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Evidence of cochlear neural 
degeneration in normal‑hearing 
subjects with tinnitus
Viacheslav Vasilkov 1,2, Benjamin Caswell‑Midwinter 1,2, Yan Zhao 1, Victor de Gruttola 3, 
David H. Jung 1,2, M. Charles Liberman 1,2 & Stéphane F. Maison 1,2*

Tinnitus, reduced sound-level tolerance, and difficulties hearing in noisy environments are the most 
common complaints associated with sensorineural hearing loss in adult populations. This study 
aims to clarify if cochlear neural degeneration estimated in a large pool of participants with normal 
audiograms is associated with self-report of tinnitus using a test battery probing the different stages 
of the auditory processing from hair cell responses to the auditory reflexes of the brainstem. Self-
report of chronic tinnitus was significantly associated with (1) reduced cochlear nerve responses, 
(2) weaker middle-ear muscle reflexes, (3) stronger medial olivocochlear efferent reflexes and (4) 
hyperactivity in the central auditory pathways. These results support the model of tinnitus generation 
whereby decreased neural activity from a damaged cochlea can elicit hyperactivity from decreased 
inhibition in the central nervous system.

An estimated 10–15% of the adult population worldwide experiences tinnitus1,2. The tinnitus percept becomes 
debilitating in 2–4% of the population, causing sleep deprivation, social isolation, anxiety and depression, 
adversely affecting work performance, and resulting in a severe decline in the quality of life3. Most therapeutic 
interventions, including sound maskers4, tinnitus-retraining therapy5, and other cognitive behavioral therapies6, 
are primarily designed to alleviate the distress caused by the tinnitus percept. At this time, there is no cure, and 
silencing tinnitus will remain elusive until its biological origins are established.

Along with difficulties understanding speech in noisy environments, tinnitus is one of the most common 
complaints of patients with sensorineural hearing loss (SNHL). A common model of tinnitus generation postu-
lates that decreased neural activity from a damaged cochlea can elicit hyperactivity from decreased inhibition in 
the central nervous system. In animal models of SNHL, the loss of synaptic connection to inner hair cells leaves 
many surviving spiral ganglion neurons without any spontaneous activity or response to sound7. In contrast, 
central auditory circuits often show increased spontaneous and/or sound-evoked firing, that can be associated 
with behavioral signs of tinnitus8–10 and hyperacusis11,12. This is hypothesized to arise from a maladaptive neural 
compensation, with hyperactivity due to decreased inhibition in the central auditory pathways12–18 in response 
to a loss of peripheral input13,19–23.

The discovery that permanent damage to the cochlear nerve can arise after acoustic overexposure and dur-
ing aging, even when the sensory cells remain intact24,25, reconciled this model with the existence of tinnitus 
in patients with normal audiometric sensitivity26,27. Indeed, this cochlear neural degeneration (CND) does not 
elevate thresholds until it becomes extreme28,29, in part because the most vulnerable neurons are those with high 
thresholds and low spontaneous rates (SRs)30,31 that do not contribute to threshold detection in quiet32.

Tinnitus is common in hearing-loss etiologies in which the underlying pathology is likely to include massive 
CND33, e.g. in patients with Ménière’s disease, vestibular schwannoma, neurofibromatosis of type II and sudden 
SNHL34–39. However, attempts to demonstrate an association between CND and tinnitus in those with normal 
thresholds have produced mixed results. In two studies of young participants, tinnitus was associated with 
speech intelligibility deficits40 or with an estimate of noise exposure history41, two variables closely associated 
with CND as shown in animal42,43 and human studies33,44–46. However, no evidence of peripheral neural deficits 
was found, as assessed via measures of the suprathreshold amplitudes of wave I obtained from Auditory Brain-
stem Responses (ABRs). These results contrast with several reports showing reduced ABR wave I amplitudes in 
tinnitus patients audiometrically matched to controls47–51. In the latter studies, the observed peripheral neural 
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deficit was associated with an increased central gain, as interpreted from the amplitude of ABR wave V. Additional 
humans studies have linked tinnitus to other metrics thought to assess CND including the middle-ear muscle 
reflex (MEMR)52 or the ratio between the summating potential (SP) and the cochlear nerve response (action 
potential [AP]) as measured via electrocochleography53.

Possible reasons for this discrepancy include (1) the large inter-subject variability in ABR amplitudes54,55 
and tinnitus percept17, (2) the analysis protocols used to extract the cochlear nerve responses from ABR 
waveforms56–58, (3) the stimulus parameters including level, repetition rate and final spectrum reaching the ear, 
and (4) thresholds at extended high frequencies (EHFs), which are not assayed by standard audiometry but can 
respond to stimuli at moderate and high SPLs and thus contribute to auditory evoked potentials. Besides these 
technical differences, group comparisons are complicated by the likelihood that some control subjects have 
cochlear damage that does not cause tinnitus, as central changes must underlie the development of a phantom 
percept16.

Another way to gain insight into CND and possible changes in auditory central gain is to assay the feedback 
reflexes to the auditory periphery, i.e. the MEMR or the medial olivocochlear efferent reflex (MOCR). Although 
loss of afferent signal due to CND should impact the effector neurons of these reflexes, particularly if low-SR 
afferent fibers are over-represented in their ascending inputs59,60, increasing central gain could have opposing 
effects. In one study of normal-hearing humans, subjects with tinnitus showed increased MOCR strength61, 
while in another, MEMR strength was reduced in those with tinnitus52.

To further probe a possible association between CND and tinnitus, we recruited a large cohort of normal-
hearing participants with minimal loss at EHFs (≤ 20 dB HL) and extracted, under computer control, peripheral 
and central markers from both auditory evoked potentials and auditory efferent reflexes.

Materials and methods
This study was approved by the Institutional Review Board of the Massachusetts General Brigham. All aspects 
were conducted in accordance with the relevant regulations of the institution. Recruitment was undertaken 
irrespective of the participant’s tinnitus status.

Inclusion criteria
All participants were native speakers of English, in good health, between the ages of 18 and 72, with no history of 
ear or hearing problems including no history of somatic/objective tinnitus as defined by AAO-HNS guidelines62 
(e.g., pulsatile/whooshing sounds pulsating in synchrony with heartbeat63, or caused by temporo-mandibular 
joint dysfunction64). At the time of testing, all participants had unremarkable otoscopic examinations and normal 
middle-ear function as assessed via the Titan Suite from Interacoustics, with a probe-tone frequency of 226 Hz 
and an ear-canal pressure change ranging from − 300 daPa to + 200 daPa in each ear, to ensure that ear canal 
volume, tympanic membrane mobility and middle-ear pressure were normal. There were no additional inclusion 
criteria beyond the ability to give voluntary informed written consent.

Subject pool and grouping
Three groups of participants were defined based on self-report: (1) those who never experienced tinnitus or 
occasionally heard phantom sounds that emerged and resolved within minutes (control group), (2) those who 
experienced at least one episode of temporary/intermittent tinnitus62,65 of less than six months duration, or (3) 
those who reported a continuous tinnitus percept for more than 6 months62. All participants reporting tinnitus 
completed a questionnaire describing their tinnitus percept, including lateralization and degree of spectral 
complexity66. All questionnaires were completed in a quiet room (not a sound booth) before any testing to ensure 
that the rating of tinnitus percept was not affected by auditory stimulation.

Audiometric thresholds
As described in previous studies44,67,68: audiometric thresholds were obtained using Interacoustics Equinox 4.0 
with the High Hz option. Pure-tone air-conduction (AC) thresholds were measured at standard audiometric 
frequencies from 0.25 to 8 kHz, plus 3 and 6 kHz, using DD45 headphones. To minimize changes in sound levels 
due to standing waves and improve intra-subject reliability of threshold estimates above 8 kHz, we measured 
AC thresholds at extended high-frequencies using warble-tones delivered via a circumaural HDA200 high-
frequency headset. Only participants with normal thresholds (≤ 20 dB HL) and mean audiometric thresholds 
at EHFs (measured at 9, 10, 11.2, 12.5, 14 and 16 kHz) below or equal to 20 dB HL were included in this study.

Auditory brainstem responses/electrocochleography
Subjects’ ear canals were prepped by scrubbing with a cotton swab coated in Nuprep®. Electrode gel was applied 
on the cleaned portion of the canal and over the gold-foil of ER3- 26A/B tiptrodes before insertion. A horizontal 
montage was used, with a ground on the forehead at midline, one tiptrode as the inverting electrode and the other 
as the non-inverting electrode in the opposite ear. Low (< 5 kΩ) and balanced impedance readings were obtained 
with inter-electrode impedance values within 2 kΩ of each other. Stimuli were generated by our custom rig and 
stimulus waveforms were transduced and delivered via silicone tubing connected to ER-3A insert earphones. 
Stimuli were 100 µs-clicks delivered at either 125 or 110 dB pSPL in alternating polarity at a rate of 9.1 or 40.1 Hz 
in the presence or absence of a 90-ms forward masker (8–16 kHz, 5-ms ramp) terminating 6 ms before the click 
onset. The spectrum of the masking noise at the output of the ER-3A are described in Grant et al. (2020)44. The 
total noise dose for all ECochG measurements was well within OSHA and NIOSH standards. Data acquisition 
was handled by the Interacoustics Eclipse hardware and software. Electrical responses were amplified 100,000×, 
and 2000 sweeps were averaged for each recording. Average traces acquired by the Eclipse software (passband 
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[3.3–5000 Hz]) were exported to Matlab for further analyses using custom scripts. Specifically, ECochG wave-
forms were processed as described in Vasilkov et al.69 through two Infinite Impulse Response (IRR) filters with 
a steepness of 0.95 and a stopband attenuation of 60 dB to separate the contributions of auditory-nerve spikes 
from other generators69. The cutoff frequencies were [3.3–470 Hz] for the low-pass filter and [470–3000 Hz] for 
the bandpass filter.

Middle‑ear muscle reflex
As described in Mepani et al.68, stimulus generation and data acquisition were controlled by our custom rig based 
on 24-bit digital input–output boards from National Instruments in a PXI chassis, with custom software control 
via LabVIEW. Response and stimulus waveforms, to and from the input–output boards, were transduced via 
microphone and dual sound sources in an ER-10X system (Etymotics Research). Changes in ear-canal sound 
pressure to a click probe were evoked by an ipsilateral noise elicitor. Specifically, we use a pair of 100-μs clicks 
at 95 dB pSPL separated by a 500-ms elicitor (white noise burst with a 2.5 ms ramp) presented 30 ms after the 
first click and preceding the second by 5 ms. This click-noise-click complex was repeated every 2035 ms, leav-
ing 1.5 s of silence between noise bursts to allow relaxation of the MEMs. Four complexes were presented at 
each elicitor level, and elicitor level was raised in 5 dB steps from 40 to 95 dB SPL. To eliminate click-evoked 
otoacoustic emissions, the waveforms were truncated at 2 ms after the peak of the click. For each ear, the entire 
process was repeated three times and averaged. For each average, the spectral difference (gain) between the two 
click waveforms was computed.

Threshold was defined as the lowest elicitor level at which the gain emerged from the noise floor by 1 stand-
ard deviation in the following conditions: (1) within a 1,000 Hz wide band where the largest magnitude of the 
ear canal SPL was recorded; (2) within a 1,000 Hz wide band where the largest gain was recorded across the 
500–5000 Hz window; (3) within a 1,000 Hz band centered on the frequency where the lowest threshold was 
recorded across the 500–5000 Hz window; (4) across the summed gains within the 500–2000 Hz window; and 
(5) across the summed gains within the 500–5000 Hz window. To compute MEMR strength, the absolute values 
of the gain were summed across the above bands/windows for an elicitor level of 95 dB SPL.

Medial olivocochlear reflex
Transient-evoked otoacoustic emissions (TEOAEs) were measured in each ear in response to 500 sweeps of a 
4-click complex (32.5 ms inter-click interval) in non-linear mode, where the first 3 clicks were presented at 65 dB 
peak SPL and the fourth was 9.5 dB higher and inverted in polarity. The summed response, i.e., the non-linear 
component, was windowed to include times from 4 to 23 ms after the peak of the click response, high-pass fil-
tered from 750 Hz and Fourier transformed to produce the spectrum of the TEOAEs. Responses were compared 
with vs. without a contralateral elicitor consisting of a continuous broadband noise presented prior initiating the 
ipsilateral click train. The medial olivocochlear reflex (MOCR) was measured as the average difference between 
the TEOAE spectra in the frequency band between 1 and 2.8 kHz, as suggested by a detailed comparison of 
different techniques for measuring MOCR70. To be included, each TEAOE must be at least 5 dB above the noise 
floor and present at each measured frequency band (1–2.8 kHz).

Statistical analyses
Inter-group age differences were assessed using a one-way ANOVA. Chi-squared tests were used to assess equal-
ity of proportions across groups. The binary outcomes considered were sex, concussion, anxiety/depression, 
difficulties hearing in noise and occupational/recreational noise exposure).

Audiometric threshold differences were analyzed using linear regression to evaluate the group effect across 
frequencies. The intermittent-tinnitus group’s threshold was defined as reference category, to which both no 
tinnitus and chronic tinnitus groups were compared.

To investigate the joint effect of predictor variables on outcomes, mixed-effects multivariable regression 
models were fit, with a random intercept for each participant. These models allow for the presence of correlation 
between outcome measures that are done independently on each ear. Predictor variables included mean threshold 
at standard audiometric frequencies, mean thresholds at EHFs, sex, history of concussion and tinnitus status. 
Threshold and sex were selected as predictor variables because of their previously reported association with the 
variance of auditory evoked-potentials54,71. We selected threshold rather than age, because age and threshold are 
highly correlated68 and there is evidence of age-related neural deficits in normal-hearing subjects as measured 
via ABRs72,73 or in histopathological studies of human temporal bones45,74. Outcomes that were calculated as 
ratios (N1

*/N2
*, N1

*/N3
* and N1

*/N5
*) were log transformed to make their distributions more symmetric. The rare 

negative values of these quantities were assigned the value of 0.01.
A permutation test was conducted to test whether the lowpass waveforms differed in amplitude across groups 

within the first 6 ms. The test was performed by randomly permuting group labels 10,000 times and recording 
the average difference in amplitude for each permutation. Two-sided p-values were obtained by comparing each 
test statistic with the associated permutation distribution.

Results
We sought to determine if the inferred CND of individuals with normal audiograms was correlated with their 
self-report of chronic tinnitus using a test battery probing the different stages of the auditory processing from 
the hair cell responses of the inner ear to the auditory reflexes of the brainstem.

We recruited 294 subjects (140 females, 154 males), from 18 to 72 years old, with normal audiometric thresh-
olds in both ears and with mean thresholds at EHFs (9–16 kHz) ≤ 20 dB HL (Fig. 1D). Each participant completed 
a series of questionnaires regarding their medical history related to ear or hearing, including a thorough tinnitus 
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screening75. A total of 201 participants reported no previous experience with tinnitus (“no tinnitus” group) 
beyond the transient perception of a sound that emerged and resolved within a minute76. 64 participants had 
experienced a temporary/intermittent tinnitus, often associated with a recent episode of noise exposure (e.g., after 
attending a concert) or certain medications77. These participants, along with those having experienced a constant 
subjective tinnitus62,65 for less than 6 months duration were included in the “intermittent tinnitus” group. Lastly, 
29 participants included in the “chronic tinnitus” group62 were experiencing a constant subjective tinnitus for at 
least 6 months. All but one participant from the latter group reported tinnitus bilaterally.

As shown in Fig. 1A, there were no significant age differences across groups (one-way ANOVA, p = 0.507); 
however, sex differences were highly significant (Chi-squared tests, p < 0.001): while a majority of participants 
from the no tinnitus group were female (~ 57%), ~ 85% of those with chronic tinnitus were male (Fig. 1B). Those 
with chronic tinnitus reported a previous concussion, anxiety and/or depression, misophonia and difficulties 
hearing in noisy environments more often than those who never experienced tinnitus (Chi-squared tests, see 
Fig. 1C). When present, the tinnitus percept was typically described as a high-pitched ringing (Fig. 1E). Inter-
estingly, self-report of recreational or occupational exposures to loud sounds was not different across groups 
(Chi-squared tests, p = 0.371). Per inclusion criteria, all participants had normal audiometric thresholds; however, 
as illustrated in Fig. 1D, participants with chronic tinnitus showed significantly poorer hearing sensitivity, par-
ticularly at EHFs, when compared to the no-tinnitus or intermittent-tinnitus groups (Suppl. Table S1). Threshold 
differences between the no-tinnitus and intermittent-tinnitus groups were not significant (Suppl. Table S1).

Auditory brainstem responses
To probe the relationship between tinnitus and CND, we measured auditory-evoked potentials from each par-
ticipant via ABRs/electrocochleography (ECochG). As illustrated in Fig. 2A, the early responses of ECochG 
waveforms include both the summating potential (SP), a mixture of pre- and post-synaptic analog potentials, and 
the action potential (AP), the summation of all-or-nothing spikes from the auditory nerve. As noted in previous 
studies44,58,68,69, it is important to differentiate Wave I from AP, as the AP rides on top of the summating potential 
(SP) “pedestal” that arises from multiple generators of different polarities56,57 (sensory cells, non-spiking and 
spiking neural components). Likewise, measuring N1P1 is suboptimal, because the P1 includes the repolarization 
phase of short-latency auditory-nerve spikes that can be cancelled by the depolarization phases of longer latency 
spikes from more apical locations, as well as by early spikes from the cochlear nucleus. As recently described69, 
we use high-pass filtering method (Fig. 2B) to separate the neural spiking components from other cellular 
generators and to identify, under computer control, each EcochG marker, defining AP* as the trough-to-peak 
amplitude within the first 1.5 ms as a measure of the cochlear nerve response. Given that tinnitus has been linked 
to hyperactivity in central auditory pathways8,78, we also analyzed the amplitude ratios, latencies, and inter-peak 
latencies of the later waves II, III, and V (also known as N2, N3 and N5).

As described in “Materials and methods”, a mixed-effects regression analysis was used to determine the joint 
effect of thresholds (at standard or extended high frequencies), sex, history of concussion and tinnitus status on 
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Figure 1.   Patient characteristics. (A) Box and whisker plots of participant ages, grouped based on tinnitus 
status. (B) Sex distribution for each group of participants. (C) Survey results obtained from the medical history 
and questionnaires. (D) Audiometric thresholds at standard and extended high frequency (EHFs; grey box) 
for each group. Dotted line at 20 dB HL separates normal hearing from hearing loss, as defined in clinical 
settings. (E) Survey results from participants reporting tinnitus describing their tinnitus percept. Legend in (C) 
shows the number of participants in each group and applies to all panels. Significance of group differences are 
indicated by brackets: *p < 0.05, **p < 0.01; ***p < 0.001.
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EcochG variables. As shown in Table 1, EHF thresholds and chronic tinnitus were significant predictors of AP* 
amplitude, including when concussion and sex were added as predictors and when interactions between sex 
and groups were considered. In other words, chronic tinnitus remains a significant predictor of AP* amplitude 
even when differences in thresholds, sex and past history of concussion are accounted for. Pairwise comparisons 
further show that patients with chronic or intermittent tinnitus had significantly smaller AP* amplitudes and 
greater N2

*/N1
* and N3

*/N1
* amplitude ratios when compared to the no tinnitus group (Suppl. Table S2, Fig. 2). 
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Figure 2.   Participants with chronic tinnitus show peripheral neural deficits associated with increases in central 
gain. (A,B) Averaged click-evoked ECochG (± SEMs) obtained from each group. Baseline is defined as the mean 
pre-onset amplitude (− 2 to 0 ms). When extracted by visual inspection (A), the Summating Potential (SP) is 
defined as the difference between baseline and the last inflection point on the rising phase of the first peak after 
stimulus onset (1–2 ms). (N1); the Action Potential (AP) is defined as the amplitude difference between SP and 
N1. When analyzed under computer control after band-pass filtering (0.47–3 kHz), AP* is defined as the trough-
to-peak amplitude of the first wave. Legend in A also applies to (B). (C–E) Measures of mean (± SEM) latencies 
(C), amplitudes (D) and amplitude ratios (E) as extracted from individual filtered waveforms and averaged for 
each group. Legend in (C) also applies to (D) and (E). Significance of group differences after adjusting for EHFs 
is indicated: *p < 0.05, **p < 0.01; ***p < 0.001.

Table 1.   Mixed-effects regression analysis with AP* amplitude as outcome variable. Chronic chronic tinnitus 
group, CI confidence interval, Cond. Conditional, EHFs thresholds at extended high frequencies, Est. estimates, 
Intermittent intermittent tinnitus group, Marg. marginal. Significant values are in bold.

Predictors Est CI p

(Intercept) 0.171 0.148 to 0.195  < 0.001

Standard 0.000 − 0.002 to 0.003 0.945

EHFs − 0.002 − 0.002 to − 0.001  < 0.001

Concussion − 0.011 − 0.038 to 0.017 0.438

Sex 0.020 − 0.002 to 0.043 0.078

Chronic − 0.042 − 0.078 to − 0.006 0.021

Intermittent − 0.005 − 0.037 to 0.028 0.782

Sex × chronic 0.058 − 0.010 to 0.127 0.095

Sex × intermittent − 0.020 − 0.067 to 0.028 0.418

Random effects

 σ2 0.00

 τ∞ 0.00ID

 ICC 0.66

 N 199ID

Observations 387

Marginal R2 0.138

Conditional R2 0.711
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These results are consistent with peripheral neural deficits and increased central activity in “normal-hearing” 
participants with chronic tinnitus.

Interestingly, patients who reported intermittent tinnitus had AP* amplitudes, as well as N2
*/N1

* and N3
*/N1

* 
ratios, that were intermediate between no-tinnitus controls and chronic tinnitus (Fig. 2D,E). However, mixed-
effects regression did not show a significant predictive power of the intermittent tinnitus status on AP* amplitude 
(Table 1). This result is not surprising, given the limited tinnitus durations in this group. Thus, in the analysis 
that follows, we will only compare no-tinnitus controls to those with chronic tinnitus.

Effects of forward masking and rate of stimulus presentation
The click-evoked responses were obtained in presence or in absence of a forward masker devised to explore the 
contribution of EHFs (Fig. 3). The masker was set at 25 dB above masker threshold, as assessed behaviorally in 
each individual. Presenting of a forward masker should decrease the neural component of the response (e.g., AP*) 
without affecting the hair cell responses. Pairwise comparisons showed that, indeed, controls had significantly 
smaller AP* amplitudes when the masker was present; an effect that was interestingly absent in the chronic tin-
nitus group (Suppl. Table S3, Fig. 3B1). However, masker-induced amplitude reductions were not statistically 
significant between groups (Fig. 3B2, Table 2).

Given prior reports suggesting that reductions in masker-evoked latency shifts are a marker of CND79, we 
also considered the effect of masking on response latencies. Here, the masking-evoked delays in N1, N2, N3 and 
N5 latencies and prolongation of the N1-N5 inter-peak latency seen in controls (Suppl. Table S3, Fig. 3A1) were 
absent in the chronic tinnitus group. Inter-group comparisons of masking effects were significant for N3 and N5 
latencies, and for N1

*-N5
* inter-peak latency, even after adjusting for EHFs (Fig. 3A2, Table 2).

To further explore the robustness of cochlear neural responses, we assessed their fatigability by increasing 
the click rate. As expected, increasing the presentation rate from 9.1 Hz to 40.1 Hz led to longer peak latencies 
and N1-N5 interpeak latency (Fig. 4A1) and smaller AP* amplitudes (Fig. 4B1) in both groups (Suppl. Table S4, 
Fig. 4). However, those with chronic tinnitus had significantly smaller effects on AP* amplitude (Fig. 4B2), even 
after adjusting for EHFs (Table 3).

Effects of stimulus presentation level
To further probe the contribution of high-threshold, low-SR fibers, we measured ABR responses at two click 
levels: a moderate level designed to saturate the low-threshold fibers and a higher level to additionally recruit 
the high-threshold fibers. If CND is selective for low-SR fibers, the difference between response at the two levels 
should be smaller in those with CND. Indeed, only controls showed a significant level effect on AP* (Fig. 5B1, 
Suppl. Table S5). However, the chronic tinnitus group had poorer EHF thresholds, which could limit spread of 
excitation as stimulus level increases. Indeed the intergroup differences in this stimulus-level effect didn’t reach 
the statistically significant level after adjusting for EHFs (p = 0.079, Fig. 5A2, B2, C2; Table 4).

Assessment of auditory efferent reflexes
Animal studies80,81 have shown that the MEMR can be a sensitive metric of CND, because low-SR fibers may 
be especially important in driving this sound-evoked feedback82. Here, MEMR strength and threshold were 
assessed using a pair of click probes flanking an ipsilateral noise elicitor83. Because the offset time constant of 
MEM effects is ~ 100 ms84, the ear-canal response to the second click is modified by lingering effects of MEM 
contraction on middle-ear reflectance, as illustrated in Fig. 6A. This custom wideband method yields lower 
reflex thresholds than those seen with clinical audiology equipment68. Due to the spectral complexity of the 
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changes in ear-canal sound pressure caused by the MEM contractions (Fig. 6B), we quantify both threshold and 
strength of the MEMR in 5 different spectral locations (Fig. 6A,B). Mixed-effects regression analyses were used 
to determine the joint effect of audiometric thresholds (at standard or extended high frequencies), and tinnitus 
status on MEMR threshold or strength. As shown in Table 5, only tinnitus status had a significant predictive 
effect on MEMR metrics. Specifically, MEMR thresholds were elevated (in 4 out of 5 spectral window chosen 
for analysis, Table 5, Suppl. Table S6) and MEMR strength was weaker (in 2 out of 5 analysis windows, Table 5, 
Suppl. Table S6) in participants with chronic tinnitus.

The sound-evoked medial olivocochlear reflex (MOCR) is also driven by auditory nerve activity and could 
provide insight into the degree of CND in subjects with normal thresholds. To assess the strength of this binaural 
reflex, we measured the changes in transient-evoked otoacoustic emissions (TEOAEs) produced by a contralat-
eral noise (Fig. 7). In contrast to the results with the MEMR, participants with chronic tinnitus showed larger 
MOCR-evoked suppressive effects on TEOAEs over much of the analysis window (Fig. 7C, Suppl. Table S7).

Table 2.   Mixed-effects regression models of masker effect as a function of tinnitus status and EHFs on ABR 
variables. Adj. adjusted, Chronic chronic tinnitus group, CI confidence interval, EHFs thresholds at extended 
high frequencies, Est. estimates. Significant values are in bold.

Predictors

On AP* amp On log (N1*/N2*) On log (N1*/N3*)

Est CI p Est CI p Est CI p

(Intercept) − 0.039 − 0.050 to − 0.028  < 0.001 − 0.230 − 0.339 to − 0.120  < 0.001 − 0.211 − 0.316 to − 0.106  < 0.001

Chronic 0.020 − 0.006 to 0.047 0.135 0.008 − 0.253 to 0.268 0.955 − 0.058 − 0.308 to 0.192 0.650

EHFs 0.000 − 0.001 to 0.001 0.521 0.008 − 0.000 to 0.016 0.054 0.010 0.002 to 0.017 0.011

Random effects

 σ2 0.00 0.30 0.21

 τ∞ 0.00ID 0.17ID 0.19ID

 ICC 0.42 0.36 0.47

 N 158ID 158ID 158ID

Observations 298 298 298

Marginal R2 0.014 0.015 0.027

Conditional R2 0.424 0.371 0.487

Predictors

On log(N1*/N5*) On N1* lat On N2* lat

Est CI p Est CI p Est CI p

(Intercept) − 0.138 − 0.244 to − 0.031 0.012 0.039 0.014 to 0.063 0.002 0.030 − 0.003 to 0.064 0.079

Chronic − 0.181 − 0.436 to 0.073 0.162 − 0.018 − 0.077 to 0.040 0.535 − 0.056 − 0.137 to 0.024 0.170

EHFs 0.007 − 0.000 to 0.015 0.056 0.001 − 0.001 to 0.003 0.286 0.003 0.000 to 0.005 0.022

Random effects

 σ2 0.19 0.01 0.02

 τ∞ 0.21ID 0.01ID 0.02ID

 ICC 0.53 0.38 0.50

 N 158ID 158ID 158ID

Observations 298 298 298

Marginal R2 0.022 0.006 0.027

Conditional R2 0.538 0.379 0.510

Predictors

On N3* lat On N5* lat On N1*–N5* lat

Est CI p Est CI p Est CI p

(Intercept) 0.082 0.047 to 0.117  < 0.001 0.093 0.053 to 0.134  < 0.001 0.052 0.008 to 0.095 0.019

Chronic − 0.101 − 0.183 to − 0.018 0.017 − 0.133 − 0.229 to − 0.036 0.007 − 0.115 − 0.219 to − 0.011 0.030

EHFs 0.003 0.000 to 0.005 0.036 0.002 − 0.001 to 0.005 0.111 0.002 − 0.001 to 0.005 0.283

Random effects

 σ2 0.03 0.03 0.03

 τ∞ 0.02ID 0.03ID 0.04ID

 ICC 0.37 0.43 0.54

 N 158ID 158ID 158ID

Observations 298 298 298

Marginal R2 0.037 0.039 0.026

Conditional R2 0.392 0.457 0.551
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Discussion
We estimated CND in a large sample of normal hearing participants using a test battery designed to probe dif-
ferent stages of the auditory system. Self-reports of chronic subjective tinnitus were associated with cochlear 
neural deficits, weaker MEMRs and stronger MOCRs, even when differences in sex and thresholds at standard 
frequencies or EHFs were accounted for.

The vast majority of our chronic tinnitus group were male, had poorer audiometric thresholds, particularly 
above 3 kHz, and reported more difficulties hearing in noisy environments than controls (Fig. 1). These obser-
vations are in agreement with reports showing that age-related hearing loss before age 65 is more prominent in 
males33, particularly at 4 kHz, as seen in patients with a history of noise exposure85,86. Also consistent with the 
literature87–92, our chronic tinnitus participants reported a history of concussion and symptoms of anxiety and/
or depression more often than controls (Fig. 1). Interestingly, participants in our study with chronic tinnitus 
did not report more noise exposure than controls despite reporting more difficulties hearing in noisy environ-
ments, as seen in other studies40. The latter result is not surprising, given that the accuracy of self-reports of 
noise exposure is limited by the participant’s recall and greatly dependent on the number and repetitiveness of 
exposure episodes93.

CND is associated with tinnitus
Prior histopathological studies from animal and human temporal bones have shown that the rate of cochlear 
neural loss greatly surpasses the rate of sensory cell loss in the aging and noise-exposed ear24,45,74. It is hypoth-
esized that the loss of these neurons translates into perceptual anomalies, including tinnitus, via an induction of 
central gain adjustment secondary to loss of afferent input to the auditory central nervous system51. To test this 
hypothesis, we assessed the peripheral neural responses of “normal-hearing” participants with chronic tinnitus 
and compared them to age-matched controls using ABRs/electrocochleography, as the suprathreshold amplitude 
of ABR wave I is correlated with the synaptic loss when cochlear thresholds remain (or return to) normal24,94,95.

We found that tinnitus status was a significant predictor of cochlear neural responses, even after accounting 
for sex, threshold, and history of concussion, suggesting that normal hearing participants reporting chronic 
tinnitus have peripheral neural deficits. The fact that participants reporting intermittent tinnitus showed an 
intermediate phenotype further suggest that tinnitus sustainability may be dependent on the degree of peripheral 
neural damage.

Recruitment of different SR groups vs. different cochlear regions to the ABR response
Many response characteristics of cochlear nerve fibers depend strongly on SR. The relationship between thresh-
old and SR has suggested there are three distinct SR groups: low, medium and high, with progressively lower 
thresholds and constituting 15%, 25% and 60% of the total population, respectively96. Animal studies of age-
related, drug-induced, and noise-induced cochlear damage suggest that the low- and medium-SR groups are 
more vulnerable than high-SR fibers31,97. Since low- and medium-SR group are also more resistant to masking, 
it has been hypothesized that CND may underlie the difficulties hearing noise that are so common in SNHL.

We compared the click-evoked ABR responses under several stimulus conditions to gain insight into which 
frequency regions and/or SR groups were contributing to the electrophysiological response differences between 
the chronic tinnitus vs. no tinnitus groups. The utility of click-evoked ABRs in assessing CND has been chal-
lenged given that low-SR fibers (≤ 0.5 spikes/sec) have relatively small onset responses and thus contribute 
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less to a compound neural response97. However, CND affects fibers with SRs < 18 spikes/s which also includes 
medium-SR fibers with onset responses as robust as those of high-SR fibers97.

Here, the no-tinnitus group showed a significant decrement in cochlear neural response when an EHF forward 
masker was added, whereas the chronic tinnitus group did not (Fig. 3B1). One interpretation is that this arises 
from the selective loss of low- and medium-SR fibers. Since these fibers are slower to recover from a forward 
masker98, a normal ear would show a larger fractional response decrement than an ear in which there were no 
low-SR fibers in the EHF regions. However, the masker-probe interval in our study was only 6 ms, and the recov-
ery time constant of even the high-SR fibers is ~ 100 msec99. Thus, all SR groups responding to the masker would 
likely still be highly fatigued at 6 ms post masker offset, and a selective loss of low-SR fibers does not provide the 
most likely explanation. Another possibility is that, due to their naturally high threshold, the low- and medium-
SR fibers are not responding to the masker and thus are not fatigued96,100,101. In that case, an ear with no low- or 
medium-SR fibers should show a larger masking effect than a normal ear, yet, here, the chronic tinnitus group 
showed a smaller masking effect. Perhaps the simplest interpretation is that this arises from a reduction in the 
number of EHF neurons of all SR groups in the chronic tinnitus participants, and thus in their reduced frac-
tional contribution to the unmasked ABR. The adjustment for EHF thresholds does not eliminate the intergroup 
difference, because primary neural degeneration would not manifest itself in the threshold measurements24,29.

Table 3.   Mixed-effects regression models of rate effect as a function of tinnitus status and EHFs on ABR 
variables. Adj. adjusted, Chronic chronic tinnitus group, CI confidence interval, EHFs thresholds at extended 
high frequencies, Est. estimates. Significant values are in bold.

Predictors

On AP* amp On log (N1*/N2*) On log (N1*/N3*)

Est CI p Est CI p Est CI p

(Intercept) − 0.095 − 0.105 to − 0.085  < 0.001 − 0.109 − 0.255 to 0.037 0.141 − 0.196 − 0.323 to − 0.068 0.003

Chronic 0.026 0.002 to 0.050 0.033 0.013 − 0.341 to 0.367 0.943 − 0.081 − 0.390 to 0.228 0.608

EHFs 0.001 0.000 to 0.002 0.009 − 0.004 − 0.014 to 0.006 0.449 0.003 − 0.006 to 0.013 0.481

Random effects

 σ2 0.00 0.34 0.32

 τ∞ 0.00ID 0.42ID 0.29ID

 ICC 0.48 0.56 0.48

 N 160ID 160ID 160ID

Observations 301 301 301

Marginal R2 0.055 0.002 0.002

Conditional R2 0.508 0.559 0.477

Predictors

On log(N1*/N5*) On N1* lat On N2* lat

Est CI p Est CI p Est CI p

(Intercept) − 0.207 − 0.339 to − 0.076 0.002 0.098 0.068 to 0.128  < 0.001 0.131 0.078 to 0.185  < 0.001

Chronic − 0.218 − 0.537 to 0.101 0.180 0.040 − 0.032 to 0.112 0.273 0.016 − 0.113 to 0.144 0.812

EHFs 0.000 − 0.009 to 0.009 0.960 − 0.000 − 0.003 to 0.002 0.729 0.002 − 0.002 to 0.006 0.371

Random effects

 σ2 0.24 0.05 0.05

 τ∞ 0.36ID 0.00ID 0.05ID

 ICC 0.61 0.02 0.51

 N 160ID 160ID 160ID

Observations 301 301 301

Marginal R2 0.009 0.004 0.004

Conditional R2 0.609 0.022 0.516

Predictors

On N3* lat On N5* lat On N1*–N5* lat

Est CI p Est CI p Est CI p

(Intercept) 0.256 0.196 to 0.316  < 0.001 0.298 0.237 to 0.360  < 0.001 0.199 0.152 to 0.246  < 0.001

Chronic − 0.008 − 0.152 to 0.136 0.912 − 0.070 − 0.219 to 0.079 0.357 − 0.109 − 0.221 to 0.004 0.058

EHFs 0.002 − 0.002 to 0.006 0.323 0.001 − 0.003 to 0.006 0.543 0.002 − 0.002 to 0.005 0.355

Random effects

 σ2 0.07 0.07 0.07

 τ∞ 0.06ID 0.07ID 0.03ID

 ICC 0.48 0.52 0.27

 N 160ID 160ID 160ID

Observations 301 301 301

Marginal R2 0.004 0.005 0.017

Conditional R2 0.487 0.524 0.280
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The masker-induced latency shift that is normally seen in ABR wave I, and even more prominently in wave V, 
has been attributed to a shift from high- to low-SR fiber responses: the latter have longer latencies and are more 
resistant to maskers. Thus, normal ears show a large latency shift with increasing masker level, while neuropathic 
ears (without low- or medium-SR fibers) do not102. Here, we saw a significant reduction in the masker-induced 
latency shift in the chronic tinnitus ears, which could therefore reflect a selective loss of low/medium-SR fib-
ers. However, a recent single-fiber study of auditory-nerve responses to fixed-frequency tone pips suggested 
that the masker-induced latency shift in ABR peaks likely arises from a shift from high-SR fibers tuned to the 
tone-pip frequency to high-SR fibers in more basal cochlear regions responding (with longer latencies) at the 
low-frequency “tail” of their tuning curves103. Thus, the lack of masker induced latency shift seen here could also 
be due to the relative paucity of fibers in the EHF region, regardless of their SR.

The same basic confound applies to the interpretation of the intergroup differences in level effect shown 
in Fig. 5. As the click level is increased, the response amplitude normally increases both by recruitment of 
high-threshold, low-SR fibers and by recruitment of fibers from all SR groups in the EHF regions96. These high-
frequency fibers are more difficult to stimulate because (1) their absolute thresholds are higher than those in 
the standard frequency range and (2) the frequency response of our acoustic system (the ER-3A) rolls off above 
4 kHz and thus the click spectrum contains relatively less energy at EHFs than at standard frequencies44 (see 
Suppl. Fig. S1). Although a selective loss of low-SR fibers would decrease the level-dependent enhancement of 
ABR amplitudes, so would the loss of neurons of all SRs in the EHF region.

We also probed the contributions of low- and medium-SR fibers to the EcochG by increasing click rate from 
9.1 to 40.1 Hz, given that (1) neural potentials adapt104 at high presentation rates and (2) low- and medium-
SR fibers are more fatigued by increasing stimulus rate than their high-SR counterparts98,99,101. As shown in 
Fig. 4B1,B2, although the AP* amplitude was reduced at high rates in both groups, the chronic tinnitus group 
showed less of a rate effect than the control group. In contrast to the other stimulus manipulations, this one is 
not subject to the EHF confound and would be consistent with a selective loss of low/medium-SR fibers in the 
chronic tinnitus group.

Altogether, the EcochG results strongly suggests a loss of cochlear neurons in the chronic tinnitus group and 
are consistent with the low- and medium-SR fiber population being over-represented in that missing neuron pool.

Auditory efferent reflexes
There are two efferent, sound-evoked neuronal feedback pathways to the auditory periphery: the MEMR and 
MOCR105. Both circuits comprise a three-neuron arc starting with cochlear nerve projections to the cochlear 
nucleus. For both reflexes it has been suggested that the low-SR fibers might be over-represented in the afferent 
limb59,60. For the MEMR, cochlear nucleus neurons project to facial motoneurons, which in turn project to the 
stapedius muscle, but the cochlear nucleus subtype has been poorly characterized105. For the MOCR106, a class 
of multipolar cells in the anteroventral and posteroventral cochlear nucleus project to MOC neurons in the 
superior olivary complex106, which in turn project to cochlear outer hair cells, thus controlling cochlear gain106.

We found that chronic tinnitus was associated with weaker MEMR strengths and higher MEMR thresholds 
(Fig. 6). The significance of the intergroup difference remained after adjusting for threshold and thus cannot 
be attributed to outer hair cell dysfunction, either in the standard or EHF ranges. Our results are in line with 
animal studies showing that CND, as measured histopathologically, correlates with measures of the MEMR80,81. 
In humans, an MEMR study using tonal elicitors, as performed in clinical settings, didn’t find a statistically sig-
nificant association of tinnitus with the MEMR threshold107. On the other hand, when the suprathreshold growth 
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Figure 5.   ECochG markers of chronic tinnitus are stimulus-level dependent. (A1–C1) Mean ABR peak latencies 
(A), amplitudes (B) or amplitude ratios (C) evoked by clicks delivered at 125 dB pSPL vs. 110 dB pSPL (± SEMs). 
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level effects.
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of the MEMR strength was assessed with a more sensitive metric68 similar to our protocol, those with tinnitus 
had significantly weaker MEMRs than those without52.

In contrast to the MEMR effects, but in line with a number of prior studies61,108,109, we observed greater MOCR 
effects in the chronic tinnitus group. This discrepant behavior of the two reflexes could arise from differences 
in the extent to which each is integrated with other central auditory circuits. Indeed, MOC neurons have a rich 
descending projection from the inferior colliculus110, which in turn integrates many ascending and descending 
projections, including from the dorsal cochlear nucleus, where robust hypersensitivity arises after peripheral 
damage110. Increased MOCR effects on otoacoustic emissions are also observed in studies involving visual and 
auditory attention tasks111–113. The stapedius motoneurons, on the other hand, may not be as richly interconnected 
with other major auditory centers114. Therefore, one possible interpretation of these results is that MOC efferents 
in tinnitus participants receive excitatory inputs from higher centers of the auditory pathways due to central gain.

Central gain and tinnitus
As shown here, and in other human studies50,51,115, participants with tinnitus had reduced wave I (AP*) ampli-
tudes but enhanced wave III/I amplitude ratios (reduced N1

*/N3
* ratios: Fig. 2), suggesting a gain boost between 

the response of the cochlear nerve and the inferior colliculus. In our study, these signs of central hyperactivity 

Table 4.   Mixed− effects regression models of stimulus level effect as a function of tinnitus status and EHFs 
on ABR variables. Adj. adjusted, Chronic chronic tinnitus group, CI confidence interval, EHFs thresholds at 
extended high frequencies, Est. estimates. Significant values are in bold.

Predictors

On AP* amp On log (N1*/N2*) On log (N1*/N3*)

Est CI p Est CI p Est CI p

(Intercept) − 0.070 − 0.090 to − 0.050  < 0.001 − 0.027 − 0.300 to 0.245 0.842 − 0.211 − 0.422 to − 0.001 0.049

Chronic 0.038 − 0.004 to 0.080 0.079 0.078 − 0.499 to 0.655 0.790 0.214 − 0.228 to 0.655 0.340

EHFs 0.001 − 0.000 to 0.003 0.083 0.010 − 0.007 to 0.027 0.243 0.013 − 0.000 to 0.027 0.055

Random effects

 σ2 0.00 0.29 0.31

 τ∞ 0.00ID 0.61ID 0.28ID

 ICC 0.25 0.67 0.48

 N 67ID 67ID 67ID

Observations 122 122 122

Marginal R2 0.061 0.015 0.050

Conditional R2 0.294 0.678 0.504

Predictors

On log(N1*/N5*) On N1* lat On N2* lat

Est CI p Est CI p Est CI p

(INTERCEPT) − 0.258 − 0.474 to − 0.043 0.019 0.216 0.169 to 0.262  < 0.001 0.201 0.154 to 0.249  < 0.001

Chronic 0.187 − 0.265 to 0.638 0.415 0.025 − 0.072 to 0.122 0.615 − 0.014 − 0.113 to 0.086 0.786

EHFs 0.011 − 0.003 to 0.025 0.108 − 0.004 − 0.007 to − 0.001 0.022 0.000 − 0.003 to 0.003 0.929

Random effects

 σ2 0.32 0.04 0.03

 τ∞ 0.29ID 0.00ID 0.01ID

 ICC 0.47 0.01 0.18

 N 67ID 67ID 67ID

Observations 122 122 122

Marginal R2 0.036 0.044 0.001

Conditional R2 0.493 0.055 0.181

Predictors

On N3* lat On N5* lat On N1*− N5* lat

Est CI p Est CI p Est CI p

(Intercept) 0.168 0.126 to 0.210  < 0.001 0.141 0.087 to 0.194  < 0.001 − 0.041 − 0.131 to 0.050 0.375

Chronic 0.002 − 0.085 to 0.090 0.956 − 0.044 − 0.155 to 0.068 0.438 − 0.036 − 0.224 to 0.152 0.704

EHFs − 0.000 − 0.003 to 0.002 0.750 0.003 − 0.000 to 0.007 0.077 0.004 − 0.002 to 0.010 0.158

Random effects

 σ2 0.03 0.05 0.08

 τ∞ 0.00ID 0.00ID 0.04ID

 ICC 0.10 0.32

 N 67ID 67ID 67ID

Observations 122 122 122

Marginal R2 0.001 0.029 0.020

Conditional R2 0.101 N/A 0.331
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were also present in wave II but not apparent in wave V. Animal studies116,117 suggest that wave II and III are 
dominated by activity in pathways originating in the ventral cochlear nucleus, with the globular cell and spherical 
cell pathways respectively, but there is also evidence that wave II has contributions from the auditory nerve118. 
Increased excitability of the cochlear nucleus pathways has been shown in guinea pigs following acoustic trauma 
causing permanent threshold shifts119, and increased excitability in the inferior colliculus and cortex have been 
seen in mice following a near-complete cochlear denervation23,43.

While our results on the later ABR waves are largely similar to that seen in previous reports50,51,115,120,121, the 
lack of intergroup differences in Wave V/I amplitude ratio is remarkable. Our passband filtering of the EcochG 
waveforms and the use of baseline-to-peak measure, rather than a trough-to-peak measure for wave V amplitude, 
may contribute to this difference. As illustrated in Fig. 8, intergroup comparison of the low-pass component of 
ABRs indicates an enhancement of the waveform generators at post-Wave I latencies (p < 0.001), consistent with 
hyperactive generators in the central auditory pathways of tinnitus patients.

It is also important to note that CND, irrespective of OHC loss, is unlikely to be sufficient to evoke the central 
changes necessary for the development of a tinnitus percept, as many patients with sensorineural hearing loss 
do not report tinnitus. Beside the central gain observed as the result of cochlear damage23,43, additional failures 
in central auditory pathways (e.g. failure of the thalamic gating16) may be necessary for the development of an 
anomalous perception.

Conclusion
This study clarifies the association between biomarkers of peripheral neural deficits with tinnitus and is consistent 
with the idea that CND may serve as a peripheral trigger for excess central gain43,122,123. Future psychophysical 
measures of tinnitus and sound-level intolerance may help interpret the pathology underlying the changes in 
physiological responses including at higher stages of the auditory system. They may also clarify the role of CND 
in the development and maintenance of central hyperactivity and the engagement of autonomically driven 
changes in the affective responses to sound. In a noise-damaged mouse model, neurotrophin overexpression via 
gene therapy or supplementation via local delivery can elicit regeneration of ANF connections with IHCs124,125. 
Developing diagnostic assays of CND in humans and clarifying its link to the genesis and/or maintenance of 
the tinnitus percept is therefore key to identify candidates for future therapeutics and to track the efficacy of any 
treatments designed to rebuild a damaged inner ear and perhaps reverse the tinnitus percept.

B

G
ai

n 
(d

B)

Frequency (kHz)
.5 1 2 4 6 8.25

2

3

-5

-25

15

5

-15

El
ic

ito
r L

ev
el

 (d
B 

SP
L)

A

Frequency (kHz)
.5 1 2 4 6 8.25

M
ag

ni
tu

de
 (d

B)

20

10

60

40

80

70

50

30

1

40
45
50
55
60
65
70
75
80
85
90
95

St
re
ng

th
Threshold

C

G
ai

n 
(d

B)

Elicitor Level (dB SPL)
40 50 60 70 80 10030

10

0

20

15

5

90

1
2
3
4
5

At highest magnitude
At highest gain
At lowest threshold

0.5- 5 kHz window
0.5- 2 kHz window

4

5

*

Th
re

sh
ol

d 
(d

B 
SP

L)

D
No tinnitus

Chronic
Intermittent

Σ 
R

ef
le

x 
St

re
ng

th
 (a

.u
.)

E

65

60

75

70

10

0

30

50

40

20

**

3 At lowest threshold

Figure 6.   Middle-ear muscle reflex (MEMR) function is reduced in those with chronic tinnitus. (A-C) 
Exemplar data from one subject. Each curve in (A) is the spectrum of the ear-canal sound pressure obtained 
from post-elicitor clicks at one elicitor level, color-coded as shown. (B) Shows the corresponding spectra of 
the difference in sound-pressure waveforms (gain) between the pre- and post-elicitor clicks for each elicitor 
level. (C) is an example of growth function (gain vs. elicitor level) derived from (B). As illustrated by the circled 
numbers, 5 methods were used to compute MEMR thresholds and strengths (see “Materials and methods”). 
(D–E) Mean MEMR thresholds (D) and reflex strengths (E) for each group for one of the 5 methods described 
in (C). Significance of intergroup differences is indicated: *p < 0.05, **p < 0.01; ***p < 0.001.
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Predictors

At highest 
magnitude At highest gain At lowest threshold

Est CI p Est CI p Est CI p

MEMR thresholds

 (Intercept) 80.214 75.653 to 
84.775  < 0.001 70.625 65.615 to 

75.636  < 0.001 60.767 53.320 to 
65.215  < 0.001

 Standard − 0.615 − 1.348 to 
0.117 0.099 0.633 − 0.152 to 

1.417 0.113 0.587 − 0.128 to 
1.302 0.106

 EHFs − 0.012 − 0.227 to 
0.203 0.914 0.015 − 0.224 to 

0.255 0.899 0.105 − 0.104 to 
0.315 0.322

 Chronic 6.501 1.178 to 11.824 0.017 7.567 1.538 to 
13.597 0.014 4.494 − 0.692 to 

9.679 0.089

 Random effects

  σ2 89.17 51.78 88.20

  τ∞ 8.17ID 56.16ID 5.31ID

 ICC 0.08 0.52 0.06

 N 71ID 71ID 71ID

 Observations 104 104 104

 Marginal R2 0.074 0.122 0.107

 Conditional 
R2 0.151 0.579 0.158

Predictors

500–2000 Hz window 500–5000 Hz window

Est. CI p Est. CI p

MEMR thresholds

 (Intercept) 77.439 72.624 to 
82.253 <0.001 73.269 69.234 to 

77.305 <0.001

 Standard 0.033 − 0.726 to 
0.792 0.932 0.152 − 0.487 to 

0.791 0.638

 EHFs − 0.065 − 0.294 to 
0.165 0.576 0.074 − 0.118 to 

0.266 0.446

 Chronic 8.651 2.921 to 14.382 0.003 6.642 1.871 to 
11.412 0.007

 Random effects

  σ2 57.50 43.53

  τ∞ 42.49ID 24.44ID

  ICC 0.42 0.34

  N 71ID 71ID

 Observations 104 104

 Marginal R2 0.095 0.117

 Conditional 
R2 0.480 0.421

Predictors

At highest magnitude At highest gain At lowest threshold

Est. CI p Est. CI p Est. CI p

MEMR strength

 (Intercept) 24.685 12.644 to 
36.727 < 0.001 61.235 43.454 to 

79.017 < 0.001 34.880 21.001 to 
48.759 < 0.001

 Standard 0.797 − 1.096 to 
2.689 0.406 1.064 − 1.736 to 

3.863 0.453 0.508 − 1.694 to 
2.711 0.648

 EHFs − 0.071 − 0.646 to 
0.503 0.806 − 0.316 − 1.164 to 

0.532 0.461 − 0.052 − 0.712 to 
0.608 0.875

 Chronic − 15.181 − 29.583 to 
− 0.780 0.039 − 17.001 − 38.215 to 

4.213 0.115 − 17.021 − 33.398 to 
− 0.645 0.042

 Random effects

  σ2 329.96 751.79 576.10

  τ∞ 293.68ID 609.79ID 267.49ID

  ICC 0.47 0.45 0.32

 N 71ID 71ID 71ID

 Observations 104 104 104

Continued
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Predictors

At highest magnitude At highest gain At lowest threshold

Est. CI p Est. CI p Est. CI p

 Marginal R2 0.055 0.042 0.049

 Conditional 
R2 0.500 0.471 0.350

Predictors

500–2000 Hz window 500–5000 Hz window

Est. CI p Est. CI p

MEMR strength

 (Intercept) 12.983 8.767 to 17.199 < 0.001 119.275 85.23 to 
153.32 < 0.001

 Standard 0.278 − 0.387 to 
0.944 0.409 3.175 − 2.120 to 

8.470 0.237

 EHFs − 0.121 − 0.322 to 
0.080 0.235 − 1.120 − 2.746 to 

0.507 0.175

 Chronic − 3.825 − 8.832 to 
1.182 0.133 − 37.812 − 79.234 to 

3.609 0.073

 Random effects

  σ2 46.07 2054.45

  τ∞ 30.80ID 2956.94ID

  ICC 0.40 0.59

  N 71ID 71ID

 Observations 104 104

 Marginal R2 0.051 0.072

 Conditional 
R2 0.431 0.619

Table 5.   Mixed-effects regression models of stimulus level effect as a function of tinnitus status and EHFs on 
MEMR variables. Adj. adjusted, Chronic chronic tinnitus group, CI confidence interval, EHFs thresholds at 
extended high frequencies, Est. estimates, Standard thresholds at standard audiometric frequencies. Significant 
values are in bold.
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Figure 7.   Medial olivocochlear reflex (MOCR) function is enhanced in those with chronic tinnitus. (A,B) 
Transient-evoked otoacoustic emissions (TEOAEs) were measured in response to clicks with or without a 
contralateral acoustic stimulation (CAS) consisting of a continuous broadband noise. The difference in spectral 
magnitude between 1 and 2.8 kHz defines the MOCR suppression. (C) MOCR suppression is plotted for each 
group of participants as a function of each frequency band or within the 1–2.8 kHz window. Significance of level 
effects are indicated by brackets: *p < 0.05, **p < 0.01.
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Data availability
All relevant data are within the paper and its Supporting Information files. Raw data that support the findings 
of this study are available from the corresponding author, upon reasonable request.

Received: 24 July 2023; Accepted: 4 November 2023

References
	 1.	 Eggermont, J. J. & Roberts, L. E. Tinnitus: Animal models and findings in humans. Cell Tissue Res. 361, 311–336. https://​doi.​

org/​10.​1007/​s00441-​014-​1992-8 (2015).
	 2.	 Henry, J. A., Dennis, K. C. & Schechter, M. A. General review of tinnitus: Prevalence, mechanisms, effects, and management. J. 

Speech Lang. Hear. Res. 48, 1204–1235. https://​doi.​org/​10.​1044/​1092-​4388(2005/​084) (2005).
	 3.	 Dobie, R. A. Depression and tinnitus. Otolaryngol. Clin. N. Am. 36, 383–388. https://​doi.​org/​10.​1016/​s0030-​6665(02)​00168-8 

(2003).
	 4.	 Hobson, J., Chisholm, E. & El Refaie, A. Sound therapy (masking) in the management of tinnitus in adults. Cochrane Database 

Syst. Rev. 11, CD006371. https://​doi.​org/​10.​1002/​14651​858.​CD006​371.​pub3 (2012).
	 5.	 Jastreboff, P. J. 25 years of tinnitus retraining therapy. HNO 63, 307–311. https://​doi.​org/​10.​1007/​s00106-​014-​2979-1 (2015).
	 6.	 Aazh, H., Landgrebe, M., Danesh, A. A. & Moore, B. C. Cognitive behavioral therapy for alleviating the distress caused by tin-

nitus, hyperacusis and misophonia: Current perspectives. Psychol. Res. Behav. Manag. 12, 991–1002. https://​doi.​org/​10.​2147/​
PRBM.​S1791​38 (2019).

	 7.	 Liberman, M. C. & Kiang, N. Y. Acoustic trauma in cats. Cochlear pathology and auditory-nerve activity. Acta oto-laryngologica 
358, 1–63 (1978).

	 8.	 Auerbach, B. D., Rodrigues, P. V. & Salvi, R. J. Central gain control in tinnitus and hyperacusis. Front. Neurol. 5, 206. https://​
doi.​org/​10.​3389/​fneur.​2014.​00206 (2014).

	 9.	 Wang, H., Brozoski, T. J. & Caspary, D. M. Inhibitory neurotransmission in animal models of tinnitus: Maladaptive plasticity. 
Hear. Res. 279, 111–117. https://​doi.​org/​10.​1016/j.​heares.​2011.​04.​004 (2011).

	 10.	 Kaltenbach, J. A. & Afman, C. E. Hyperactivity in the dorsal cochlear nucleus after intense sound exposure and its resemblance 
to tone-evoked activity: A physiological model for tinnitus. Hear. Res. 140, 165–172 (2000).

	 11.	 Martel, D. T. & Shore, S. E. Ventral cochlear nucleus bushy cells encode hyperacusis in guinea pigs. Sci. Rep. 10, 20594. https://​
doi.​org/​10.​1038/​s41598-​020-​77754-z (2020).

	 12.	 Wong, E. et al. Functional magnetic resonance imaging of enhanced central auditory gain and electrophysiological correlates 
in a behavioral model of hyperacusis. Hear. Res. 389, 107908. https://​doi.​org/​10.​1016/j.​heares.​2020.​107908 (2020).

	 13.	 Schaette, R. & Kempter, R. Development of tinnitus-related neuronal hyperactivity through homeostatic plasticity after hearing 
loss: A computational model. Eur. J. Neurosci. 23, 3124–3138. https://​doi.​org/​10.​1111/j.​1460-​9568.​2006.​04774.x (2006).

	 14.	 Parra, L. C. & Pearlmutter, B. A. Illusory percepts from auditory adaptation. J. Acoust. Soc. Am. 121, 1632–1641. https://​doi.​org/​
10.​1121/1.​24313​46 (2007).

	 15.	 Kaltenbach, J. A. Tinnitus: Models and mechanisms. Hear. Res. 276, 52–60. https://​doi.​org/​10.​1016/j.​heares.​2010.​12.​003 (2011).
	 16.	 Rauschecker, J. P., Leaver, A. M. & Muhlau, M. Tuning out the noise: Limbic-auditory interactions in tinnitus. Neuron 66, 

819–826. https://​doi.​org/​10.​1016/j.​neuron.​2010.​04.​032 (2010).
	 17.	 Roberts, L. E. et al. Ringing ears: The neuroscience of tinnitus. J. Neurosci. 30, 14972–14979. https://​doi.​org/​10.​1523/​JNEUR​

OSCI.​4028-​10.​2010 (2010).
	 18.	 Jastreboff, P. J. Phantom auditory perception (tinnitus): Mechanisms of generation and perception. Neurosci. Res. 8, 221–254. 

https://​doi.​org/​10.​1016/​0168-​0102(90)​90031-9 (1990).
	 19.	 Norena, A. J. & Eggermont, J. J. Changes in spontaneous neural activity immediately after an acoustic trauma: Implications for 

neural correlates of tinnitus. Hear. Res. 183, 137–153. https://​doi.​org/​10.​1016/​s0378-​5955(03)​00225-9 (2003).
	 20.	 Henry, J. A., Roberts, L. E., Caspary, D. M., Theodoroff, S. M. & Salvi, R. J. Underlying mechanisms of tinnitus: review and 

clinical implications. J. Am. Acad. Audiol. 25, 5–22. https://​doi.​org/​10.​3766/​jaaa.​25.1.2 (2014).
	 21.	 Schaette, R. Tinnitus in men, mice (as well as other rodents), and machines. Hear. Res. 311, 63–71. https://​doi.​org/​10.​1016/j.​

heares.​2013.​12.​004 (2014).
	 22.	 Eggermont, J. J. Tinnitus and neural plasticity (Tonndorf lecture at XIth International Tinnitus Seminar, Berlin, 2014). Hear. 

Res. 319, 1–11. https://​doi.​org/​10.​1016/j.​heares.​2014.​10.​002 (2015).
	 23.	 Chambers, A. R. et al. Central gain restores auditory processing following near-complete cochlear denervation. Neuron 89, 

867–879. https://​doi.​org/​10.​1016/j.​neuron.​2015.​12.​041 (2016).

Am
pl

itu
de

 ( µ
V)

.1

.2

.3

0

-.1
lowpass

No tinnitus 
Chronic

Time (msec)
0 2 4 5 61 3

Figure 8.   Increase in central gain is also detected in low passed ABR waveforms: Averaged click-evoked 
ECochG (± SEMs) obtained from each group were band-pass filtered (3–470 Hz). Baseline is defined as the 
mean pre-onset amplitude (− 2 to 0 ms).

https://doi.org/10.1007/s00441-014-1992-8
https://doi.org/10.1007/s00441-014-1992-8
https://doi.org/10.1044/1092-4388(2005/084)
https://doi.org/10.1016/s0030-6665(02)00168-8
https://doi.org/10.1002/14651858.CD006371.pub3
https://doi.org/10.1007/s00106-014-2979-1
https://doi.org/10.2147/PRBM.S179138
https://doi.org/10.2147/PRBM.S179138
https://doi.org/10.3389/fneur.2014.00206
https://doi.org/10.3389/fneur.2014.00206
https://doi.org/10.1016/j.heares.2011.04.004
https://doi.org/10.1038/s41598-020-77754-z
https://doi.org/10.1038/s41598-020-77754-z
https://doi.org/10.1016/j.heares.2020.107908
https://doi.org/10.1111/j.1460-9568.2006.04774.x
https://doi.org/10.1121/1.2431346
https://doi.org/10.1121/1.2431346
https://doi.org/10.1016/j.heares.2010.12.003
https://doi.org/10.1016/j.neuron.2010.04.032
https://doi.org/10.1523/JNEUROSCI.4028-10.2010
https://doi.org/10.1523/JNEUROSCI.4028-10.2010
https://doi.org/10.1016/0168-0102(90)90031-9
https://doi.org/10.1016/s0378-5955(03)00225-9
https://doi.org/10.3766/jaaa.25.1.2
https://doi.org/10.1016/j.heares.2013.12.004
https://doi.org/10.1016/j.heares.2013.12.004
https://doi.org/10.1016/j.heares.2014.10.002
https://doi.org/10.1016/j.neuron.2015.12.041


16

Vol:.(1234567890)

Scientific Reports |        (2023) 13:19870  | https://doi.org/10.1038/s41598-023-46741-5

www.nature.com/scientificreports/

	 24.	 Kujawa, S. G. & Liberman, M. C. Adding insult to injury: Cochlear nerve degeneration after “temporary” noise-induced hearing 
loss. J. Neurosci. 29, 14077–14085. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​2845-​09.​2009 (2009).

	 25.	 Sergeyenko, Y., Lall, K., Liberman, M. C. & Kujawa, S. G. Age-related cochlear synaptopathy: An early-onset contributor to 
auditory functional decline. J. Neurosci. 33, 13686–13694. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​1783-​13.​2013 (2013).

	 26.	 Barnea, G., Attias, J., Gold, S. & Shahar, A. Tinnitus with normal hearing sensitivity: Extended high-frequency audiometry and 
auditory-nerve brain-stem-evoked responses. Audiology 29, 36–45. https://​doi.​org/​10.​3109/​00206​09900​90816​44 (1990).

	 27.	 clinical aspects and repercussions. Sanchez, T. G., Medeiros, I. R., Levy, C. P., Ramalho Jda, R. & Bento, R. F. Tinnitus in normally 
hearing patients. Braz. J. Otorhinolaryngol. 71, 427–431. https://​doi.​org/​10.​1016/​s1808-​8694(15)​31194-0 (2005).

	 28.	 Woellner, R. C. & Schuknecht, H. F. Hearing loss from lesions of the cochlear nerve: An experimental and clinical study. Trans. 
Am. Acad. Ophthalmol. Otolaryngol. 59, 147–149 (1955).

	 29.	 Lobarinas, E., Salvi, R. & Ding, D. Insensitivity of the audiogram to carboplatin induced inner hair cell loss in chinchillas. Hear. 
Res. https://​doi.​org/​10.​1016/j.​heares.​2013.​03.​012 (2013).

	 30.	 Schmiedt, R. A., Mills, J. H. & Boettcher, F. A. Age-related loss of activity of auditory-nerve fibers. J. Neurophysiol. 76, 2799–2803 
(1996).

	 31.	 Furman, A. C., Kujawa, S. G. & Liberman, M. C. Noise-induced cochlear neuropathy is selective for fibers with low spontaneous 
rates. J. Neurophysiol. 110, 577–586. https://​doi.​org/​10.​1152/​jn.​00164.​2013 (2013).

	 32.	 Costalupes, J. A., Young, E. D. & Gibson, D. J. Effects of continuous noise backgrounds on rate response of auditory nerve fibers 
in cat. J. Neurophysiol. 51, 1326–1344 (1984).

	 33.	 Grant, K. J. et al. Predicting neural deficits in sensorineural hearing loss from word recognition scores. Sci. Rep. 12, 8929. https://​
doi.​org/​10.​1038/​s41598-​022-​13023-5 (2022).

	 34.	 Merchant, S. N., Rauch, S. D. & Nadol, J. B. Jr. Meniere’s disease. Eur. Arch. Otorhinolaryngol. 252, 63–75. https://​doi.​org/​10.​
1007/​BF001​68023 (1995).

	 35.	 Rosenhall, U. & Karlsson, A. K. Tinnitus in old age. Scand Audiol 20, 165–171. https://​doi.​org/​10.​3109/​01050​39910​90749​49 
(1991).

	 36.	 Eggink, M. C. et al. Human vestibular schwannoma reduces density of auditory nerve fibers in the osseous spiral lamina. Hear 
Res. 418, 108458. https://​doi.​org/​10.​1016/j.​heares.​2022.​108458 (2022).

	 37.	 Rauch, S. D. Meniere’s disease: Damaged hearing but reduced vertigo. Lancet 388, 2716–2717. https://​doi.​org/​10.​1016/​S0140-​
6736(16)​32166-3 (2016).

	 38.	 Okada, M., Parthasarathy, A., Welling, D. B., Liberman, M. C. & Maison, S. F. Idiopathic sudden sensorineural hearing loss: 
Speech intelligibility deficits following threshold recovery. Ear Hear. 42, 782–792. https://​doi.​org/​10.​1097/​AUD.​00000​00000​
000987 (2021).

	 39.	 Merchant, S. N. & Nadol, J. B. Schuknecht’s Pathology of the Ear. 3rd edition. (People’s Medical Publishing House, 2010).
	 40.	 Gilles, A. et al. Decreased speech-in-noise understanding in young adults with tinnitus. Front. Neurosci. 10, 288. https://​doi.​

org/​10.​3389/​fnins.​2016.​00288 (2016).
	 41.	 Guest, H., Munro, K. J., Prendergast, G., Howe, S. & Plack, C. J. Tinnitus with a normal audiogram: Relation to noise exposure 

but no evidence for cochlear synaptopathy. Hear. Res. 344, 265–274. https://​doi.​org/​10.​1016/j.​heares.​2016.​12.​002 (2017).
	 42.	 Monaghan, J. J. M., Garcia-Lazaro, J. A., McAlpine, D. & Schaette, R. Hidden hearing loss impacts the neural representation of 

speech in background noise. Curr. Biol. https://​doi.​org/​10.​1016/j.​cub.​2020.​09.​046 (2020).
	 43.	 Resnik, J. & Polley, D. B. Cochlear neural degeneration disrupts hearing in background noise by increasing auditory cortex 

internal noise. Neuron 109, 984–996 e984. https://​doi.​org/​10.​1016/j.​neuron.​2021.​01.​015 (2021).
	 44.	 Grant, K. J. et al. Electrophysiological markers of cochlear function correlate with hearing-in-noise performance among audio-

metrically normal subjects. J. Neurophysiol. 124, 418–431. https://​doi.​org/​10.​1152/​jn.​00016.​2020 (2020).
	 45.	 Correlationswith Outer Hair Cell Loss and Word-Discrimination Scores. Wu, P. Z., O’’Malley, J. T., de Gruttola, V. & Liberman, 

M. C. Primary neural degeneration in noise-exposed human cochleas. J. Neurosci. 41, 4439–4447. https://​doi.​org/​10.​1523/​
JNEUR​OSCI.​3238-​20.​2021 (2021).

	 46.	 Liberman, M. C., Epstein, M. J., Cleveland, S. S., Wang, H. & Maison, S. F. Toward a differential diagnosis of hidden hearing loss 
in humans. PloS One 11, e0162726. https://​doi.​org/​10.​1371/​journ​al.​pone.​01627​26 (2016).

	 47.	 Bramhall, N. F., Konrad-Martin, D. & McMillan, G. P. Tinnitus and auditory perception after a history of noise exposure: Rela-
tionship to auditory brainstem response measures. Ear Hear. 39, 881–894. https://​doi.​org/​10.​1097/​AUD.​00000​00000​000544 
(2018).

	 48.	 Gu, J. W., Halpin, C. F., Nam, E. C., Levine, R. A. & Melcher, J. R. Tinnitus, diminished sound-level tolerance, and elevated 
auditory activity in humans with clinically normal hearing sensitivity. J. Neurophysiol. 104, 3361–3370. https://​doi.​org/​10.​1152/​
jn.​00226.​2010 (2010).

	 49.	 Bramhall, N. F., McMillan, G. P., Gallun, F. J. & Konrad-Martin, D. Auditory brainstem response demonstrates that reduced 
peripheral auditory input is associated with self-report of tinnitus. J. Acoust. Soc. Am. 146, 3849. https://​doi.​org/​10.​1121/1.​51327​
08 (2019).

	 50.	 Gu, J. W., Herrmann, B. S., Levine, R. A. & Melcher, J. R. Brainstem auditory evoked potentials suggest a role for the ventral 
cochlear nucleus in tinnitus. JARO 13, 819–833. https://​doi.​org/​10.​1007/​s10162-​012-​0344-1 (2012).

	 51.	 Schaette, R. & McAlpine, D. Tinnitus with a normal audiogram: Physiological evidence for hidden hearing loss and computa-
tional model. J. Neurosci. 31, 13452–13457. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​2156-​11.​2011 (2011).

	 52.	 Wojtczak, M., Beim, J. A. & Oxenham, A. J. Weak middle-ear-muscle reflex in humans with noise-induced tinnitus and normal 
hearing may reflect cochlear synaptopathy. eNeuro 4, 1. https://​doi.​org/​10.​1523/​ENEURO.​0363-​17.​2017 (2017).

	 53.	 Kara, E. et al. Assessment of hidden hearing loss in normal hearing individuals with and without tinnitus. J. Int. Adv. Otol. 16, 
87–92. https://​doi.​org/​10.​5152/​iao.​2020.​7062 (2020).

	 54.	 Nikiforidis, G. C., Koutsojannis, C. M., Varakis, J. N. & Goumas, P. D. Reduced variance in the latency and amplitude of the fifth 
wave of auditory brain stem response after normalization for head size. Ear Hear. 14, 423–428. https://​doi.​org/​10.​1097/​00003​
446-​19931​2000-​00008 (1993).

	 55.	 Bharadwaj, H. M. et al. Non-invasive assays of cochlear synaptopathy—candidates and considerations. Neuroscience 407, 53–66. 
https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2019.​02.​031 (2019).

	 56.	 Pappa, A. K. et al. Hair cell and neural contributions to the cochlear summating potential. J. Neurophysiol. 121, 2163–2180. 
https://​doi.​org/​10.​1152/​jn.​00006.​2019 (2019).

	 57.	 Lutz, B. T., Hutson, K. A., Trecca, E. M. C., Hamby, M. & Fitzpatrick, D. C. Neural contributions to the cochlear summating 
potential: Spiking and dendritic components. J. Assoc. Res. Otolaryngol. 23, 351–363. https://​doi.​org/​10.​1007/​s10162-​022-​00842-6 
(2022).

	 58.	 Hancock, K. E., O’Brien, B., Santarelli, R., Liberman, M. C. & Maison, S. F. The summating potential in human electrocochle-
ography: Gaussian models and Fourier analysis. J. Acoust. Soc. Am. 150, 2492. https://​doi.​org/​10.​1121/​10.​00065​72 (2021).

	 59.	 Liberman, M. C. Physiology of cochlear efferent and afferent neurons: direct comparisons in the same animal. Hear. Res. 34, 
179–191 (1988).

	 60.	 Liberman, M. C. & Kiang, N. Y. Single-neuron labeling and chronic cochlear pathology. IV. Stereocilia damage and alterations 
in rate- and phase-level functions. Hear. Res. 16, 75–90 (1984).

https://doi.org/10.1523/JNEUROSCI.2845-09.2009
https://doi.org/10.1523/JNEUROSCI.1783-13.2013
https://doi.org/10.3109/00206099009081644
https://doi.org/10.1016/s1808-8694(15)31194-0
https://doi.org/10.1016/j.heares.2013.03.012
https://doi.org/10.1152/jn.00164.2013
https://doi.org/10.1038/s41598-022-13023-5
https://doi.org/10.1038/s41598-022-13023-5
https://doi.org/10.1007/BF00168023
https://doi.org/10.1007/BF00168023
https://doi.org/10.3109/01050399109074949
https://doi.org/10.1016/j.heares.2022.108458
https://doi.org/10.1016/S0140-6736(16)32166-3
https://doi.org/10.1016/S0140-6736(16)32166-3
https://doi.org/10.1097/AUD.0000000000000987
https://doi.org/10.1097/AUD.0000000000000987
https://doi.org/10.3389/fnins.2016.00288
https://doi.org/10.3389/fnins.2016.00288
https://doi.org/10.1016/j.heares.2016.12.002
https://doi.org/10.1016/j.cub.2020.09.046
https://doi.org/10.1016/j.neuron.2021.01.015
https://doi.org/10.1152/jn.00016.2020
https://doi.org/10.1523/JNEUROSCI.3238-20.2021
https://doi.org/10.1523/JNEUROSCI.3238-20.2021
https://doi.org/10.1371/journal.pone.0162726
https://doi.org/10.1097/AUD.0000000000000544
https://doi.org/10.1152/jn.00226.2010
https://doi.org/10.1152/jn.00226.2010
https://doi.org/10.1121/1.5132708
https://doi.org/10.1121/1.5132708
https://doi.org/10.1007/s10162-012-0344-1
https://doi.org/10.1523/JNEUROSCI.2156-11.2011
https://doi.org/10.1523/ENEURO.0363-17.2017
https://doi.org/10.5152/iao.2020.7062
https://doi.org/10.1097/00003446-199312000-00008
https://doi.org/10.1097/00003446-199312000-00008
https://doi.org/10.1016/j.neuroscience.2019.02.031
https://doi.org/10.1152/jn.00006.2019
https://doi.org/10.1007/s10162-022-00842-6
https://doi.org/10.1121/10.0006572


17

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19870  | https://doi.org/10.1038/s41598-023-46741-5

www.nature.com/scientificreports/

	 61.	 Knudson, I. M., Shera, C. A. & Melcher, J. R. Increased contralateral suppression of otoacoustic emissions indicates a hyper-
responsive medial olivocochlear system in humans with tinnitus and hyperacusis. J. Neurophysiol. 112, 3197–3208. https://​doi.​
org/​10.​1152/​jn.​00576.​2014 (2014).

	 62.	 Tunkel, D. E. et al. Clinical practice guideline: tinnitus. Otolaryngol. Head Neck Surg. 151, S1–S40. https://​doi.​org/​10.​1177/​01945​
99814​545325 (2014).

	 63.	 Sismanis, A. Pulsatile tinnitus. Otolaryngol. Clin. N. Am. 36, 389–402, viii. https://​doi.​org/​10.​1016/​s0030-​6665(02)​00169-x 
(2003).

	 64.	 Saldanha, A. D., Hilgenberg, P. B., Pinto, L. M. & Conti, P. C. Are temporomandibular disorders and tinnitus associated?. Cranio 
30, 166–171. https://​doi.​org/​10.​1179/​crn.​2012.​026 (2012).

	 65.	 Dobie, R. A. in Tinnitus: Theory and Management. (ed editor Snow JB) 1–7 (BC Decker Inc., 2004).
	 66.	 McFadden, D. et al. Tinnitus—Facts, Theories and Treatments (National Academy Press, 1982).
	 67.	 Mepani, A. M. et al. Envelope following responses predict speech-in-noise performance in normal hearing listeners. J. Neuro-

physiol. 125 (2021).
	 68.	 Mepani, A. M. et al. Middle Ear muscle reflex and word recognition in “normal-hearing” adults: Evidence for cochlear synap-

topathy?. Ear Hear. 41, 25–38. https://​doi.​org/​10.​1097/​AUD.​00000​00000​000804 (2020).
	 69.	 Vasilkov, V., Liberman, M. C. & Maison, S. F. Isolating auditory-nerve contributions to electrocochleography by high-pass 

filtering: A better biomarker for cochlear nerve degeneration?. JASA Express Lett. 3, 024401. https://​doi.​org/​10.​1121/​10.​00173​
28 (2023).

	 70.	 Marshall, L. et al. Otoacoustic-emission-based medial-olivocochlear reflex assays for humans. J. Acoust. Soc. Am. 136, 2697–2713. 
https://​doi.​org/​10.​1121/1.​48967​45 (2014).

	 71.	 Stockard, J. E., Stockard, J. J., Westmoreland, B. F. & Corfits, J. L. Brainstem auditory-evoked responses. Normal variation as a 
function of stimulus and subject characteristics. Arch. Neurol. 36, 823–831. https://​doi.​org/​10.​1001/​archn​eur.​1979.​00500​49003​
7006 (1979).

	 72.	 Burkard, R. F. & Sims, D. The human auditory brain-stem response to high click rates: Aging effects. Am. J. Audiol. 11, 12. https://​
doi.​org/​10.​1044/​1059-​0889(2002/​er01) (2002).

	 73.	 Johannesen, P. T., Buzo, B. C. & Lopez-Poveda, E. A. Evidence for age-related cochlear synaptopathy in humans unconnected 
to speech-in-noise intelligibility deficits. Hear. Res. 374, 35–48. https://​doi.​org/​10.​1016/j.​heares.​2019.​01.​017 (2019).

	 74.	 Wu, P. Z. et al. Primary neural degeneration in the human cochlea: Evidence for hidden hearing loss in the aging ear. Neurosci-
ence 407, 8–20. https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2018.​07.​053 (2019).

	 75.	 Thielman, E. J. et al. Tinnitus screener: Short-term test-retest reliability. Am. J. Audiol. 32, 232–242. https://​doi.​org/​10.​1044/​
2022_​AJA-​22-​00140 (2023).

	 76.	 Henry, J. A., Zaugg, T. L., Myers, P. J., Kendall, C. J. & Michaelides, E. M. A triage guide for tinnitus. J. Fam. Pract. 59, 389–393 
(2010).

	 77.	 Henry, J. A. “Measurement” of tinnitus. Otol. Neurotol. 37, e276-285. https://​doi.​org/​10.​1097/​MAO.​00000​00000​001070 (2016).
	 78.	 Salvi, R. et al. inner hair cell loss disrupts hearing and cochlear function leading to sensory deprivation and enhanced central 

auditory gain. Front. Neurosci. 10, 621. https://​doi.​org/​10.​3389/​fnins.​2016.​00621 (2016).
	 79.	 Mehraei, G., Gallardo, A. P., Shinn-Cunningham, B. G. & Dau, T. Auditory brainstem response latency in forward masking, a 

marker of sensory deficits in listeners with normal hearing thresholds. Hear. Res. 346, 34–44. https://​doi.​org/​10.​1016/j.​heares.​
2017.​01.​016 (2017).

	 80.	 Valero, M. D., Hancock, K. E., Maison, S. F. & Liberman, M. C. Effects of cochlear synaptopathy on middle-ear muscle reflexes 
in unanesthetized mice. Hear. Res. 363, 109–118. https://​doi.​org/​10.​1016/j.​heares.​2018.​03.​012 (2018).

	 81.	 Valero, M. D., Hancock, K. E. & Liberman, M. C. The middle ear muscle reflex in the diagnosis of cochlear neuropathy. Hear. 
Res. 332, 29–38. https://​doi.​org/​10.​1016/j.​heares.​2015.​11.​005 (2015).

	 82.	 Kobler, J. B., Guinan, J. J. Jr., Vacher, S. R. & Norris, B. E. Acoustic reflex frequency selectivity in single stapedius motoneurons 
of the cat. J. Neurophysiol. 68, 807–817 (1992).

	 83.	 Keefe, D. H., Fitzpatrick, D., Liu, Y. W., Sanford, C. A. & Gorga, M. P. Wideband acoustic-reflex test in a test battery to predict 
middle-ear dysfunction. Hear Res. 263, 52–65. https://​doi.​org/​10.​1016/j.​heares.​2009.​09.​008 (2010).

	 84.	 Pang, X. D. & Guinan, J. J. Jr. Effects of stapedius-muscle contractions on the masking of auditory-nerve responses. J. Acoust. 
Soc. Am. 102, 3576–3586 (1997).

	 85.	 Lie, A. et al. Occupational noise exposure and hearing: A systematic review. Int. Arch. Occup. Environ. Health 89, 351–372. 
https://​doi.​org/​10.​1007/​s00420-​015-​1083-5 (2016).

	 86.	 Lie, A., Engdahl, B., Hoffman, H. J., Li, C. M. & Tambs, K. Occupational noise exposure, hearing loss, and notched audiograms 
in the HUNT Nord-Trondelag hearing loss study, 1996–1998. Laryngoscope 127, 1442–1450. https://​doi.​org/​10.​1002/​lary.​26256 
(2017).

	 87.	 Bhatt, J. M., Lin, H. W. & Bhattacharyya, N. Prevalence, severity, exposures, and treatment patterns of tinnitus in the United 
States. JAMA Otolaryngol. Head Neck Surg. 142, 959–965. https://​doi.​org/​10.​1001/​jamao​to.​2016.​1700 (2016).

	 88.	 Grundfast, K. M. & Jamil, T. L. Evaluation and management of tinnitus: Are there opportunities for improvement? Otolaryngol. 
Head Neck Surg. 168, 45–58. https://​doi.​org/​10.​1177/​01945​99822​10882​86 (2023).

	 89.	 Sindhusake, D. et al. Prevalence and characteristics of tinnitus in older adults: The Blue Mountains Hearing Study. Int. J. Audiol. 
42, 289–294. https://​doi.​org/​10.​3109/​14992​02030​90783​48 (2003).

	 90.	 Sindhusake, D. et al. Risk factors for tinnitus in a population of older adults: The blue mountains hearing study. Ear Hear. 24, 
501–507. https://​doi.​org/​10.​1097/​01.​AUD.​00001​00204.​08771.​3D (2003).

	 91.	 Crocetti, A., Forti, S., Ambrosetti, U. & Bo, L. D. Questionnaires to evaluate anxiety and depressive levels in tinnitus patients. 
Otolaryngol. Head Neck Surg. 140, 403–405. https://​doi.​org/​10.​1016/j.​otohns.​2008.​11.​036 (2009).

	 92.	 Folmer, R. L. & Griest, S. E. Tinnitus and insomnia. Am. J. Otolaryngol. 21, 287–293. https://​doi.​org/​10.​1053/​ajot.​2000.​9871 
(2000).

	 93.	 Griffin, S. C., Neitzel, R., Daniell, W. E. & Seixas, N. S. Indicators of hearing protection use: self-report and researcher observa-
tion. J Occup Environ Hyg 6, 639–647. https://​doi.​org/​10.​1080/​15459​62090​31390​60 (2009).

	 94.	 Kujawa, S. G. & Liberman, M. C. Synaptopathy in the noise-exposed and aging cochlea: Primary neural degeneration in acquired 
sensorineural hearing loss. Hear. Res. 330, 191–199. https://​doi.​org/​10.​1016/j.​heares.​2015.​02.​009 (2015).

	 95.	 Shaheen, L. A., Valero, M. D. & Liberman, M. C. Towards a diagnosis of cochlear neuropathy with envelope following responses. 
J. Assoc. Res. Otolaryngol. 16, 727–745. https://​doi.​org/​10.​1007/​s10162-​015-​0539-3 (2015).

	 96.	 Liberman, M. C. Auditory-nerve response from cats raised in a low-noise chamber. J. Acoust. Soc. Am. 63, 442–455 (1978).
	 97.	 Bourien, J. et al. Contribution of auditory nerve fibers to compound action potential of the auditory nerve. J. Neurophysiol. 112, 

1025–1039. https://​doi.​org/​10.​1152/​jn.​00738.​2013 (2014).
	 98.	 Relkin, E. M., Doucet, J. R. & Sterns, A. Recovery of the compound action potential following prior stimulation: Evidence for 

a slow component that reflects recovery of low spontaneous-rate auditory neurons. Hear. Res. 83, 183–189 (1995).
	 99.	 Relkin, E. M. & Doucet, J. R. Recovery from prior stimulation. I: Relationship to spontaneous firing rates of primary auditory 

neurons. Hear. Res. 55, 215–222. https://​doi.​org/​10.​1016/​0378-​5955(91)​90106-j (1991).
	100.	 Taberner, A. M. & Liberman, M. C. Response properties of single auditory nerve fibers in the mouse. J. Neurophysiol. 93, 557–569 

(2005).

https://doi.org/10.1152/jn.00576.2014
https://doi.org/10.1152/jn.00576.2014
https://doi.org/10.1177/0194599814545325
https://doi.org/10.1177/0194599814545325
https://doi.org/10.1016/s0030-6665(02)00169-x
https://doi.org/10.1179/crn.2012.026
https://doi.org/10.1097/AUD.0000000000000804
https://doi.org/10.1121/10.0017328
https://doi.org/10.1121/10.0017328
https://doi.org/10.1121/1.4896745
https://doi.org/10.1001/archneur.1979.00500490037006
https://doi.org/10.1001/archneur.1979.00500490037006
https://doi.org/10.1044/1059-0889(2002/er01)
https://doi.org/10.1044/1059-0889(2002/er01)
https://doi.org/10.1016/j.heares.2019.01.017
https://doi.org/10.1016/j.neuroscience.2018.07.053
https://doi.org/10.1044/2022_AJA-22-00140
https://doi.org/10.1044/2022_AJA-22-00140
https://doi.org/10.1097/MAO.0000000000001070
https://doi.org/10.3389/fnins.2016.00621
https://doi.org/10.1016/j.heares.2017.01.016
https://doi.org/10.1016/j.heares.2017.01.016
https://doi.org/10.1016/j.heares.2018.03.012
https://doi.org/10.1016/j.heares.2015.11.005
https://doi.org/10.1016/j.heares.2009.09.008
https://doi.org/10.1007/s00420-015-1083-5
https://doi.org/10.1002/lary.26256
https://doi.org/10.1001/jamaoto.2016.1700
https://doi.org/10.1177/01945998221088286
https://doi.org/10.3109/14992020309078348
https://doi.org/10.1097/01.AUD.0000100204.08771.3D
https://doi.org/10.1016/j.otohns.2008.11.036
https://doi.org/10.1053/ajot.2000.9871
https://doi.org/10.1080/15459620903139060
https://doi.org/10.1016/j.heares.2015.02.009
https://doi.org/10.1007/s10162-015-0539-3
https://doi.org/10.1152/jn.00738.2013
https://doi.org/10.1016/0378-5955(91)90106-j


18

Vol:.(1234567890)

Scientific Reports |        (2023) 13:19870  | https://doi.org/10.1038/s41598-023-46741-5

www.nature.com/scientificreports/

	101.	 Muller, M. & Robertson, D. Relationship between tone burst discharge pattern and spontaneous firing rate of auditory nerve 
fibres in the guinea pig. Hear. Res. 57, 63–70. https://​doi.​org/​10.​1016/​0378-​5955(91)​90075-k (1991).

	102.	 Mehraei, G. et al. Auditory brainstem response latency in noise as a marker of cochlear synaptopathy. J. Neurosci. 36, 3755–3764. 
https://​doi.​org/​10.​1523/​JNEUR​OSCI.​4460-​15.​2016 (2016).

	103.	 Suthakar, K. & Liberman, M. C. Noise masking in cochlear synaptopathy: Auditory brainstem response vs. auditory nerve 
response in mouse. J. Neurophysiol. https://​doi.​org/​10.​1152/​jn.​00402.​2021 (2022).

	104.	 Eggermont, J. J. & Odenthal, D. W. Action potentials and summating potentials in the normal human cochlea. Acta oto-laryngol. 
316, 39–61. https://​doi.​org/​10.​1080/​16512​251.​1974.​11675​746 (1974).

	105.	 Liberman, M. C. & Guinan, J. J., Jr. Feedback control of the auditory periphery: Anti-masking effects of middle ear muscles vs. 
olivocochlear efferents. J. Commun. Disord. 31, 471–482 (1998).

	106.	 Guinan, J. J. Jr. Olivocochlear efferents: Anatomy, physiology, function, and the measurement of efferent effects in humans. Ear 
Hear. 27, 589–607 (2006).

	107.	 Guest, H., Munro, K. J. & Plack, C. J. Acoustic middle-ear-muscle-reflex thresholds in humans with normal audiograms: No 
relations to tinnitus, speech perception in noise, or noise exposure. Neuroscience 407, 75–82. https://​doi.​org/​10.​1016/j.​neuro​
scien​ce.​2018.​12.​019 (2019).

	108.	 Attias, J., Bresloff, I. & Furman, V. The influence of the efferent auditory system on otoacoustic emissions in noise induced tin-
nitus: Clinical relevance. Acta Otolaryngol. 116, 534–539. https://​doi.​org/​10.​3109/​00016​48960​91378​85 (1996).

	109.	 Riga, M., Papadas, T., Werner, J. A. & Dalchow, C. V. A clinical study of the efferent auditory system in patients with normal 
hearing who have acute tinnitus. Otol. Neurotol. 28, 185–190. https://​doi.​org/​10.​1097/​MAO.​0b013​e3180​2e2a14 (2007).

	110.	 Brown, M. C., Mukerji, S., Drottar, M., Windsor, A. M. & Lee, D. J. Identification of inputs to olivocochlear neurons using 
transneuronal labeling with pseudorabies virus (PRV). J. Assoc. Res. Otolaryngol. 14, 703–717. https://​doi.​org/​10.​1007/​s10162-​
013-​0400-5 (2013).

	111.	 Puel, J. L., Bonfils, P. & Pujol, R. Selective attention modifies the active micromechanical properties of the cochlea. Brain Res. 
447, 380–383. https://​doi.​org/​10.​1016/​0006-​8993(88)​91144-4 (1988).

	112.	 Froehlich, P., Collet, L. & Morgon, A. Transiently evoked otoacoustic emission amplitudes change with changes of directed 
attention. Physiol. Behav. 53, 679–682. https://​doi.​org/​10.​1016/​0031-​9384(93)​90173-d (1993).

	113.	 Meric, C. & Collet, L. Differential effects of visual attention on spontaneous and evoked otoacoustic emissions. Int. J. Psycho-
physiol. 17, 281–289. https://​doi.​org/​10.​1016/​0167-​8760(94)​90070-1 (1994).

	114.	 Mukerji, S., Windsor, A. M. & Lee, D. J. Auditory brainstem circuits that mediate the middle ear muscle reflex. Trends Amplif. 
14, 170–191. https://​doi.​org/​10.​1177/​10847​13810​381771 (2010).

	115.	 Attias, J. et al. Detailed analysis of auditory brainstem responses in patients with noise-induced tinnitus. Audiology 35, 259–270. 
https://​doi.​org/​10.​3109/​00206​09960​90719​46 (1996).

	116.	 Identified cell populations. Melcher, J. R. & Kiang, N. Y. Generators of the brainstem auditory evoked potential in cat. III. Hear. 
Res. 93, 52–71 (1996).

	117.	 Melcher, J. R., Guinan, J. J., Jr., Knudson, I. M. & Kiang, N. Y. Generators of the brainstem auditory evoked potential in cat. II. 
Correlating lesion sites with waveform changes. Hear Res 93, 28–51. https://​doi.​org/​10.​1016/​0378-​5955(95)​00179-4 (1996).

	118.	 Antoli-Candela, F., Jr. & Kiang, N. Y. S. in Evoked Electrical Activity in the Auditory Nervous System (eds R.F. Naunton & C. 
Fernández) 165–191 (Academic Press, 1978).

	119.	 Vogler, D. P., Robertson, D. & Mulders, W. H. Hyperactivity in the ventral cochlear nucleus after cochlear trauma. J. Neurosci. 
31, 6639–6645. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​6538-​10.​2011 (2011).

	120.	 Attias, J., Urbach, D., Gold, S. & Shemesh, Z. Auditory event related potentials in chronic tinnitus patients with noise induced 
hearing loss. Hear Res. 71, 106–113. https://​doi.​org/​10.​1016/​0378-​5955(93)​90026-w (1993).

	121.	 Kehrle, H. M. et al. Comparison of auditory brainstem response results in normal-hearing patients with and without tinnitus. 
Arch Otolaryngol. Head Neck Surg. 134, 647–651. https://​doi.​org/​10.​1001/​archo​tol.​134.6.​647 (2008).

	122.	 Parthasarathy, A., Hancock, K. E., Bennett, K., DeGruttola, V. & Polley, D. B. Bottom-up and top-down neural signatures of 
disordered multi-talker speech perception in adults with normal hearing. eLife 9, 1. https://​doi.​org/​10.​7554/​eLife.​51419 (2020).

	123.	 Oxenham, A. J. Predicting the perceptual consequences of hidden hearing loss. Trends Hear. 20, 2331216516686768. https://​
doi.​org/​10.​1177/​23312​16516​686768 (2016).

	124.	 Wan, G., Gomez-Casati, M. E., Gigliello, A. R., Liberman, M. C. & Corfas, G. Neurotrophin-3 regulates ribbon synapse density 
in the cochlea and induces synapse regeneration after acoustic trauma. eLife 3, 1. https://​doi.​org/​10.​7554/​eLife.​03564 (2014).

	125.	 Sly, D. J. et al. Applying neurotrophins to the round window rescues auditory function and reduces inner hair cell synaptopathy 
after noise-induced hearing loss. Otol. Neurotol. 37, 1223–1230. https://​doi.​org/​10.​1097/​MAO.​00000​00000​001191 (2016).

Author contributions
S.F.M. conceptualized and designed the study. B.C.M., S.F.M., V.D.G., V.V., and Y.Z. collected and/or analyzed 
the data. S.F.M. wrote the paper. B.C.M., D.H.J., M.C.L., V.D.G., and V.V. edited the paper.

Funding
This work was supported by a grant from the NIDCD (P50 DC015857) and the Lauer Tinnitus Research Center 
at the Massachusetts Eye and Ear.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​46741-5.

Correspondence and requests for materials should be addressed to S.F.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1016/0378-5955(91)90075-k
https://doi.org/10.1523/JNEUROSCI.4460-15.2016
https://doi.org/10.1152/jn.00402.2021
https://doi.org/10.1080/16512251.1974.11675746
https://doi.org/10.1016/j.neuroscience.2018.12.019
https://doi.org/10.1016/j.neuroscience.2018.12.019
https://doi.org/10.3109/00016489609137885
https://doi.org/10.1097/MAO.0b013e31802e2a14
https://doi.org/10.1007/s10162-013-0400-5
https://doi.org/10.1007/s10162-013-0400-5
https://doi.org/10.1016/0006-8993(88)91144-4
https://doi.org/10.1016/0031-9384(93)90173-d
https://doi.org/10.1016/0167-8760(94)90070-1
https://doi.org/10.1177/1084713810381771
https://doi.org/10.3109/00206099609071946
https://doi.org/10.1016/0378-5955(95)00179-4
https://doi.org/10.1523/JNEUROSCI.6538-10.2011
https://doi.org/10.1016/0378-5955(93)90026-w
https://doi.org/10.1001/archotol.134.6.647
https://doi.org/10.7554/eLife.51419
https://doi.org/10.1177/2331216516686768
https://doi.org/10.1177/2331216516686768
https://doi.org/10.7554/eLife.03564
https://doi.org/10.1097/MAO.0000000000001191
https://doi.org/10.1038/s41598-023-46741-5
https://doi.org/10.1038/s41598-023-46741-5
www.nature.com/reprints


19

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19870  | https://doi.org/10.1038/s41598-023-46741-5

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Evidence of cochlear neural degeneration in normal-hearing subjects with tinnitus
	Materials and methods
	Inclusion criteria
	Subject pool and grouping
	Audiometric thresholds
	Auditory brainstem responseselectrocochleography
	Middle-ear muscle reflex
	Medial olivocochlear reflex
	Statistical analyses

	Results
	Auditory brainstem responses
	Effects of forward masking and rate of stimulus presentation
	Effects of stimulus presentation level
	Assessment of auditory efferent reflexes

	Discussion
	CND is associated with tinnitus
	Recruitment of different SR groups vs. different cochlear regions to the ABR response
	Auditory efferent reflexes
	Central gain and tinnitus

	Conclusion
	References


