

[image: image1]
Co-occurrence of Hyperacusis Accelerates With Tinnitus Burden Over Time and Requires Medical Care
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Although tinnitus represents a major global burden, no causal therapy has yet been established. Ongoing controversies about the neuronal pathophysiology of tinnitus hamper efforts in developing advanced therapies. Hypothesizing that the unnoticed co-occurrence of hyperacusis and differences in the duration of tinnitus may possibly differentially influence the neural correlate of tinnitus, we analyzed 33 tinnitus patients without (T-group) and 20 tinnitus patients with hyperacusis (TH-group). We found crucial differences between the T-group and the TH-group in the increase of annoyance, complaints, tinnitus loudness, and central neural gain as a function of tinnitus duration. Hearing thresholds did not differ between T-group and TH-group. In the TH-group, the tinnitus complaints (total tinnitus score) were significantly greater from early on and the tinnitus intensity distinctly increased over time from ca. 12 to 17 dB when tinnitus persisted more than 5 years, while annoyance responses to normal sound remained nearly constant. In contrast, in the T-group tinnitus complaints remained constant, although the tinnitus intensity declined over time from ca. 27 down to 15 dB beyond 5 years of tinnitus persistence. This was explained through a gradually increased annoyance to normal sound over time, shown by a hyperacusis questionnaire. Parallel a shift from a mainly unilateral (only 17% bilateral) to a completely bilateral (100%) tinnitus percept occurred in the T-group, while bilateral tinnitus dominated in the TH-group from the start (75%). Over time in the T-group, ABR wave V amplitudes (and V/I ratios) remained reduced and delayed. By contrast, in the TH-group especially the ABR wave III and V (and III/I ratio) continued to be enhanced and shortened in response to high-level sound stimuli. Interestingly, in line with signs of an increased co-occurrence of hyperacusis in the T-group over time, ABR wave III also slightly increased in the T-group. The findings disclose an undiagnosed co-occurrence of hyperacusis in tinnitus patients as a main cause of distress and the cause of complaints about tinnitus over time. To achieve urgently needed and personalized therapies, possibly using the objective tools offered here, a systematic sub-classification of tinnitus and the co-occurrence of hyperacusis is recommended.
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INTRODUCTION

Tinnitus and hyperacusis are among the most frequent audiological disorders and have a significant socioeconomic impact on the health care system (1). In subjective tinnitus, by far the most common form, a phantom noise is perceived without any external stimulus, whereas in hyperacusis, sounds are perceived as annoying even at low sound levels (2, 3). The prevalence of hyperacusis in adults is about 9%, with a much higher estimated number of unreported cases (4, 5). In hyperacusis patients, the incidence of tinnitus may be even higher compared to individuals without hyperacusis (6). According to the literature, 80 to 90% of patients with hyperacusis have additional tinnitus, while only 30 to 50% of tinnitus patients have additional hyperacusis (2, 7–11). This suggests that hyperacusis is frequently associated with tinnitus, whereas tinnitus is more common without the co-occurrence of hyperacusis.

Although tinnitus represents a major global burden, no causal therapy has yet been established. One reason for this is ongoing controversy about the neuronal pathophysiology of tinnitus. While many authors postulate that peripheral auditory damage leads to tinnitus by an increase in neural gain (12–22), recent studies propose that tinnitus without hyperacusis occurs when the reduced auditory input fails to increase neural gain (23–25).

A particular challenge for clinical studies is that tinnitus and hyperacusis are subjective phenomena, for which objective measurements are still missing (26). Factors such as hearing loss or hyperacusis were suggested to contribute to misinterpretations, due to overlapping effects (27). Newer studies consistently matched patients and control subjects to their hearing threshold, or included only patients with normal hearing and excluded patients with the co-occurrence of hyperacusis (23, 25, 28).

A hitherto, largely unexplored, factor is the duration of chronic tinnitus. In three recent publications, the transition from acute to chronic tinnitus was examined (28–30). One study included normal hearing subjects with tinnitus lasting longer than 6 months (28) and classified patients into 3 categories according to the tinnitus duration: (i) acute, < 1 month (ii) chronic, > 6 months, (iii) subacute, between 1 and 6 months. In the subacute stage of tinnitus, a decreased amplitude and prolonged latency of wave V of the auditory brainstem response (ABR) were observed (28), confirming previous studies that excluded tinnitus patients with a co-occurrence of hyperacusis (23). Another study, using fluorodeoxyglucose — Positron Emission Tomography (FDG-PET), examined time-dependent changes in chronic tinnitus and found a correlation between tinnitus duration and brain metabolism in the right inferior frontal, right ventro-medial prefrontal, and right posterior cingulate cortex (31). To the best of our knowledge, there are no studies that compared psychoacoustic characteristics with the fine structure of ABR over time (years) in tinnitus patients with and without hyperacusis.

The aim of the present study was to investigate functional changes depending on tinnitus duration and the presence of hyperacusis in patients with chronic tinnitus. Control subjects and tinnitus patients with and without the co-occurrence of hyperacusis were recruited and divided into four groups according to the duration of their complaints.



MATERIALS AND METHODS

The study was approved by the ethics committee of Tübingen University (faculty of medicine) (ethical approval-number 264-2016BO1 as well as follow up study 391/2018BO2). Written informed consent was obtained from all participants. All methods were used according to the Declaration of Helsinki' by the World Medical Association (WMA) for human research ethics.


Participants

Out of 96 subjects 43 could be assigned to the control group (age: 26.5 ± 5.8 years, between 18 - 45 years, 20 men and 23 women) and 53 to the tinnitus group. Among these, 33 patients complained of tinnitus without co-occurrence of hyperacusis (age: 32.6 ± 11.5 years, between 20 and 61 years, 22 men and 11 women, “T-group”, Figure 1A and Supplementary Tables 1, 2), and 20 patients complained of tinnitus with co-occurrence of hyperacusis (age: 26.9 ± 6.9 years, between 18 and 49 years, 6 men and 14 women, “TH-group”, Figure 1B and Supplementary Tables 1, 2). According to inclusion criteria, pure tone audiometry hearing thresholds did not exceed 20 dB at each frequency from 0.125 to 3 kHz and did not exceed 50 dB at each frequency from 4 to 10 kHz in addition (Study exclusion criteria Supplementary Table 3). All participants were then classified according to their tinnitus duration into four groups (Figure 1): (I) tinnitus duration less than 1 year ( ≤ 1 year, yr), (II) 1 year up to 5 years (1–5 yr), (III) 5 years up to 10 years (5–10 yr), (IV) tinnitus for more than 10 years (> 10 yr).
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FIGURE 1. Distribution of participants according to the time of persistence of their tinnitus (tinnitus duration in years, yr). (A) 33 participants with tinnitus (T1 to T33) were classified into 4 groups of tinnitus duration up to 1 year (< 1 yr), more than 1 year up to 4.9 years (1–5 yr), from 5 years up to 9.9 years (5–10 yr) and from 10 years and more (> 10 yr). (B) 20 participants with tinnitus and hyperacusis (TH1 to TH20) were classified accordingly. Groups were color coded by blue, green, yellow, and red in respect to tinnitus duration throughout this manuscript. Calculation with Kruskal-Wallis test showed no difference between tinnitus and tinnitus+hyperacusis within the tinnitus duration groups.




Hyperacusis Questionnaire

In order to assess the presence of hyperacusis and to differentiate it from phonophobia, the Hyperacusis Questionnaire (Hyperakusis-Inventar, HKI) was administered to all participants (32, 33). All participants had to answer 9 statements in the questionnaire, and were asked to rank this statement as: always true, often true, sometimes true, or not true (evaluated with a score from 3 to 0). The questionnaire results were calculated according to the answers of participants and are scored from 0 to 27. Participants were considered having hyperacusis if the score was above 11 (32).



Tinnitus Questionnaire

The German Goebel-Hiller-Score (G-H-S) tinnitus questionnaire was used to assess different aspects concerning tinnitus severity, laterality, emotional distress, cognitive distress, annoyance in the last days, penetrance, auditory perceptual difficulty, sleep disturbances and somatic complaints scores (34). The patients had to answer 52 statements in the questionnaire, and were asked to rank this statement as: true, partly true, or not true. The different questionnaire scores were collected, and each sub-score was calculated according to the patients' responses.



Audiological Evaluation

The ear examination was carried out by ENT physicians from the Department of Otolaryngology, Head and Neck Surgery at the University of Tübingen.

Tympanometry and acoustic reflex measurements for 0.5, 1, 2, and 4 kHz and for 80 to 100 dB sound pressure level (SPL) were performed with a Madsen-Zodiac 901 (GN Otometrics, Münster, Germany) to ensure normal middle ear transmission.

Hearing thresholds were determined by pure tone audiometry with the AT 900 Audiometer (Auritec, Medizindiagnostische Systeme GmbH, Hamburg, Germany) from 0.125 to 10 kHz (0.125/0.25/0.5/1/1.5/2/3/4/6/8 and 10 kHz). Speech audiometry was measured by the German monosyllabic “Freiburger” Test.

For all tinnitus patients and all tinnitus patients with co-occurrence of hyperacusis, sound of different frequencies and intensities were presented to the individual ears to identify tone pitch and loudness closest to the perceived tinnitus.

The ABR testing was done by using the system GSI Audera (Grason-Stadler, Eden Prairie, USA) device, with Telephonics TDH 39p headphones (Telephonics, Farmingdale, USA). Measurements were performed with two-channel recording using four electrodes (Neuroline 720, Ambu, Bad Nauheim, Germany) at predetermined positions according to the International Electrode System 1020 standard system after cleaning the patients' skin with abrasive paste (Nuprep Skin Prep Gel, Weaver and Company, Aurora, USA) and attaching the electrodes with electrolytic paste and adhesive tape. The predetermined positions were active electrodes at the left mastoid (M1) and at the right mastoid (M2), a ground electrode at the forehead near the eyebrows, and a reference electrode centered close to the hairline as described in the manual of the above-mentioned device. The electrodes were connected to the pre-amplifier. The ABR was recorded ipsi-lateral in response to broadband acoustic click stimuli (0.1 ms duration) presented at 25 to 75 dB normalized hearing level (nHL) in 10 dB steps. The click was presented at repetition rate of 11.1 Hz with 2,000 repetitions. ABR signals were bandpass filtered between 150 and 3,000 Hz and recorded for 10 ms. Electrode impedance was maintained at <5 kΩ and not more than 2 kΩ impedance difference between two single electrodes.



Calculation of Supra-Threshold ABR Wave Fine Structure

From the ABR response of individual ears at a given stimulation level, positive and subsequent negative voltage deflection maxima and minima (peaks) were specified within pre-defined time interval of between 1–2, 3–4, 5–6, and 6–7 ms after stimulus onset. Within the consecutive time intervals, ABR wave I, III, V, and VI amplitudes were determined as the peak-to-peak voltage difference between positive and negative peak. ABR wave latencies were defined as the time point of the positive peak from the respective wave. Amplitude and latency data were manually extracted from the output of the ABR function and verified by an expert audiologist. Data from individual supra-threshold ABR wave amplitudes, wave latencies, and inter-peak latencies were analyzed for individual ears before the averaged data from both ears were used to calculate the group mean for each experimental group (T and TH, < 1 year, 1–5 years, 5–10 years, > 10 years).



Statistical Analysis
 
Statistical Tests

Grouped data were tested for normality by the Shapiro-Wilk Test and for equality of distribution with Levene Test. To test for the significance of group differences Kruskal-Wallis Test for non-normal distributed data was applied. ABR wave amplitudes and latencies were compared by 2-way ANOVA for the factors study group differences, stimulus level, and interaction. Resulting P-values smaller than the criterion of α = 0.05 were considered as statistically significant. Due to the small sample sizes resulting from the subdivision into eight experimental groups we did not determine the statistical power (β). The correlation of two measurement parameters was verified upon the Pearson Correlation Momentum.



Data Distributions

Data from Hyperacusis (HKI) and Tinnitus Questionnaires, tinnitus intensity and frequency matching procedures, and Wave V/I and III/I ratios failed normal distribution. Though, distributions were not statistically significant different between study groups.



Data Presentation

If not otherwise indicated data are presented as group mean and standard deviation (SD) for the number of subjects or ears (n) specified in the figure legends.





RESULTS

Toward the aim of identifying characteristics of auditory function that may differ in tinnitus groups with or without hyperacusis over time, we included 96 subjects, who were subclassified using the hyperacusis questionnaire (HKI) developed by Goebel und Berthold (32) and the (G-H-S) tinnitus questionnaire (34). In sum, 33 patients complained of tinnitus without the co-occurrence of hyperacusis (“T-group”) (Figure 1A and Supplementary Table 1A), and 20 patients complained of tinnitus with hyperacusis (“TH-group”) (Figure 1B and Supplementary Table 1A). In detail, the distribution of tinnitus duration (Td) was:

T-group: 6 patients with Td up to 1 year (Td = 0.5–1; mean age: 35.2); 9 patients 1–5 years (Td = 1.5–3; mean age = 34.1); 9 patients 5–10 years (Td = 5–8; mean age = 29), and 9 patients with duration above 10 years (Td = 10–22; mean age = 33.1) (Figure 1 and Supplementary Table 1A).

TH-group: 8 patients with Td up to 1 year (Td = 0.5–1; mean age = 29); 4 patients 1–5 years (Td = 0.25–1; mean age = 24.2); 5 patients 5–10 years (Td = 1.2–3.5; mean age = 27), and 3 patients with duration above 10 years (Td = 12–18; mean age = 25).


Hearing Thresholds Do Not Differ Between T- and TH-Groups

To investigate whether tinnitus groups with and without hyperacusis can be distinguished on the level of their hearing thresholds, we assessed the hearing function by a pure tone audiogram as described in the methods. We found no statistically significant differences in hearing thresholds between 0.125 and 10 kHz for either ear between the four tinnitus-duration groups without the co-occurrence of hyperacusis (Figure 2A) or with the co-occurrence of hyperacusis (Figure 2B). This indicates that age-dependent hearing thresholds do not differ between the groups.
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FIGURE 2. Hearing sensitivity for right ear (left) and left ear (right) determined by pure tone audiometry (threshold in dB hearing level, HL). (A) Thresholds range from 43 controls (gray shaded areas display the normal range of ± one standard deviation) and mean of 33 participants with tinnitus only, split into 4 groups according to the duration of tinnitus. (B) Mean thresholds from 20 participants with tinnitus + hyperacusis, split into 4 groups according to the duration of their tinnitus. The same values for controls are displayed in (A,B). Hearing thresholds did not statistically significant differ in ears or in participant groups using Kruskal-Wallis test with P > 0.05.




Tinnitus Loudness Intensity Decreased Over Time in the T-Group, but Increased in the TH-Group

To get more detailed information whether the tinnitus percept differs between groups, we analyzed tinnitus frequency, tinnitus intensity, and tinnitus score (34) between the four tinnitus-duration groups for both the T-group and the TH-group (Figure 3).
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FIGURE 3. Tinnitus percept significantly changes over tinnitus duration in tinnitus and tinnitus+hyperacusis groups. (A, D) Subjectively matched percept of tinnitus pitch was stable along the time of tinnitus duration in both, tinnitus (P = 0.070) and tinnitus+hyperacusis (P = 0.534) participants, calculated with Kruskal-Wallis test. (B, E) The loudness of the tinnitus percept, determined by the intensity of the matching tone decreased over time of tinnitus duration in the tinnitus only group with a statistically significant drop around 5 years (B, P = 0.005 for < 5 years and > 5 years). In tinnitus+hyperacusis participants, the tinnitus was significantly louder after > 5 years of tinnitus duration, when no more participants with very moderate tinnitus percept could be found (E, P = 0.015 for < 5 years and > 5 years). Level of significance was calculated with Mann-Whitney U-test is illustrated in the figures (*P ≤ 0.05; **P < 0.01). A linear trend for the progression of tinnitus loudness over the duration of tinnitus in single ears of the tinnitus group (B) and the tinnitus+hyperacusis group (E) reached statistical significance in the tinnitus group (B, P = 0.018, n = 52 ears) but not in the tinnitus+hyperacusis participants (E, P = 0.111, n = 36 ears), for whom the opposite of the trend visible in the tinnitus group was found. (C,F) Total score from Goebel-Hiller Tinnitus Questionnaire indicated a higher affection from tinnitus in the tinnitus+hyperacusis participants than in the participants with only tinnitus (all tinnitus vs. all tinnitus+hyperacusis participants: P < 0.001 using Mann-Whitney U-test, and 2-way ANOVA). Calculation with Kruskal-Wallis test showed no difference between tinnitus and tinnitus+hyperacusis within the tinnitus duration groups. Data show mean ± SD. Single dots show number of ears.


The frequency of the tinnitus percept did not significantly change with tinnitus duration in the T-group (Figure 3A) or the TH-group (Figure 3D), and it did not differ between the groups, resulting in an averaged tinnitus frequency for the T-group < 1 year (5.93 ± 3.17 kHz), 1–5 years (5.43 ± 3.18 kHz), 5–10 years (7.19 ± 2.76 kHz), > 10 years (5.61 ± 2.4 kHz), and the TH-group < 1 year (5.96 ± 1.84 kHz), 1–5 years (6.39 ± 3.52 kHz), 5–10 years (4.75 ± 3.45 kHz), > 10 years (6 ± 4.15 kHz).

The subjective tinnitus level (loudness) decreased over time in the T-group (Figure 3B), but was significantly greater for a tinnitus duration of < 5 years than for tinnitus durations longer than 5 years (< 5 years, 26.9 ± 15.8 dB, n = 19; > 5 years, 16.1 ± 11.7 dB, n = 34; **P = 0.005, Figure 3B) time. In contrast, in the TH-group (Figure 3E), the tinnitus intensity increased with tinnitus duration (< 5 years, 12 ± 7.2 dB, n = 21; > 5 years, 16.9 ± 8 dB, n = 15; *P = 0.015, Figure 3E). To see the continuous change of the tinnitus loudness with time, the tinnitus loudness matching (tinnitus level dB HL) in the T-group (Figure 3B, right) and TH-group (Figure 3E, right) were plotted as a function of tinnitus duration between 3 months and 22 years. Linear regression disclosed a decrease in tinnitus loudness for tinnitus patients (*P = 0.018, Figure 3B, right). No significant increase for tinnitus patients with the co-occurrence of hyperacusis was found (P = 0.111, Figure 3E, right).



Tinnitus Burden Remained Constant Over Time but Accelerated Significantly With the Co-occurrence of Hyperacusis

The evaluation of the tinnitus G-H-S in the different groups showed no significant change in total score (emotional, distress) over time, not for the T-group (Figure 3C) nor the TH-group (Figure 3F). Surprisingly, even though the perceived tinnitus level from the tinnitus loudness matching was higher in the T-group as compared to the TH-group (Figures 3B,E), the overall score thresholds were significantly higher in the TH-group than in the T-group (Figures 3C,F, p < 0.001), indicating that total G-H-S tinnitus score thresholds are different in these groups from the acute stage onwards.

This may be related to the group differences we observed when the total score of the hyperacusis questionnaire (HKI) of Goebel und Berthold (32) was identified between the groups, depending on the tinnitus duration. Thus, in the T-group (Figures 4A,B), but not in the TH-group (Figures 4C,D), an increase over time in the burden and complaints through hyperacusis was identified (*P = 0.030). This suggested that the probability of co-occurrence of some characteristics of hyperacusis may increase with time.
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FIGURE 4. Hyperacusis percept significantly increases in the participants with tinnitus with the longer persistence of their tinnitus (duration in years), determined by Hyperacusis Questionnaire score (HKI). (A) Tinnitus participants classified according to their tinnitus duration did not reach the criterion for being classified as hyperacusis suffering (HKI < 12), but reached higher scores with the longer persistence of their tinnitus. (B) Linear trend over time of tinnitus duration suggests a significant increase of affection by hyperacusis with tinnitus duration (P = 0.03, n = 33). (C) Participants with tinnitus and classified as hyperacusis sufferers (HKI ≥ 12) experienced continuing hyperacusis over the duration of their tinnitus. (D) The hyperacusis in the tinnitus+hyperacusis participants followed a trend of hyperacusis reinforcement with tinnitus duration, though this was not statistically significant (P = 0.174, n = 20). Data in A, C show mean ± SD. r correlation coefficient, *P < 0.05, HKI; Hyperacusis Inventory.




Over Time, the Tinnitus Percept Shifts From Unilateral to Bilateral in the T-Group but Is Prevalently Bilateral in TH-Group From Early On

Not only does the probability of hyperacusis increase over time, the probability of tinnitus in both ears also significantly increased over time. Thus, in the T-group, the tinnitus percept was mostly unilateral in individuals with a short duration of tinnitus < 1 year (Figure 5A). Over the duration of tinnitus, however, the tinnitus percept shifted to a completely bilateral sensation, (**P = 0.002). In contrast, in the TH-group, a bilateral experience of tinnitus dominated from the beginning, with a stable proportion up to 10 years, (P = 0.816, Figure 5B). All patients with a tinnitus experience for more than 10 years experienced bilateral tinnitus, irrespective of concomitant hyperacusis.
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FIGURE 5. Tinnitus laterality ends in bilateral percepts with time of persistence (duration > 10 years). (A) The majority of participants with tinnitus experience tinnitus unilateral if tinnitus duration was < 5 years. Above 5 years, most participants experienced bilateral tinnitus (Chi-Square Test, P = 0.004). (B) Participants with tinnitus+hyperacusis experienced more bilateral tinnitus independent of tinnitus duration, ending in complete bilaterality of tinnitus for durations longer than 10 years (Chi-Square Test, P = 0.816).


The results suggest that the majority of tinnitus patients undergo a change from unilateral to bilateral tinnitus, and that this process takes a maximum of 10 years, whereas patients with tinnitus and hyperacusis usually have bilateral tinnitus from very early stages.



ABR Wave V Remains Reduced and Delayed in T-Group, and ABR Wave III and V Remain Enhanced and Shortened in TH-Group Over Time

As a most striking overall finding, the wave I (F(4, 285) = 2.481, *P = 0.0441) and V (F(4, 869) = 3.653, **P = 0.0058) amplitudes were smaller (Figure 6A) and the wave V latency prolonged (F(4, 869) = 16.28, ****P < 0.0001, Figure 6B) in the T-group compared to controls, but wave III and V (F(4, 704) = 3.698, **P = 0.0055) was larger (Figure 6C) and shortened (F(4, 704) = 3.698, **P = 0.0055, Figure 6D) in the TH-group (Supplementary Table 4). This occurs with large variations and no clearly gradual changes dependent on tinnitus duration. A few interesting observations on the differences in ABR wave amplitudes and in tinnitus duration are, however, worth mentioning. Although no statistically significant differences for wave I amplitudes could be detected in the TH-group (Figure 6C and Supplementary Table 4) as a function of the years of tinnitus duration, it was noticed that in the T-group a tinnitus persistence of < 5 years was accompanied by reduced amplitudes in wave I, while a tinnitus duration over 5 years lead to ABR wave I that was slightly higher than in control subjects. The same tendency was noted for wave III, however not statistically significant. This suggests that over time, lower auditory brain regions (ABR wave I to III) may start to generate gain related to the increased probability of the co-occurrence of hyperacusis.
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FIGURE 6. Auditory brainstem response wave amplitudes and latencies calculated from ABR responses to 25–75 dB nHL click stimuli. (A, C) Average amplitude of ABR wave I, III, V, and VI for 75 dB nHL stimuli for participants with tinnitus (A) and both, tinnitus+hyperacusis (C) categorized according to the duration of their tinnitus (colored curves) and compared to healthy controls (black dashed line and symbols). The amplitudes for either wave were displaced horizontally according to the average latency of the respective wave (latency, ms). AN, SO, IC, and MG illustrate the presumed brain structure origin for the wave I, II, V, and VI, respectively. (B, D) Peak latency as a function of stimulus intensity for the ABR Wave I, II, V, and VI across the stimulation range from 25 to 75 dB nHL. Peak values were clearly measurable only from 65 to 75 dB nHL. Data represent responses from both ears averaged of n = 33 tinnitus, n = 20 tinnitus+hyperacusis, and n = 43 control participants. Wave V exhibit reduced amplitude and prolonged latency regardless of the duration of the tinnitus in T-group, while in TH-group the increase in the amplitude become more over time. Level of significance is illustrated in the figures (significance to control: *P ≤ 0.05; **P < 0.01; ***P < 0.001; significance within the subgroups: #P ≤ 0.05; ##P < 0.01). For detailed statistics (2-way ANOVA) see Supplementary Table 4. ABR, auditory brainstem response; dB, decibel; nHL, normalized hearing level; AN, auditory nerve; SO, superior olivary complex; IC, inferior colliculus; MG, medial geniculate body of the thalamus.


Peak latencies of ABR wave I, III, and VI were measured for 65 and 75 dB nHL stimuli, and of ABR wave V for 25–75 dB nHL stimulus levels (Figures 6B,D). In the T-group, particularly for latencies of ABR wave V for all stimulus levels (F(4, 869) = 16.28, ****P < 0.0001, Figure 6B), but also with variations dependent on stimulus level for other ABR waves, delayed ABR wave peaks were observed. This trend appeared to be most pronounced for tinnitus durations < 5 years and for higher sound stimulus levels (F(3, 370) = 4.674, **P = 0.0032, Figure 6B). In contrast, wave V latencies in the TH-group were shorter (F(4, 704) = 3.698, **P = 0.0055), especially at the low stimulus levels, and with a trend such that this feature increased with the duration of tinnitus (F(3, 205) = 3.488, *P = 0.0167, Figure 6D).



Central Output to Reduced Auditory Input (Neural Gain) Remained Reduced Over the Years in the T-Group and Enhanced in TH-Group

ABR wave ratio V/I at 75 dB nHL (Figures 7A–C) and 65 dB nHL (Figure 7A insert), and ABR wave ratio III/I at 75 dB nHL (Figures 7D–F) and 65 dB nHL (Figure 7D insert) where either averaged for both T-group and TH-group for all tinnitus durations (Figures 7A,D) or compared for the individual tinnitus durations for the T-group (Figures 7B,E) and TH-group (Figures 7C,F).
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FIGURE 7. Auditory brainstem response (ABR) wave V and wave I relation (V/I ratio) demonstrates increased auditory response gain in tinnitus+hyperacusis participants but not in participants with tinnitus only. (A) ABR wave V/I amplitude ratio averaged for all participants of tinnitus (open bar) and tinnitus+hyperacusis (black bar) participants for 75 dB nHL click stimulus evoked ABR responses compared to healthy controls (gray bar). The inserts show the result at 65 dB nHL. Higher values illustrate a larger auditory output/input relation, that is, a higher efficiency of the auditory input (wave I, generated in the auditory nerve) to generate a larger wave amplitude within the auditory midbrain (wave V, refers to inferior colliculus), referred to as auditory central gain. (B,C) ABR wave V/I ratio for participants with tinnitus and tinnitus+hyperacusis, respectively, categorized according to the time of persistence of their tinnitus (tinnitus duration). The horizontal dashed line marks control level. (D) ABR wave III/I ratio illustrating the efficiency of the auditory input (wave I, generated in the auditory nerve) to generate a larger wave amplitude within the auditory brainstem (wave III, refers to the superior olivary complex), referred to as auditory brainstem gain. (E,F) ABR wave III/I ratio for participants with tinnitus and tinnitus+hyperacusis, respectively, categorized according to their tinnitus duration. At 75 dB nHL T, TH: V/I: P = 0.001, III/I: P = 0.026, 65 dB nHL T, TH: V/I: P = 0.286, III/I: P = 0.958 using Mann-Whitney U-test. At 75 dB nHL T: V/I: P = 0.733, T: III/I: P = 0.430, TH: V/I: P = 0.613, TH: III/I: P = 0.596 using Kruskal-Wallis test. Data represent mean ± standard error (s.e.m.). Level of significance is illustrated in the figures (*P ≤ 0.05; **P < 0.01).


In comparison to control subjects (dotted line), a strikingly reduced ABR wave V/I ratio (Figure 7A) occurred in the T-group. In the TH-group, an enhanced ABR wave III/I (*P = 0.026, Figure 7D) and V/I ratio (**P = 0.001, Figure 7A) was observed for an average of the tinnitus duration groups at 75 dB nHL, but not at 65 dB nHL (Figures 7A,D insert), suggesting that changes in brainstem gain of TH-groups occurs only at higher simulation levels. With increasing tinnitus duration, the ABR wave V/I ratio in the T-group tended to decrease (Figure 7B), while particularly the ABR wave III/I ratio in the TH-group tended to increase over the years of tinnitus duration (Figure 7F). Interestingly, as evident through ABR wave III changes over time in the T-group (Figure 6A), the ABR wave III/I ratio also tended to increase in the T-group over the duration of tinnitus (Figure 7E).

In summary, neural central gain (ABR wave V/I ratio) decreased in the T-group, while ABR wave III/I and ABR wave V/I ratio increased in the TH-group over the duration of tinnitus. In the T-group, not only did over time the ABR wave V/I ratio tend to be more reduced, but ABR wave III/I ratio tended to be less diminished, challenging the concept of an increase in hyperacusis characteristics in tinnitus patients over the time of tinnitus duration.




DISCUSSION

In the present study, tinnitus patients with and without the co-occurrence of hyperacusis were grouped according to the duration of their tinnitus to determine time-dependent changes in objective and subjective hearing assessments. We identified significant differences between the T-group and TH-group in tinnitus loudness and burden, but also in central output auditory responses to reduced auditory input as a function of time that explain previous controversial views of the neural correlate of tinnitus as partially un-diagnosed co-occurrence of hyperacusis.


Hearing Thresholds and Tinnitus Frequency Do Not Differ Between T- and TH-Groups

Although there is no definite criterion for classifying tinnitus by duration, several studies agreed in suggesting that tinnitus with a duration shorter than 1 month be classified as acute, while longer than 6 months of tinnitus would be classified as chronic (28, 29, 35). Thus, the four subgroups selected in the present study would all have to be classified as sub-entity-specific differences of chronic tinnitus.

The tinnitus frequency revealed as a relatively constant and robust factor. Both the duration and the presence of hyperacusis had no influence on the pitch of the tinnitus (Figures 3A,D), at least in our group that included patients with normal hearing thresholds or mostly only mild hearing loss (> 40 dB HL). Importantly, in our study hearing thresholds did not differ between groups or over the duration of tinnitus (Figure 2).

As hearing thresholds in cochlear, sensory-neural hearing loss can mainly be attributed to the electromechanical properties of outer hair cells (OHCs) (36, 37), and previous studies find no difference in hearing threshold or electromechanical properties comparing tinnitus to control groups (36–41), or hyperacusis (5, 42, 43), it was suggested that neither tinnitus nor hyperacusis may be causally linked to the loss of OHCs. Hearing loss was, however, classified as a profound risk factor for tinnitus (10, 41, 43). Indeed, if the loss of hearing thresholds would causally impact the perceived tinnitus frequency, we might expect that with time, the tinnitus frequency would be shifted to lower frequencies, as does the hearing loss in presbycusis subjects (44, 45), a feature that up to now was not reported. The recruitment conditions of the present study, that restricted the participants to those with a mild hearing loss only may be a limitation, however. A later confirmation of the here identified functional biomarker differences for T-group and TH-group may be required in subjects with profound hearing loss.



Tinnitus Loudness Levels Decreased Over Time in the T-Group, but Increased in the TH-Group

We observed tinnitus loudness and distress as first differences that varied between T- and TH-groups and with tinnitus duration. The scores of the G-H-S questionnaire were about twice as high for the TH-group than for the T-group (Figure 3). This means that tinnitus patients who also suffer from hyperacusis are usually much more distressed by their tinnitus than those without hyperacusis, as also observed in previous studies (43, 46).

Although the G-H-S scores in neither group changed in levels over the duration of tinnitus (Figures 3C,F), the intensity of tinnitus, that is, the loudness in dB HL, decreased significantly over time (Figure 3B), but increased in the TH-group (Figure 3E).

This means that in patients with both tinnitus and hyperacusis, the tinnitus loudness in the first 5 years is about half that of the subjects with tinnitus alone, but when the duration is more than 5 years, the loudness is the same in both groups. It also means that in the T-group, a confounding factor is expected to contribute to the ongoing distress levels, reflected in steadily elevated G-H-S scores over the duration of tinnitus, although in this group the tinnitus level declined (Figure 3B). We here suggest that the confounding factor in the T-group is a gradual increase in hyperacusis characteristics. Before we discuss this aspect in more detail, it is important to note that two recent trials also investigated the transition of tinnitus from acute to chronic over a period of 6 months (29, 30) and found that the average tinnitus distress moderately improved over time. Neither of these studies, however, analyzed tinnitus over longer durations or separated its features from the co-occurrence of hyperacusis.



A Risk of Tinnitus Burden Through the Co-occurrence of Hyperacusis Increases Over Time

As mentioned above, in the T-group, constant annoyance and distress, evident in total G-H-S questionaire scores as a function of tinnitus duration (Figure 3C), was seen despite a parallel and on-going decline in tinnitus intensity, particularly for more than 5 years (Figure 3B). This is best explained through a parallel occurrence of an increased distress to low sound levels as identified in this group through increasing HKI scores over tinnitus duration (Figure 4A). Also within the same time scale of tinnitus durations of > 5 years, an increase in bilateral tinnitus was most obvious (Figure 5A). Finally, also within this time scale, in the T-group altered ABR wave III response characteristics, as typically noticed only for the TH-group, were observed (Figures 6A, 7D). Overall, this parallel occurrence of changes in the T-group may reveal an increased probability of exhibiting a co-occurrence of hyperacusis after > 5 years of tinnitus duration.

This hypothesis is strengthend by the following observations: (i) in the TH-group, the co-occurrence of hyperacusis was characterized right from the beginning through an enhanced annoyance and distress level shown in higher G-H-S questionaire thresholds (Figure 3F). This feature was linked to nearly constant hyperacusis scores (Figures 4C,D) and to an increased tinnitus loudness over time (Figure 3E), indicating that with the co-occurrence of hyperacusis, the tinnitus becomes louder and more annoying; (ii) the bilateral experience of tinnitus in the TH-group from the beginning (Figure 5B), together with the higher G-H-S and HKI score thresholds in this group, also from the beginning (Figure 3F) strengthen the concept that bilateral tinnitus is probably linked to the enhanced annoyance of the TH-group. Thus, increased bilateral tinnitus in the T-group with > 5 years of tinnitus duration (Figure 5A) may be associated with the increased HKI scores observed in this group > 5 years of tinnitus duration; (iii) The shift of unilateral- to nearly complete bilateral tinnitus sensation in the T-group, most evident from > 5 years (Figure 5A), also coincided with the appearance of the ABR wave III enhancement that is particularly evident > 5 years (Figure 6A, see next chapter). Enhanced ABR wave III amplitudes are a suggested feature of the co-occurrence of hyperacusis in TH-groups (see below), while an increase in bilateral tinnitus and a worse scoring of tinnitus annoyance was previously also found in tinnitus subjects with the co-occurrence of hyperacusis (46). To date, no study has compared psychometric and psychoacoustic differences using detailed audiometry.



A Risk of Tinnitus Burden Through the Co-occurrence of Hyperacusis Can Be Distinguished Through Objective Differences in ABR Wave Responses

In the present study, profound differences between T- and TH-groups in sound-induced ABR responses were found that support the notion that in future studies T- and TH-groups may be distinguished through reduced and prolonged ABR wave V and reduced ABR wave V/I ratio as a main feature of the T-group (Figures 6A,B, 7A) and enhanced and shortened ABR wave III/V and enhanced ABR wave III/I ratio (Figures 6C,D, 7D) as a characteristic feature of the TH-group (Figures 6A,B). Both characteristics persisted over tinnitus durations of years and were even enhanced in the TH-group over time (Figure 7F). This supports the notion that not tinnitus per se, but tinnitus with the co-occurrence of hyperacusis is the hearing disorder that most needs therapeutic intervention in future studies.

Overall, an increased HKI score in the T-group over time (Figures 4A,B), increased tinnitus bilaterality in the T-group over time (Figure 5A), enhanced ABR wave III response characteristics to high-intense sound stimuli that gradually develop in the T-group > 5 years of tinnitus duration (Figures 6A, 7E), and that revealed a greatly augmented risk of the co-occurrence of hyperacusis with increasing tinnitus duration.



Differences in Neural Correlates Behind T-Group and TH-Group Phenotype Differences

What underlies the reduced and delayed ABR wave V responses in the T-group and enhanced and shortened ABR wave III and wave V response in the TH-group? Here, we may reconsider an ongoing discussion as to whether neural gain (ABR wave V/I ratio) is a marker of tinnitus or not (27, 47). To date, numerous studies have suggested that tinnitus is the result of homeostatic increases in central neural gain [see reviews: (12, 13, 15, 17, 19–22)]. Other studies, including the present findings, proposed that tinnitus is not related to increased central gain (24, 27, 48), but instead occurs when auditory input falls short of the critical firing rate of auditory fibers for increasing neural gain, so that stimulus-evoked responses are diminished in the ascending auditory pathway (23, 24, 48–50). A critical reduction of fast (high spontaneous rate, high-SR) auditory processing has been suggested to be linked to the reduced and delayed late ABR wave V in tinnitus, as diminished fast (high-SR) auditory fiber activity might reduce contrast-amplification circuits that are essential to amplify relevant, and ignore irrelevant, stimuli (47). This implies that tinnitus is brain noise that is ‘heard’ at frequencies of diminished fast (high-SR) auditory processing (47). Disrupted fast (high-SR) auditory processing as a correlate of tinnitus (23, 24, 51) was also suggested to impair fast communication between auditory-specific and fronto-striatal regions and would, therefore, diminish memory-dependent adjustment of stimulus-evoked responses following, for example, acoustic trauma. In the meantime various studies have directly or indirectly supported the notion that tinnitus may be more associated with a reduced neural gain than an enhanced neural gain. This was shown through reduced and delayed late ABR wave V in subacute tinnitus groups (28), reduced sound-evoked BOLD fMRI activity in the auditory cortex (23, 52), reduced functional connectivity observed during sound-evoked activity (39, 53), reduced resting-state functional r-fcMRI connectivity between auditory-specific brain regions and fronto-striatal regions (23, 54) and reductions in the selectivity of frequency tuning that start at the level of the medial geniculate body and continue in the auditory cortex in tinnitus groups (25).

In contrast to the reduced and prolonged ABR wave V responses in the T-group, the TH-group exhibited - as a most characteristic feature - an enhanced and shorter latency wave V and wave III, that even increased further over the duration of tinnitus (Figures 6C,D, 7F). Although to date the neural correlate of hyperacusis is elusive, some studies suggested either an unspecific over-activation of type-II cochlear afferents at the level of OHCs that is triggered by noxious loud sound levels (55, 56) or an over-activation of the auditory brainstem medial olivocochlear (MOC) system (57, 58) to be possibly linked with hyperacusis. Considering the first view, it is important to note that an over-activation of type-II cochlear afferents would activate the posteroventral cochlear nucleus PVCN neurons (59) that project to the contra-lateral MOC neurons located in the SOC complex (60). As a consequence, excessive MOC efferent activity would diminish OHC baseline motile responses and inner hair cell output (58). In the view of previous (47, 51) and present findings, this might further accelerate a critical reduction of fast auditory processing in possibly deafferented cochlear regions in the non-tinnitus side and thereby contribute that over time uni-lateral tinnitus becomes bilateral in the T-group (Figure 5). On the other side the same event of diminished OHCs baseline motile response following excessive MOC efferent activity could trigger in other frequency regions compensating enhanced sound-induced brainstem activity (58). Indeed, hyperactivity of MOC neurons and auditory brainstem regions following acoustic trauma has been observed in previous studies (14, 61–65) and through such an overactive response suggested to contribute to a lowering of loudness tolerance (58). As the MOC neurons are located in the SOC complex (60), the cellular generators of ABR wave III (66), the elevated and shortened ABR wave III and V amplitudes here observed in response to high level sound in the TH-group (Figures 6, 7) could be explained through such an event.

As suggested above, as a most striking finding of the present study, we here describe that these events (reduced ABR wave V and enhanced ABR wave III) can co-occur and do so in the T-group over the duration of tinnitus > 5 years, when also other hyperacusis characteristics progress. This suggests that objective markers for either tinnitus or hyperacusis may have indeed been identified. Keeping this in mind, numerous previously controversial findings of either reduced or enhanced central auditory responses in tinnitus (27, 47, 67) may find a rational explanation. Also, previous studies that included tinnitus patients with unilateral and bilateral tinnitus and only found tinnitus characteristics in the sub-chronical group (28) may reconsider the findings in the context of the present study. Moreover, differences for age, tinnitus laterality, and tinnitus pitch, previously reported between tinnitus groups with and without hyperacusis (43, 46) may be reconsidered, in that bilateral tinnitus may progress in the tinnitus group over time, as suggested here. Finally, previous suggestions that tinnitus characteristics were not related to hyperacusis (43) may reassess this in view of a possible progressive co-occurrence of tinnitus and hyperacusis over time.




CONCLUSION

We identified a reduced and prolonged ABR wave V with developing additively enhanced ABR wave III responses, increased hyperacusis scores, and increased bilaterality, as common features of the T-group that develop over time, a worsening of the tinnitus pathology that may require more medical care than tinnitus alone. Moreover, the different features of tinnitus with and without hyperacusis identified here, may have contributed to currently ongoing controversial views on the neural basis of tinnitus that exist since decades. On the basis of this finding, we urgently recommend changing medical practice toward a sub-classification of tinnitus with and without hyperacusis with a specific emphasis on tinnitus duration. With the objective tools presented here, mutual efforts and harmonized methods may progress to find urgently needed, personalized therapies for tinnitus in ENT clinics.
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