Circuit 3. Detachment

from activities

Circuit 4. Self-induced

(optimal

experience, i, flow)

Frosty future: anxiety
and disrupted self-

regulation

Mourning past:
depression and grief
from accumulated losses
Vanishing past: boredom
and interrupted

engagements with others

Enticing present:
enjoyment from
collapsed time

‘monitoring





OPS/images/fnagi-15-1141903/fnagi-15-1141903-t001.jpg
TIME-moving perspective

(i.e., tinnitus in the front,
stationary individual)

EGO-moving perspective
(i.e., individual in motion,
stationary tinnitus)

‘It fluctuates. Today it is bearable, but

yesterday it was not. Tomorrow it will
return more strongly [...] One day its
strong, the next its less, so you never

know! (in Dauman et al, 2017)

“When it time o go to sleep and all
that, my head is filled with thoughts
about tinnitus? (in Andersson and
Edvinsson, 2008)

“When I talk about it, I think about it or
it gets to me, it takes a while to go
away. Right now, I can hear it (in

Colagrosso etal., 2019)

“My tinnitus started about 30years ago
[...] it was sort of devasting. I was
thinking T have got to live with this
loud noise forever! (in Marks ctal,
2019)

“Whenever you do things you are
interested in, you feel much more
relaxed. Tinnitus is there, but for a while
it not in the foreground, perhaps even
in the background (laughing) (in

Dauman and Dauman, 2021)

At night, il prefer to manage my

itus in silence [...] I know that at

other moments during the day, T will

not hear tinnitus for some time! (in

Dauman et al., 2017)
.. the sound generator does allow
you to escape ... because it helps

you'o stop thinking about the tinnit

and come outside of ! (in Munir and
Pryce, 2020)

‘.. there is nothing you can do about it
50 you might as well live with it and get
onwith your life. It can take quite a

long time to come to that realizati
(in Marks et al., 2022)
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TOLERANCE OF TINNITUS

Circuit 4. Enticing present: enjoyment from collapsed time monitoring
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(OR = 3.87,

0.021, 95%CI = 1.23 — 12.17)
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[24]
©
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0
SNR | SNR | SNR | SNR | SNR | SNR | SNR | SNR | SNR | SNR | SNR | SNR | SNR | SNR | SNR | SNR
500Hz | 750Hz |1000Hz/1500Hz|2000Hz|2500HZz|3000Hz|3200Hz|3500Hz 4000Hz/4500Hz 5000Hz 5500Hz/6000Hz7000HZz 8000Hz
—&—No Tinnitus| 9.5 10.2 | 19.1 | 19.1 | 18.2 | 174 | 16.6 | 15.7 | 16.2 | 16.6 | 14.6 | 157 | 16.8 13 12 9.7
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Estimate

Intercept 32.241
Total TFI score post treatment —1.442
Total TFI score at follow up —6.903
Baseline total NBQ 0.267
Baseline HADS anxiety 1.187
Baseline HADS depression 0.833

Visit prior to treatment is used as reference level. HADS, Hospital anxiety and depression scores. NBQ, Neck Bournemouth Questionnaire; TFI, Tinnitus Functional Index.

2.5%

22.765
—5.494
—1.935
—0.012
—0.319
—0.438

97.5%

41.961

—2.545

—1.931
0.546
2.692
2.088

P-value

<0.001
0.497
0.012
0.074
0.140
0.183
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Outcome measure

THI
N

Range
Mean (SD)

HADS depression
N

Range

Mean (SD)
HADS anxiety
N

Range

Mean (SD)

HQ

N

Range

Mean (SD)
VAS (left ear)
N

Range

Mean (SD)
VAS (right car)
N

Range

Mean (SD)
NBQ

N

Range

Mean (SD)
TMD pain screener
N

Range

% of TMD

Baseline

29
9-70
467 (17.9)

29
0-14
4.8 (4.0)

29
2-3
6.3(2.8)

29
6-41
200 (8.4)

28
0-100
54.8(24.2)

26
7-100
498 (21.9)

29
0-51
115 (13.1)

16
0-4
34

Immediately
after
treatment

26
10-81
47.2(19.3)

25
1-2
5.2(3.6)

25
3-12
6.4(2.3)

2
6-36
18.0 (8.1)

22
5-100
54.3(24.4)

2
0-100
49.8(27.5)

2
0-49
14.0(13.1)

16
0-4
37

Follow up Baseline—immediately ~ Baseline—follow up
after treatment
24 B =—1.44,95%CI —6.90, 95%CI
5-72 [~5.49,2.55), ~194,-193],
41.1(18.3) p=0.497; 0.012%; Linear
Linear mixed-effects mixed-effects model*
model*
24 1(24) = —0.76, 1(23) = —1.56,
0-14 145 (paired p=0.13 (paired
5.2(3.6) t-test) t-test)
24 1(24) =0.09,p =0.93 #(23) = —0.20,
3-15 (paired f-test) p=0.84 (paired
6.3(3.2) t-test)
24 1(24) = 2.28, #(23) = —0.78,
3-64 p=0.032* (paired p= 0.4 (paired
21.5(14.7) t-test) t-test)
19 #(21) =0.25,p = 0.81 (18) = 0.19, p = 0.85
10-90 (paired t-test) (paired t-test)
57.7(23.2)
19 121)=0.11,p =091 (18)=0.29,p=0.77
1-90 (paired t-test) (paired t-test)
49.4(27.4)
14 #(24) = —0.78, #(13) = —-0.28,
0-26 p=0.44 (paired p=0.78 (paired
9.4(7.3) t-test) t-test)
16 x*(2) = 4, p = 0.135 (Friedman test for the overall effect of the
0-5 treatment)
4

“Estimates are adjusted for NBQ, HADS depression, and HADS anxiety. SD, standard deviation; VAS, visual analog scale; HADS, Hospital Anxiety and Depression scale; TMD,
temporomandibular disorders; NBQ, Neck Bournemouth Questionnaire; HQ, hyperacusis questionnaire.
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Control Noise exposed | p-value

Viest (mV) —57.8+13 —633£1.6 0.037*
Rinp (MQ) 383.8+258 356.4 £37.7 0.835
Rheobase (pA) 256428 405434 0.012*
ASag (mV) 15405 3340.75 0.008*
AADP (mV) 8.5+ 1.2 6.5+1.3 0.631
AAHP (mV) 17405 1.0+0.6 0.097
APpres (mV) —405+13 —41.0£1.3 0.221
fini at 100 pA (Hz) 332+338 63.7£25 8.5 x 1075+
f,; at 100 pA (Hz) 177414 25.0£2.0 6.3 x 1075%

Vrest, resting membrane potential; R_inp, input resistance; Rheobase, minimal current
to cause an action potential; Sag, hyperpolarization sag; ADP, afterdepolarization; AHP,
afterhyperpolarization; AP_thres, action potential threshold; f, firing frequency; ini, initial;
ss, steady state; Student’s t-Test, two-tailed, and equal variance. Data show standard error of
the mean (s.e.m). *p < 0.05*.
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Type A PCs Type B PCs

Control Noise exp. p-value Control Noise exp.

75+12 436+ 0.8 495+11 447 £ 0.7
Viest (mV) —65.7+ 1.5 —64.6+ 1.5 0.630 —723+ 1.4 —71.1+1.2 0.514
Ripp (MQ) 201.9+25.4 201.2 4+ 147 0.978 1825+ 11.1 22144202 0.392
Rheobase (pA) 68.0 + 4.3 70.0 + 4.8 0.779 108.4+9.5 110.0 £ 8.2 0.796
ASag (mV) 34403 38405 0.523 0.540.1 0.540.1 0.742
AADP (mV) 32409 39404 0.450 1.0+0.1 0.6+0.1 0.065
AAHP (mV) 63420 6.140.4 0.902 20403 14402 0.096
APpyres (mV) —46.8+ 1.8 —428+12 0.068 —415+1.9 —422417 0.924
fini at 150 pA (Hz) 64.9+10.9 448454 0.075 332438 543+8.1 0.052
fis at 150 pA (Hz) 203+ 1.8 16.14+1.2 0.050* 133413 195424 0.048*
f—1 ini gain (Hz/pA) 0.46 % 0.08 0.32 4 0.03 0.055 0.38 & 0.04 0.41 £ 0.09 0.782
f—1 ss gain (Hz/pA) 0.09 + 0.04 0.04 % 0.003 0.143 0.07 4 0.01 0.09 = 0.02 0.460

Note that frequency is shown only in response to a 150 pA step. P, postnatal; Vrest, resting membrane potential; R_inp, input resistance; Rheobase, minimal current to cause an action potential;
Sag, hyperpolarization sag; ADP, afterdepolarization; AHP, afterhyperpolarization; AP _thres, action potential threshold; f, firing frequency; ini, initial; ss, steady state; f-I gain, frequency over
current gain; Student’s t-Test, two-tailed, and equal variance. Data show standard error of the mean (s.e.m). *p < 0.05*.
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300.16+89.98Abs.ADP+43.68Abs.AHP

Model P(Acell’) = = —oo1s789.08mbsADPa3 08385 AP
AIC 6 Predictive power = 1 (accuracy: 64/64)
Deviance Degrees of freedom
Null 88.473 63
Residual 2.7126 10710 61

AIC, akaike information criteria; Abs.ADP, absolute afterdepolarization, Abs. AHP, absolute
afterhyperpolarization; P (“A cell”), probability of a cell to be classified as type A.
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‘Tinnitus handicap inventory (THI)
Total score (0-100)

Functional limitations (0-44)
Emotional response (0-36)
Catastrophic aspects (0-20)

Tinnitus functional index (TFI)
Total score (0-100)
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Cognitive complaints (0-100)
Sleep disturbance (0-100)
Auditory difficulties (0-100)
Relaxation (0-100)

Quality of Life (0-100)
Emotional distress (0-100)

World Health organization QoL (WHOQOL-BREF)

Mean score (0-100)
General health (0-100)
Physical (0-100)
Psychological (0-100)
Social relationships (0-100)
Environment (0-100)

Short form 8 (SF-8)

Total score (0-40)
Physical component (0-20)
Mental component (0-20)

Alltotal

re presented in bold.
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Age (years)
Gender

Tinnitus side

Duration (years)
Frequency of tinnitus

sound

Level of hearing loss

(PTA 500-4,000k Hz)

Mean (SD)
516(14.3)

Male
Female

Bilateral
Left
Right
7.0(8.4)

Low
Moderate
High
Very high
202(165)

Normal hearing
Mild hearing loss
Moderate hearing loss

Severe hearing loss.

Count (%)

51(60.0)
34 (40.0)

51(60.0)
17(200)
17(200)

11(129)
15(17.7)
32(37.7)
27 (31.8)

59(69.4)

13(153)

10(11.8)
3(65)
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Variables OR (95 CI) P-value

Tinnitus appearance 3.87(1.23,12.17) p=0.021
Gradual

Abrupt

Hyperacusis 5.251) (0.99, 27.79) p=0.051

Negative + Light

Moderate + Severe

(6?2) o0dds ratio estimate. (V' reference category is light or negative hyperacusis.
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Variables All Low THI High THI P-value
participants score score
(n=92) (n=55; (n=37;
45.1%) 30.3%)

Tinnitus onset
(n=63)
Gradual 45 (71.4) 32(82.1) 13 (54.2) 0.017(M
Abrupt 18 (28.6) 7 (17.9) 11 (45.8)
Hyperacusis
(n=285)
Negative 66 (77.6) 39 (76.5) 27 (79.4) 0.03®
Moderate 5(5.9) 2(3.9) 3(8.8)
Light 11 (12.9) 10 (19.6) 1(2.9)
Severe 3(3.5) 0(0) 3(8.8)
Residual
inhibition
(n=282)
Negative 36 (43.9) 23 (46.9) 13 (39.4) 0.034@
Partial 30 (36.6) 13 (26.5) 17 (51.5)
Complete 13 (15.9) 11 (22.4) 2(6.1)
Rebound Effect 3(3.7) 2(4.1) 1(3.0)

() Chi-square test p-value; @ Fisher’s exact test p-values.
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Variable OR P-value (95%CI)

Noise exposure 3.96 0.036 (1.09, 14.36)
Mean PTA 1.08 0.009 (1.02,1.14)
Hearing Loss 3.87 0.014 (1.32,11.39)
Mean “HF” PTA 1.07 0.001 (1.03, 1.11)
DPOAE mean 500-8000 0.86 0.023 (0.75,1.11)
Amplitude wave I 0.404(H) 0.016 (0.193, 0.844)

M odds of having tinnitus for every 10 units of increase of the amplitude wave I; CI
confidence interval; PTA = Pure tone average; “HF” PTA = “High frequency” pure-tone
average; DPOAE = Distortion product otoacoustic emissions; Mean = mean of DPOAE
frequencies from 500 to 8,000 Hz.
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Distortion
product
otoacoustic
emissions
(n=91)

Mean 500-8000

Submitted Non- P-value*
to noise submitted
exposure to noise
(n = 35;38.5) exposure
(n=56;61.5)
12.2(10.7; 13.3) 14.2 (11.5;17.1) 0.040

Data are summarized as median (25th percentile; 75th percentile); Mean = mean of DPOAE

frequencies from 500 to 8,000 Hz. *p-value was obtained by the Mann-Whitney U test.
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Audiological measurements

Pitch (n = 83)

Loudness (n = 83)
Laterality (n = 84)
Central

Right

Left

Type (n = 83)

Pure tone

Narrow band noise
Feldmann’s curve (n = 84)
Congruent

Convergent

Divergent

Distant

Persistent

Residual inhibition (n = 82)
Negative

Partial

Complete

Rebound effect

Data are summarized as n (%).

Participants with tinnitus
(n=92)

4000 Hz (2000 Hz; 8000 Hz)
0dB (0 dB; 5.0 dB)

44 (52.4)
15(17.9)
25 (29.8)

49 (59.0)
34 (41.0)

17 (20.2)
40 (47.6)
1(1.2)
25(29.8)
1(1.2)

36 (43.9)

30 (36.6)

13 (15.9)
3(37)
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Clinical variables Participants with
tinnitus (n = 92)

Tinnitus duration (in years) 5.0 (2.0; 10.0)
Intensity of tinnitus (scale 1-10) 3.0 (2.0;4.0)
Manifestation of tinnitus (n = 90)

Constant 80 (88.9)
Intermittent 6 (6.7)
Pulsatile 4 (4.4)
How did tinnitus begin? (n = 63)

Gradual 45 (71.4)
Abrupt 18 (28.6)
Does tinnitus get worse when you’re nervous? (n = 91)

Yes 54 (59.3)
No 37 (40.7)

Lower noise tolerance (n = 89)

Yes 45 (50.6)
No 44 (49.4)
Familiar history with tinnitus

Yes 25(29.4)
Dizziness

Yes 35(41.2)
With deafness

Yes 49 (53.3)

Exposure to noise (n = 91)

Non exposed 56 (61.5)
Exposed without protection 31 (34.1)
Exposed with protection 4(4.4)

Continuous variables are summarized as median (25th percentile; 75th percentile) and
categorical variables as n (%).
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Distortion
product
otoacoustic
emissions
(Hz)

Mean 500-8000
500
750
1000
1500
2000
2500
3000
3200
3500
4000
4500
5000
5500
6000
7000

8000

All
participants
(n=122)

122

69

104

112

117

115

110

115

105

107

102

101

100

90

100

103

90

With
tinnitus
(n=92
75.4%)

n=9213.0
(11.2;16.1)

n=549.7
(7.9; 12.4)
n=7714.1
(10.05 17.7)
n=238415.1
(11.9; 19.8)
n=238718.5
(13.5;20.2)

n=28616.9
(12.1; 20.0)

n=82154
(11.6; 19.4)
n=28713.0
(9.8; 18.0)
n=7815.1
(11.4;19.0)
n=8013.9
(9.8;18.0)
n="7613.0
(10.0;17.7)

n=73121
9.7;17.1)

n=73133
(10.3;17.7)

n=6811.1
(9.3;16.2)
n=7211.0
(8.7;13.4)
n=28010.0
(8.1;13.0)

n=659.2
(7.9;11.7)

Without
tinnitus
(n=30;
24.6%)

n=3015.0
(12.5;17.4)

n=1595
(7.7;19.8)

=2710.2 (8.4;
17.9)

=

n=2819.1
(13.1;21.3)

n=3019.1
(15.1;21.0)

n=29182
(14.2;19.6)

n=2817.4
(12.7;19.8)
n=2816.6
(12.9;18.9)
n=27157
(11.7;18.9)

n=27162
(13.2;19.8)

n=2616.6
(12.8;19.8)
n=2814.6
(12.3;19.5)
n=2715.7
(12.0;19.7)
n=22168
(12.4;18.7)

n=2813.0
(10.7;17.0)

n=2312.0(9.3;
14.8)

n=259.7(8.6;
11.1)

P-value*

0.014

0.432

0.247

0.052

0.394

0.515

0.402

0.036

0.703

0.049

0.013

0.017

0.144

0.014

0.047

0.091

0.428

Data are summarized as median (25th percentile; 75th percentile). Mean = mean of DPOAE

frequencies from 500 to 8,000 Hz. *p-values were obtained by the Mann-Whitney U test.
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Auditory All With Without  P-value*
brainstem  participants  tinnitus tinnitus
response (n=122) (n=92 (n=30;

75.4%) 24.6%)
Wave I Latency 2.0(1.9;2.1) 2.0 (1.9;2.2) 2.0 (1.9;2.1) 0.115
(ms)
Wave IIT 4.2 (4.0;4.4) 4.2 (4.1; 4.4) 4.1 (3.5;4.3) 0.695
Latency (ms)
Wave V Latency 6.1 (6.0;6.3) 6.2 (6.0; 6.3) 6.1 (5.5;6.3) 0.968
(ms)
IWII-III (ms) 2.2(2.1;23) 2.2(2.1;23) 22(2.1;24) 0.197
IWIIII-V (ms) 1.9 (1.8; 2.0) 1.9 (1.8; 2.0) 2.0 (1.9;2.0) 0.597
IWII-V (ms) 4.1 (4.0;4.3) 4.1 (4.0;4.3) 4.2 (4.0;4.3) 0.139
Amplitude wave  0.07 (0.05;0.11)  0.07 (0.04; 0.10)  0.08 (0.05;0.15)  0.033
I(kv)
Amplitude wave 0.2 (0.1;0.3) 0.2 (0.1;0.2) 0.2 (0.1;0.3) 0.178
V (V)
V/1amplitude 2.9 (1.8;6.6) 3.2(1.9;7.7) 24 (1.7;43) 0.340
ratio (LWV)

Data are summarized as median (25th percentile; 75th percentile); IWI, Interwave latency

interval; *p-values were obtained by the Mann-Whitney U test.
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Auditory All

brainstem participants
response (n=122)
Wave I Latency (ms) 2.0 (1.9;2.1)
Wave III Latency (ms) 4.2 (4.0;4.4)
Wave V Latency (ms) 6.1 (6.0;6.3)
IWI I-III (ms) 22(2.1;2.3)
IWIIIL-V (ms) 1.9 (1.8;2.0)
IWII-V (ms) 4.1 (4.0;4.3)
Amplitude wave I (WV) 0.07 (0.05; 0.11)
Amplitude wave V (LV) 0.2 (0.1;0.3)
V/I amplitude ratio (LV) 2.9(1.8;6.6)

Data are summarized as median (25th percentile; 75th percentile); IWT, Interwave latency interval, PTA, Pure tone average; *p-values were obtained by Kruskal-Wallis test.

PTA <20
without
tinnitus
(n=22;
18.0%)

2.0(1.9;2.1)
41(3.9;4.3)
6.1(5.8;6.2)
22(2.2;24)
1.9 (1.8;2.0)
4.1 (4.0;4.3)

0.09 (0.05; 0.15)
0.22 (0.15; 0.30)

2.3(L.7;3.8)

(a) p =0.031 for the groups PTA < 20 with tinnitus and PTA > 20 with tinnitus.
(b) p = 0.003 for the groups PTA < 20 with tinnitus and PTA > 20 with tinnitus; p = 0.016 for the groups and PTA > 20 with tinnitus and PTA < 20 without tinnitus.
(c) p=0.036 for the groups PTA < 20 with tinnitus and PTA > 20 with tinnitus; p = 0.022 for the groups PTA < 20 with tinnitus and PTA < 20 without tinnitus.

(d) p =0.002 for the groups PTA < 20 with tinnitus and PTA > 20 with tinnitus.

(e) p=0.012 for the groups PTA < 20 without tinnitus and PTA > 20 with tinnitus.

PTA <20
with
tinnitus
(n=42;
34.4%)

2.1(1.9;2.2)
42(4.0;4.3)
6.1(5.9;6.2)
2.1(2.0;2.2)
1.9 (1.8;2.0)
40(3.1;4.2)

0.09 (0.05; 0.11)
0.24 (0.16; 0.29)

3.2(2.3;7.7)

PTA > 20
without
tinnitus

(n=8;6.6%)

2.0 (1.9;22)
4.1(33;43)
6.0 (54; 6.4)
2.2 (2.0;24)
2.0 (1.9;2.1)
42 (4.0; 44)
0.07 (0.05; 0.11)
0.15 (0.11; 0.19)
2.5(2.0;7.7)

PTA > 20
with
tinnitus
(n =50
41.0%)

2.0 (1.9;22)
43 (4.1; 4.5)
6.3 (6.1; 6.4)
22 (2.1;24)
2.0 (1.8;2.1)
42 (4.1;43)
0.06 (0.03; 0.09)
0.14 (0.08; 0.18)
3.0 (1.8;7.8)

(f) p < 0.001 for the groups PTA < 20 with tinnitus and PTA > 20 with tinnitus; p < 0.001 for the groups PTA > 20 with tinnitus and PTA < 20 without tinnitus.

P- value*

0.647
0.007(®
0.001(®
0.011©

0.197
0.003@
0.007(@

<0.001 "

0.358
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Variables All With Without  P-value*
participants tinnitus tinnitus
(n=122) (n=92; (n=30;
75.4%) 24.6%)
MeanPTA  20.0(14.8;283) 21.6(16.4;294) 169 (12.3;21.4) 0.009
(dB)
Mean “HF”  35.0(23.3;47.7)  37.9(28.8;48.3)  25.4(18.3;34.2) 0.001

PTA (dB)

Data are summarized as median (25th percentile; 75th percentile); PTA, Pure tone average,

“HF” PTA, “High frequency” pure-tone average; *p-values were obtained by univariable

logistic regression models.
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Subgroup Audiological =~ Gender (n) n (%) Age*years

characteristic
Male Female

1 PTA < 20 without 7 15 22(18.0) 63.0 (59.0;68.3)
Tinnitus

2 PTA < 20 with 15 27 42 (34.4) 63.0 (59.0;68.3)
Tinnitus

3 PTA > 20 without 6 2 8(6.6) 63.0 (59.0; 68.3)
Tinnitus

4 PTA > 20 with 31 19 50 (41.0) 63.0 (59.0; 68.3)
Tinnitus

Total 59 63 122

PTA, Pure tone average. *Data are summarized as median (25th percentile; 75th percentile).
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(OR = 1.10, p = 0.046, CI = 1.00 — 1.21)
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Re Year Author(s) Tools used to assess Tinnitus impact Intervention Tinnitus impact post intervention Comorbidities
tinnitus pre-intervention assessed
1 1988 Lindberg, Per  Visual analog scale (VAS) for  Right sided tinnitus (high pitched) and  Behavioral approach Reduced STL and DT and increase TC over time. None
(STL) and (DT) and (TC) changes all over the days and associated She felt self-control and her associated symptoms
with headache and muscle pain improved.
2 1992 Charles R, Closed set of questionnaires  Pre-operative loudness (6.5 %2.2) Unilateral cochlear (1) Loudness: 15 (54%) reported a tinnitus loudness None
Souliere, assessing tinnitus loudness, annoyance (5.6 £ 2.8) implant decrease, 12 patients (43%) reported no change, and
location, and residual one patient (3%) noted an increase in loudness.
inhibition (2) annoyance: postoperative annoyance (3.4 % 2.9, 1 =

312,P < 0.002)
‘Two patients (43%) noted a decrease in annoyance, 14
noted no change, and two (7%) noted an increase in

annoyance.

k| 1994 Juichi Ito Tinnitus loudness was Tinnitus loudness was marked in eight Unilateral cochlear Tinnitus disappeared: six cases (23%) None
assessed either (marked, slight  cases (27%) and slight in 18 cases (13%).  implant Suppressed: 12 cases (46%)
ornone) No change eight cases (31%)

aggravated zero (0%) so tinnitus was abolished in 69%

1 1994 Juichi Ito The degree of tinnitus is Prior to cochlear implant surgery, five  Unilateral cochlear Attime of promontory stimulation: Four cases (2209)  None
classified to marked, slight patients (25%) had marked tinnitusand  implant disappeared, and nine cases (50%) suppressed and five
and none at time of 13 patients (63%) had slight tinnitus. cases (28%) no change to their tinnitus.
promontory stimulation and ‘The degree of tinnitus changed after cochlear implant:
after cochlear implant surgery Eight cases disappeared (44%), seven cases suppressed

(39%), no change in two cases (11%) and aggravated in

one case (6%) so it was disappeared or suppressed in 83

%
5 1995 Richard $. Tyler ~ THQ Bothersome tinnitus and THQ overall  Unilateral cochlear Mean total THQ was 31.2 Depression
score averaged 33.2% (SD = 247 range  implant
8-84)
6 1997 Richard T. THI Not reported Unilateral cochlear Mean THI post implant was 20.05 None
Miyamoto implant
7 1998 Y. Fukuda Not applicable Six cases: Unilateral cochlear (1) Tinnitus was relieved bilaterally. When the external  None
(1) bilateral, high-frequency tinnitus of  implant unit is turned off, he has a residual ion of tinnitus
moderate intensity. for 10 min.
(2) high-frequency disabling tinnitus in (2)Tinnitus was relieved partially, with no residual
the head inhibition.
(3) A hissing-type bilateral tinnitus of (3) Tinnitus disappeared on both sides when the
mild in- tensity cochlear implant was turned on. She had residual
(4) high-pitched tinnitus of mild inhibition of her tinnitus for 30 minutes.
intensity (4) Tinnitus was unchanged with the cochlear device.
(5) bilateral ringing tinnitus of moderate (5) Tinnitus disappeared in the ear in which the device
intensity. was implanted.
(6) She had no tinnitus before surgery. (6) Shock, pain, and tinnitus as soon as the electrical

device was turned on.

8 2001 Michael J. A semiquantitative scale ‘Twenty patients (55%) had marked Unilateral cochlear 17 patients (45%) had a complete suppression of their  None,
Ruckenstein, before and after cochlear tinnitus, described as severe or implant tinnitus. Nine- teen patients (50%) had some
implantation. Tinnitus is debilitating (level 4 or 5) scale 5: 15 suppression of tinnitus, and only three patients (5%)
categorized based on its cases (39.4%) scale 4: 6 cases (15%) scale noted no change in their tinnitus levels. Thus, 35 of 38
severity using a numericscale 3 13 cases (34.29) scale 2: 4 cases patients (92%) noted a reduction in their tinnitus levels
(10.5%) scale 1: 0 cases after implantation. No patient suffered an exacerbation

of his or her tinnitus after implantation.
Scale 5 1 case (2.6%)

scale 4: no

scale 3: 5 cases (13.15%)

scale 2: 15 cases (39%)

scale 1: 17 cases (44.7)

9 2007 Walter Di THI, tinnitus loudness, type  Overall, THI scores were 44.5 Unilateral cochlear Overall, THI scores were 22.75 Sleeping difficulties
Nardo of sound and its duration and implant
severity.
10 2008 Nicola THI ‘The average THI score before cochlear  Unilateral cochlear ‘The average THI score after cochlear implantation was ~ None,
Quaranta implantation was 32 (standard deviation  implant 12(SD = 20)
(SD) 24)
1 2009 Tao Pan THQ THQ pre implant total score is 41.2,SD  Unilateral cochlear THQ post implant total score is 29.8, SD 19.45 None
2235 implant
12 2009 ‘Walter Di THI and tinnitus Total THI pre-EPS 49 Electrical promontory  THI 1 month after EPS 33 None
Nardo pitch, loudness. Also, stimulation (EPS)

minimum masking level
(MML) on the day of the

EPS session
13 2010 Elisabeth THI Case one THI was not measured. Unilateral cochlear Case 2: THI = 70 at 6 months. Case 3 THI =10at 6 Hyperacusis, and

Masgoret Palau Case 2 THI = 94 implant months hypoacusis

Case 3 THI = 46

14 2011 Heidi Olze TQ TQ scores were 30.9 -+ 188 Unilateral cochlear TQ decreased to 23.6 6 158 after CI (P <0.01) Depression, stress
implant and anxiety
15 2012 HeidiOlze @) TQ Initial TQ score was 32.6 +/- Bilateral cochlear TQ score decreased to 12.8 +/~12.5 Not assessed
212. implant/ sequential

within 6 months
16 2012 Heidi Olze (b)  TQ TQ score of the older patients was Unilateral cochlear TQ scores in elderly was 22.3 +/~17.7 Stress
263 +/~23.1 where in younger patients  implant While in younger group decreased 21.0 +/~153

TQ score before implantation was 29.1

+/-
17 2012 HeidiOlze () TQ TQ mean total score was 33.4 Unilateral cochlear TQ mean total score was 20.3 Stress
implant
18 2013 Dong-KeeKim  THI THI mean scores were 50.5+_28.7 Unilateral cochlear THI mean scores were 10.1 £ 15.8 None
implant
19 2015 David THI Mean THI pre was 42 (moderate Unilateral cochlear Mean THI at 12 months was 22 None
Greenberg handicap) implant
20 2015 Ingo Todt ‘mini TQI2 Group 1: mean TQ12 69 Unilateral cochlear Group 1: mean TQ12 6.3 None
Group 2: mean TQ123.8 implant Group 2: mean TQ122.5
Group 3: mean TQ12 4.8 Group 3: mean TQ12 5.4
Group 4: mean TQ12 6.7 Group 4: mean TQ129
21 2015 Sarah M. TFl as a primary outcome TH score 27.6 Repetitive Trans-cranial  TFI post TMS 44 and follow up after 26 weeks was 25.2  Depression, anxiety
Theodoroff ‘measure and THI THI score 13 magnetic stimulation THI post TMS 18 and follow up after 26 weeks 14
(FTMS)
2 2015 Wheeler,S. L. None “Sometimes it's like a bomb—boom! No intervention/ His brain get used to it None
‘Then my eyes swirl round as if | have proposed coping
spun round the room but I haven'tand  strategies
it has happened in a split second. Then a
long wheeee whistle, winding down.
then to a ringing ring, noise. I prefer the
boom type because it slows down the
tinnitus rather than the ringing one
which goes on forever.”
23 2016 AlicevanZon  THIand TQ Overall median THI score in unilateral  Unilateral and bilateral  Overall median THI score in unilateral post implant None
pre op was 8 (2-32) where in bilateral it cochlear implant was 2 (0-6) where in bilateral it was 12 (0-28)
was 22 (0-48) Overall TQ score in unilateral 7 (0-21) while in was 9
Overall TQ score in unilateral 7 (0-33) (0-26) in bilateral CI
‘while in was 20 (1-41) in bilateral CI
2 2016 Dong-Kee Kim  THI Korean version THI mean total score preimplant was  Unilateral cochlear THI mean total scores immediately after implant was ~ Depression and.
4554268 implant 40:and after 6 months 23 stress
25 2016 Robert H. Self-reported measures of Not reported Unilateral cochlear Not reported Sleeping difficulties
Pierzycki hearing, tinnitus type, and implant
sleep difficulty in cochlear
implant candidates in
2% 2016 Steffen Knopke,  TQ The mean value of TQ score before Unilateral cochlear The mean value of TQ score post implantation was 132 Depression Stress.
implantation was 18.5 +/-23.0 implant +/-159 Anxiety
27 2016 Ying Liu THI Pre implant, mean THI control group ~ Unilateral cochlear At6 weeks: None
84 where implant Programming, 65
‘mean THI programming group 80 Control 70
At8 weeks:
Programming, 50
Control 64.5
At 12 weeks:
programming 50
control group 60
28 2017 Piotr H. THI andTFI ‘mean THI score pre-operative of the Unilateral cochlear ‘mean THI score pre-operative of the tinnitus was 25.6 ~ None
Skarzynski tinnitus was 39.9 implant Mean TF129.2
Mean TFI 38.4
2 2017 Steffen Knopke  TQ Mean TQ score 35 Unilateral cochlear Mean TQ score 27.54 None
implant
30 2018 Geerte G Self-developed questionnaires  Not reported Unilateral cochlear Tinnitus recovery was evident in 40% while worsening  Anxiety Depression
Ramakers, assessing tinnitus severity implant of tinnitus following cochlear implant was 10% in years.
(mild/moderate/severe)
31 2018 Sacko THI ‘THI score wasat firstvisit 94 Medication THI score at 45 years was 0 Depression, aniety
Matsuzaki (Antidepressant, sleep
induction).
Psychotherapy
32 2020 Manuel TQ Mean TQ pre-operative was 25.2 Bilateral sequential CI Mean TQ post-operative in 24 months was 15.1 Anxiety Depression
Christoph and stress
Ketterer
3 2020 PeterR Dixon ~ THI Mean THI score was 22 (0-50) Unilateral cochlear Tinnitus Handicap Inventory (THI) (reduction by at None
implant least seven-points)
was observed in 262 (73.2%) patients, of whom 155
(59.29) reported complete resolution.
34 2020 Elif Tugba THI Turkish version ‘THI mean SCORE was 61 = 26.2 Unilateral cochlear ‘THI mean SCORE was 36.9 £ 29.2 Depression
Sarac implant
35 2021 Robert H. THI Mean THI in tinnitus group was 2114 Unilateral cochlear Not reported Anxiety Depression
Pierzycki implant Insomnia
36 2021 AmeK Rodvik  THI Mean THI score pre-implantation was ~ Bilateral sequential Mean THI score post-second implantation was 20.3 None

613 cochlear implant (SD=163),

nitus Handicap Inventory; TQ, Tinnitus Questionnaire; THQ, Tinnitus Handicap Questionnaire; TEI, Tinnitus Functional Index; mini TQI2, mi
discomfort from tinnitus, TC, ability to control tinnitus; SQ, Perceived Stress Questionnaire; BDI-TI, Depression Inventory IBDI, Beck’s Depression Inde
related quality of life; MML, Minimum Masking L

Tinnitus Questionnaire 12; VAS, Visual Analog Scale; STL, Subjective Tinnitus Loudness; DT,
STAL State Trait Anxiety Inventory; GAD-7, Generalized Anxiety Disorder; HRQoL, Health
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Title

Effects of self-control training on tinnitus in a deaf
patient: A case study

‘Tinnitus suppression following cochlear
implantation. A multifactorial investigation
‘Tinnitus suppression by electrical stimulation of
the cochlear wall and by cochlear implantation
Suppression of tinnitus by cochlear implantation

‘Tinnitus in the profoundly hearing-impaired and

the effects of cochlear implants”

itus via cochlear

Electrical suppression of

implants”

The AllHear cochlear implant and tinnitus.

Tinnitus suppression in patients with cochlear
implants

‘Tinnitus modifications after cochlear implantation

‘The effect of unilateral multichannel cochlear
implant on bilaterally perceived tinnitus
Change in the Tinnitus Handicap Questionnaire
After Cochlear Implantation

Transtympanic electrical stimulation for

immediate and long-term tinnitus suppression”
Tinnitus and cochlear implantation. Preliminary

experience

Cochlear Implantation has a Positive Influence on
Quality of Life, Tinnitus, and Psychological
Comorbidity

Extra benefit of a second cochlear implant with
respect to health-related quality of life and tinnitus
Elderly patients benefit from cochlear
implantation regarding auditory rehabilitation,
quality of lfe, tinnitus, and stress

The impact of cochlear implantation on tinnitus,
stress and quality of life in post-lingually deafened
patients

Tinnitus in patients with profound hearing loss
and the effect of cochlear implantation
Developing an assessment approach for perceptual
changes to tinnitus sound characteristics for adult
cochlear implant recipients

Relationship between intracochlear electrode
position and tinnitus in cochlear implantees.
Experimental Use of Transcranial Magnetic
Stimulation (TMS) to Treat Tinnitus in a Deaf
Patient

Tinnitus: A Deaf hearing Phenomenon

Effect of unilateral and simultaneous bilateral
cochlear implantation on tinnitus: A Prospective

Study

Prospective, Multicenter Study on Tinnitus
Changes after Cochlear Implantation
Tinnitus and Sleep Difficulties After Cochlear

Implantation

Impact of cochlear implantation on quality of life
and mental comorbidity in patients aged 80 years”
Suppression of Tinnitus in Chinese Patients
Receiving Regular Cochlear Implant
Programming

‘Tinnitus severity in patients with cochlear

implants”

Cochlear implantation of bilaterally deafened
patients with tinnitus induces sustained decrease
of tinnitus-related distress

Development and internal validation of a
multivariable prediction model for tinnitus

recovery following unilateral cochlear

plantation: a cross-sectional retrospective
study”

Severe tinnitus in a patient with acquired deafness
for over 50 years: A case report”

Binaural Hearing Rehabilitation Improves Speech
Perception, Quality of Life, Tinnitus Distress, and
Psychological Comorbidities™

Predicting Reduced Tinnitus Burden After
Cochlear Implantation in Adults

Effects of Cochlear Implantation on Tinnitus and
Depression

Insomnia, Anxiety and Depression in Adult

Cochlear Implant Users with Tinnitus

Sustained reduction of tinnitus several years after

sequential cochlear implantation

Country

Sweden
Usa
Japan
Japan
Usa

USA

Brazil
UsA
Italy
Ttaly
Canada

Taly

Spain

Germany

Germany

Germany

Germany

South Korea

United Kingdom

Germany

United states

of America

United Kingdom

Netherlands

Republic of
Korea

United Kingdom

Germany

China

Poland

Germany

Netherlands

Japan

Germany

Canada
Turkey

United Kingdom

Norway

Study design

Case study.

Retrospectivee
cohort study.
Retrospective case
study
Retrospective case
study.
Retrospective
cohort study
Retrospective

cohort study.
Case report

Prospective cohort
study
Retrospective case
studies
Prospective cohort
study
Retrospective
cohort study
Prospective cohort

study

Retrospective
cohort study/ Case
Reports

Prospective cohort

study

prospective cohort
study
prospective cohort

study

prospective cohort

study

Retrospective
cohort study
Prospective cohort

study

Retrospective
cohort study

Case study

Narrative

Prospective cohort
study (part of
randomized
controlled trails)
Prospective cohort
study

A population-based

cohort, prospective

prospective cohort
study

Prospective study,
randomized
controlled
interventional
(experimental) clinical
trials”

prospective,
longitudinal

analyses
Retrospective
cross-sectional

study

Case report

Prospective cohort

study

Retrospective
cohort study
Retrospective
cohort study.

Cross sectional

Combined
retrospective and

pective

Study population

Post-lingually deafened
Cochlear implant users (severe-profound SNHL)

Cochlear implant users with pre implant tinnitus
(severe-profound SNHL)
Cochlear implant users with pre implant tinnitus
(severe-profound SNHL)

Profoundly deaf cochlear implant users

Cochlear implant users (severe-profound SNHL)

Cochlear implant users with pre-implant
(severe-profound SNHL)

us

Cochlear implant candidates who complain of
tinnitus pre-implantation (severe-profound SNHL)
Cochlear implant users

(severe-profound SNHL)

Cochlear implant users who complain of tinnitus
pre-implantation (severe-profound SNHL)
Cochlear implant users who complain of tinnitus
pre-implantation (severe-profound SNHL)
Post-lingual monaural o binaural profound hearing
loss and with severe and disabling tinnitus in the
worse ear

Cochlear implant users who complain pre
implantation of disabling tinnitus (severe-profound
SNHL)

Cochlear implant users with tinnitus

pre-implantation (severe-profound SNHL)

Cochlear implant users (severe-profound SNHL)

Cochlear implant users
(severe-profound SNHL)

Cochlear implant users who complain of tinnitus

pre-implantation (severe-profound SNHL)

Cochlear implant users (severe-profound SNHL)

Cochlear implant users with tinnitus

preimplantation (severe profound SNHL)

Cochlear implant users with tinnitus
pre-implantation (severe-profound SNHL)

Prelingually deaf

Prelingually deaf (Waardenburg)

Cochlear implant users with tinnitus

pre-implantation (severe-profound SNHL)

Bilaterally-deaf cochlear implant candidates
(severe-profound SNHL)
Cochlear implant candidates

who comphain of tinnitus and did not reccive

implant (severe-profound SNHL)

Cochlear implant candidates (severe-profound
SNHL)

Cochlear implant candidates who complain of

tinnitus pre-implantation (severe-profound SNHL)

Bilateral cochlear implant users who complain of

tinnitus pre-implantation (severe-profound SNHL)

Bilateral cochlear implant users with tinnitus

pre-implantation (severe-profound SNHL)

Bilaterally-deaf cochlear implant users with tinnitus

pre-implantation (severe-profound SNHL)

Deaf woman

Cochlear implant users (severe-profound SNHL)

Cochlear implant users with tinnitus
pre-implantation (severe-profound SNHL)
Cochlear implant users who complain of tinnitus
pre-implantation (severe-profound SNHL)
Cochlear implant users with tinnitus

pre-implantation (severe-profound SNHL)

Cochlear implant users with sequential bilateral CI

for annoying tinnitus

Total sample
(with tinnitus)

1
33(28)
30(26)
20(18)
82(22)

64(49)

6(6)
38(38)
30 20)
62 (41)

244 (153)

1nan

30)

43(39)

40 (28)

55 (20) older 55

(35) youngers

32(28)

35(22)

68(64)

55(36)

(1)

1

38 (16)

79(59)

211 (113)

17(12)

234 (108)

46 (46)

41041

137 (87) Recovered
n=35Non
recovered n = 52

(1)

53(29)

358 (358)
23023

127(67)

20(20)

Age

26
21-74
18-63
8-61
34-68
Range
3rd-8th
decade

17-64

>18

17-77

18-90

34-64

32-57

19-77

Not
reported
17-67

19-77

4754151

31-68

Not

reported
26

Not
reported
Not
reported

5154147

40-69

<80

>18

18-85

25-81

583-71.2
51.7-66.2

68

28-80

20-67

Average age
is (53.93)
18.98%
Age range
i23.0-725

years
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Limit one to (English language and “all adult (19 plus years)”)

Phantom sound.mp.,

Limit three to (English language and “all adult (19 plus years)")
“Tinnitus in old age or tinnitus intensity or “tinnitus is the perception of
sound in the absence of auditory stimulation for 36 of the population it
seriously interferes with many aspects of ife a trauma focused approach
is hypothesized to reduce tinnitus distress treatment with EMDR showed
significant results persisted for up to 3 months in follow up” or tinnitus
patients or tinnitus problems or tinnitus related distress or tinnitus
related fear or tinnitus sensitization or tinnitus severity or tinnitus
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Layer Type Input-output-dim Activation Characteristics

1 Convolution 30, 8,820, 1;1, 8,791, 128 RelLu
2D
2 Reshape 1, 8,791, 128; 8,791, 128
3 Convolution 8,791, 128; 8,782, 128 Relu
1D
4 MaxPooling 8,782, 128; 4,391, 128 Pool size: 2
110
L DropQut 4,391, 128; 4,391, 128 Dropout: 0.5
6 Convolution 4,391, 128; 4,391, 128 Relu
1D
7 Convolution 4,391, 128; 4,390, 128 Relu
1D
8 MaxPooling 4,390, 128; 2,195, 128 Pool size: 2
10D
9 DropQut 2,195, 128; 2,195, 128 Dropout: 0.5
10 Flatten 2,195, 128; 280,960
i Dense 280,960; 150 Relu
12 Dense 150; 50 Relu

13 Dense 50; 207 Softmax
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Layer Type Input-output-dim Activation Characteristics

1 Convolution 9,131, 30, 1; 9,102, 1, 32 RelLu
2D
2 MaxPooling 9,102, 1, 32; 4,551, 1, 32 Pool size: (2, 1)
2D
3 DropOut 4,551,1,32; 4,651, 1,32 Droupout: 0.2
4 Convolution 4,551, 1, 32; 4,547, 1, 64 RelLu
2D
5 MaxPooling 4,547, 1, 64; 2,273, 1, 64 Pool size: (2, 1)
2D
6 DropQOut 2,273,1,64; 2,273, 1,64 Dropout: 0.2
7 Convolution 2,273, 1, 64; 2,272, 1, 32 Relu
2D
8 MaxPooling 2,272, 1, 32; 1,136, 1, 32 Pool size: (2, 1)
2D
9 DropOut 1,136, 1, 32; 1,136, 1, 32 Dropout: 0.2
10 Flatten 1,136, 1, 32; 36,352
11 Dense 36,352; 400 Relu
i DropQOut 400; 400 Dropout: 0.2
13 Dense 400; 50 Relu

14 Dense 50; 10 Softmax
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Layer Type Input-output-dim  Activation Characteristics

1 GroupToBatches 9,000, 30; 45, 6,000
2 LST™M 45, 6,000; 45, 200 tanh
3 DropOut 45, 200; 45, 200 Dropout: 0.5
4 LST™M 45, 200; 45, 100 tanh
5 DropQOut 45, 100; 45, 100 Dropout: 0.5
6 TimeDistributed 45, 100; 45, 100

Dense
7 DropOut 45, 100; 45, 100 Dropout: 0.5
8 TimeDistributed 45, 100; 45, 10

Dense






OPS/images/fnins-16-908330/fnins-16-908330-i006.jpg
1/(channels—1)

minfreq





OPS/images/fnins-16-908330/fnins-16-908330-i007.jpg
1
441007






OPS/images/fnins-16-908330/fnins-16-908330-i008.jpg
11

1000





OPS/images/fnins-16-908330/fnins-16-908330-i009.jpg





OPS/images/fnins-16-908330/fnins-16-908330-i004.jpg
o~
—1070





OPS/images/fnins-16-908330/fnins-16-908330-i005.jpg





OPS/images/fneur-13-1004059/fneur-13-1004059-t001.jpg
Criteria for inclusion Criteria for exclusion

Adults aged 18 years and older Children

Bilateral severe/profound hearing Adults with normal or

loss or mild-to-moderate

Deafness Hearingloss

Subjective tinnitus Objective tinnitus

Chronic tinnitus (>6months) Sudden or unilateral hearing loss

Published in Engl

language Notin English





OPS/images/fneur-13-1004059/fneur-13-1004059-g003.gif





OPS/images/fneur-13-1004059/fneur-13-1004059-g002.gif
Frequency






OPS/images/fneur-13-1004059/fneur-13-1004059-g001.gif
‘ecords returned from database.
(w16

1

Records e dplctes emaned
oot

v

Recors e byl 3 it

[ o o s

ey
Pl ecrds s o g
e
et ecorts coded (53]
o preaperatve i (13)
Rt g (02
“Gener e o1
G awtor i b
Sromnaea || [
from e hond. “Chtien ndoded (0s5)
sene “absac oy (2)
No spechc ifommaton. or
sevre prfouna (1)
Ui 03
o ifomaton o very med
Srods e Py
e quitatve syess O dats for e
wse) and it (o)
‘eho inervention used (1)






OPS/images/fneur-13-1004059/crossmark.jpg
(®) Check for updates





OPS/images/fnins-16-976095/fnins-16-976095-t003c.jpg
Cluster
number

Cluster
size
(voxels)

120
80

96

Peak MNI coordinate
X Y Z

48 30 36

15 51 48

36 -51 66

Peak MNI
coordinate
region

Right MFG
Right
dorsolateral
SEG)

Right SPG

F value T-value difference

14.86
14.98

13.44

between ROT and
PT

3.89

No significant difference

No significant difference

ROT, recent-onset tinnitus; PT, persistent tinnitus; SFG, superior frontal gyrus; SPG, superior parietal gyrus.

T-value difference
between ROT and
control group

-2.79
-4.17

-331

T-value difference
between PT and
control group

-5.00
-4.66

-4.49
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Cluster
number

Cluster
size
(voxels)

132
46

93

Peak MNI coordinate
X Y Z
39 42 39
-3 42 57
36 -57 66

Peak MNI
coordinate
region

Right MFG 14.86
Left medial 14.98
superior frontal

gyrus

Right superior 13.44
parietal gyrus

F value T-value difference

between ROT and
PT

3.18

No significant difference

No significant difference

FC, functional connectivity; MFG, middel frontal gyrus; ROT, recent-onset tinnitus; PT, persistent tinnitus.

T-value difference
between ROT and
control group

-4.58
-3.82

-4.36

T-value difference
between PT and
control group

-5.09
-4.60

-4.07
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Cluster
number

Cluster
size
(voxels)

150
83

43

Peak MNI coordinate
X Y Z
45 -51 60
6 15 72
9 54 48

Peak MNI
coordinate
region

Right SPG 14.86

Right 1498
dorsolateral SFG

Left superior 13.44
medial frontal

gyrus

F value T-value difference

between ROT and
PT

No significant difference

No significant difference

No significant difference

T-value difference
between ROT and
control group

-3.78
-3.62

-3.36

FC, functional connectivity; ROT, recent-onset tinnitus; PT, persistent tinnitus; SFG, superior frontal gyrus; SPG, superior parietal gyrus.

T-value difference
between PT and
control group

-4.66
-3.84

-4.23
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Cluster Cluster  Peak MNI coordinate Peak MNI  F value T-value difference T-value difference T-value difference

number size coordinate between ROT and between ROT and between PT and
(voxels) region PT control group control group
X Y VA
1 160 39 45 39 Right 10.02  No significant difference -4.06 -4.77
dorsolateral SFG

MNI, Montreal Neurological Institute; ROT, recent-onset tinnitus; PT, persistent tinnitus; SFG, superior frontal gyrus; SPG, superior parietal gyrus.
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Cluster
number

Cluster
size
(voxel)

25
49

73

Peak MNI coordinate
X Y Z

-12 45 -15

-15 54 42
15 54 45

Peak MNI
coordinate
region

Left gyrus rectus
Left dorsolateral
SEG

Right
dorsolateral SFG

F value T-value difference

14.36
15.79

13.85

between ROT and
PT

-2.93

No significant difference

No significant difference

T-value difference
between ROT and
control group

-5.18
-4.60

-3.86

MNI, Montreal Neurological Institute; ROT, recent-onset tinnitus; PT, persistent tinnitus; SFG, superior frontal gyrus; SPG, superior parietal gyrus.

T-value difference
between PT and
control group

-2.25
-4.34

-4.26
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Parameter N % M £ Min Max

Fibrinogen (g/) a1 295 054 1.86 4.49
Increased 488

HDL cholesterol (mg/d) 39 59.18 15.10 25.00 97.00
Decreased 513

LDL cholesterol (mg/di) 39 123.41 2985 53.00 193.00
Increased 35.90

Ferritin (4g/) 39 169.81 12214 7.70 542.20
Decreased 256
Increased 12.82

C-reactive protein (mg/) 39 1.81 1.40 030 870
Increased 256

Interleukin-1b (pg/mi) 41 596 342 5 24
Increased 14.63

Interleukin-6 (ng/) a7 168 033 150 290

Tumor necrosis factor-c (pg/mi) 41 570 1.69 400 11.30

Vascular endothelial growth factor-A (pg/mi) 41 17315 89.22 31 349
Increased 4146

Insuiin-like growth factor-1 (ng/mi) 4 142,59 4447 59.00 261.90
Increased 488

IGF-1 standard deviation score 40 067 092 -1.03 301

Leukocytes (/nl) 41 665 1.68 407 1097
Increased 244

Erythrocytes (/pl) Bl an 047 3.80 5.80
Decreased 7.32

Haemoglobin (g/dl) 41 1423 1.35 12.00 17.80
Decreased 7.32
Increased 488

Haematocrit (1) Bl 0.41 004 033 051
Decreased 14.63
Increased 244

MCV (f) “1 87.59 401 75 99
Decreased 244

MCH (pg) a1 30.30 1.50 25.30 32.90
Decreased 244

MCHC (g/dl) 1 34.63 1.12 32.20 37.20
Increased 9.76

RDW-CV (%) 4 1277 077 1130 15.10
Decreased 244
Increased 244

Platelets (/nl) 41 256.56 4472 169 344

MPV (f) 4 1093 084 890 1310

Neutrophils: absolute (/) il 219 147 193 812
Increased 244

Neutrophis: % 41 61.95 897 40 77
Decreased 244
Increased 244

immature Granulocytes: absolute (/nl) Bl 0.02 002 001 014
Increased 244

immature Granuiocytes: % 41 033 020 020 1.40
Increased 244

Lymphocytes: absolute (/nl) 41 174 048 088 328
Decreased 488

Lymphocytes: % 41 27.06 7.69 14.20 46.30
Decreased 17.07
Increased 244

Monooytes: absolute /nl) 41 054 017 029 099
Increased 488

Monocytes: % a1 817 208 430 13.10
Increased 21.95

Eosinophils: absolute (/) 1 012 010 000 046
Decreased 488

Eosinophils: % Bl 190 159 0.00 650
Decreased 1220
Increased 7.2

Basophils: absolute (/) Bl 005 005 001 031

Basophils: % 41 062 021 020 1.10

Neutrophil-to-lymphocyte ratio Bl 257 107 0.87 5.47

Platelet-to-ymphocyte ratio 41 155.51 42.56 89.91 270.21

CDA4 T cells (%) 24 71.30 10.69 45.40 87.50

CD8 T cells (%) 24 2238 898 935 4020

Cytotoxic natural kiler cells (%) 26 66.23 13.65 43.50 94.10

Regulatory natural kille cells (%) 26 24.41 1350 279 47.80

Classical monocytes (%) 26 8273 967 46.80 9270

intermediate monocytes (%) 26 565 384 087 16.70

Non-classical monocytes (%) 26 273 276 060 1310

B cells (%) 26 53.06 1831 7.73 84.80

Denditic cells (%) 26 3555 13.42 929 68.50

HDL, High-Density Lipoprotein; IGF-1, Insulin-Like Growth Factor-1; LDL, Low-Density Lipoprotein; MCH, Mean Corpuscular Hemoglobin; MCHC, Mean Corpuscular Hemogiobin
Concentration; MCV, Mean Corpuscular Volume; MPY, Mean Platelet Volume; RDW-CV, Red Cell Distribution Widith - Coefficient of Variation.
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Publications

Clinical Trial
Stage

Study Design

Data
Source

Pre-Test

Informed Consent

Resting-state EEG

64-channel, 8 minutes, EOQ/ EC, without ?_

instructions & while listening to tinnitus

Demographics & tinnitus questionnaires 2
TSCHQ, TQ, THI, PRISM '

Psychological & health questionnaires
Sex, age, BDI, BAI, SCL-K-9, SF-36 8
WHOQoL-BREF .

Audiometry
Pure tone audiogram, speech audiometry
(numbers, words), Basel sentence test
(speech in noise)

Trainings

15 weekly - 15 minutes trainings
Tomographic (31 electrodes)
Single electrode NFB
(FC1,FC2, F3,F4)

Individual Alpha peak frequency

1

Short resting-state EEG
45 seconds EO/ EC
Short questionnaire before and after

each trainings session

Post-Test 1

Resting-state EEG (64 channel)
Tinnitus questionnaires

TQ, THI, PRISM

Psychological & health
questionnaires
BDI, BAI, SCL-K-9, SF-36
WHOQoL-BREF

Sentence test

Follow-Up 1

3 month after training:

> Resting-state EEG (64 channel)
Questionnaires

6 month after training:

> Questionnaires
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Variable M sD N %

Sociodemographic factors

Sex Female 15 36.59
Male 2 63.41

Age (vears) 5205 10.00 a

Marital status Single 9 2195
Married/living together 24 58.54
Separated/divorced/widowed 8 1951

Education® Low 13 31
Intermediate 15 36.59
High 13 3171

Employed 29 7073

Tinnitus/Hearing

Tinnitus type Intermittent 15 36.59
Constant 2 63.41

Tinnitus localization Left 9 2195
Right 2 488
Bilateral 30 7317

Tinnitus loudness (dB SL) 2022 14.12 32

Tinnitus frequency (Hz) 5804.69 2181.50 32

Hearing threshold (dB)” 24.21 18.64 a
No impairment (<25) 26 63.41
Mild impairment (26-40) 12 29.27
Moderate impairment (41-60) 2 488
Severe impairment (61-80) 1 244
Profound impairment (>81) 0 000

Hearing aid user 10 2439

Loudness discomfort level (dB) Average 75.66 14.62 M
Minimum 65.55 16.29 a
Maximum 86.28 18.23 a

ABR wave | latency (ms) 1.65 013 34

ABR wave llatency (ms) 385 022 40

ABR wave V latency (ms) 578 026 40

Health/Lifestyle

Smoking 6 14.63

Cigarettes smoked per week 829 34.03 a

Drinking alcohol 17 41.46

Aloohol units consumed per week’ 1.83 3.43 a

BMI (kg/m?)* 2559 322 a
Underweight (<18.50) 0 000
Normal (18.50-24.99) 21 5122
Overweight (25-29.99) 15 36.59
Obese (>30) 5 12.20

Systolic blood pressure (mmHg) 125.39 16.35 a

Diastolic blood pressure (mmHg) 78.56 17.56 M

Food intake prior to sampling (g) 84.32 7019 a

Beverage intake prior to sampling (m) 47171 303.76 a

Medication
Antidepressants T 17.07
Antinypertensives 12 2027
Lipid-lowering drugs 2 488
Pain medication 9 2195
Other 24 58.54

Psychometric Questionnaires

THI: Tinnitus handicap 3825 24.74 40
Sight (0-16) 8 20.00
Mid (18-36) 15 57.50
Moderate (38-56) 6 15.00
Severe (58-76) 8 2000
Catastrophic (78-100) 3 7.50

PSQ-20: Perceived stress 45.50 22.47 40
Normal (< 50) 25 62.50
Mid (51-66) 9 22.50
Moderate (67-83) 5 12.50
Severe (> 84) 1 250

HADS: Aniety 7.65 381 40
Normal (0-7) 20 50.00
Mid (8-10) 11 27.50
Moderate (11-14) 7 17.50
Severe (15-21) 2 5.00

HADS: Depression 6.10 481 40
Normal (0-7) 27 67.50
Mid (8-10) 5 12.50
Moderate (11-14) 5 12.50
Severe (15-21) 3 7.50

ABR, Auditory Brainstem Response; BM), Body-Mass-Index; HADS, Hospital Anxiety and Depression Scale; PSQ-20, Perceived Stress Questionnaire (20-item version); THI, Tinnitus
Handicap Inventory

“Education levels: low =elementary, secondary or midale school: medium =high school or completed apprenticeship; high-=university

‘Mean hearing threshold over all measured frequencies. Grading of hearing thresholds: World Health Organization (1991).

“One unit=0.31 beer or 0.21 wine or shot glass of spirt.

"BMI cassification: World Health Organization (2000)
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NCIQ Ol PSQ GAD-7  ADS-L PSQ GAD-7  ADS-L

before before before before before after after after
AHL = TQ g - TQ after Ty -
before
14 4
N 33 n 33
NCIQ rs —0.532%* - NCIQ Tg —0.483** -
before after
P 0.002 & P 0.004
N 32 32 n 33 33
Ol before rs —0.410% 0.742** - Ol after Is —0.331 0.354 &
P 0018 0 . P 0.074 0.055
N 33 32 33 n 30 30 30
PSQ Ts 0233 —0.433* —0.262 = PSQ after Is 0.436* —0.594** —0.317 -
before
P 0.2 0.015 0.148 5 P 0.018 0.001 0.107
N 32 31 32 32 n 29 29 27 29
GAD-7 T 0.549** —0.568** —0.441* 0.631%* = GAD-7 Ts 0.487** —0.423* —0.541** 0.601** =
before after
P 0.001 0.001 0.01 0 o P 0.005 0.016 0.002 0.001
N 33 32 33 32 33 n 32 32 30 29 32
ADS-L Ts 0.306 —0.635** —0.293 0.484** 0.530* - ADS-L N 0.467** —0.518** —0.505** 0.597** 0.744** -
before after
P 0.083 0 0.098 0.005 0.001 D P 0.007 0.002 0.004 0.001 0
N 33 32 33 32 33 33 N 32 32 30 29 32 32
DSD | TQ Is - TQ after Is -
before
14 4
N 16 n 16
NCIQ Is —0.318 - NCIQ Is —0.173 -
before after
P 0231 . P 0521
N 16 16 n 16 16
Ol before 15 —0.467 0.646** - Ol after Is —0.274 0917 -
P 0.069 0.007 ; p 0304 0
N 16 16 16 n 16 16 16
PSQ 15 —0.034 —0.318 023 - PSQ after Is 0.118 —0.361 —0.412 -
before
P 0.901 023 0.392 - P 0.663 0.17 0.112
n 16 16 16 16 n 16 16 16 16
GAD-7 I —0.650** 0.123 0.202 0.071 - GAD-7 Is —0.368 0.095 —0.014 0.649** -
before after
P 0.006 0.65 0.454 0.793 3 P 0.16 0.726 0.96 0.007
n 16 16 16 16 16 n 16 16 16 16 16
ADS-L 0.007 —0.302 0.07 0.834** 0.012 - ADS-L 0.066 —0.308 —0.173 0.685** 0.434 -
before after
P 0.978 0.256 0.798 0 0.965 . P 0.808 0.245 0.522 0.003 0.093
n 16 16 16 16 16 16 n 16 16 16 16 16 16
SSD TQ Is - TQ after N -
before
P 14
n 32 n 32
NCIQ Iy —0.636* - NCIQ I —0.628* -
before after
P 0 P 0
n 32 32 n 32 32
OI before 15 —0.360* 0.803** - Ol after 1N —0.333 0.569** -
P 0.043 0 . P 0.063 0.001
n 32 32 32 n 32 32 32
PSQ Is 0.585* —0.296 —0.122 - PSQ after Is 0.513* —0.502** —0.346 -
before
P 0 0.1 0.508 5 P 0.003 0.003 0.052
n 32 32 32 32 n 32 32 32 32
GAD-7 I 0.602** —0.298 —0.179 0.762** - GAD-7 Is 0.559** —0.599** —0.17 0.727** -
before after
P 0 0.098 0.326 0 . P 0.001 0 0.351 0
N 32 32 32 32 32 n 32 32 32 32 32
ADS-L T 0.648** —0.308 —0.204 0.785"* 0.733** & ADS-L Is 0.625%* —0.561** —0.410* 0.868** 0.758** =
before after
P 0 0.086 0.263 0 0 3 P 0 0.001 0.02 0 0
N 32 32 32 32 32 32 N 32 32 32 32 32 32

**The correlation is significant (two-tailed) at the 0.01 level.

*The correlation is significant (two-tailed) at the 0.05 level.

AHL, asymmetric hearing loss; DSD, double-sided (bilateral) deafness; SSD, single sided (unilateral) deafness; TQ, Tinnitus Questionnaire; NCIQ, Nijmegen Cochlear Implant Questionnaire measuring health-related quality of life; OI, Oldenburg
Inventory measuring subjective hearing quality; PSQ, Perceived Stress Questionnaire; ADS-L, General Depression Scale; GAD-7, General Anxiety Disorder 7 Questionnaire; r, correlation coefficient; p, probability level; N, number of subjects included
in given analysis.
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(39 patients)

(23 patients)

(39 patients)

Tinnitus-positive patients before CI 33 (84.6%) 16 (69.6%) 32(82.1%) 81 (80.2%)
Tinnitus-positive patients after CI 28 (71.8%) 12 (52.2%) 32 (82.1%) 72 (71.3%)
Tinnitus-negative patients before and after CI 4(10%) 6 (26%) 4(10%) 14 (13.9%)
Patients who developed tinnitus after CI 2 (5%) 1 (4%) 3(8%) 6 (5.9%)
Pateints who reported tinnitus vanishing after CI 5(13%) 5(22%) 3 (8%) 13 (12.9%)
Patients with decompensated (not habituated) tinnitus before CI 9(23.1%) 3(13.0%) 9(23.1%) 21 (20.8%)
(TQ>47)

Patients with decompensated (not habituated) tinnitus after CI 5(12.8%) 0(0.0%) 9(23.1%) 14 (13.9%)
(TQ>47)

AHL, asymmetric hearing loss; DSD, double-sided (bilateral) deafness; SSD), single-sided (unilateral) deafness; CI, cochlear implantat; TQ, Tinnitus Questionnaire.
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ole col AHL DSD
n 101 39 23
Women (n) 54 20 8 26
Men (n) 47 19 15 13
Age in years (mean) £ SD 58.7 % 14.1 617 £132 573+ 123 540+ 16.0
Age range in years (min.-max.) 21.5-80.6 262-79.7 41.9-79.7 21.5-80.6
Deafness duration in years (median and range) 18 (1-67) 22 (1-67) 23 (1-63) 3(1-55)
For DSD patients only: time in months between Ist and 2nd CI (median and range) na. na. 14.9 (6.0-55.0) na.

AHL, asymmetric hearing loss; DSD, double-sided (bilateral) deafness; SSD, single-sided (unilateral) deafness; SD, standard deviation; CI, cochlear implant; n.a., not applicable.





OPS/images/fnins-16-908330/fnins-16-908330-g003.jpg
frequency (Hz)

frequency (Hz)

259 - = = = =
188 - [] L] [ 1] [ ]

=

)

[
|
H
:
Ld
1
H
H

1 1 7 - LLL] LILL] LLL]

...............

T ————————————
CAAAALAARA AR AR AR ACAAMAAARAARAARAEAAA NSRS
A ARARACAAARAAANAAAAAAAAAKAAAMARARACAAAARAAAARARARAA
I
MMM

AXRAAAAY
N
"

4 &
A
&

f

tHh Nﬁhmanwwnw
YOI 114t

A o e AAAAAMALARRALAY
fth






OPS/images/fneur-13-1089610/fneur-13-1089610-i001.gif





OPS/images/fnins-16-908330/fnins-16-908330-g004.jpg
>

0.5 -

0.0 -

signal (a.u.)

—i ~

0.0 e () 0.2

(-

0000000 00000000 0000000000000 000000000000000OO00 0 0OTBNIIRIROOOO®e

= NININ WW R UI0~I000

NN WWEA S U~ O ON B ~IOWOON COUTNONINUIO
O WOIONUTOUT00~I~I0ON 0000 A RO OLUINOF~IWO
O~ 00 O LWL LN COWNIOO~WWUTSNIO OYO 00 O 00O

frequency (Hz)

. | T - = ————

0.06 0.07 0.06 0.07
time (s) time (s)





OPS/images/fneur-13-1089610/fneur-13-1089610-g006.gif
GAD-7 score.

GAD-7 before C1 GAD-7 after CI
ns
s
—
my s o
o 15
10
3
g
© s
o
AL nso Py "ANL DED 88D






OPS/images/fneur-13-1089610/fneur-13-1089610-g005.gif
Fas tapalin katore GL PSQ joy boforo CI

o

N oto 530 W ok o

* mmm ' :-’.'
col £ fol £





OPS/images/fneur-13-1089610/fneur-13-1089610-g004.gif





OPS/images/fnbeh-16-883926/fnbeh-16-883926-g002.gif
Correlation between Orbitofrontal Gamma Power and CRP

Log (CRP) 0

‘Gamma Power





OPS/images/fnagi-15-1095178/fnagi-15-1095178-g003.jpg
- Informed consent
- Questionnaires

- Audiometry - MOA
- MOA - MCM
- MCM
15t session 2" session

1 week

time





OPS/images/fnins-16-908330/cross.jpg
3,

i





OPS/images/fnagi-15-1095178/fnagi-15-1095178-g002.jpg
Hoe klinkt uw tinnitus?

1 12
2 13
3 14
4 15
5 16
6 17
7 18
8 19
9 20
10 21
11 2

Kies





OPS/images/fnins-16-908330/fnins-16-908330-g001.jpg
A B Cochlea/
Spiral ganglion

C Dorsal Cochlea

D Auditory Pathway
Nucleus

&‘Q

Speech Input

S

-@

~@<
~-@

30 bandpass filter

il
A
A
F

~
\ \
~

Leaky-Integrate- Deep Neural Network
and-Fire Neurons

G Somatosensory Input (Neural Noise)

E

Classification

Accuracy of
speech
recognition





OPS/images/fnins-16-908330/fnins-16-908330-g002.jpg
©)
G IHH““ >\

() XS

ST &
N S o

< o Q

i integrate ““““
bandpass ganuosi:?n deep neural

' & fire network
filters neurons
output
class label

Input

wayv file





OPS/images/fnins-16-831581/fnins-16-831581-g006.jpg
stimulus score

No. of responses

8 (N=23, df=2)=5.83 ¢
p=0.04 5 3
5l - = = Median
B B 25%-75%
4! B 0055 | I T Min-Max
2- ?
o Hm -
5| 1 ~ns l ns
0.07
4 . . .
WN A BP
noise stimuli
187 median Il pilot study
i =0.0
16 lp_zl - gtrlcjegint
14 |
121
10 ¢

oON B~ O O

-1 -05 0 +0.5 +1
distance of
best response to TP

= +1

best response

= +2

best response

No. of responses

No. of responses
O -~ N W P~ 01 OO N 00 ©

O -~ NW P OO N O O

Il pilot study

present
- study

1 -05 0 +05 +1

Il pilot study

present
- study

-1 -05 0 +0.5 +1
distance of
best response to TP





OPS/images/fnins-16-831581/fnins-16-831581-t001.jpg
Stimulus

Silence
WN

IA

BP —1
BP -0.5
BPTF
BP +0.5
BP +1

Responder

Non-responder

Stimulus intensity (dB SL)

Stimulus intensity (dB SL)

-2

[0[0
010,
010,
010,
010,
010,
010,

0l
0l
1]
1]
0l
1]
0l

0

010,
0o,
010,
1[0,
010,
010,
1[0,
010,

0
1]
0
1]
1]
1]
1]
0

+2

010,
010,
010,
0[O,
010,
010,
010,

1]
0
1]
1]
1]
1]
0

+4

[0[0
010,
010,
010,
010,
010,
010,

0
a
1]
1]
1]
1]
a

+6

010,
010,
010,
00,
010,
0[O,
010,

1]
0
1]
0
1]
0
1]

-2

00, 0]
010, 0]
0[0, 0]
0[0, 0]
0[-1,0]
00, 0]

0

010, 0]
0[-1,0]
010, 0]
010, 0]
010, 0]
010, 0]
010, 0]

+2

010, 0]
0[-1,0]
010, 0]
010, 0]
010, 0]
010, 0]

+4

0[-1,0]
010, 0]
010, 0]
010, 0]
010, 0]
010, 0]

+6

010, 0]
010, 0]
010, 0]
010, 0]
010, 0]
010, 0]






OPS/images/fnbeh-16-883926/crossmark.jpg





OPS/images/fnbeh-16-883926/fnbeh-16-883926-g001.gif
aTinnitus
i Halthy

CRP (ug/ml) PSS

Tinnitus

Log (CRP)
Loanw

Log (CRP)

PSS





OPS/images/fneur-13-1089610/fneur-13-1089610-g002.gif





OPS/images/fneur-13-1089610/fneur-13-1089610-g001.gif
Study flow

S / v —
& =






OPS/images/fneur-13-1089610/crossmark.jpg
(®) Check for updates





OPS/images/fneur-13-1102294/fneur-13-1102294-t002.jpg
ariable g
owe ppe
Decreased DPOAE response 0.136 0.628 0.829 1.145 0.334 3.924
Decreased loudness discomfort level 0.051 0.553 0.927 1.052 0.356 3.108
Accompanying psychiatric symptoms —1.706 0589 0.004 0.182 0.057 0576
Presence of somatic modulation —1.048 0.865 0.226 0.351 0.064 1.910
Increased SP/AP ratio 0.009 0.540 0.986 1.009 0.351 2.907
Increased ABR wave V threshold —0.788 1.429 0.581 0.455 0.028 7.486
Extended-high frequency hearing loss 0.467 0.555 0.400 1.596 0.538 4.736
Constant 2452 1.696 0.148 11.614
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Number of Abnormal Decreased Psychiatric Somatic Increased Extended high frequency Increased ABR

abnormal findings DPOAE LDL symptoms modulation SP/AP ratio hearing loss thresholds

0 0 0 0 0 0 0 0 15(18.3%)
1 2(10.5/11.8%) 8(42.1/16.3%) 2(10.5/8.3%) 0 3(15.8/11.1%) 4(21.1/13.8%) 0 19(23.2%)
2 4(22.2123.5%) 14.(77.8/28.6%0 6(33.3/25.0%) 1(5.6/12.5%) 5(27.8/18.5%) 3(16.7/10.3%) 3 (16.7/100%) 18 (22.0%)
3 5(25.0/29.4%) 18 (90.0/36.7%) 9 (45.0/37.5%) 3(15.0/37.5%) 11(55.0/40.7%) 14/(70.0/48.3%) 0 20 (24.4%)
1 4(50.0/23.5%) 7(87.5/14.3%) 5 (62.5/20.8%) 4(50.0/500%) 6(75.0/22.2%) 6(75.0/20.7%) 0 8(9.8%)
5 2 (100.0/11.8%) 2(100/4.1%) 2(100/8.3%) 0 2(100.0/7.4%) 2/(100.0/6.9%) 0 2(2.4%)
Total 17(20.7%) 49 (59.8%) 24/(293%) 8(9.8%) 27 (32.9%) 29/(35.4%) 3(3.7%) 100%
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