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Editorial on the Research Topic
 Biomarkers of peripheral and central auditory system integrity and function




Objective biomarkers of auditory system integrity and function are becoming increasingly indispensable in the diagnostic, therapeutic, and rehabilitative aspects of hearing impairments. This Research Topic compiles pioneering studies on such biomarkers and measurement methods. Ranging from sophisticated genetic sequencing to advanced electrophysiological recordings and imaging methods. These techniques aim to enhance our understanding of auditory pathways, improve therapeutic indications, and provide refined patient counseling and monitoring throughout treatment.

Here, we present 10 studies that epitomize the progress in this field:

• The study by Sun et al. on the genetic etiology of Auditory Neuropathy Spectrum Disorder offers significant insights into the disorder's genetic diversity, paving the way for personalized therapy.

• Mushtaq et al.'s work demonstrates the potential for cochlear implant users to self-assess cochlear health, indicating a shift toward more autonomous patient monitoring.

• Han et al. investigate the unique cortical activation patterns in individuals with single-sided deafness, enhancing our understanding of speech processing in challenging environments.

• The research by Caldas et al. evaluates a novel assessment tool for cochlear implants, proposing enhancements in cochlear implant fittings' accuracy.

• Haggerty et al. focus on the complexities of cochlear synaptopathy, advocating for sophisticated diagnostic methods.

• The study by Chen et al. highlights the crucial impact of treatment timing on sudden sensorineural hearing loss recovery, emphasizing rapid intervention.

• Schuerch et al. employ deep learning algorithms to improve the objectivity and reliability of intracochlear electrocochleography.

• Schraivogel et al. reveal the potential of impedance subcomponents in cochlear implants as specific biomarkers for residual hearing.

• Kadowaki et al. present an objective measure for auditory temporal resolution, paving the way for improved assessments of auditory processing.

• The comparative study by Gawliczek et al. on Auditory Brainstem Response and Extracochlear Electrocochleography in evaluating coupling efficiency in middle ear implant surgery offers valuable normative data for surgical precision.


Conclusion

The studies featured in this Research Topic highlight the importance of objective biomarkers of auditory system integrity and function in enhancing the diagnosis, treatment indications, and monitoring of hearing impairments. These findings advocate for nuanced, patient-centered approaches and emphasize the significance of integrating these biomarkers into clinical practice. The continued exploration and application of these objective measures promise to enhance the lives of individuals with hearing impairments and deepen our overall understanding of the auditory system.
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Recent technological advances in cochlear implant (CI) telemetry have enabled, for the first time, CI users to perform cochlear health (CH) measurements through self-assessment for prolonged periods of time. This is important to better understand the influence of CH on CI outcomes, and to assess the safety and efficacy of future novel treatments for deafness that will be administered as adjunctive therapies to cochlear implantation. We evaluated the feasibility of using a CI to assess CH and examined patterns of electrode impedances, electrically-evoked compound action potentials (eCAPs) and electrocochleography (ECochGs), over time, in a group of adult CI recipients. Fifteen subjects were trained to use the Active Insertion Monitoring tablet by Advanced Bionics, at home for 12 weeks to independently record impedances twice daily, eCAPs once weekly and ECochGs daily in the first week, and weekly thereafter. Participants also completed behavioral hearing and speech assessments. Group level measurement compliance was 98.9% for impedances, 100% for eCAPs and 99.6% for ECochGs. Electrode impedances remained stable over time, with only minimal variation observed. Morning impedances were significantly higher than evening measurements, and impedances increased toward the base of the cochlea. eCAP thresholds were also highly repeatable, with all subjects showing 100% measurement consistency at, at least one electrode. Just over half of all subjects showed consistently absent thresholds at one or more electrodes, potentially suggesting the existence of cochlear dead regions. All subjects met UK NICE guidelines for cochlear implantation, so were expected to have little residual hearing. ECochG thresholds were, unsurprisingly, highly erratic and did not correlate with audiometric thresholds, though lower ECochG thresholds showed more repeatability over time than higher thresholds. We conclude that it is feasible for CI users to independently record CH measurements using their CI, and electrode impedances and eCAPs are promising measurements for objectively assessing CH.

KEYWORDS
 cochlear implant, hearing loss, electrode impedance, electrocochleography, electrically-evoked compound action potential, neural response telemetry


Introduction

Hearing loss is principally caused by sensory hair cell death or dysfunction, and, subsequently, auditory neuron degeneration (1). Cochlear implants (CIs) are often considered the gold standard treatment for severe hearing loss and although most recipients receive benefit, outcomes vary widely (2–4). Cochlear health (CM) can be broadly defined as a cochlea free from disease, illness or injury as evidenced by good hair cell and spiral ganglion function, aligned with a lack of evidence of inflammation. Consequently, variations in CM could account for some of the variability observed in CI outcomes (5, 6). Indeed, there is a worldwide effort to develop novel biological treatments to address the deficiencies of hearing devices, such as pharmacological treatments, and stem cell and gene-based approaches (7, 8). These aim to restore natural hearing by repairing or replacing damaged cells within the inner ear. The privileged location of the inner ear creates a challenge for the delivery of such treatments and for their safety and efficacy assessments. Therefore, it is anticipated that many early-phase human trials will involve delivery of novel therapeutics as an adjunct to cochlear implantation. Until fairly recently, it has been notoriously difficult to measure CH. However, due to technological advances, an additional advantage of an adjunctive approach is that post-operative monitoring of CH can be performed telemetrically using the CI electrode (9). Unlike other assessment methods, the CI electrode provides direct access to the cochlea, enabling CH parameters to be continuously recorded.

A number of established biomarkers can be used to evaluate CH, including electrode impedances, electrically-evoked compound action potentials (eCAPs) and electrocochleography (ECochGs) (9–11). Electrode impedances are used to evaluate the interface between the intra-cochlear electrode array and the tissue surrounding it, and are sensitive to inflammatory changes within the cochlea (6, 12, 13). Whilst a direct comparison between electrode impedances and the intra-cochlear inflammatory response in human listeners is difficult, animal models have shown that inflammatory tissue growth around an electrode array in guinea pigs is positively correlated with intra-cochlear electrode impedances measurements (10). Electrode impedances have been shown to stabilize after the first few weeks and months post-implantation in functioning electrodes (14, 15).

The eCAP is a direct measurement of a synchronized neural response generated by auditory nerve fibers that makes it feasible to evaluate the health status of the auditory nerve (9, 16). It is sensitive to electrode impedances, electrode placement and the health status of auditory nerve fibers near the recording electrode (17, 18). Recent literature has focused on using the eCAP to evaluate neural survival (19–21). Although a direct comparison between eCAP responses and spiral ganglion cell density in human listeners is not feasible, animal studies have shown that spiral-ganglion nerve survival in guinea pigs is positively correlated with eCAP responses (22, 23).

An EcochG enables the non-invasive monitoring of residual acoustic auditory function, including hair cell responses, that strongly correlates with audiometric thresholds (11). Importantly, our study involved adults who fit the UK National Institute for Health and Care Excellence (NICE) criteria for cochlear implantation (24), so we expected to record few EcochG responses. The EcochG was included in the test paradigm due to the exploratory nature of this study.

Together, electrode impedances, eCAPs and ECochGs provide a multi-faceted snapshot of the health status of the cochlea. To date, these measurements have not been assessed repeatedly over time due to the reliance on patients attending clinics, making regular, long-term measurements impractical. However, recent technological advances now enable participants to take recordings themselves (25). Therefore, we sought to (i) evaluate the feasibility of using a CI to measure CH through participant self-assessment and (ii) examine the pattern of CH measurements over time. We hypothesized that our group of adult CI recipients would show stable impedances and eCAPs over time, indicating no change in the intra-cochlear inflammatory response and sensory nerve survival, respectively. We also hypothesized that (i) ECochGs would only be recorded in subjects with residual hearing, measured using Pure Tone Audiometry (PTA), (ii) that lower ECochG thresholds would show more repeatability compared with higher thresholds, and that (iii) thresholds would be lower at lower frequencies, compared to higher frequencies, of the cochlea, as that pattern of hearing loss is typically observed in deaf individuals (26).



Materials and methods


Subjects

Fifteen adult CI recipients (mean age 57.8 years; age range 33–75 years, 8 males) with a unilateral CI from Advanced Bionics for >1 year volunteered to participate in the study. All subjects could read and understand English. At the time of recruitment, no subjects had any known neurocognitive impairments likely to impact their ability to participate in the research activities or any known cochlear abnormalities likely to influence their CH measurements. Subjects were recruited from the National Institute of Health Research (NIHR) Nottingham Biomedical Research Center (BRC) Hearing Sciences participant database, the Nottingham Auditory Implant Programme and online advertisements. Written informed consent was obtained from all subjects and the study was approved by the University of Nottingham Faculty of Medicine and Health Sciences Research Ethics Committee and the West Midlands—Black Country Research Ethics Committee.



Equipment
 
Active insertion monitoring (AIM) system

The AIM system takes the form of an electronic tablet with pre-programmed CH measurement software “OM Suite” (Advanced Bionics LLC, Santa Clarita, CA) installed, enabling recordings to be made with ease (25). Typically, the AIM system is used by clinicians during CI surgery for real-time CH monitoring. Specifically, intraoperative monitoring during the insertion of the electrode array into the cochlea aims to evaluate any associations between these objective measures of CH and loss of residual acoustic hearing (27, 28). In this project, we repurposed this technology for post-implantation CH self-assessment. All participants received an AIM device, on loan to the University of Nottingham from Advanced Bionics, in order to take their own CH recordings themselves at home. A charger, connection cables, acoustic tubes and foam ear tips were also provided. Each participant also received a separate CI processor and headpiece/magnet so that they did not need to use their own clinical processors to perform the recordings. A photograph of the components of the AIM system is displayed in Figure 1. In addition to the AIM equipment, participants were also sent a memory stick to save data onto and some subjects requested a touchscreen pen. Each AIM system was stored in a carry case also provided by Advanced Bionics.


[image: Figure 1]
FIGURE 1
 AIM system components. (1) AIM tablet; (2) CI sound processor; (3) CI headpiece magnet and cable; (4) programming cable; (5) AIM insert earphone connector; and (6) acoustic tube with yellow foam ear tip.




Behavioral assessments

Unaided PTA was performed using a Siemens Unity 2 Diagnostic Audiometer in a soundproof room following the procedure outlined in BSA (29). Participants did not wear their CIs or any other listening devices during this test.

Speech test stimuli were programmed in Python (Python Software Foundation, Beaverton, OR) on a Lenovo Thinkpad laptop and presented in the free field through a Genelec 8030A loudspeaker via an external Focusrite sound card. Participants were seated comfortably directly in front of a loudspeaker at a listening distance of 1.5 m with their CIs (and any other contralateral listening devices if usually worn) turned on. Auditory stimuli were calibrated to an average level of 70 dBA, measured at the participant's listening position without the subject present using a sound level meter (Type 2250, Brüel & Kjær, Nærum, Denmark).

Speech test stimuli included 2 Bamford-Kowal-Bench (BKB) sentence lists (30), comprised of 16 sentences in each list, and 3 Arthur Boothroyd (AB) short word lists (31), comprised of 10 words in each list, both presented in quiet and recited by a male speaker. Each BKB list has 50 key words, and each AB short word list has 30 phonemes. In both speech tests, participants were instructed to listen carefully and repeat the sentence/word heard back to the experimenter to the best of their ability. Participants were scored on their ability to correctly identify the pre-determined key words/phonemes.




CH measurements

The three CH measures were pre-programmed in OM Suite on the AIM tablet. A description of each measurement is provided below. It is important to highlight that the research team used the pre-programmed measurements as pre-set on the AIM devices and did not manipulate the coding of the measurements (beyond selecting some stimulation parameters, which are highlighted as appropriate). Also note that in Advanced Bionics CIs, electrode 1 (e1) is the most apically located electrode and e16 is positioned closest to the base of the cochlea. All measurements were performed on the implanted ear.


Electrode impedances

Electrode impedances are recorded by creating a circuit between the intra-cochlear electrode to be measured, and both the ring and case ground electrodes. A biphasic pulse with a current of 32 μA and a phase duration of 18 μs (36 μs in total) is delivered. The voltage on the intra-cochlear contacts with respect to the ground electrodes is recorded using an amplifier inside the implant. This value is digitized and transmitted using the back telemetry function to the sound processor, and then to the software application being used to make the impedance measurement. The voltage is recorded ~7 μs into the current pulse, so it primarily represents the access resistance component of the impedance. The same process is repeated for all 16 of the intra-cochlear electrode contacts and the resulting recorded voltages are used to calculate the impedance, using Ohm's Law. Dividing each recorded voltage by the 32 μA stimulation current provides the impedance value. In this study, impedance data from all 16 electrodes was recorded.



eCAPs

Neural Response Imaging is the technique used to record eCAPs via the Advanced Bionics CI system (16). In order to record an eCAP threshold, current is delivered between one intra-cochlear electrode contact and the case ground electrode. A biphasic pulse with a phase duration of 32 μs is used for stimulation. Typically, the current used starts at a low level and is increased in steps until a recognizable response is obtained. In this study, the minimum eCAP stimulation level was fixed across the cohort at 100 current units (cu), but the maximum level varied from 250 to 350 cu depending on an individual's comfort level. The recording amplifier is typically configured to record from an electrode contact two positions away from the stimulating contact. This is to avoid the charge and stimulation artifact present at the stimulating contact, yet to record from the same part of the cochlea to which stimulation has been delivered. The recording amplifier is referenced to the ring ground electrode. By separating the case and ring grounds for eCAP measurements, the noise is reduced and the small neural response can be better identified. In order to reject the remaining stimulus artifact, opposite polarity, cathodic leading and anodic leading pulses are used, with the recorded voltages from each being summed. This cancels the artifact but sums the physiological response. Some 64 of these pairs of responses are averaged when recording eCAPs. In this study, eCAP thresholds were only measured at e1, e5, e9 and e13 to gain an insight into auditory nerve function from several regions along the length of the cochlear duct, whilst ensuring the measurement duration was a reasonable length for participants.



ECochGs

The ECochG recording capability of the Advanced Bionics CI system records the cochlear microphonic component of ECochG for acoustic stimulation of the cochlea. A burst of acoustic stimulation of 50 ms in duration is delivered via an insert earphone. Since CI recipients are typically severe-to-profoundly deaf, the level used for monitoring during insertion of the electrode array is quite high, usually ~100–115 dB SPL. Note that the algorithm used by Advanced Bionics is: Threshold = S – 20 × log10 (C/0.25) where S is the stimulus level in dB SPL and C is the cochlear microphonic amplitude. The software then uses a single stimulus level from which to plot a linear regression. While acoustic stimulation is delivered, the potentials inside the cochlea are recorded from the most apical electrode contact, contact 1. Pairs of acoustic stimuli are delivered with opposite phases. These two recordings are then subtracted to isolate the cochlear microphonic signal. A number of subtracted pairs are averaged, typically 20, after which a data point is plotted on a cochlear microphonic vs. time plot if the signal-to-noise criterion is met (2:1 in this study). In order to estimate the cochlear microphonic amplitude, a fast-Fourier transform is performed on the time domain data, with the bins in the region of the stimulation frequency used to calculate the response amplitude. During clinical use of the AIM system, the intention is to provide real-time feedback to the surgeon, which requires a rapid measurement, producing up to 8 points per second. In this study, EcochG thresholds were recorded at 125, 250, 500, 750, 1,000, 1,500, 2,000, 3,000, and 4,000 Hz using a 115 dB HL tone-burst stimulus.




Experimental procedure
 
Initial set-up and AIM training

Once each eligible subject had consented and was enrolled onto the study, they were issued an AIM system. Relevant measurement settings were loaded onto each AIM tablet and the performance of the system checked by a researcher prior to being sent to subjects. Once received, participants completed at least one virtual training session with a researcher. They were instructed on how to safely perform their CH measurements and shown how to electronically share data with the research team. Maximum eCAP stimulation levels were also set for each subject during their initial training session. A minimum level of 250 cu was pre-programmed onto the AIM system by the research team and, if necessary, increased to either 300 or 350 cu during the training depending on how comfortable each participant found the stimuli to be. Subjects were also taught how to check certain settings (e.g., ECochG stimulation level and electrodes selected for eCAPs) and advised to perform these checks at the start of each week throughout the study. Note that there were no reported instances of any participant having to change any settings and all data files received were as expected, showing no indication of altered or inconsistent measurement settings. Practice measurement runs were performed during the training session and repeated until both the participant and researcher were confident that all the relevant steps had been learned. Subsequent training sessions were offered on a case-by-case basis as and when required throughout the project.



CH measurement period

CH measurements were made by participants themselves at home over a 12-week period, including electrode impedances, eCAPs and ECochGs. Electrode impedances were performed twice a day in order to examine whether recordings remained consistent throughout the day. Subjects were asked to perform the morning (denoted as AM) impedance measurements as close to the start of their day as reasonably possible and to perform the evening (denoted as PM) impedance measurements as close to the end of their day as reasonably possible. eCAPs and ECochGs were performed less frequently in order to minimize participant burden and increase measurement compliance as they were more time consuming for subjects to perform than impedances. eCAPs were performed once a week (i.e., on day 1 of each week) and ECochGs were performed daily in the first week and weekly thereafter (i.e., on days 1–7 during week 1 and then on day 1 of each week from week 2 onwards). Each data collection session lasted ~5–10 min in total, depending on which measurements were performed. AIM systems were returned to the research group after the testing period was completed.



Behavioral assessments

In order to investigate the correlation between CI outcomes and CH, subjects were invited to attend an in-person research appointment to complete a hearing test and speech assessments upon completion of their 12-week testing period. Note that behavioral assessments were conducted for descriptive purposes (i.e., to contrast against ECochG data) and not intended for formal data analyses. Due to the global coronavirus (COVID-19) pandemic that was ongoing throughout the study, the research appointment took place soon after the end of the testing period for some participants, whereas for others it was not carried out until several months later. This variation is not deemed remarkable since participants were experienced CI users who were expected to have stable hearing (losses). Importantly, only 13 out of the 15 participants agreed to attend the face-to-face appointment so behavioral data is not available for 2 subjects.




Data analysis
 
AIM data file conversion

Raw electrode impedance, eCAP and ECochG data files were converted from JSON to Microsoft Excel files using conversion software provided by Advanced Bionics. Data from Excel files were extracted using MATLAB (Mathworks, Natick, MA) and analyses were carried out in IBM SPSS Statistics for Windows Version 28.0 software (IBM Corp., Armonk, New York).



Electrode impedances

Scatter graphs of each individual's impedance measurements for all electrodes were generated, and standard deviations calculated to assess variation. In order to examine whether impedances differed between morning and evening recordings, and between different cochlear regions, eight electrode impedance values were generated per subject and entered in a repeated measures analysis of variance (RM- ANOVA). Specifically, mean individual impedance values (from the entire dataset) for e1-e4, e5-e8, e9-e12, and e13-e16 were calculated for AM and PM separately. The first within-subject factor was “timing” which had two levels (AM and PM) and the second was “cochlear region” which had four levels (e1-e4, e5-e8, e9-e12, and e13-e16).



eCAPs

Individual eCAP thresholds were plotted for the entire testing period in order to visually assess the data and identify potential cochlear dead regions. Measurement variation at each recording electrode was assessed using boxplots. Importantly, cochlear dead regions refer to parts of the cochlea where auditory neurons and/or inner hear cells are damaged or dysfunctional (32). Assessing cochlear dead regions is of great scientific and clinical importance as they inform hearing device programming and decisions (32, 33), and influence clinical outcomes (32, 34). Furthermore, changes in cochlear dead regions following administration of hearing loss treatments which aim to restore hair cell and/or auditory neuron function (e.g., 7) could help assess the success of such solutions.



ECochGs

Average thresholds were calculated for each individual at each frequency at which a successful threshold was derived. The relationship between measurement consistency and ECochG threshold was assessed with a correlation and boxplots were produced to investigate the spread of ECochG thresholds at each frequency across the group.



Behavioral assessments

A series of correlations were performed between AB phoneme scores vs. impedances and eCAPs to investigate the relationship between CI outcome vs. impedance variability and potential dead regions, respectively. A single standard deviation value was calculated from all impedances (across the entire electrode array and across all 12 weeks) for each individual and correlated against AB scores. Four mean eCAP thresholds per subject, one for each recording electrode (e1, e5, e9, and e13) were also calculated (absent thresholds were excluded), as well as the total number of successful thresholds (out of a maximum of 48 per subject). These values were then entered into five correlations with corrections made for multiple comparisons as appropriate.





Results


Participant compliance

Participant compliance was exceptionally high. A total of 27 impedances were missing out of a possible 2,520 recordings across the cohort. Specifically, compliance with twice-daily impedance recordings was either 99 or 100% in 10 subjects, and did not drop below 96% across all 15 participants in the study. Only 1 ECochG recording was missed from a possible 270 across the entire group and no eCAP measurements were missed by any participant. Group level compliance with recordings was 98.9% for impedances, 100% for eCAPs and 99.6% for ECochGs.



Data exclusion

Electrode impedances from e16 in subject 1 and e14 in subject 14 were excluded from data analyses. These anomalous results were removed as they were consistently abnormally high (65 kΩ in subject 1 and ~30 kΩ in subject 14) throughout the testing period, indicating that the electrode contacts in question may be sitting in an extracochlear location and/or switched off.



CH measurements
 
Electrode impedances

Scatter graphs showing individual measurements over time are displayed in Figure 2. As hypothesized, impedances remained very stable over time in the majority of cases across all 16 electrodes. Importantly, even the most varied data still generally fell within the accepted normal clinical range of 2–15 kΩ (T Nauwelaers 2022, personal communication, 17 Oct).


[image: Figure 2]
FIGURE 2
 Scatter graphs displaying individual electrode impedances at all 16 electrodes over 12 weeks (N = 15). Two points (both AM and PM) are plotted for each day.


To investigate measurement stability across the electrode array, standard deviations were calculated and plotted for each electrode contact, for each subject (see Figure 3). Variation was minimal across the electrode array for the majority of participants, with only four cases in which the standard deviation appeared noticeably higher, though all these measurements still fell within the clinically accepted range (T Nauwelaers 2022, personal communication, 17 Oct). Mean group level standard deviations at each electrode suggested highly stable impedances across the subject group, with a slight increase in variation at either end of the array, particularly toward the basal end of the cochlea (e15 and e16). An RM-ANOVA was performed to investigate morning vs. evening and cochlear region (e1-e4, e5-e8, e9-e12, and e13-e16) differences. There was a statistically significant main effect of timing [F(1, 14) = 5.808, p = 0.030] and cochlear region (F(1.316, 18.419) = 9.565, p =0.004), however there was no significant interaction between the two [F(3, 42) = 0.864, p = 0.467]. On average, impedances were 0.111 kΩ higher (p = 0.030) in AM compared to PM recordings (see Figure 4). Pairwise comparisons with Bonferroni-adjusted alpha levels revealed that impedances were the highest in the most basal electrode grouping (e13-e16). Specifically, they were 2.182 kΩ (p = 0.045), 2.236 kΩ (p = 0.025) and 1.688 kΩ (p = 0.026) higher than the e1-e4, e5-e8, and e9-12 groupings, respectively. No other pairwise comparisons were statistically significantly different.


[image: Figure 3]
FIGURE 3
 Individual and group level electrode impedance standard deviations plotted across the electrode array. Colored lines represent each individual participant (N = 15), and the black dotted line shows group average standard deviations.



[image: Figure 4]
FIGURE 4
 Boxplots displaying group level mean AM and PM impedances. Mean values calculated from the four electrode groupings are shown (N = 15).




eCAPs

Individual eCAP thresholds across the testing period are displayed in Figure 5. In all subjects, a successful eCAP threshold was consistently derived every week from a minimum of one electrode. In the majority of cases, each subject's thresholds appeared stable and highly repeatable over time, as hypothesized. There appeared to be greater variation in responses where thresholds were higher compared to lower thresholds, which seemed to be more consistent over time. In some cases, a threshold was consistently absent over all 12 weeks at a particular electrode, as indicated by missing bars in Figure 5, which was suggestive of potential cochlear dead region(s) in the subjects in question.


[image: Figure 5]
FIGURE 5
 Bar charts displaying each subject's eCAP threshold from all four recording electrodes over the 12-week testing period (N = 15).


The spread of the data across at each recording electrode is visualized in boxplots displayed in Figure 6 (only successful thresholds are included). Although the greatest number of outliers are found in thresholds derived from e1, these data also have the tightest interquartile range. Conversely, eCAPs from e5 are the most spread out. Furthermore, eCAP thresholds did not significantly change from the base (e13) to the apex (e1) of the cochlea.


[image: Figure 6]
FIGURE 6
 Boxplots displaying group level eCAP data at each of the four recording electrodes. All successful thresholds from the entire cohort (N = 15) are included. Specifically, 159, 116, 117, and 122 thresholds (out of a maximum of 180) are included from e1, e5, e9, and e13, respectively. Median values fell within the range of 150–200 cu across all four electrodes.




ECochGs

Table 1 summarizes each subject's ECochG thresholds. The number of valid thresholds varied considerably, and, in most cases, were low, though high consistency was observed in a handful of subjects. The number of hearing frequencies the thresholds were recorded at also varied extensively from subject to subject, with some individuals only showing a successful response at 2 of the frequencies recorded at, and others at all 9. In order to assess whether measurement consistency (i.e., the number of valid thresholds) was higher when the ECochG thresholds were lower, a correlation was performed between valid and average thresholds. As hypothesized, a statistically significant negative correlation was observed (τb = −0.160, n = 75, p = 0.030), indicating that lower (i.e., better) ECochG thresholds showed more repeatability over time compared with higher thresholds.


TABLE 1 Summary of each subject's ECochG threshold (N = 15).

[image: Table 1]

Figure 7 illustrates the spread of ECochG thresholds at each frequency across the subject group. The two lowest frequencies display the greatest variation, whereas the mid-frequencies (750–2,000 Hz) are the most consistent. As expected, ECochG thresholds overall worsen from 125 to 750 Hz after which they generally fall within the profound hearing loss range. However, since the overall number of successful thresholds recorded in the group differed quite considerably at each frequency, the ECochG data must be interpreted with this caveat in mind.


[image: Figure 7]
FIGURE 7
 Boxplots displaying group level ECochG thresholds across the frequency range. Data from all 15 subjects are compiled, resulting in considerable differences in numbers of valid thresholds at each frequency.





Behavioral assessments

BKB sentence test and AB short word mean test scores from the 13 subjects who completed behavioral assessments are displayed in Table 2. Most participants demonstrated high levels of sentence recognition, as indicated by the high BKB scores. As expected, AB phoneme identification scores were lower in almost all cases since due to a lack of contextual information, making the test more challenging (35).


TABLE 2 Mean speech test scores (N = 13).
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The relationship between AB phoneme scores and cochlear health was assessed using a series of correlations. Since ECochGs were, as anticipated, highly erratic, those thresholds were not included in the analyses. Furthermore, BKB scores were not correlated due to ceiling effects since most subjects performed well.

In order to assess whether subjects with the highest variability in their impedance measurements had worse speech perception compared with those with lower variation, overall impedance standard deviations per individual were correlated against AB phoneme scores. No statistically significant correlation was observed (r = 0.138, n = 13, p = 0.653).

To examine the relationship between potential cochlear dead regions and speech performance, four correlations between AB scores and mean eCAP thresholds for each electrode were performed. Weak correlations were observed in all cases except between AB scores and eCAPs derived from e5, where a moderate negative correlation was found. However, none of the four correlations between speech scores and e1 thresholds (r = 0.092, n = 12, p = 0.776), e5 thresholds (r = −0.666, n = 8, p = 0.071), e9 thresholds (τb = −0.087, n = 9, p = 0.750) or e13 thresholds (τb = −0.132, n = 11, p = 0.580) were found to be statistically significant. An additional correlation of the total number of successful eCAP thresholds vs. AB scores was also carried out but no statistically significant correlation was observed once again (r = 0.352, n = 13, p = 0.238).

PTA air conduction thresholds were derived from the implanted ear at the four key speech frequencies (500, 1,000, 2,000, and 4,000 Hz). From the 13 subjects tested, only 4 thresholds in total were successfully recorded, both at the two lower frequencies. Specifically, subject 6 had thresholds of 105 and 120 dB HL and subject 9 had thresholds of 75 and 85 dB HL, at 500 Hz and 1,000 Hz, respectively. In all other instances, no response was recorded at a maximum stimulation level of 115 dB HL at 500, 2,000, and 4,000 Hz and 120 dB HL at 1,000 Hz.

It was initially hypothesized that ECochGs would only be recorded in subjects with some degree of residual hearing, measured using PTA. However, a valid ECochG threshold was recorded at least once in every subject, with some participants demonstrating very high levels of ECochG threshold consistency but no PTA responses. Furthermore, ECochG results were not closely linked to residual hearing ability in the two individuals who did have PTA hearing thresholds. Specifically, subject 6 only showed valid ECochG thresholds at 500 and 1,000 Hz at approximately one third of the attempted measurements and subject 9 did not have any valid ECochG thresholds at the same frequencies over the entire testing period.




Discussion

To our knowledge, this is the first study to have CI recipients self-assess their CH without any clinician input on a daily basis over a 12-week period. The purpose of our work was 2 fold: (i) to evaluate the feasibility of using a CI to measure CH through participant self-assessment and (ii) to examine the pattern of electrode impedances, eCAPs and ECochGs over time. Not only were subjects very highly engaged with taking daily recordings, achieving excellent compliance results across all three measurements of interest, the results of the recordings themselves were as one would expect in the clinic, even with participants performing them at home, independently and unsupervised.

Electrode impedances were comparable with those collected from a considerably larger group of Advanced Bionics recipients in a recent study (6). In the vast majority of cases, impedances remained highly stable over time. Importantly, even when some degree of variation was observed, albeit minimal, values still fell well within the accepted normal clinical range (T Nauwelaers 2022, personal communication, 17 Oct). In the two instances (of excluded data) when values fell far beyond the normal range, results were consistently high throughout the whole testing period. This suggests that factors relating to the CI itself, such as extracochlear electrode contacts, for example, triggered the high impedances as opposed to variation in the measurements themselves (6, 36).

Interestingly, we found that impedances recorded in the morning were higher than those performed in the evening. This may have been due to the fact that AM impedances were typically performed after a period of no electrical stimulation (i.e., overnight sleep without CI use), and previous studies have shown a reduction in impedance values following electrode stimulation, although this effect is typically observed in early days post-implantation (37, 38). It is plausible to assume impendences then steadily decreased throughout the day as a consequence of CI use, particularly since the difference itself was incredibly small (0.111 kΩ). Furthermore, consistent with previous studies (6, 39), we also found that impedances were the highest toward the base of the cochlea, at the site of surgery. This is likely due to increased osteogenesis, fibrous tissue and scarring at these cochlear regions (40).

eCAP measurements were also, in the vast majority of cases, stable over time, with every subject showing 100% measurement consistency at, at least one electrode. When eCAPs were recorded intermittently, this was typically associated with higher thresholds. It is plausible that in these instances, the maximum stimulation level and threshold were close together, resulting in erratic recordings and causing variation. A limitation of our study is that maximum stimulation levels were capped between 250 and 350 cu. Therefore, these higher thresholds might only have been reached on some occasions and not on others as a result of insufficient stimulation of the nerve (17, 18). It is likely that increasing the stimulation level in these cases would have resulted in more consistently successful thresholds being derived. However, due to participant comfort concerns and the self-assessment nature of the study, we opted not to further increase maximum eCAP stimulation levels beyond 350 cu, even when patients felt they could comfortably tolerate higher sound levels.

Just over half of all subjects recorded no eCAPs at all from particular electrodes, potentially suggesting poorer spiral ganglion coverage in corresponding regions of the cochlea (22, 23). Though the lack of eCAPs cannot guarantee the existence of dead regions, particularly since it is likely that higher stimulation levels, without the maximum limit of 350 cu, would have resulted in additional thresholds being revealed, it is still reassuring that all electrodes had consistently normal impedances. Our eCAP data suggest that daily eCAP measurements could, possibly, form one appropriate way of measuring the effectiveness of novel treatments for hearing loss. Specifically, if a therapy can be shown to reduce eCAP thresholds or enable eCAPs to be recorded from electrodes not previously possible, that could suggest the success of the therapy in increasing the population of local spiral ganglion neurons. However, an important limitation of our work is that that we only recorded from four electrodes across the array which significantly reduced the temporal resolution of our findings. Future work could implement the use of other methods that have been described to more intensively assess cochlear dead regions, such as panoramic eCAPs, for example (41, 42).

Surprisingly, although the participants were all profoundly deaf CI recipients with little-to-no expected residual hair cell function, a successful ECochG was measured at least once from at least one frequency in every individual. However, the thresholds were highly inconsistent, both between and within subjects, with only four participants displaying good levels of measurement consistency. As expected, significantly more successful recordings were made when thresholds were lower (i.e., better), with very few thresholds beyond 100 dB HL measured (though this was expected given the 115 dB HL stimulation level). Furthermore, since the ECochGs in this study were limited by their reliance on good acoustic tube and foam tip positioning, it is likely that poor placement by the subject would have impacted the recordings, which is another factor likely to have contributed to the variance. Interestingly, successful ECochGs were most likely to be recorded at 4,000 Hz, with approximately double the number of successful thresholds at this frequency compared to most other frequencies, though no behavioral thresholds were recorded at 4,000 Hz when subjects performed PTA. Although some studies have shown a strong correlation between ECochG thresholds and audiometric thresholds (11), we found no such relationship. In fact, we recorded many more ECochGs than audiometric thresholds, even though typically, ECochG signals are found at or above hearing thresholds (43). These contrasting findings highlight the unpredictable nature of the ECochG recording, particularly if it is measured by participants themselves as, unlike electrode impedances and eCAPs, the ECochG relies on an external acoustic stimulus.

We also investigated whether individuals with the highest variability in their impedance measurements, or ones with potential cochlear dead regions, differed in terms of their CI outcomes compared to subjects with lower impedance variation or those without absent eCAPs. However, we found no relationship between our CH measures and AB speech scores. This may be due to ceiling effects since the cohort were generally good CI performers and scored highly in the speech tests. This self-selection factor is a common limitation in this field since it tends to be those individuals who are doing well with their implants that come forward to participate in research. In addition, the variation observed in impedances across the group was only minimal and recordings fell within normal limits anyway (T Nauwelaers 2022, personal communication, 17 Oct). Perhaps if greater variation was observed with a higher number of very high or very low impedances, a stronger relationship with behavioral measures may have been revealed. In addition, it is possible that our small sample did not have the power to reveal the extent of the relationship between CI outcomes and CH, if any, particularly since many of the eCAP correlations were run with only a handful of subjects as not every individual had an eCAP at every electrode (and behavioral speech data was not available for every participant).

To summarize, it is feasible for CI users to record cochlear heath data using their CIs, thus illustrating the power of using a CI to intensively assess CH. Exceptionally high participant compliance levels further indicate that subjects can themselves successfully monitor CH, even with an intensive data collection schedule of twice a day for 12 weeks. Electrode impedances and eCAPs, in particular, show good measurement consistency, making them worthy of further consideration and investigation when developing tools to objectively evaluate CH in early-phase trials of adjunctive cell-based therapies. Future work should investigate CH changes immediately following implantation in new CI recipients to assess early patterns post-implantation. Further studies involving a greater number of subjects with a greater degree of variation in CI outcomes and speech performance are required to determine the use of CH measures for assessing variation in CI outcomes.
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Objective: Auditory neuropathy spectrum disease (ANSD) is caused by both environmental and genetic causes and is defined by a failure in peripheral auditory neural transmission but normal outer hair cells function. To date, 13 genes identified as potentially causing ANSD have been documented. To study the etiology of ANSD, we collected 9 probands with ANSD diagnosed in the clinic and performed targeted next-generation sequencing.

Methods: Nine probands have been identified as ANSD based on the results of the ABR tests and DPOAE/CMs. Genomic DNA extracted from their peripheral blood was examined by next-generation sequencing (NGS) for a gene panel to identify any potential causal variations. For candidate pathogenic genes, we performed co-segregation among all family members of the pedigrees. Subsequently, using a mini-gene assay, we examined the function of a novel splice site mutant of OTOF.

Results: We analyzed nine cases of patients with ANSD with normal CMs/DPOAE and abnormal ABR, discovered three novel mutants of the OTOF gene that are known to cause ANSD, and six cases of other gene mutations including TBC1D24, LARS2, TIMM8A, MITF, and WFS1.

Conclusion: Our results extend the mutation spectrum of the OTOF gene and indicate that the genetic etiology of ANSD may be related to gene mutations of TBC1D24, LARS2, TIMM8A, MITF, and WFS1.

KEYWORDS
 auditory neuropathy spectrum disorder, targeted next-generation sequencing, gene mutation, etiological analysis, minigene assay


Introduction

Afferent nerve conduction problems combined with the proper operation of outer hair cells enduring otoacoustic emissions (OAE) and/or cochlear microphonics (CMs) are the hallmark symptoms of auditory neuropathy spectrum disease (ANSD) (1). The first case of ANSD was diagnosed by Starr et al. (2), who found that 10 individuals had abnormal peripheral auditory neural transmission but normal outer hair cell function. The incidence of ANSD, on the other hand, is not fully clear, with studies reporting incidences ranging from <1% to almost 10% in patients with hearing impairment (3–6). The wide range of clinical characteristics in patients with ANSD in different studies (3) is reflected in the large variety of prevalence. Meanwhile, a variety of etiologies have been identified, including genetics, dysmaturity, cochlear nerve abnormalities, and prenatal infections such as measles, mumps, or cytomegalovirus—CMV. Prematurity, prenatal conditions, such as severe icterus and kernicterus, hypoxia induced by mechanical ventilation, septicemia, ototoxic medications, and meningitis were listed as postnatal causes, which might manifest symptoms later in life (3, 7, 8). Cochlear implantation is thought to be the best therapeutic option for patients with ANSD. Nevertheless, due to the widely diverse clinical treatment results, patients with ANSD who accepted cochlear implantation may experience faulty language and speech outcomes. Pre- or post-synaptic lesions or disorders of the central nervous system with hypoplasia of the auditory nerve may be relevant in this regard (9–15).

A total of 13 genes have been identified as causing ANSD thus far (16). Mutations of OTOF, PJVK, and DIAPH3 are the most common hereditary causes of isolated ANSD (17), while OTOF mutations account for more than 18–41% of congenital individuals with ANSD in China (18, 19). To date, over 110 OTOF mutations have been identified (Human Gene Mutation Database).

In this study, we screened 9 cases of patients with ANSD who had normal results in distortion product otoacoustic emissions (DPOAE)/cochlear microphonic potentials (CM) but abnormal auditory brainstem responses (ABR); of which, we discovered 3 cases of OTOF gene mutation that were responsible for causing ANSD, and 6 cases of mutations in TBC1D24, LARS2, TIMM8A, MITF, and WFS1 genes. Our research related to the etiological analysis of ANSD expanded the OTOF gene mutation spectrum and indicated the pathogenic role of TBC1D24, LARS2, TIMM8A, MITF, and WFS1 genes in ANSD.



Methods


Subjects and clinical evaluations

Among 741 hearing-impaired patients undergoing genetic counseling, a total of 9 families were recruited in this study, from the department of otolaryngology-head and neck surgery of Xin Hua Hospital affiliated with Shanghai Jiao Tong University School of Medicine. Approvals were achieved by all individuals and their family members with informed consent prior to the study. Questionnaires were designed to collect the subjects' medical histories. Otological examinations were then conducted to evaluate the auditory conditions of the subjects, which included otoscopy, auditory brainstem response (ABR), pure-tone audiometric examination (PTA), cochlear microphonic potential (CM), and distortion product otoacoustic emission (DPOAE). Finally, we made the diagnosis of ANSD according to the abnormal results of ABR tests and the normal results of DPOAE/CM. This research was approved by the Ethics Committee of Xin Hua Hospital affiliated with Shanghai Jiao Tong University School of Medicine (No. XHEC-D-2021-047).



Next-generation sequencing

The genomic DNA of family members was extracted from peripheral blood leukocytes. The panel of 140 deafness-causative genes of the proband in family A diagnosed with ANSD was captured and sequenced by the Illumina sequencing platform and Hiseq X sequencer (Illumina, San Diego, CA, United States). The panel of 415 deafness-causative genes of 8 other probands diagnosed with ANSD was captured and sequenced by the Illumina sequencing platform and NextSeq 500 sequencer (Supplementary Table 1). Then, non-sense variants, frameshift, and splicing site were taken into further consideration with allele frequencies below 0.0005 for dominant inheritance and 0.005 for recessive inheritance in the 1,000 Genomes Project. Moreover, Mutation taster and SIFT software were then applied to evaluate the possible pathogenicity (20). Through targeted next-generation sequencing, potential causative variants could be detected, which were then confirmed by Sanger sequencing in each individual. Meanwhile, co-segregation analysis was also conducted for all family members if available. The three-dimensional structure of the mutation protein was built individually by SWISS-MODEL (https://swissmodel.expasy.org/) or visualized individually by Swiss-PdbViewer (http://spdbv.vital-it.ch/).



Mini-gene assay

Mini-gene assay was used to study whether the mutation near the splicing site of c.2406 + 2insT in OTOF affects the formation of mRNA by using vectors constructed in vitro. First of all, wild-type and mutant gene inserts were amplified from the genomic DNA of the proband and her mother in family B by nest PCR. Peripheral primers from forward to reverse and 5′- to 3′-, the same as below, of nest PCR were as follows: GTTGAAGTTCCCTGAAGCTCAGCCAGCTC and CCCTGGTCAGAGCTGCCCTG. Inner primers of nest PCR were as follows: CTCACTCCCCTGATCAACAG and GAAGAGCGTCTTGACCTTGGC. The inserts were cloned into the pcDNA3.1 and pEGFP-C1 vectors with multiple cloning sites. The mini-gene constructs were then transfected into HeLa and 293T cells separately using LipofectamineTM 3,000 transfection reagent (Thermo Fisher Scientific, Waltham, USA). Cells were harvested 48 h after transfection. In the end, the total RNA was extracted by Trizol (TaKaRa, Kyoto, Japan), reverse transcribed into cDNA by HifairTM reverse transcriptase (YEASEN, Shanghai, China), and the amplified products were analyzed by electrophoresis of agarose and Sanger sequencing, to confirm whether the mutant vector is spliced as wild type. The primers used to amplify the inserts cloned into pcDNA3.1 were as follows: AAACTTAAGCTTATGTGCCGCTTCCTCTCCCTCGCTG and TAGTGGATCCCTCGTCCGCCAGGAAGCGCA. The primers used to amplify the inserts cloned into pEGFP-C1 were as follows: GCTCAAGCTTCCTGCCGCTTCCTCTCCCTCGCTG and CCGCGGTACCCTCGTCCGCCAGGAAGCGCA.




Results


Clinical evaluations

Probands in the 9 Chinese families, including 5 girls and 4 boys, aged from 15 to 53 months were diagnosed with ANSD according to the abnormal results of ABR tests and normal results of DPOAE/CM. In addition to the audiological diagnosis of the probands, other members of the families need to be specifically described as follows. The father of the family G had normal hearing but excessive freckles all over his body. The father of the family H showed asymmetrical hearing loss with severe hearing loss in the right ear and mild hearing loss in the left ear in PTA testing. The proband of the family I was stunted and could not walk independently at 28 months old. His father showed normal hearing without other physical abnormalities. The parents of other families showed normal hearing without other physical abnormalities.



Genetic findings

Non-sense, frameshift, and splicing site variants with allele frequencies below 0.0005 for dominant inheritance and 0.005 for recessive inheritance were screened to detect potential causative variants by targeted NGS. Candidate causative variants are shown in Table 1. In the five recessive families, bi-allelic mutations identified in known deafness genes were confirmed by parental genotyping, including p.Q1770X + c.4263delC in OTOF (OMIM 603681) for Family A, c.2406 + 2insT + p.K1409X in OTOF (OMIM 603681) for Family B, c.4961-3C > G + c.4091-1G > A in OTOF (OMIM 603681) for Family C, p.R65H + c.1638delT in TBC1D24 (OMIM 613577) for Family D, and p.A255V + p.R663W in LARS2 (OMIM 604544) for Family E (Table 1). While in the four dominant families, we identified four dominant deafness-related heterozygous variants, c.61_62insGGACCCGCAGTTGCAGC in TIMM8A (OMIM 300356) for Family F, c.733delA in MITF (OMIM 156845) for Family G, p.H313Y in WFS1 (OMIM 606201) for Family H, and p.A677T in WFS1 (OMIM 606201) for Family I, co-segregating with the hearing impairment (Figure 1). The co-segregation of the reported mutations was confirmed with the hearing phenotype in these family members by Sanger sequencing (Supplementary Table 2). Among them, there are 9 novel mutations that have not been reported previously in this study. According to ACMG guidelines, most of these mutations were classified as likely pathogenic, although there are three variations of uncertain significance, we suggest that they are important to study the etiology of the family, thus we have included them in the table (Table 1, Supplementary Figure).


TABLE 1 The gene mutations of the 9 families.
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FIGURE 1
 (A–I) Pedigrees of nine families. + represents the wild type after Sanger sequencing.




Mini-gene assay of the splicing site

Two different strategies for constructing mini-genes were used (Figure 2). The wild type and mutant mini-genes were inserted into pcDNA3.1 and pEGFP-C1 vectors. A total of four recombinant vectors were transfected into different cell lines of 293T, Hela, and MCF-7. A total of eight samples were collected 48 h after transfection. The mini-gene construction strategy of pcDNA3.1-otof-wt/mut is to insert the complete fragment of exon21 (91 bp)—intron21 (127 bp)—exon22 (117 bp) of OTOF gene into pcDNA3.1 vector and observe whether there is abnormal splicing between exon21 and exon22 in c.2406 + 2 ins T OTOF mutant after transfection.


[image: Figure 2]
FIGURE 2
 (A) The result of the selected clones by sequencing; (B) The result of final expressed products of cells by sequencing; (C) Construction strategy of pcDNA3.1 vectors; (D) Electrophoretic results of expression products of pcDNA3.1 vectors in cell lines; (E) Construction strategy of pEGFP-C1 vectors; and (F) Electrophoretic results of expression products of pEGFP-C1 vectors in cell lines.


The results of RT-PCR indicated that the wild type had an electrophoretic band of the expected size (241 bp) in 293T and Hela cells, and the mutant was slightly larger than the wild type. Both wild type and mutant bands were sequenced. The sequencing results showed that the wild type was normal and its splicing mode was exon21–exon22; the mutant retained all intron21 of 128 bp, that is, the splicing mode of the mutant was exon21–intron21–exon22. We obtained the same results on the pEGFP-C1 vector, with 359 bp in the wild type and a larger electrophoretic band in the mutant (Figure 2).




Discussion

Auditory neuropathy spectrum disease is caused by defects in genes, which have been proven in previous studies in the recent two decades (3). Mutations in OTOF (OMIM 603681), which was the first identified gene of congenital ANSD, were the most common cause of these genetic defects (21). In previous studies, it has been elucidated that the OTOF gene located on chromosome 2p23.1 consists of 48 exons and encodes otoferlin, which is located in the basolateral region of the adult mammalian cochlea, and is mainly expressed in the inner hair cells, participates in the connection activities in afferent synapses. A reduction of synaptic vesicle exocytosis was observed at ribbon synapses with mutations of OTOF (22). Therefore, the auditory nerve function of patients with bi-allelic OTOF mutations could be assumed to be intact, and the site of the lesion is presumed to be presynaptic in the auditory neuron. Theoretically, good cochlear implant performance could be anticipated in patients with ANSD with OTOF gene mutations. This study expanded the mutation spectrum of the OTOF gene with four novel mutations of the OTOF gene identified.

The disorders associated with TBC1D24 are characterized by some features which were described as distinct, recognized phenotypes originally, including deafness, epilepsy, intellectual disability, and osteodystrophy. The diagnosis of a TBC1D24-associated disorder is confirmed in an individual with bi-allelic TBC1D24 pathogenic mutations, and the pattern of inheritance of TBC1D24 mutation is autosomal recessive (23). TBC1D24 is assumed to be a suitable candidate gene for ANSD for its involvement in the central nervous system and expression in the spiral ganglion (16). In this study, the family members denied that the patient had any symptoms other than deafness. Verification of future research is needed due to the two mutations of this study were classified as uncertain according to ACMG guidelines. Until now, our study is the first report of ANSD caused by TBC1D24 mutations.

LARS2 variants are associated with disorders called Perrault syndrome (OMIM 615300) in most studies, characterized by premature ovarian failure and sensorineural hearing deafness (24). More recently, bi-allelic LARS2 variants have been reported to lead to Perrault syndrome with neurological symptoms (25). In this study, the patients also showed symptoms of ANSD. In our study, the proband and his siblings were young boys and only showed hearing problems.

TIMM8A located in Xq22 encodes a small protein located in the mitochondrial intermembrane space associated with Deafness-dystonia-optic neuronopathy (DDON syndrome) also called Mohr–Tranebjaerg syndrome (MTS) (26). This was the first case of an 11-year-old Dutch boy with dystonia and deafness to report a TIMM8A mutation (27). Three patients with MTS with primary auditory neuropathy in China were the first to report TIMM8A variations (28). In this study, the patient developed auditory neuropathy symptoms, and the mutation was novel and de novo.

Heterozygous mutations in the MITF gene are strongly related to pigmentation disorders and deafness called Waardenburg Syndrome 2A (WS2A). Compound heterozygotes were recently elucidated in a novel syndrome involving coloboma, osteopetrosis, microphthalmia, macrocephaly, albinism, and deafness. Our previous studies have revealed that WS2A caused by MITF mutations is clinically related to excess freckles in Han Chinese deaf patients (29). To our knowledge, this is the first study reporting WS2A as a primary symptom of an ANSD.

WFS1 mutations lead to type 6/14/38 autosomal dominant non-syndromic deafness (DFNA) and Wolfram syndrome 1, an autosomal recessive neurodegenerative disease including deafness, optic nerve atrophy, and diabetes insipidus (30). In this study, the inheritance pattern of Family H was autosomal dominant, while the proband exhibited symptoms of ANSD and the father exhibited symptoms of Wolfram syndrome 1 including deafness and optic nerve atrophy. The inheritance pattern of Family I was incomplete autosomal dominant, with the mutant father having no phenotype, while the mutant daughter exhibits an auditory neuropathy phenotype and developmental delay.



Conclusion

Our results from limited samples suggest that OTOF plays a leading role and WFS1 plays a secondary role in the genetic etiology analysis of ANSD, which together constitute a complex genetic etiology of ANSD. Our results extend the mutation spectrum of the OTOF gene and indicate that the genetic etiology of ANSD may be related to gene mutations of TBC1D24, LARS2, TIMM8A, MITF, and WFS1.
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The most common complaint in people with single-sided deafness (SSD) is difficulty in understanding speech in a noisy environment. Moreover, the neural mechanism of speech-in-noise (SiN) perception in SSD individuals is still poorly understood. In this study, we measured the cortical activity in SSD participants during a SiN task to compare with a speech-in-quiet (SiQ) task. Dipole source analysis revealed left hemispheric dominance in both left- and right-sided SSD group. Contrary to SiN listening, this hemispheric difference was not found during SiQ listening in either group. In addition, cortical activation in the right-sided SSD individuals was independent of the location of sound whereas activation sites in the left-sided SSD group were altered by the sound location. Examining the neural-behavioral relationship revealed that N1 activation is associated with the duration of deafness and the SiN perception ability of individuals with SSD. Our findings indicate that SiN listening is processed differently in the brains of left and right SSD individuals.
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Introduction

One very common concern in individuals with single-sided deafness (SSD) is difficulty following a conversation in a noisy environment such as in classrooms and cocktail party situations. The difficulty arises due to limited accessibility to interaural cues, including the interaural time difference and the interaural level difference (1). Furthermore, this perceptual difficulty worsens with an increase in the duration or severity of hearing loss (2, 3). Nonetheless, conventional hearing-assistive devices, including bone-conduction and contralateral-routing-of-signals (CROS) hearing aids that aim to increase hearing thresholds in the auditory periphery, have shown very limited efficacy in overcoming listening difficulty (4, 5). These findings have led to the hypothesis that cortical elements such as the degree of cortical plasticity or the efficiency of neural transmission may significantly affect perceiving specific sounds in noise. Although concern over this phenomenon is widespread, there is a paucity of published studies in which researchers attempted to directly relate listening difficulty in noise to neural function in individuals with SSD.

Comprehending speech-in-noise (SiN) is a complex task involving both the auditory cortex and many other cortical regions, as evidenced by numerous neuroimaging studies (6–9). This could be because listening to and making sense of speech involves multiple steps of neural processing, including stimulus encoding, selective attention, and working memory. The multi-faceted neural processes involved in SiN perception assessed using various types of measurements such as behavioral tests (10), electrophysiology (11), and functional magnetic resonance imaging (fMRI) (12) have been applied to measure cortical processes during SiN listening. Evidence from previous studies indicates that sensory encoding in both peripheral and higher levels of cortical functioning contribute to SiN perception. For example, in listeners with normal hearing (NH), cortical alpha rhythms are related to digit-in-noise identification performance (13, 14) and those who had earlier subcortical responses reveal better SiN perception (15). These outcomes indicate that SiN listening stimulates different neural processing mechanisms from speech-in-quiet (SiQ) situations and the presence of noise alters the patterns of hemispheric lateralization in both the cortical and subcortical structures of the auditory system (16).

SiN perception is closely related to how an acoustic signal is transmitted along and transformed by the central auditory system. Given that introducing noise can disrupt signal encoding in the auditory system, noise that interferes with a signal is often referred to as a masker. Electroencephalography (EEG) has been applied to study effects of a masker on speech processing since it is sensitive to subtle neural changes and has excellent temporal resolution. Among the EEG components, it has been shown that the fidelity of N1/P2 is capable of predicting SiN performance in various populations, such as cochlear implant (CI) users and children with learning disorders (17–19). For instance, CI users revealed decreased N1 amplitude and delayed P2 latency in response to SiN listening, while the cortical responses are significantly associated with behavioral SiN measures (18). Neural responses in simulated unilateral CI users are temporally delayed for noise-vocoded speech tasks (20). Meanwhile, the patterns of hemispheric lateralization during SiN listening in individuals with SSD differ from those in NH people in that the alpha and theta neural activities are left-lateralized in the latter but greater toward the direction of the background noise in the former (21). Although the cortical processes in populations with hearing impairments during SiN listening have been investigated in recent years, only a few researchers have observed relationships between neural function and behavioral SiN performance in people with SSD. Hence, a more systematic approach to providing insight into the brain mechanism underlying SiN perception is needed.

Since spatial hearing is dependent on information based on the interaural acoustic difference and spectral cues, it is important for listening in a noisy environment as well. Moreover, unilateral hearing loss can incur deficits not only in behavioral sound localization but also in SiN perception (22, 23). Previously, we found that the cortical activity patterns evoked by the sound localization paradigm differ between left- and right-sided deafness (24). Indeed, the outcomes from previous studies suggest that sound-in-noise processing is different depending on the side of deafness. For instance, it has been reported that unlike right-sided deafness, left-sided deafness is accompanied by behavioral advantages for cognitively demanding sound localization and SiN tasks, which are likely related to higher brain functioning due to intact contralateral projection from the peripheral to the central auditory system (25). Vannson et al. (25) suggested an association between sound localization and cortical functional activity; they found that localization ability was better in participants with left-sided deafness than those with right-sided deafness and behavioral performance was related to stronger brain activation. The increased cortical activity in left-sided deafened people was assumed to be compensation for the loss of binaural hearing (26, 27). On the other hand, poorer localization performance was revealed by the right-sided deaf group, which was associated with larger activity ipsilateral to the hearing side. Moreover, prolonged reaction time to locate sound sources in the horizontal plane in right-sided deafened people offers more evidence for the functional difference with left-sided deafness, which can be interpreted as the consequence of the longer processing time needed to reach the right hemisphere in which auditory spatial cues are predominantly processed (24).

Apparent localization deficit based on auditory spatial perception after damaging areas in the auditory cortex in humans and animals, respectively, is distinctly different. In animal studies, the ability to locate sound sources on the opposite side to the damaged hemisphere is considerably decreased regardless of the ablated side (28). In contrast, damage to the right hemisphere in humans has a more pronounced effect on the ability to localize sound than damage to the left one. Zatorre and Penhune (29) suggested that damage to the right auditory cortex can disrupt spatial perception on both sides. Furthermore, it has been reported that patients with right hemisphere damage have significantly impaired sound localization from any location whereas those with left hemisphere damage are capable of locating sounds from the ipsilateral hemispace (29–31). Thus, it can be inferred that the auditory cortex in humans plays the role in supporting spatial processing and behavioral localization, which is in contrast to animals in which many aspects of sound localization can be accounted for by neural processing at the subcortical level. To determine whether unilaterally driven plasticity is different depending on the side of deafness, we compared the pattern of neural activity between left- and right-sided deafness at the cortex level in the present study.

In the current study, we measured cortical N1/P2 responses because these components are thought to be related to sensory encoding and cognitive processes, including SiN listening (32). An auditory cortical evoked response is known to be sensitive to the features of the stimulus, such as its intensity and frequency (33). Given that SiN perception relies on both accurate sensory encoding and successful cognitive processing, we expect that the N1/P2 responses are related to behavioral SiN ability in SSD people. In NH listeners, substantial changes in hemispheric lateralization for SiN tasks have been observed in that functional asymmetry shifts from the right to left hemisphere during adverse listening conditions (6). However, there is still uncertainty as to whether the rightward activation for SiN perception is consistently shown by persons with SSD. Since alteration of the functional lateralization following monaural hearing deprivation is different depending on the side of deafness (34–36), we anticipated that the SiN-induced changes in cortical activation and hemispheric laterality are distinct for left-sided and right-sided deafness. Furthermore, consistent with previous reports, we hypothesized that cortical activation is weaker and temporally prolonged as the duration of deafness becomes longer (24, 37).



Methods


Participants

Ten adults with right SSD (RSD; 6 female, mean age: 52.7 ± 6.2 years) and 10 with left SSD (LSD; 6 female, mean age: 41.9 ± 16.8 years) were recruited. All of the unilaterally deaf participants were right-handed and had profound hearing loss in one ear (average pure-tone audiometry threshold >90 dB HL) and NH (pure-tone thresholds <20 dB HL from 0.25 to 4 kHz, with evoked otoacoustic emissions) in the other ear. Neither of the unilaterally deaf groups had used a hearing aid before participating in this study. Eleven age- and gender-matched NH adults were recruited for comparison with the SSD groups (NH, 7 female, mean age: 52.2 ± 6.9 years). The NH group participants had normal pure-tone average thresholds in both ears and no neurological and cognitive issues. Informed consent was obtained from all participants prior to testing. All experimental protocols and methods were approved by the guidelines and regulations outlined in the Sacred Heart Hospital of Hallym University Institutional Review Board (IRB no. 2019-02-019) and were performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. A summary of the clinical data of participants with SSD is provided in Table 1.


TABLE 1 Clinical features of participants with single-sided deafness.
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Stimuli and procedure

Figure 1 shows an example of an acoustic sequence and the passive listening paradigm applied in this study. Natural /ba/–/pa/ speech stimuli with a noise masker at a signal to noise ratio (SNR) of +5 dB were used to evoke cortical responses. The noise masker was speech-shaped noise lasting 0.5 s created by applying the speech stimuli recorded from utterances by a male speaker and presented with speech stimuli simultaneously. The overall duration of each speech stimulus was 0.5 s, and the voice onset times were 30 and 100 ms for /ba/ and /pa/, respectively. The stimuli were presented through a StimTracker (Cedrus Corporation, CA, USA) system that allowed for EEG synchronization with the sound, and they were calibrated using a Brüel and Kjær (2260 Investigator, Nærum, Denmark) sound level meter set for frequency and slow time weighting with a ½ inch free-field microphone.
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FIGURE 1
 Speech stimulus and experimental listening conditions. Top, time waveforms of the CV syllable /ba/ and /pa/ with +5 dB speech-shaped masking noise. Middle, spectrogram of the acoustic stimuli. Each stimulus was embedded in 1.5 s of silence. Bottom, passive listening paradigm. During recording, subjects watched close-captioned movies of their choice.


For each electrophysiological test, speech stimuli /ba/ and /pa/ were presented through a loudspeaker horizontally located at each of five different azimuth angles (−60°, −15°, 0°, +15°, and +60°, where “+” indicates the right side while “–” indicates the left side) under both quiet and noise listening. The stimuli were randomly presented with an inter-stimulus interval from sound offset to onset fixed at 1.5 s. A total of 1,000 trials involving 100 trials each for the /ba/ and /pa/ sounds at the five different azimuth angles under quiet and noise listening conditions (ba/pa x five azimuth angles x quiet/noise conditions) were presented across two blocks. During recording, the subject was seated in a comfortable reclining chair and watched a silent closed-captioned movie of their choice while the stimuli were individually presented in the background through a loudspeaker horizontally located at each of the five different azimuth angles. The subject was instructed to ignore the sounds and not to move their head during the experiment. During the recording, the subject was alert and calm.

All of the speakers were located 1.2 m away from the subject at ear level and sounds were presented at 70 dB SPL (sound pressure level). Breaks were given upon request. The total recording time was ~40 min.



Behavioral tests

All subjects including the SSD patients and NH controls participated in behavioral sound localization task. The sound localization was measured for speech sounds at the five different azimuth angles mentioned above. In each trial, speech stimuli were emanated from each speaker in a random order. For each of the presentation, participants indicate location where a sound was presented by pressing a corresponding button on the keyboard assigned a speaker number. For the task, stimuli were presented in 10 blocks of 1,000 trials (200 trials for each of the five different azimuth angles), with each lasting 4 min. Prior to undertaking the task, each participants completed 10 familiarization trials of the procedure. The sound localization task was conducted in a sound-attenuated booth. Speakers were 1.0 m from the subject's head. No feedback regarding the performance was given during the test. Only the sound localization test results for the behavioral performance are reported herein. Accuracy of sound localization task was calculated using the root-mean-square error (RMSE) and the mean absolute error (MAE). The RMSE was assessed using the root-mean square of the magnitudes of the differences between the azimuth of the sound location and the azimuth of the selected location across all trials. The MAE is the absolute error in degrees, divided by the total number of trials.

As a behavioral measure of speech perception, word-in-noise perception was measured by using the consonant perception test (CPT) (38). A total of 50 words were presented in a “C/V/C” (consonant/vowel/consonant) context with a female talker in speech-shaped noise at a SNR of 0 dB. The number of words correctly identified out of 50 was expressed as a percentage. Since the CPT is forced choice paradigm among 4 alternative choices, subjects were instructed to indicate which words were heard by choosing buttons via mouse click.



EEG recording

Electrophysiological data were collected by using a 64-channel actiCHamp Brain Products recording system (Brain Products GmbH, Inc., Munich, Germany). An electrode cap was placed on the scalp with electrodes positioned at equidistant locations (39, 40). The reference channel was positioned at the vertex while the ground electrode was located on the midline 50% of the distance to the nasion. Continuous data were digitized at 1,000 Hz and stored for offline analysis.



Data processing

Electrophysiological data were preprocessed by using Brain Vision Analyzer 2.0 (Brain Products GmbH, Inc., Munich, Germany). Data were band-pass-filtered (1–50 Hz) and down-sampled to 500 Hz. Visual inspection of the data included the removal of artifacts related to subject movements (exceeding 500 mV). Independent component analysis (ICA) (41) implemented in Brain Vision Analyzer was applied to remove artifacts related to eye blinking and movement, and cardiac activity. After ICA artifact reduction, the data were low-pass-filtered at 20 Hz and segmented from −200 to 1,000 ms with 0 ms at the onset of the stimulus and re-referenced to the average reference. Averages were obtained for each of the azimuth angles. Subsequent peak detection was performed by using the fronto-central electrodes for the N1/P2 components. Since we used an electrode cap with equidistant locations which use different electrode layout from the traditional 10–20 system, N1/P2 were measured from the averaged activities of three electrodes located at Cz in the international 10–20 system (40, 42).



Source analysis

Auditory evoked potential sources were computed by using BESA Research 7.0 (Brain Electrical Source Analysis, GmbH, Germany) as described previously (43). Dipole source analysis for N1 activity was performed on individual averaged waveforms and was implemented by using an average head model. To measure the dipole source activity for each subject, two symmetric regional dipole sources were seeded in the region of the auditory cortex (Talairch coordinates: ±49.5, −17, 9). In the next step, dipole fitting was executed in the mean area over a 20 ms window around the N1 peak on the global field power. A goodness of fit (GOF) was assessed for each subject over the 20 ms window. Data revealing an 80% or lower GOF were excluded from further analysis. As a result, 9 RSD, 9 LSD, and 11 NH subjects showed 80% or greater GOFs. During the analysis, the dipole sources were varied in location, orientation, and strength to fit tangential sources at the activation period maxima. The mean current over the 20 ms window centered on the peak of the tangential sources were assessed to conduct statistical analysis in each subject. In addition, BESA statistics 2.0 was performed for source space analysis. For the analysis, data files were created to compare between conditions (e.g., SiQ vs. SiN). The data files included information regarding source modeling in a 20 ms window in which maximal peaks were observed in the global field power. For the source modeling, sLORETA (standardized low resolution brain electromagnetic tomography) was conducted to evaluate source activation of individual subjects in the time range from 0 to 500 ms after stimulus onsets. The source activation differences in source space between SiQ and SiN conditions were assessed for each subject group using a paried t-test.



Statistical analysis

Repeated-measures analysis of variance (ANOVA) was performed for the behavioral data to examine the effects of noise (SiQ vs. SiN) and subject group (NH, RSD, and LSD) on the RMSE and MAE. The repeated-measures ANOVA was also conducted to assess the effects of azimuth angle, noise, and subject group on amplitudes and latencies of N1/P2 cortical potentials. For comparing brain activity during SiN and SiQ listening, we used the SiQ data presented in our previous study (24). Tukey's Honest Significant Difference (HSD) test was conducted for post hoc comparisons, while Pearson product-moment correlations were used to assess correlations between the behavioral/audiological data and the N1/P2 activities for the SSD groups. For the dipole source data, group differences in hemispheric laterality were calculated by using grand mean source waveforms. In addition, paired t-tests corrected for multiple comparisons and Monte-Carlo resampling techniques implemented in BESA Statistics 2.0 (44) examined differences in the strengths of the brain source spaces between the listening conditions. Clusters of voxels with p-values of < 0.05 were considered significant, and the alpha criterion was manually set to 0.05 in BESA.




Results


Behavioral sound localization

Figures 2A, B show the mean RMSE and MAE for each subject groups. Repeated-measures ANOVA analyzing RMSE data revealed significant effects of noise [F(1,27) = 19.3; p < 0.0001] and group [F(1,27) = 30.47; p < 0.0001]. Tukey's HSD post hoc tests revealed the RMSE was larger (worse) in both LSD (p = 0.001) and RSD (p = 0.001) groups than in NH group. No difference in the RMSE was found between LSD and RSD groups. For noise effect, the RMSE was smaller for the SiQ than for the SiN condition (p = 0.001). Similar to the RMSE, significant group [F(1,27) = 29.9; p < 0.0001] and noise [F(1,27) = 20.1; p = 0.0001] effects were found for the MAE. Post hoc tests conducted for the group effect showed the MAE was larger in the SSD groups (both p = 0.0001) and SiN (p = 0.0002) compared to NH group and the SiQ condition, respectively. Figure 2C shows a correlation between the RMSE and age at the onset of deafness in SSD groups. The results indicate that the RMSE was greater as the age at the onset of deafness is older (r = 0.45, p = 0.046).
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FIGURE 2
 Mean root-mean-square error (A) and mean absolute error in degree (B) in subject groups with normal-hearing and with left- and right-sided deafness during the speech-in-quiet and speech-in-noise listening conditions. (C) The root-mean-square error correlations with the onset of deafness in SSD groups. Error bars: the standard error of the mean. RSD, right-sided single-sided deafness; LSD, left-sided single-sided deafness; NH, normal hearing; SiN, speech-in-noise; SiQ, speech-in-quiet; RMES, root-mean-square error; MAE, mean absolute error. **P < 0.01.


A subset of SSD subjects was able to complete the CPT tests, the results for which are shown in Figure 3C (the right panel). The average scores for CPT were 82.3 for left-sided deafness and 86.7 for right-sided deafness. The results of an independent samples t-test revealed no significant difference between the test scores (p > 0.05).


[image: Figure 3]
FIGURE 3
 (A) Grand mean waveforms averaged stimuli emanated at azimuth angles of ±60° for the NH and ipsilateral to the hearing side for the SSD groups (+60° for the LSD; −60° for RSD) recorded via the frontal central (FC) electrodes for each subject group. Event-related potentials are shown for SiN (blue) and SiQ (red) listening. The gray highlighted area indicates the time window to measure the N1 response (80–150 ms). Topographical representation of the N1 response is presented for each subject group on the right side. (B) Listening condition (averaged across all groups) and group (averaged across all angles) comparisons for N1 amplitude and N1 latency, respectively. The error bars represent the standard error of the mean. *P < 0.05. (C) N1 amplitude correlations with the duration of deafness, and P2 latency correlation with word-in-noise perception scores measured using the CPT. RSD, right-sided single-sided deafness; LSD, left-sided single-sided deafness; NH, normal hearing; SiN, speech-in-noise; SiQ, speech-in-quiet.




Cortical potentials

Figure 3A shows the grand mean waveforms for stimuli emanated at azimuth angles of ±60° for the NH and ipsilateral to the hearing side for the SSD groups (+60° for the LSD; −60° for RSD) under both SiN and SiQ conditions. The overall response was characterized by an N1 evocation at around 100 ms after stimulus onset followed by a P2 response. The magnitude of N1 was greater for SiQ than SiN listening whereas the P2 magnitudes were similar. Topographic examination of the N1 responses indicates that negativity was stronger for SiQ than SiN listening for all of the groups, while N1 activation in the NH group was lateralized toward the left hemisphere but more symmetrical over the brain in the SSD groups (Figure 3A).

Repeated-measures ANOVA was applied to examine the effect of sound location (−60°, −15°, 0°, +15°, +60° azimuth angles), type of stimulus (SiQ and SiN), and the group effect (NH, RSD, and LSD) on N1/P2 measures. Figure 3B shows the N1 amplitudes for the SiQ and SiN condition (averaged across all subjects) and N1 latencies for each subject groups (averaged across all angles). A significant effect of noise [F(1,27) = 5.7; p = 0.024] was found for N1 amplitude. Tukey's HSD post hoc test results show that the N1 amplitudes for SiQ were larger than those for SiN (p < 0.01). In addition, a significant group × angle interaction [F(8,108) = 2.58; p = 0.012] was revealed, and Tukey's HSD post hoc test results reveal that in the LSD group, the N1 amplitudes at azimuth angles of 0° (p = 0.043), +15° (p = 0.034), and +60° (p = 0.007) were smaller than those at −15°. In the RSD group, the N1 amplitudes at an azimuth angle of +60° were larger than those at −15° (p = 0.037) and +15° (p = 0.034). No significant interaction was found in NH group. For N1 latency, a significant effect of group [F(2,28) = 3.66; p = 0.038] was found, and post hoc test results indicate that the N1 latencies for the LSD group were longer than those for the NH group (p = 0.011).

No significant differences were found for P2 amplitude. However, a significant effect of azimuth angle [F(4,184) = 4.5; p = 0.002] was found for P2 latency. Tukey's HSD post hoc test results show that the P2 latencies at azimuth angles of −60° and +60° were longer than those at −15° (p = 0.001 for −60° and p = 0.011 for +60°), 0° (p < 0.001 for both), and +15° (p = 0.009 for −60° and p = 0.017 for +60°).

To assess whether N1/P2 responses to SiN stimuli are related to audiological factors or behavioral speech perception in SSD subjects, we examined the relationships between averaged N1/P2 measurements according to the duration of deafness and CPT scores. Since not all of the SSD subjects provided CPT scores, data from only 14 subjects (6 and 8 from the LSD and RSD groups, respectively) were used in the correlation analysis. Figure 3C shows that the averaged N1 amplitudes across all azimuth angles during the SiN task were inversely related to the duration of deafness in the SSD groups (r = −0.45, p = 0.047), suggesting that N1 decreases with a longer duration of deafness. In addition, the averaged P2 latencies were negatively correlated with CPT scores, indicating that P2 latency is shorter with better word-in-noise performance (r = −0.57, p = 0.034).



Dipole source analysis

This was conducted to examine the tangential source of N1 for SiN perception. To measure the SiN effect on N1 source activation, we also assessed the tangential components while SiQ listening and then compared them while SiN listening. Figure 4A shows N1 source activation averaged across all of the azimuth angles for the left and right hemispheres of the NH, LSD, and RSD groups. Repeated-measures ANOVA was conducted to measure the effects of noise, azimuth angle, and subject group on N1 dipole source amplitude and latency. For N1 source amplitude, a significant group/hemisphere interaction [F(2,28) = 8.25; p = 0.001] was found. Tukey's post hoc analysis revealed that during SiN listening, N1 source activation in the LSD group was greater in the left hemisphere, which is contralateral to the hearing side (p = 0.029), while stronger ipsilateral activation (left hemisphere) was found in the RSD group (p = 0.002). No statistically significant difference between the hemispheres was found for SiQ listening, and no statistically significant asymmetrical dipole activation was found in the hemispheres of the NH group participants (both p > 0.05).
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FIGURE 4
 N1 source activation by the speech-in-quiet (SiQ) and speech-in-noise (SiN) stimuli. (A) The grand mean N1 dipole source waveforms for the left (blue) and the right hemispheres (red) for each subject group. The mean N1 source amplitudes for SiQ and SiN listening are presented for each group on the right side of the mean waveforms. The error bars represent the standard error of the mean. (B) Cluster data representing significant differences between the SiQ and SiN listening tasks in the brain source space. Red indicates that the SiN listening response was larger than for SiQ (a positive difference). Note that these clusters indicate which regions showed a significant difference while the crosshairs indicate a 3D point indicating the maximum difference in the comparison. (C) N1 source latency correlation with duration of deafness. RSD, right-sided single-sided deafness; LSD, left-sided single-sided deafness; NH, normal hearing.


Figure 4B shows the t-test comparisons for the N1 source space to compare between the SiQ and SiN conditions for +60° and −60° azimuth angles in SSD groups. For this comparisons, we focused on −60° vs. +60° for the following reasons: (1) the findings in previous electrophysiological data suggest that N1 cortical activity is larger for stimuli containing more prominent spatial cues than for less spatially distinguishable stimuli (45); and (2) given that the −60° and 60° azimuth angles are closer to the hearing and deafened ears than the other angles, these conditions could better represent the effect of SSD on source activation. (3) cortical N1/P2 responses to ± 60° in SSD subjects were more delayed and larger compared to the smaller azimuth angles. For the LSD group, comparisons between SiQ and SiN listening revealed significant clusters (p = 0.006) with stronger activation in the frontal lobe (the left premotor and supplemotor areas) during SiN listening at an azimuth angle of −60° and in the temporal and occipital lobes at +60° (p < 0.001). Meanwhile, for the RSD group, significantly larger activation was found in the frontal area during SiN listening at azimuth angles of −60° (p = 0.02) and +60° (p = 0.017) (the left Broca area at −60° and the left dorsal anterior cingulate cortex at +60°).

Figure 4C depicts relationships between averaged N1 source latency and duration of deafness in subjects with SSD. Pearson product-moment correlation results revealed that N1 source latency to SiN stimuli was positively correlated to the duration of deafness (r = 0.53, p = 0.017), indicating more prolonged latencies with the longer duration of deafness.




Discussion

The aim of this study was to compare cortical responses during SiQ and SiN listening to characterize the cortical representation of SiN processing in persons with SSD. Given that the distinct patterns of brain activation depending on the side of deafness have been reported (24, 35, 46), we also compared the neural responses in LSD and RSD participants during SiN listening. We found that (1) the SiN is differently processed in the brains of left- and right-sided SSD in that the left-sided SSD revealed greater activity contralateral to the hearing side (left hemisphere), while the right-sided SSD showed the left hemispheric asymmetry. (2) the N1 modulation as a function of sound location was more evident in participants with left-sided deafness. In addition, (3) N1 activity and sound localization performance in SSD participants were associated with the deafness duration and the onset of deafness, respectively.

Analysis of N1 dipole source activity revealed that noise-degraded speech sounds incur differential effects on the hemispheric laterality depending on the side of deafness. For SiN listening, activity contralateral to the hearing side was greater with left-sided deafness but a contrastive pattern of lateralization in that stronger ipsilateral bias was revealed with right-sided deafness. Interestingly, no hemispheric laterality was found for SiQ listening in either SSD group. These results in dipole source activation enabled us to tease out the contributions of the hemispheres engaged in processing SiN stimuli and to confirm that the auditory system has active compensatory mechanisms mitigating degraded speech processing. In listeners with NH, contralateral activity is more predominant for left- than right-ear stimulation (47, 48). Nonetheless, in persons with SSD, the adaptation process of the left hemisphere could strengthen both the ipsilateral and contralateral pathways for processing degraded speech sounds. With right-sided deafness, stronger left-hemispheric activity has been attributed to functional plastic changes mainly occurring in the left hemisphere rather than the right one (49, 50). Strengthening the routes to the left hemisphere for SiN listening could be related to the left hemisphere playing a crucial role in speech and language function (51), which mainly contributes to the right-ear advantage for processing degraded speech sounds (16).

The results of a previous study examining alpha and theta rhythms in children with unilateral deafness and NH controls are inconsistent with our findings in that the neural activity in the NH group was lateralized to the left side during a quiet listening task whereas rightward asymmetry was found during a word-in-noise recognition task (21). However, this pattern of asymmetry decreased in children with unilateral hearing loss due to attenuated asymmetrical activation (21). Possible explanations for this discrepancy are (i) the type of noise used for evoking the response, (ii) the subjects' characteristics, and (iii) the listening conditions (passive vs. active). Given that for NH, increasing the SNR decreases lateralization toward the right hemisphere (32), the low SNR used in our study would weaken hemispheric lateralization in NH listeners. In addition, most of the SSD participants in our study were adults who had acquired auditory deprivation later in life whereas children with congenital unilateral hearing loss were mainly recruited for the previous study by Cartocci et al. (21). It has been demonstrated that asymmetrical hearing loss occurring during early childhood compromises brain lateralization due to incomplete auditory development (52). In this regard, Burton et al. (49) proposed that congenital unilateral deafness can result in strengthening the contralateral pathway while acquired unilateral deafness can lead to over excitation of the ipsilateral pathway.

Interestingly, we found that cortical activation in right-sided deafness is independent of the direction of stimulation whereas left-sided deafness alters sites of activation according to the amount of spatial information. More specifically, in left-sided deafness, activation was found in the temporal and occipital lobes when sounds were presented from the side of the intact ear (an azimuth angle of +60°), while the activation was greater in the frontal lobe for the stimuli presented on the deaf side (an azimuth angle of −60°). On the other hand, right-sided deafness produced strong activity in the frontal areas regardless of the side of stimulation (Figure 3B). The differential recruitment of the frontal and temporal regions for encoding spatial information could be closely related to the functional change brought about by cortical reorganization according to the side of deafness. The neural generators contributing to processing speech under adverse listening conditions are located in both the frontal and temporal lobes: the temporal lobe is thought to play a role in initial sound processing while the frontal cortex is more associated with the higher-order speech processing such as SiN listening (53). Indeed, the extensive frontal-temporal network including the anterior cingulate and the prefrontal cortex are preferentially activated for processing linguistic and spatial information (9, 54–56). However, in individuals with SSD, such functional organization of the cortex for SiN processing seems to be altered by deafness-driven plasticity. In particular, the activation of the frontal cortex observed in persons with SSD could reflect active adaptation processing in the cortex to enable higher cognitive resources to process degraded speech stimuli. Considering that individuals with right-sided deafness show the frontal lobe activation required to process sounds from both the deaf and hearing sides, right-sided deafness could require more effort for SiN processing than left-sided deafness in which the activation sites are allocated according to the side of stimulation. This interpretation is supported by a neuroimaging study showing that right-sided deafness is related to higher activation of the frontal cortical regions not seen in persons with left-sided deafness (57); the authors concluded that right-sided deafness enhances activation in the areas involved in the processing of degraded sounds. Our data corroborate this finding by explicating differential reorganization of the cortex according to the side of deafness for processing impoverished speech stimuli.

In addition to the different activation patterns between left- and right-side deafness, it is important to note that the roles of peripheral and central processing deficits in SiN perception differ between bilateral and unilateral deafness. Although both types of hearing loss induce changes in the central auditory system, peripheral loss is totally different. Bilateral hearing loss is accompanied by an elevation in the hearing threshold and a decrease in spectral processing but with access to bilateral cues in both the intensity and timing domains (58). On the other hand, hearing via the good ear in unilaterally deafened individuals can be as good as that of normal listeners for SiN perception when the speech and noise are presented to the good ear. In this sense, the loss of sound source localization is the main issue for SSD subjects in the case of a single talker whereas the loss of binaural processing reflects true SiN perception in the presence of multiple talkers.

Binaural processing is important for both sound localization and SiN perception because the neural processing for both tasks is closely related to each other (59). In the cocktail party situation, binaural hearing helps to lessen the masking of the target sounds by noise presented from other directions. Based on this effect, the binaural masking level difference (BMLD) improves sound detection when the phase of either the signal or the noise is inverted (60). In a free-field environment, a similar level of unmasking in humans (61) and animals (62) is obtained by spatially separating the signal and the masker. In an animal study, it has been found that the responses of the inferior colliculus (IC) neurons to BMLD stimuli are consistent with their ITD sensitivity to tone and noise (63). Furthermore, behavioral and functional changes with unilateral deprivation have been reported in animals with SSD. In particular, the outcomes of several single-neuron studies on the effect of unilateral deafness at the brainstem and cortex levels suggest an increase in the responsiveness of the IC and the primary auditory cortex neurons to acoustic stimulation on the side of the intact ear (64–66). For example, unilateral hearing loss in barn owls was accompanied by compensatory shifts in ITD sensitivity at the IC level (67). This may be related to weakening of the auditory pathways that convey input from the deprived ear in several brain areas, including the cochlear nucleus (68), the superior olive (69), and the IC (70). This outcome indicates that a change in the auditory pathway affects the capacity of the auditory system to adapt to unilateral deafness by becoming more dependent on the monaural spatial cues provided by the hearing ear.

At the neuroanatomical level, neurons in the IC change substantially following unilateral hearing loss because they need to be able to integrate various auditory spatial cues (71). In turn, it can be inferred that the IC is more susceptible to brain plasticity than other auditory pathway sites due to its functional characteristics (72). In animal studies, unilateral hearing loss weakened ipsilaterally mediated suppression in the IC ipsilateral to the deprived ear, albeit not at the level of the auditory cortex (73). In this respect, these results indicate that neuronal changes following unilateral deprivation are more apparent at the subcortical level rather than at the cortical level. Nonetheless, the neural basis for unilaterally deafened-induced plasticity at the IC level is not well characterized in humans, thereby suggesting the need for future work in this area.

Concerning the relative roles of peripheral and central processing deficits in SiN recognition by individuals with SSD, one important factor for SiN processing is the acoustic properties of the noise maker. The sensory aspects of SiN can be considered as how the acoustic signal is transduced by the ear and transmitted and transformed along the central auditory system. External noise can cause disruption in signal encoding in the central auditory system, and for this reason, it is frequently referred to as a masker. Meanwhile, noise that interacts with a signal, leading to a degraded neural representation, is generally referred to as an “energetic masker.” The term “energetic” comes from the level of interaction between the masker and the signal within the same critical bands at the same time. On the other hand, “informational masking” consists of a masker that is outside the critical bands so that both the target signal and the masker are audible. Energetic masking can produce interference within the peripheral auditory system whereas informational masking is often taxing on the cognitive resources required for selective attention (74). Given that the SiN performance of bilaterally or unilaterally deafened individuals according to the type of noise can vary, the effects of noise type and spatial cues on the performance have been extensively studied. In people with SSD, better performances were obtained with single-talker noise compared to using a multiple-talker distractor (75). In addition, SSD subjects perform poorly when speech and noise are presented from the same speaker due to a reduction in spatial cues (76). Meanwhile, listeners with bilateral hearing are more affected by multi-talker noise due to the loss of binaural hearing (3). Acoustically, multi-talker noise is dominated by energetic masking while single-talker noise contains both energetic and informational masking. Therefore, it can be inferred that single-talker noise with informational masking is more difficult for SSD individuals since it requires more attentional cognitive resources. Furthermore, this supports the notion that the cortical plasticity following monaural deprivation may not enhance some aspects of binaural hearing involving informational masking.

Under normal circumstances, N1/P2 cortical activities in response to acoustic noise decrease in amplitude and increase in latency (15, 32, 77). Similar to the observations for NH listeners, cortical N1 responses in persons with SSD were smaller during SiN compared to SiQ listening (36). However, our data reveal that in SSD individuals, the effect of degraded speech sounds on P2 response is much smaller than on N1 response. These results expand on previously reported findings by suggesting that noise-related changes can be mainly attributed to the N1 components. Our findings indicate that N1/P2 activities in persons with SSD undergo distinct changes with noise. It is known that N1 is significantly affected by the stimulus characteristics, such as frequency (78), intensity (79), and acoustic changes (40), whereas P2 is related to more higher-order cognitive processing, including perceptual experience (80) and auditory training (81, 82). When processing degraded speech sounds, N1 relies solely on the SNR without taking acoustic properties such as the absolute intensity of the signal into consideration (77, 83). This notion is supported by the findings from a previous study comparing responses to tone bursts with various levels of background noise in which substantial changes in the N1 amplitude as a function of noise were observed while no effect was evident for intensity changes (83). Contrary to N1 showing consistent changes with the noise masker, P2 noise-related changes are largely variable. Papesh et al. (84) reported that P2 is affected by interactions among stimulus variables including signal type, noise type, and experimental paradigm. Therefore, we assume that our experimental design is suitable for inducing changes in neural generators underlying the N1 rather than the P2 response.

Our results concerning the relationship between N1/P2 cortical activities and behavioral performance in SiN perception are in agreement with those from previous event-related potential studies (21, 24, 36). Notably, we found that sensor-level N1 amplitude and P2 latency are associated with the duration of deafness and word-in-noise ability, respectively. At the source level, N1 activity can be used to predict the duration of deafness and subjective speech perception in persons with SSD. In other words, the N1 response becomes progressively weaker with decreasing SiN perception and a longer duration of deafness. These results suggest that the brain mechanisms required for the neural processing of SiN stimuli are more difficult to induce in SSD individuals with longer duration of deafness. Given that a positive correlation between N1 activity and behavioral/perceptual SiN ability has been observed, successful SiN perception in persons with SSD could require more faithful neural encoding of degraded auditory input at the cortical level. However, the quality and amount of the brain plasticity in some SSD individuals (i.e., chronic SSD) is not sufficient to improve the neural activity for robust SiN perception (85, 86). In this case, higher-order cognitive controls such as attention and memory might efficiently improve SiN listening in SSD individuals (20). Taken together, our data leads us to infer that chronic unilaterally deafened people develop “SSD-specific” neural mechanisms to compensate for decreased ability to process SiN stimulus. Nevertheless, additional efforts to enhance cognitive controls such as auditory training could re-formulate the neural population required for SiN listening into a more “normal-like” pattern.
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Introduction: The widely accepted treatment for sudden sensorineural hearing loss (SSNHL) is corticosteroid treatment (oral or intratympanic). The main goal of this work is to define the significance of the time between symptom onset and treatment initiation, as well as other prognostic factors, for hearing improvement.

Methods: This retrospective study included 666 patients treated for SSNHL. Demographic data, audiometry, treatment method, time since symptom onset, and associated symptoms were recorded for each patient. The patients were divided into five groups according to the treatment initiation time—half a week, one week, 2 weeks, 3 weeks, or 4 weeks and over—after symptom onset. The degree of improvement was assessed by comparing the audiometry at the beginning and the end of the treatment.

Results: The average period of hearing loss from symptom onset to treatment initiation was 10.8 days. Significant differences were found between the groups of half a week, one week, and 2 weeks and the groups of 3 weeks and 4 weeks and over (each separately, p < 0.001). No difference was found between the half-week, one-week, and two-week groups, nor was there a difference between the three-week and four-week-and-over groups. A correlation was found between the treatment initiation time in days and the degree of improvement in hearing for both speech recognition threshold (SRT) and discrimination, R = 0.26 p < 0.001 and R = 0.17 p < 0.001, respectively. No correlation was found for gender, age of the patients, comorbidities, or associated symptoms.

Conclusion: The threshold for treatment initiation time is up to 2 weeks, after which the amplitude of hearing improvement decreases significantly. The other prognostic factors measured were not found to be statistically significant predictors.

KEYWORDS
 hearing loss, corticosteorids, audiogram, intratymapnic injection, discrimination


1. Introduction

Sudden sensory neural hearing loss (SSNHL) is defined as sensory neural hearing loss that appears within 72 h and is manifested by a decrease of at least 30 decibels (dB) in three consecutive frequencies in audiometry (1). The annual incidence of SSNHL is 5–27 people per 100,000 (2), with a 32–65% chance of spontaneous recovery without treatment (3–6). Several prognostic factors have been identified, including the patient’s age, the degree of hearing loss (HL), and additional symptoms (e.g., tinnitus, vertigo) (6).

Oral treatment with corticosteroids (CTS) with varying periods and dosages is the recommended treatment nowadays. The latest guidelines of the American Academy of Otolaryngology (AAO) define treatment with oral CTS as an optional treatment with a moderate level of evidence (7). According to these guidelines, the recommended period of time for initiation of treatment with oral CTS is up to 14 days from symptom onset. Academia and the literature base this recommendation on laboratory evidence of an inflammatory cell death cascade in SSNHL; the CTS aims to stop this cascade, and the window of time is set to 14 days (7, 8).

It is natural to assume that these laboratory findings will have clinical consequences. However, there is no consensus in the literature as to whether there is a strong correlation between the time from symptom onset to initiation of treatment and hearing improvement. Fetterman et al. did not find a clear relationship between these two factors and therefore did not include treatment initiation time as a prognostic factor (9). In contrast, Cvorovic et al. found that initiating CTS treatment within 7 days of symptom onset has a better prognosis than initiating treatment later (10). Those studies looked for a correlation between the time from onset of HL to treatment initiation but did not directly compare patients who began treatment before and after 14 days. Furthermore, the AAO recommended that clinicians should offer intratympanic steroid therapy when patients have incomplete recovery from SSNHL, even two to 6 weeks after symptom onset (7).

So far, no comprehensive data have been published to evaluate the AAO guidelines and recommendations, particularly the precise onset of oral treatment (up to 14 days). The main objective of this paper is to determine the relationship between the time from symptom onset to initiation of CTS treatment and improvement in hearing among patients suffering from SSNHL. The secondary objectives are to investigate additional prognostic factors (e.g., smoking, ischemic heart disease) (IHD), diabetes mellitus (DM), hypertension (HTN), age, gender, the severity of HL, and accompanying symptoms (tinnitus, vertigo) and their degree of correlation with improvement under CTS treatment.



2. Materials and methods

A retrospective cohort study was conducted on patients admitted to the Department of Otolaryngology and Head–Neck Surgery at Shaare Zedek Medical Center, diagnosed with SSNHL, and hospitalized during 2012–2021. The institutional review board approved the study protocol with a waiver of informed consent.

The patients’ general information was collected, including demographics, medical background (IHD, DM, HTN), medications, accompanying symptoms, and the time from symptom onset to initiation of treatment. At least two hearing tests were performed for each patient (before and at the end of the treatment). These tests measured pure tone audiometry (PTA), Speech Recognition Threshold (SRT), and discrimination.

The treatment protocol followed the AAO Head and Neck Surgery Guidelines; that is, with no contraindication to oral corticosteroids (OCS), all patients were treated with Prednisone 30 mg twice daily for 1 week, and if no sufficient improvement was seen (if there was still ≥10 dB sensorineural hearing loss in at least two frequencies) a salvage treatment with once-daily intratympanic dexamethasone injection was initiated for another week while tapering the OCS over 5 days (7).

Inclusion criteria were presentation with SSNHL; exclusion criteria were partial treatment, a different diagnosis from SSNHL (conductive HL, acoustic trauma, vestibular schwannoma, Meniere’s disease), congenital HL, and failure to follow-up.

The final cohort of patients enrolled was divided into five groups according to the period of time from symptom onset to treatment initiation as follows: 1st group: up to half a week (1–3 days) from onset of HL; 2nd group: 4–7 days, 3rd group: 8–14 days, 4th group: 15–21 days, 5th group: 22 days and over.


2.1. Audiometry tests

Certified audiologists in our medical center performed audiometry. The tests were performed in soundproof booths using a Grason-Stadler (GSI-61/AudioStar Pro) audiometer (Minnesota, USA) with standard audiometric parameters. The audiometers were calibrated annually. Pure tone average (PTA) was calculated using 500, 1,000, and 2,000 Hz. Maximum speech discrimination score % (SD) and speech recognition thresholds (SRT) were included for analysis; SRT is the minimum hearing level at which an individual can recognize 50% of spondaic words. The maximum speech discrimination score was obtained at a level of 35 dB above the SRT, or at a softer level if the standard level exceeded the users’ comfort level or maximum output of the audiometer. A list of 50 monosyllabic Hebrew words was presented mostly in the live voice condition, and the maximum score was determined as the percentage of words repeated correctly.



2.2. Data processing

The effectiveness of the treatment was measured by calculating the improvement in specific frequencies, SRT, and discrimination for each individual. The amplitude of HL was determined both absolutely by considering only the affected ear and relatively by comparing the HL of the affected ear to the healthy ear (given that the healthy ear was not damaged), as follows:

Absolute: comparison between affected ear at the end of treatment (AFFend) and affected ear before treatment (AFFbef).

The equation used for absolute SRT measurements:

AFFend SRT - AFFbef SRT

Relative: comparison between affected ear improvement and severity of HL. This was calculated by dividing the difference between AFFend and AFFbef by the relative HL (i.e., healthy ear minus AFFbef).

The equation used for relative SRT measurements:

[image: image]



2.3. Statistical analysis

All data were collected in spreadsheets using Microsoft Excel. The statistical analysis was performed using SPSS software (IBM® SPSS® Statistics, version 26, Chicago, IL, United States). The statistical comparison between the different groups (divided according to time from symptom onset to initiation of treatment) was made using the non-parametric Kruskal-Wallis test; in the case where a statistically significant difference was found among all groups, we used the Mann–Whitney test to compare any two different groups with Bonferroni correction for multiple tests.

All statistical tests were two-tailed. Statistical significance was defined as p ≤ 0.05. The degree of correlation between the time from symptom onset to treatment initiation and other possible prognostic factors with the success of the treatment was tested using the Spearman correlation test, where statistical significance was defined as p ≤ 0.05.




3. Results

During the period 2012–2021, 765 patients diagnosed with SSNHL were hospitalized at Shaare Zedek Medical Center. After reviewing the files, 99 patients were excluded from the initial cohort in accordance with the exclusion criteria.

The study’s final cohort included 666 patients: 336 men and 330 women. Right ear SSNHL was present in 329 patients, while 324 patients presented with left ear SSNHL, and 13 patients presented with bilateral SSNHL. The demographic data, medical background, and accompanying SSNHL symptoms are presented in Table 1. No significant statistical difference was found among the five time groups for any of the above parameters.



TABLE 1 Demographic information, including gender, comorbidities, and associated symptoms, as a function of time from symptom onset.
[image: Table1]

The average period of HL from symptom onset to initiation of treatment was 10.8 days. Most patients presented within the first two weeks (538, 80%), while 61 patients (9%) presented more than 4 weeks after symptom onset (Table 1). Following 1 week of oral treatment, 283 patients showed no or only very mild improvement and continued for another week of intratympanic treatment.

The results of the first hearing test according to the different treatment groups are presented in Table 2. A statistically significant difference was found in both absolute and relative SRT, PTA, and speech discrimination between the different groups. Figure 1 shows hearing improvement in pure tone audiometry before and at the end of the treatment. No significant difference in improvement was found between the examined frequencies.



TABLE 2 Primary audiometry results according to treatment initiation time in weeks from symptom onset.
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FIGURE 1
 Hearing improvement following treatment according to the various frequencies of all 666 patients. Values represent mean and standard deviation.


Hearing improvement at the end of the treatment according to the different treatment groups is presented in Table 3. After Bonferroni correction, statistically significant differences were found between the groups of half a week, one week, and 2 weeks, and the groups of 3 weeks and 4 weeks and over (each group independently) in SRT, PTA, and discrimination. No difference was found between half a week, one week, and 2 weeks. No difference was also found between the three-week group and the 4 weeks and above group (Table 3).



TABLE 3 Hearing improvement indicators at the end of the treatment according to treatment initiation time in weeks from symptom onset.
[image: Table3]

Table 4 presents the results of hearing improvement (in SRT) with respect to the severity of HL in the different treatment groups. The severity of HL was divided as follows: Mild HL (20–40 dB), Moderate and Moderate to Severe HL (40–70 dB), Severe HL (75–90 dB), and Profound HL (95–110 dB). According to the hearing loss severity, subgrouping analyses were made between time groups regarding gender, age, vascular risk factors (IHD, DM, HTN, smoking), and accompanying symptoms (tinnitus and vertigo). There was no statistical significance except for HTN in severe hearing loss, which also did not survive the Bonferroni correction (data not presented). Even after stratifying the results according to the severity of HL, the clear trend of significance is maintained between initiating treatment within 2 weeks of symptom onset and initiating treatment more than 2 weeks after symptom onset. A significant difference was found regarding relative SRT improvement between severity groups for all patients (Mild: 0.47 ± 0.5, Moderate: 0.45 ± 0.4, Severe: 0.54 ± 0.4, Profound: 0.29 ± 0.3, p < 0.001). After Bonferroni correction, statistically significant differences were found between Profound and each of the other three groups: Mild (p < 0.001), Moderate (p = 0.02), and Severe (p = 0.001). No difference was found between Mild, Moderate, and Severe (Figure 2).



TABLE 4 Hearing improvement indicators at the end of the treatment according to treatment initiation time in weeks from symptom onset and hearing loss severity.
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FIGURE 2
 Relative SRT improvement according to hearing loss severity.


A statistically significant correlation was found between treatment initiation in days (from symptom onset) and improvement in absolute and relative SRT and PTA indices (R = 0.23, p < 0.001, R = 0.11, p < 0.019, respectively).

No correlation was found between improvement in absolute and relative SRT indices and gender (p = 0.2 and p = 0.18, respectively) or age (p = 0.32 and p = 0.22, respectively). Furthermore, no correlation was found between vascular risk factors and improvement in absolute and relative SRT indices: DM (p = 0.22 and p = 0.16, respectively), IHD (p = 0.12 and p = 0.1, respectively), HTN (p = 0.81 and p = 0.62, respectively) and smoking (p = 0.61 and p = 0.45, respectively).

No correlation was found between improvement in absolute and relative SRT indices and the accompanying symptoms, tinnitus (p = 0.86 and p = 0.89, respectively) and vertigo (p = 0.85 and p = 0.43, respectively). Similarly, PTA and discrimination (absolute and relative) were not found to be in correlation with demographic parameters, vascular risk factors, or accompanying symptoms (data not presented).

In 65 patients, HL was in the high frequencies (above 30,000 Hz), with no loss of hearing in the lower and middle frequencies (Healthy SRT - AFFbef SRT = 0). The same trend of improvement described above was demonstrated; however, it was not significant due to the low numbers.



4. Discussion

In this study, we found an effect of the time from onset of SSNHL symptoms to treatment initiation on the amplitude of hearing improvement. A correlation of 20% was found between the time to treatment initiation and the degree of improvement in dB. Moreover, we found that the window of opportunity lasts up to 14 days, beyond which the effectiveness of the treatment decreases significantly. In addition, there is a clear, but not significant, trend of decreasing treatment efficacy from half a week to 2 weeks. Even after stratifying the results according to the severity of HL into four groups (mild, moderate, severe, and profound), the drop in treatment effectiveness after 2 weeks and the non-significant trend within the first two weeks are clearly maintained in each HL severity group. We found that tinnitus, vertigo, age, and patient medical background (IHD, DM, HTN) were not prognostic factors for hearing improvement.

This study is the first to examine the recommendations of the AAO, Head and Neck Surgery, published in 2012 and updated in 2019 (7, 11). For the first time, the recommendation to proceed to salvage treatment of intratympanic injection (ITI) with Dexamethasone after the failure of oral corticosteroid treatment (OCT) was examined. All patients included in this study were treated with Prednisone 60 mg daily for a week (except for patients whose blood sugar level and blood pressure were not balanced; in those cases, ITI was the initial treatment). In patients where a significant hearing improvement (baseline or close to baseline) was noticed at the end of the week with OCT treatment, another week of OCT tapper-down treatment was given. If no improvement was seen or slight improvement only, a laser myringotomy followed by ITI once daily with Dexamethasone was initiated for another week. The results of the hearing tests at the end of the treatment, whether they ended with OCT or ITI, were compared to the results of the first hearing test.

There is an inherent and significant difficulty involved in comparing the severity of HL and, consequently, the degree of improvement among different patients. In most cases, the patient’s specific hearing threshold before the HL is unknown. Hence, the severity of HL and the consequent improvement cannot be determined. To overcome this problem, and assuming that in most patients, the hearing was symmetrical before the onset of unilateral HL (unless otherwise known), we used the results of the hearing test of the healthy ear as a reference for the condition of the diseased ear before the HL (10). We found a reference to this approach in the paper by Cvorovic et al., who used it the same way. It should be noted that the improvement in hearing is presented according to this method (relative) as well as in absolute terms (comparing before and after the affected ear).

Over the years, several retrospective studies have attempted to find prognostic factors for improvement concerning SSNHL. Among all the factors tested, the effect of the time from onset of HL to initiation of treatment was also tested. Fetterman et al. examined 184 patients treated with corticosteroids and found no correlation between time to initiation of treatment and improvement in hearing (9). In contrast, Byl et al., in a study published in 1977 that is considered a cornerstone in SSNHL research, found that for 26 patients treated with CTS, the treatment was effective if given up to 10 days after the onset of HL (3). Similarly, Change et al. found a worse prognostic factor among 146 patients starting treatment after the sixth day than among those starting treatment earlier (12). Xenellisand et al. also found a significant correlation between the time to initiation of treatment and improvement in hearing among 114 patients. Still, they did not specify the time point after which there was a substantial decrease in improvement (13). In a study on 541 patients, Cvorovic et al. found a significant difference in the degree of improvement in hearing if the treatment began more than 7 days after the onset of HL. The treatment given in this study was Prednisone 100 mg once a day for 7 days with no ITI treatment (10).

Despite accepted assumptions regarding the importance of the time to treatment initiation, more well-founded information is required to support this assumption. Moreover, there is a dispute as to what, if any, time period is relevant. In addition, the extent of the effect of the time to treatment initiation has never been examined with respect to the new recommendations, which include treatment with Prednisone 60 mg per day for 7 days and the addition of ITI treatment in case of a lack of improvement (11). In this study, for the first time, we found the precise time point (14 days) at which there is a significant drop in hearing gain following CTS treatment.

When examining the severity of hearing loss among the different time groups, it appears that patients who started treatment later presented with milder hearing loss, both in SRT and in discrimination, compared to patients who began treatment earlier (Table 2). We can consider several explanations for this phenomenon. The degree of urgency to receive treatment may be lower for patients who suffer from milder HL since the HL is less noticeable. On the other hand, this trend may reflect a natural healing process over time, regardless of treatment. It can be assumed that patients who arrived after 2 weeks suffered initially from a more significant decrease in hearing that gradually improved over time. The average SRT results before treatment among the group that presented during the third week (group four: 61 patients) are similar to the results at the end of treatment for the groups that presented during the first week (groups one and two: 379 patients), 38.9 ± 26 and 36.7 ± 23, respectively. In other words, at the same time point since the onset of HL, the results were similar whether the patients received treatment or not. Therefore, we can conclude that the improvement of the early group is not a result of the CTS treatment but rather reflects the natural process of hearing improvement that took place in the group that presented later. A Cochrane review from 2013 concluded that the value of CTS in treating SSNHL remains unclear. The evidence obtained from randomized controlled trials presents contradictory outcomes, partly because the studies are based on an inadequate number of patients (14). These findings raise the question of whether CTS treatment helps at all.

No significant effects were found in the current study for any of the tested cardiovascular risk factors (CVRF): age, DM, IHD, HTN, and smoking. Previous studies have indicated that traditional cardiovascular risk factors such as HTN, DM, smoking, and IHD may contribute to SSNHL and have an impact on HL improvement (4, 10, 13, 15–18). However, these studies’ weaknesses remain in their retrospective analysis, relatively small population sizes, and univariate analysis. Along the same line as our findings, Ullrich et al. and Ballesteros et al. found an identical frequency of CVRFs between controls and SSNHL patients (19, 20). Moreover, a meta-analysis recently published found that only hypercholesterolemia may be an independent risk factor for SSNHL but not other CVRF. They conclude that to clarify the relation between CVRFs and SSNHL, long-term, multi-center, and prospective studies are crucial but challenging (21). As with CVRF, the relationship between vertigo and tinnitus to severity and improvement in SSNHL is still controversial. An association between vertigo and poor auditory recovery prognosis has been observed (4, 12, 22, 23). Several theories have been described to explain this finding, including rupture of the labyrinthine membranes (24), the degree of biochemical alterations in the labyrinthine ionic composition (25), and the association with vestibular neuritis (26). However, as with our findings, in multivariate analysis, vertigo was not significantly associated with a worse hearing recovery prognosis (27). We believe that the strength of our study lies in the high number of patients included. Therefore, it further contributes to clarifying these doubtful questions.

This study has several limitations. First, it is a retrospective study and does not include a comparison with a control group. Of course, it is impossible to conduct such an analysis for ethical reasons since the accepted treatment worldwide is CTS, despite the absolute lack of evidence. In addition, among all patients presenting with SSNHL, there are many subgroups: HL at different frequencies, severity of HL, etc. Therefore, there is an inherent difficulty in including them all in one group. In this study, stratification was carried out as much as possible for these parameters. However, it is never possible to go down to the lowest resolution because this will create many groups with a small number of patients, affecting the statistical power of the analysis. Since this study’s final cohort includes a large number of patients (666)—a larger sample than in all the studies carried out to date—we can assume that our results have critical statistical and clinical significance. Another limitation is the short-term follow-up since the last hearing test was conducted at the end of the treatment. However, this study aimed to compare treatment time groups at this time point, and we found significant differences. Moreover, most hearing improvements happened in the first few weeks (parallel to the end of treatment). No significant improvement or deterioration has been found in the long term, neither after several months nor after several years (28, 29).



5. Conclusion

The time from onset of HL to initiation of treatment is a prognostic factor with a correlation of ca. 20% with the degree of improvement in hearing. No significant trend was found within the first 14 days from the onset of HL. After 14 days, the effectiveness of the treatment drops dramatically. Age, accompanying symptoms (tinnitus, vertigo), smoking, and underlying diseases (IHD, DM, HTN) are not prognostic factors for hearing improvement and the success of CTS treatment.
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Objectives: To analyse the results of children and adults with cochlear implants (CIs) in pure tone audiometry (PTA) and speech perception tests. Tests were performed in two ways: using loudspeakers in the sound booth (SB) and with direct audio input (DAI) employing the Cochlear Latin America BOX (CLABOX).

Methods: Fifty individuals (33 adults and 17 children) participated in the study, including children aged between 8 and 13 years; of these, 15 users had bilateral CIs, 35 had unilateral CIs, and all had severe to profound bilateral sensorineural hearing loss. All participants were evaluated in the SB with loudspeakers and the CLABOX with DAI. The following evaluations were conducted: PTA, speech recognition tests with the hearing in noise test (HINT).

Results: The results for PTA and HINT conducted in SB and with CLABOX presented no significant difference between children and adults.

Conclusion: The CLABOX tool presents a new possible method to evaluate PTA and speech recognition tests in adults and children, with results comparable to the conventional evaluation in the SB.

KEYWORDS
 cochlear implant, speech perception, audiometry, adults, children


1. Introduction

Cochlear implants (CIs) are an effective and safe treatment that provides functional hearing and listening comprehension and aid in language acquisition in children. Implant placement surgery can be performed unilaterally or bilaterally, simultaneously or sequentially; to develop binaural skills, it is necessary to perform bilateral implant placement (1).

To maximize the rehabilitative benefits, including cochlear implants as part of the treatment plan, it’s crucial to consider performing this surgery at a younger age. Research suggests that children who receive cochlear implants before the age of 3.5 years show a quicker development of the desired cortical morphology and latency in the cortical P1 wave response (2). Niparko (3) studied 188 implanted children. The group of children who received CIs at less than 18 months of age had significantly better comprehension and language results than children who underwent implantation between 18 and 36 months and those older than 36 months. Most children who underwent implantation before 18 months had results parallel to their hearing peers; those who underwent implantation after 18 months of age had smaller increases in performance and greater variability in understanding and expression.

To evaluate and confirm the auditory abilities of cochlear implant users, traditional methods involve conducting pure tone audiometry (PTA) and speech recognition tests within a soundproof booth (SB) to assess skills such as speech detection and recognition. To perform these assessments accurately, the sound booth must have proper acoustic treatment to avoid wall reflections, approximating a free field condition, and minimal background noise to minimize external factors that could impact the test results (4, 5). It also requires high-quality loudspeakers.

An alternative to testing speech recognition in a SB is the direct audio input (DAI) assessment, which allows the input signal to bypass an external microphone, eliminating the oscillations of ambient noise and reverberation at the test site (6, 7).

Based on the need for new tools to assist audiologists in CI assessment and programming validation, the company Cochlear Corporation developed a portable box with a companion software called Cochlear Latin America BOX (CLABOX) to transmit the sound stimuli directly to the CI via DAI. In this study, we aimed to analyse PTA and speech perception tests results of children and adults using CIs performed in the SB and with the CLABOX with DAI.



2. Materials and methods


2.1. Ethics

The study was analysed and approved by the Research Ethics Committee of the Faculty of Health Sciences, University of Brasilia, under protocol 4327050. All participants and parents/guardians of the children consented to participate in the research. The study was carried out at a CI centre in the city of Brasilia, DF, Brazil.



2.2. Participants

Fifty individuals with CIs participated in the study (33 adults and 17 children). The children’s ages ranged from 8 to 13 years, with a mean of 9.7 years (± 0.8 years). The adults’ age ranged from 18 to 78 years, with a mean age of 32.3 years (± 5.8 years). 15 participants used bilateral CIs and 35 unilateral CIs; 38 had prelingual hearing loss, and 12 had postlingual hearing loss. Of these, all children were prelingual; of the adults, 12 were postlingual, and 21 were prelingual. All had at least 6 months of experience with CI use and were users of the Cochlear Corporation brand.



2.3. CLABOX with DAI assessment

To utilize the CLABOX with the DAI connector, it was necessary to install a driver for the audio interface Audiobox iOne-Presonus on the computer. The audio interface features a USB 2.0 connection, 24-bit resolution, and a frequency response of 20 Hz to 30 kHz, with 44.1, 48, 88.2, and 96 Hz sampling frequencies. The interface is connected to the cochlear implant through a stereo headphone output with an output impedance of 10 Ω.

The CLABOX calibration followed the same standards as the conventional audiometric calibration, according to ISO 8253 and the manufacturer’s information. The software was written with MATLAB and has an accompanying graphical user interface (GUI) written with MATLAB’s AppDesigner. The GUI had five tabs: one for the examiner to enter the individual’s data, one for PTA, one for the Ling test, one for the speech recognition test, and one for the examiner to adjust high-level preferences. The software was compiled using MATLAB as a standalone application.

All participants used the same CP910 speech processor with identical settings. The audio cable accessory was in the “Only” option. Thus, the participant heard only the test stimuli directly from the software, with ambient sounds excluded (7, 8).



2.4. Evaluation in the SB with free field

A MADSEN audiometer, model Itera II, SB, REDUSOM brand, serial number 8020, was used. All tests were performed in free field condition, with the loudspeaker positioned at 0° azimuth and at a distance of one metre from the participant. Features like the adaptive directional microphone (SCAN mode) were deactivated.



2.5. Evaluation in the SB and CLABOX

To assess speech recognition, the Brazilian Portuguese version of the hearing in noise test (HINT) was applied (9–12). The software randomly selected the presentation of the sentence lists, and the examiner manually analysed the number of correct words in each sentence presented. Analysing the sentence in noise, a minimum of 75% correct answers was expected. The tests were always performed on separate ears under two conditions:

1. Fixed noise, with a signal-to-noise (S/N) ratio of +10 dB, 65 dB(A) of speech and 55 dB(A) of noise;

2. Adaptive noise, noise presented at 55 dB(A) with variable levels of 4 dB in the initial stage and 2 dB in the final stage, that is, 4 dB increments for the first four sentences and 2 dB increments for the rest.

To assess PTA, frequencies of 250, 500, 1,000, 2000, 3,000, 4,000 and 6,000 Hz were investigated in separate ears, with a pulsatile stimulus of 1.5 Hz in the free field. The four-tone average was also used (500, 1,000, 2,000 and 4,000 Hz).



2.6. Statistical analysis

This study used a significance level of 0.05 (5%) and 95% confidence intervals. Nonparametric statistical tests were used (Mann–Whitney test, Wilcoxon test, McNemar test, Kappa and Spearman correlation analysis). To complement statistical significance and determine effect sizes, Cohen’s D (difference) was calculated, with values of 0.20 (small effect), 0.50 (medium effect), 0.80 (large effect) and 1.20 (very large effect). Only participants tested in the acoustic booth and with the CLABOX were analysed. This way, we obtained paired data, which were examined using the Wilcoxon test.




3. Results

The results of the comparison between children and adults in the SB, of the comparison of children and adults assessed by the CLABOX systems for speech recognition in the HINT, and data on tonal thresholds are presented in Tables 1 2. These results present differences between children and adults and the evaluation between the two systems; however, they cannot be considered statistically significant (value of p>0.05). In the speech perception test with fixed noise (S/N + 10 dB) and in the SB (p = 0.586), children had 81.8% correct answers, and adults had 77.2% correct answers; with the CLABOX (p = 0.784), the result was 88.3% for both children and adults. In the HINT test with adaptive noise, in the SB (p = 0.356), the values of the S/N ratio were 2.80 dB (children) and 3.79 dB (adults), and with the CLABOX (p = 0.769), the results were 1.73 dB (children) and 2.38 dB (adults). In the PTA results, the four-tone average in the SB was 23.8 dB for children and 22.60 dB for adults, p = 0.246, while with the CLABOX, the four-tone average for children was 31.3 dB and 28.9 dB for adults, p = 0.182. The effect size (Cohen’s d) was calculated to complement the statistical significance analysis. The values were small, and the maximum was 0.518, thus classified as medium. Thus, we confirm that the differences between these two groups of children and adults are small and not statistically significant.



TABLE 1 Comparison of SB and CLABOX in the groups of children and adults in the speech perception test - HINT.
[image: Table1]



TABLE 2 Comparison of SB and CLABOX in the groups of children and adults in the PTA.
[image: Table2]

Figures 1 2 present the results for children and adult participants in box plot format, with the HINT in fixed noise (S/N + 10 dB) and adaptive noise (noise at 55 dB) in the SB and with the CLABOX. Figures 3 4 show the PTA threshold data in the two systems when comparing children and adults. The figures with box plots represent the 25th and 75th percentiles (box boundaries) and medians (horizontal lines). The outliers are indicated with asterisks.
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FIGURE 1
 HINT with fixed noise (S/N + 10 dB) and adaptive noise at 55 dB in the SB. The box plot represents the 25th and 75th percentiles (box boundaries) and the medians (horizontal line). Outliers are indicated with asterisks.
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FIGURE 2
 HINT with fixed noise (S/N + 10 dB) and adaptive noise at 55 dB with the CLABOX. The box plot represents the 25th and 75th percentiles (box boundaries) and the medians (horizontal line). Outliers are indicated with asterisks.
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FIGURE 3
 Thresholds for the PTA assessment in the SB. The results were not statistically significant at all frequencies evaluated. The box plot represents the 25th and 75th percentiles (box boundaries) and medians (horizontal lines). Outliers are indicated with asterisks.
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FIGURE 4
 Thresholds for the PTA assessment with the CLABOX. The results were not statistically significant at all frequencies evaluated. The box plot represents the 25th and 75th percentiles (box boundaries) and medians (horizontal lines). Outliers are indicated with asterisks.


Table 3 shows an analysis of the ears of all participants who could not perform the speech perception test in fixed noise (R/S + 10 dB) using the CLABOX and SB. In the SB assessment, there were 30 participants with CI on the right ear (26.7% were children and 73.3% were adults) and 27 on the left (29.6% were children and 70.4% were adults). In the CLABOX assessment, there were 32 participants with CI on the right ear (31.3% were children and 68.8% were adults) and 28 ears on the left (32.1% were children and 67.9% were adults).



TABLE 3 Characterisation of participants by number of ears that were unable to perform the HINT.
[image: Table3]



4. Discussion

The new CLABOX tool with the DAI connector allowed us to conduct practical evaluations compared to the SB’s conventional evaluation. This would mainly be useful for centres that still do not have a way to evaluate and validate CI programming, as it is a small, light and easy-to-carry tool that can be used on a table.

Pure tone and speech perception tests were carried out on 50 participants (63 ears), including children and adults, and were performed only in the face-to-face condition. The evaluation with the DAI connection does not retain interference with background noise, room acoustics or reverberations, either in person or remotely (5, 6). The limitation of this study was that it was carried out in the first year of the coronavirus pandemic (COVID−19), which reduced the size of the sample.

Of the studies that used the connection by DAI and the SB in speech recognition tests (4, 6, 8, 13), only Goehring et al. (4) and Sevier et al. (8) collected data from adults and older children; however, the averages of the results were analysed together. This study presents speech recognition and PTA data from children and adults in separate groups.

In the evaluations between the CLABOX and SB tools, the results showed no significant differences in the PTA and speech perception tests in noise between the groups of children and adults. Sevier et al. (8) and de Graaff et al. (13) compared the results with the DAI connection in telepractice and SB using speech perception tests in silence and in noise and found similar results between the two forms of evaluation in silence; however, with the presence of noise, the modality with DAI presented better results.

The fact that children and adults have similar hearing performance can be explained by several factors, such as early implantation in children, effective use of the electronic device, and the active and effective participation of all families and/or guardians of these children in the hearing (re)habilitation process. The study by Sharma et al. (3) revealed that the central auditory system has greater plasticity in the first years of life; thus, children who undergo implantation in this period have improved cortical auditory development and the ability to respond to sounds months after implantation. Early intervention for hearing loss, centred on the family, takes place in partnership between families and professionals and is characterised by reciprocity, mutual trust, respect, honesty, shared tasks and open communication. Monitoring the evolution of listening and language skills is guided by the evolution of the child and the family (14).

In the study by Sbompato et al. (10), with normal-hearing children between 7 and 14 years of age, to assess speech perception, the results were worse in the HINT assessment when speech and noise were in the same position, that is, at 0° azimuth from the box, the S/N ratio was −3.20 dB. Novelli et al. (9) also evaluated normal-hearing children aged 8 to 10 with the HINT and found an average S/N ratio with frontal noise of −2.61 dB. In this study, the tests were performed at 0° azimuth, with S/N ratio values of 2.80 dB for children and 3.79 dB for adults in the SB and 1.73 dB in children and 2.38 dB in children. Adults had the best results with the CLABOX; however, there was no significant difference. A difference between these studies occurred in the criterion of the percentage of correct answers in the sentences; in this study, the assertive results were selected with a more difficult percentage of 75% versus 50% in the other studies (9, 10). This shows that we established a more difficult criterion for the S/N ratio and in the difference between normal-hearing children and those with CIs (15).

Regarding the results in the adult group, in the standardisation of the HINT with 13 different languages, the test with the presence of noise in the frontal position was also more difficult than that in the other conditions, and the results were similar between the languages, with an average of −3.9 dB S/N (16). In this study, we had results with a positive S/N ratio in the speech-to-frontal noise tests in the adult population. In the study by Goff et al. (15), the HINT with adaptive noise had an average of 5.87 dB and a fixed average of 71.19%; thus, these data corroborated our results. In the SB, we found 81.8% on average for children, 77.2% for adults and 88.3% for children and adults using the CLABOX. Maurer et al. (17) evaluated the speech recognition of subjects with CIs and divided them into two groups according to the responses obtained: Group 1 had a good performance, indicated by speech recognition scores between 90 and 100%, and Group 2 had poor performance with scores between 0 and 85% (17).

The studies that compared speech recognition between the tests with DAI and SB’s connection were conducted in silence and in noise (4, 6, 8, 13). In this study, we also evaluated speech recognition in noise and included the assessment of PTA; the results revealed no significant difference between the groups of children and adults. The SB had a four-tone average of 23.8 dB for children and 22.60 dB for adults, while WITH the CLABOX we observed 31.3 dB for children and 28.9 dB for adults.

The HINT measures the sentence recognition threshold, which is defined with the presentation in silence or in noise (S/N) for a listener to recognize the sentences; however, when the test is performed with CI users, some listeners may be unable to repeat the entire sentence, even in a silent condition (18, 19). Thus, some participants were not able to perform the HINT. In the SB, we had 30 ears on the right side, 27 ears on the left side, 32 ears on the right side and 28 ears on the left side. This fact can be justified by the difficulty in speech discrimination and recognition and not by the form of evaluation between the connection by DAI and the SB. This analysis may help one reach the conclusion that the CLABOX is a new assessment tool for speech recognition in individuals with CIs, both adults and children. The CLABOX tool may also be a possible option for use in countries that are starting or expanding CI indications due to its practicality of evaluation and cost-effectiveness.

In conclusion, the CLABOX tool proved to be a new assessment possibility in PTA and speech recognition tests, for adults and children, compared to the conventional assessment in the SB.
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Introduction and objectives: Maintaining the structural integrity of the cochlea and preserving residual hearing is crucial for patients, especially for those for whom electric acoustic stimulation is intended. Impedances could reflect trauma due to electrode array insertion and therefore could serve as a biomarker for residual hearing. The aim of this study is to evaluate the association between residual hearing and estimated impedance subcomponents in a known collective from an exploratory study.

Methods: A total of 42 patients with lateral wall electrode arrays from the same manufacturer were included in the study. For each patient, we used data from audiological measurements to compute residual hearing, impedance telemetry recordings to estimate near and far-field impedances using an approximation model, and computed tomography scans to extract anatomical information about the cochlea. We assessed the association between residual hearing and impedance subcomponent data using linear mixed-effects models.

Results: The progression of impedance subcomponents showed that far-field impedance was stable over time compared to near-field impedance. Low-frequency residual hearing demonstrated the progressive nature of hearing loss, with 48% of patients showing full or partial hearing preservation after 6 months of follow-up. Analysis revealed a statistically significant negative effect of near-field impedance on residual hearing (−3.81 dB HL per kΩ; p < 0.001). No significant effect of far-field impedance was found.

Conclusion: Our findings suggest that near-field impedance offers higher specificity for residual hearing monitoring, while far-field impedance was not significantly associated with residual hearing. These results highlight the potential of impedance subcomponents as objective biomarkers for outcome monitoring in cochlear implantation.

KEYWORDS
hearing preservation monitoring, cochlear trauma, electrode-tissue interface, follow-up, objective measure


1. Introduction

With more than 1 million implanted devices worldwide, the cochlear implant (CI) is the most successful treatment for patients suffering from partial to complete deafness (1). CI candidacy has been relaxed to include patients with residual acoustic hearing. For these patients in particular, preservation of residual hearing and structural integrity of the cochlea during and after CI surgery are important goals to improve hearing outcomes (2–4). However, a considerable number of patients lose their residual hearing either during or after cochlear implantation [mean hearing preservation after 1 month: 82%, 6 months: 76%, and 12 months or more: 69%; (5)]. Intraoperative loss of residual hearing is associated with intracochlear trauma (6, 7) caused by the insertion of the electrode array. Postoperative hearing loss is related to fibrous tissue and new bone formation in the cochlea (8, 9). Another reason for postoperative hearing loss could be inflammatory/foreign body response to the platinum-iridium electrodes and the surrounding silicon carrier (10, 11).

Reliable biomarkers are needed for continuous monitoring and adaptation to changes in residual hearing, especially for electric acoustic CI recipients (12). Impedance telemetry allows measuring electrical impedances and has been performed since the first CIs (13). Impedances are in focus for several purposes, including insertion outcome monitoring [e.g., insights into the cochlear microenvironment around CI electrode contacts (14), fibrous tissue growth (15, 16), or inner ear pathologies (17)], electrode position monitoring within the cochlea (18–21), or continuous monitoring of electrode contact integrity with remote apps (22).

In an exploratory study, we demonstrated the association between clinical impedances and residual hearing (23). The term clinical impedance encompasses a mixed quantity that can be divided into contributions from the electrode-electrolyte interface and nearby bulk resistance (near-field impedance) and electrical resistance through biological tissue from the stimulating electrode to the ground electrode on the implant body (far-field impedance) (21, 24). Based on these findings, we hypothesize that impedance subcomponents could yield more specific data to monitor hearing performance in the follow-up after cochlear implantation. Therefore, the aim of this study is to evaluate the association between residual hearing and impedance subcomponents of a previously published approximation model (21) in a known collective from a previous study (23).



2. Methods


2.1. Study design

We performed a refined retrospective analysis of residual hearing and impedance subcomponent data from the same cases as previously reported in Wimmer et al. (23). The study was approved by our local institutional review board (ID 2019-01578). The study included patients who met the following criteria: (a) underwent cochlear implantation at our center between January 2009 and June 2021, (b) having an electrode array from MED-EL (Innsbruck, Austria), (c) having a low-frequency residual hearing (i.e., between 0.125 and 1 kHz) of at least 5 dB HL, and (d) having a postoperative follow-up of at least two pure tone audiograms and corresponding impedance telemetry recordings within a minimum of 6 months.



2.2. Residual hearing data

According to the standard clinical procedure, we used a clinical audiometer along with insert earphones or a headphone to measure pure tone air conduction hearing thresholds in dB hearing level (HL) at seven frequencies (0.125, 0.25, 0.5, 1, 2, 4, and 8 kHz). All audiological measurements were performed in an acoustic chamber. We calculated residual hearing as the absolute difference between the maximum detectable hearing levels by the audiometer (i.e., 90 dB HL at 0.125 kHz, 110 dB HL at 0.25 kHz, and 120 dB HL for the remaining frequencies) and the measured hearing thresholds at the corresponding frequency. Low-frequency Pure tone average (PTA) was computed as the mean of residual hearing at frequencies between 0.125 and 1 kHz.



2.3. Impedance telemetry data

Impedance telemetry data were recorded using the standard clinical protocol of the manufacturer's telemetry software (MAESTRO, MED-EL, Austria) and were recorded in the same sessions as pure tone audiometry. In addition, to analyze the by-case progression of impedances over time, we retrieved all available impedance telemetry data from the day of implantation up to a maximum follow-up time of 100 months. The clinical electrode impedance can be subdivided into two components: near-field and far-field impedance. The near-field impedance is associated with the local cochlear microenvironment around the stimulating electrode. The far-field impedance provides information about the electrical return path through biological tissue from the stimulating electrode to the ground electrode on the implant body (24). We estimated the far-field impedance, also called tissue resistance, using bivariate spline extrapolation of the impedance telemetry recordings as established in previous work (20, 21). Subsequently, near-field impedance was defined as the difference between clinical impedance and far-field impedance. We excluded data from extracochlear electrodes that were identified from computed tomography (CT) scans (18 electrodes from six cases, see demographics, Supplementary Table 1). In addition, we excluded samples of a single electrode from further analysis if an open circuit was detected by the manufacturer's telemetry software (at 30 electrodes from eight cases).



2.4. Computed tomography data

We used the open-source software 3D slicer (25) to measure the cochlear base length and width (26, 27) in the preoperative CT scans and calculated the cochlear duct length without the hook region length [i.e., starting at an angular insertion depth of 0° (28–30)]:

[image: image]

where AOC and BOC are the cochlear base length and width subtracted by 1 mm, respectively.



2.5. Statistical analysis

We used a linear mixed-effects model to assess the relationship between near and far-field impedances and residual hearing. For each case, repeated measurements were taken on different days after cochlear implantation. To account for the dependence of observations, we used a case-level random intercepts model, which allows the intercept to vary per case, i.e., for each case a unique effect is added to the overall intercept. Random slopes of impedance subcomponents allowed different by-case slopes for the independent variables.

First, we created a model with residual hearing (in dB HL) as the dependent variable and impedance subcomponents (in kΩ) as the independent variables. In addition, the follow-up time (in months), the implanted side (left vs. right), the gender (female vs. male), the electrode array type (FLEX24, FLEX28, FLEXSoft, or Standard), the cochlear duct length (in mm), and age (in years) were included as fixed effects. We added interaction terms between the impedance subcomponents and follow-up time, as impedance changes are associated with follow-up time (23). We assumed correlations between random slopes for near-field and far-field impedances [i.e., random effects were specified as (near-field impedance + far-field impedance ∣ case-level)]. We compared the model depending on impedance subcomponents to a second model depending on the total clinical impedance and the same fixed effects as in the first model.

The models were compared in terms of the Akaike information criterion (AIC) and the Bayesian information criterion (BIC), the amount of explained variance of the dependent variable by the independent variables (using the coefficient of determination R2), and the amount of explained variance due to grouping [using the Intraclass correlation coefficient (ICC)]. The statistical analysis was performed in the RStudio environment (31) using the lme4 package (32).




3. Results


3.1. Demographics and word recognition

We considered a total of 704 recordings in our center's database between January 2009 and June 2021. Of these, 42 patients met the inclusion criteria. The patients' age ranged from 10 to 80 years (median age 57 years). Of the 24 female and 18 male patients, there were 21 left and right-sided implantations, respectively. With 26 cases, the majority were implanted with a FLEX28 electrode array. Partially inserted electrode arrays were present in six cases (1 case each with 1 and 2 extracochlear electrodes, three cases with 3, and 1 case with 6). After activation for 6 months, the median word recognition score was 100% (interquartile range [90, 100]%) for the German Freiburg numbers test and 58% (interquartile range [40, 73]%) for the German Freiburg monosyllabic word test (see Supplementary Table 1).



3.2. Impedance subcomponents progression over time

We analyzed impedance subcomponents progression based on 635 recordings with a mean follow-up time of 24 months (ranging from 21 to 99 months). Mean far-field impedances were more stable over time compared to mean near-field impedances (case-level standard deviations of ~0.1–0.7 kΩ and 1–2.4 kΩ, respectively; Figure 1). After the date of implantation, near-field impedances increased strongly until the first activation session (first month) and stabilized after ~6–12 months. These dynamics were most pronounced at the most apical electrode and decreased toward the round window until electrode 10 (see Supplementary Figure 1).


[image: Figure 1]
FIGURE 1
 Progression of mean near-field and far-field impedances of 42 cases including all electrodes. The shaded area represents the 95% confidence interval of the mean.


Far-field impedances did not show these dynamics. For the two most basal electrodes, near-field impedances increased over time starting 3 months after implantation. In contrast, far-field impedances at the two most basal electrodes already began to increase between the date of implantation and activation (first month). In general, mean levels of far-field impedances were higher at the apical than at the basal electrodes. Eight cases showed patterns of impedance deviation that were not seen in the other cases (Figure 1). We observed a long-term increase in impedances (cases 34, 41), single events of impedance spikes (case 13), and fluctuating impedances (cases 20, 24, 28, 33, 40).



3.3. Residual hearing progression over time

The progression of residual hearing and impedances (i.e., clinical impedance, near-field impedance, and far-field impedance) over time shows, for most of the 42 cases, a negative correlation between the two variables (see Supplementary Figures 2–4). Preoperative residual hearing from the 42 cases was in the range of 9–65 dB HL with a mean of 37 dB HL. Over time, 12 cases (29%) completely lost their residual hearing after a mean follow-up time of 25 months (ranging from 7 to 49 months). Residual hearing was still present in the remaining 30 cases (71%) at the last audiological assessment in our dataset (mean follow-up time of 35 months, ranging from 1 to 98 months). Hearing preservation after 6 months, according to (33), is shown in Supplementary Table 1.



3.4. Association of residual hearing and impedance subcomponents

We included a total of 152 audiological measurements and the same number of concurrent telemetry recordings from the 42 cases in the linear mixed-effects models for residual hearing. Near-field impedance had a statistically significant negative effect on residual hearing (−3.81 dB HL per kΩ, p < 0.001; Table 1). Postoperative follow-up time was also associated with a significant negative effect on residual hearing (−0.29 dB HL per month; p < 0.001). The FLEX28, FLEXSoft, and Standard electrode arrays were associated with significantly lower preoperative residual hearing than the FLEX24 electrode array (−20.46 dB HL, p < 0.001; −23.73 dB HL, p = 0.004; −33.11 dB HL, p = 0.01, respectively). The interaction of time with both near-field and far-field impedances showed an association with residual hearing (0.06 and −0.28 dB HL, respectively; p < 0.001 for both). No significant effects of far-field impedance, side, gender, age at implantation, or cochlear duct length were found.


TABLE 1 Linear mixed-effects model summary table for residual hearing (in dB HL) depending on near-field and far-field impedance including all electrodes.

[image: Table 1]

Figure 2 shows, for each case, the fitted random intercepts and slopes between residual hearing and near-field impedance. The resulting slopes (i.e., the effect of an increase in near-field impedance by 1 kΩ on residual hearing in dB HL) were negative for all cases except 8, 14, and 32.
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FIGURE 2
 Scatter plot showing random intercepts and random slopes as estimated by the linear mixed-effects model between residual hearing (in dB HL) and near-field impedance Znear (in kΩ) including all electrodes of 42 cases.


The linear mixed-effects model depending on clinical impedance resulted in the same significant effects on residual hearing as the near and far-field model (see Supplementary Table 3). Clinical impedance was associated with a statistically significant negative effect on residual hearing (−3.8 dB HL per kΩ; p < 0.001). The comparison of the two linear mixed-effects models resulted in lower AIC and BIC indices of the near and far-field model compared to the clinical impedance model (see Supplementary Table 2). In addition, the conditional R2 of the near and far-field model was 2% higher (R2 = 87%), while the marginal R2 (i.e., explained variance by the fixed effects only) was the same for both models. The ICC of the near and far-field model was 3% higher compared to the clinical impedance model (ICC = 76%).




4. Discussion


4.1. Impedance subcomponents progression over time

Near-field impedances increased strongly until the first month after implantation (Figure 1), which was also observed for clinical impedances (17, 23, 34). This might be due to intracochlear inflammatory reactions or wound healing (22, 23, 35). Intracochlear trauma and fibrous tissue formation are most prominent in the basal turn (36–38). We observed this in the long-term increase of near-field impedances, especially at the two most basal electrodes (see Supplementary Figure 1). More apically located electrodes are associated with higher far-field impedances (21). On average, we found higher far-field impedances near the apex than in the basal turn (see Supplementary Figure 1).

We propose to assign the unusual patterns of near-field impedances (i.e., deviating from the initial rise in near-field impedance to CI activation and subsequent stabilization) to three groups (Figure 1). The long-term increase of near-field impedances in the first group might be due to fibrous tissue growth in the hook region (9, 36), reducing electrical conductivity near most basal electrodes. Single near-field impedance spikes or fluctuating near-field impedances in the second and third groups could be related to clinical events such as hearing loss, tinnitus, or vertigo (17). However, we found no such events in the medical records of these cases.



4.2. Residual hearing progression over time

Slopes of residual hearing progression over time were negative in all cases except for case 18 (see Supplementary Figure 2). Seventy-one percent of cases in our dataset had remaining residual hearing at the last audiological assessment. Our findings are comparable to Snels et al. (5), who found mean hearing preservation after 12 months or more of ~70%. However, in the presented cases with remaining residual hearing, the mean follow-up was considerably higher (35 months).



4.3. Association of residual hearing and impedance subcomponents

Near-field impedance showed a strong association with residual hearing (−3.81 dB HL per kΩ, Table 1). In line with our findings, Tejani et al. (39) found elevated access resistance Ra in cases with loss of residual hearing, while the polarization impedance Zp remained stable. In our study, near-field impedance consists of the polarization impedance Zp and the bulk resistance Rb (Rb is part of the access resistance Ra). This contrasts with Leblans et al. (16), who defined near and far-field impedances as subcomponents of the access resistance Ra. Near-field impedance had approximately the same effect on residual hearing as clinical impedance. This is because the far-field impedance remained relatively stable over time, and most impedance fluctuations were due to the near-field impedance. The model depending on impedance subcomponents was better than the model depending on clinical impedance because the former explained more variance in residual hearing (conditional R2 = 87%). Because the improvement in explaining variance is small (2%), the subcomponent model does not provide substantially better performance on group level. However, the model can explicitly demonstrate the isolated contributions to long-term variation of the near- and far-field components and serve as a basis for further investigation. In this context, we consider near-field impedance to be most clinically relevant. In addition, individual long-term variations in far-field impedances can be isolated that could otherwise have affected the accuracy of the model.

We included electrode array type and cochlear duct length as fixed effects in the model. We observed a preference for shorter electrode arrays to preserve a comparatively high preoperative residual hearing (see Supplementary Figure 5). The active stimulation range (i.e., the array's length from the middle of the first to the middle of the last electrode) is shortest for FLEX24 (20.9 mm), followed by FLEX28 (23.1 mm) and FLEXSoft, Standard (26.4 mm). However, the sample size in our dataset was not evenly distributed among the different electrode array types (26 × FLEX28, 12 × FLEX24, 3 × FLEXSoft, and 1 × Standard). The distribution of preoperative residual hearing was wider for the FLEX28 electrode array than for the other. A longer cochlea does not appear to have influenced the choice of electrode array type in our dataset (see Supplementary Figure 6). Therefore, we kept electrode array type and cochlear duct length as fixed effects.

For the model, we did not include pure tone frequency as a fixed effect. Therefore, we created a separate model for residual hearing with pure tone frequency (categorical, in kHz) as an additional fixed effect (i.e., modeling residual hearing at distinct frequencies instead of low-frequency PTA). The model resulted in the same significant effects on residual hearing, except for the FLEXSoft electrode array (see Supplementary Table 4). The effect of near-field impedance on residual hearing was approximately 1 dB HL smaller than in the model with low-frequency PTA as the dependent variable. As expected, pure tone frequency had a significant effect on residual hearing. This was expected because residual hearing varies with position in the cochlea and is best preserved over time in the apical region (40). Preoperative residual hearing was highest at 0.25 kHz and not at the lowest frequency of 0.125 kHz.

In contrast to Wimmer et al. (23), we did not divide the electrodes into subgroups for our analysis of residual hearing and impedance telemetry data. While the low-frequency range from 0.125 to 1 kHz corresponds to the most apical electrodes [insertion depth of ~360–720°, (41)], Wimmer et al. (23) found that the most significant effect on residual hearing is observed in the impedance data of the most basal electrodes. Fibrous tissue and new bone formation in the cochlea resulting from electrode array insertion could reduce basilar membrane compliance not only near the round window (8) but also at multiple locations along the entire auditory pathway from the oval window to the apex. Based on this, we decided to include data from all electrodes in our analysis.

During model checks, we observed collinearities between independent variables. High Variance inflation factors (VIFs) were present for the near-field impedance (VIF = 1.03, tolerance = 0.98) and the interaction between follow-up time and far-field impedance (VIF = 46.86, tolerance = 0.02). As VIF might be inflated in the presence of interaction terms (42), we checked multicollinearity among independent variables without interaction terms. This resulted in only a low correlation among independent variables.



4.4. Study limitations and outlook

We could not measure near and far-field impedances directly but estimated them from the recorded impedance matrix using an approximation model (21). Estimated impedance subcomponents could therefore have included contributions from the complementary subcomponent and vice versa. Ultimately, this could have introduced modeling errors for residual hearing using impedance subcomponents. Advanced measurement techniques (43) could overcome this limitation and measure directly the polarization impedance (as part of the near-field impedance) and access resistance (which includes the far-field impedance). Our analysis was based on only 152 audiological measurements from 42 cases. Future studies need to verify our results in a larger dataset.

This study did not investigate the influence of electrode insertion depth on residual hearing. As electrode location is a potential biomarker for intracochlear trauma and hearing preservation (3), this could improve the prediction accuracy for residual hearing.




5. Conclusion

In this study, we showed that near-field impedance is strongly associated with postoperative residual hearing. This supports our hypothesis that impedance subcomponents provide a more specific analysis of the cochlear microenvironment and hearing performance compared with conventional impedance telemetry. As far-field impedance was not associated with changes in residual hearing, we concluded that residual hearing is primarily influenced by the local cochlear microenvironment around the electrode contacts. To further improve modeling accuracy for residual hearing, future studies will need to use advanced measurement techniques for direct measurement of impedance subcomponents.
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Cochlear synaptopathy is the loss of synapses between the inner hair cells and the auditory nerve despite survival of sensory hair cells. The findings of extensive cochlear synaptopathy in animals after moderate noise exposures challenged the long-held view that hair cells are the cochlear elements most sensitive to insults that lead to hearing loss. However, cochlear synaptopathy has been difficult to identify in humans. We applied novel algorithms to determine hair cell and neural contributions to electrocochleographic (ECochG) recordings from the round window of animal and human subjects. Gerbils with normal hearing provided training and test sets for a deep learning algorithm to detect the presence of neural responses to low frequency sounds, and an analytic model was used to quantify the proportion of neural and hair cell contributions to the ECochG response. The capacity to detect cochlear synaptopathy was validated in normal hearing and noise-exposed animals by using neurotoxins to reduce or eliminate the neural contributions. When the analytical methods were applied to human surgical subjects with access to the round window, the neural contribution resembled the partial cochlear synaptopathy present after neurotoxin application in animals. This result demonstrates the presence of viable hair cells not connected to auditory nerve fibers in human subjects with substantial hearing loss and indicates that efforts to regenerate nerve fibers may find a ready cochlear substrate for innervation and resumption of function.
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 electrocochleography, auditory nerve, hair cells, cochlear microphonic, deep learning


Introduction

Recent animal studies have shown that synapses between the inner hair cells and the auditory nerve, rather than hair cells themselves, are the elements most sensitive to destruction by moderate noise exposure (1–4). Using noise exposures that produced only temporary threshold shifts and no loss of hair cells, up to half of the synapses can be lost, despite thresholds for distortion product otoacoustic emissions, auditory brainstem responses, and compound action potentials returning to normal. The explanation is that excitotoxic effects of over-stimulation is greatest in fibers with low spontaneous rates that have high thresholds, while the high-spontaneous rate fibers that have low-thresholds remained intact (5–7).

Since determination of audiometric thresholds are the primary basis for detecting human hearing loss, and thresholds would be unchanged if the fibers with the lowest thresholds remain intact, the clinical implications of a large but undetected loss of auditory nerve fibers are obvious. Consequently, a substantial effort has been mounted to determine if cochlear synaptopathy is present in humans and if it leads to ‘hidden hearing loss,’ i.e., deficits such as decreased ability for hearing in noisy backgrounds that are not detectable by a change in the audiogram. In general, this effort has shown that cochlear synaptopathy in humans occurs anatomically primarily as a function of age (8–10), but has not conclusively shown a functional correlate [reviewed by (11)]. One approach has been to test different audiometrically-normal populations that are expected to have higher or lower levels of noise exposure (12, 13), or that report greater lifetime noise exposures (14–16). In general, these studies have found no performance decrements with greater noise exposure on a variety of primarily speech in noise perception tests that, theoretically, should be affected by cochlear synaptopathy. Objective tests, including amplitude and latency of waves I and V (13, 17, 18), middle ear muscle reflex (19, 20), the summating potential (SP), or SP to compound action potential (CAP) ratio in electrocochleography (ECochG) (19, 21), and envelope and frequency following responses (22) have also yielded mixed results, with some showing important suggestive evidence of increased cochlear synaptopathy in groups with greater noise exposure.

More recent animal work (7, 23–25) as well as older studies (26, 27) suggest that the loss of synapses may be partially reversible, and that the excitotoxic effects may include low spontaneous rate fibers as well (28). Recovery of synaptic function could explain why the effects of cochlear synaptopathy in noise-exposed but relatively young human subjects have been difficult to show. However, in older subjects with permanent threshold increases the effects of cochlear synaptopathy may be present. Anatomical studies of immunolabeled synapses and fiber counts in the osseous spiral lamina on human temporal bones suggest that synaptopathy is present and increases with age (8–10). Another finding consistent with cochlear synaptopathy under a condition of substantial hearing loss is a high correlation reported between ECochG amplitude and speech perception outcomes in adults with cochlear implants (CIs, r = 0.69) (29–31). Because the relationship between preoperative audiometric thresholds and postoperative speech perception outcomes is weak (32–34), the ECochG measurement must be capturing information about the health of spiral ganglion cells available for electrical stimulation that is different from the audiogram. The explanation offered by Fontenot et al. (29) is that hair cell activity recorded from ECochG is disconnected from nerve fibers, i.e., cochlear synaptopathy is present. In this view, hair cell activity acts as a metric of ‘cochlear health’, in that hair cells within a functional organ of Corti can help support spiral ganglion cells and thus lead to better speech perception outcomes.

To test this view, we created cochlear synaptopathy in gerbils using neurotoxins and characterized the ECochG for neural and hair cells in normal hearing gerbils and in gerbils with a high frequency noise exposure intended to mimic the sloping pattern of hearing loss found in many adult CI subjects. The sloping pattern consists of little or no sensitivity to high frequencies (greater than about 1,500 Hz) and variable hearing to low frequencies, including some with minimal or moderate hearing loss (35). The responses to the gerbils before and after neurotoxins were then compared to ECochG recordings from human CI subjects and others where the round window (RW) was available during surgery. We report that the human groups displayed proportions of hair cell and neural activity in their ECochG recordings to low frequencies similar to the recordings of animals treated with neurotoxins to produce cochlear synaptopathy.



Materials and methods


Animal and human subjects

Protocols for the use of gerbils, Meriones unguiculatus, were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of North Carolina at Chapel Hill, following the standards of the National Institutes of Health and Committee on Care and Use of Laboratory Animals.

Data from human subjects was obtained intraoperatively with approval of the Institutional Review Boards at the University of North Carolina at Chapel Hill and the Ohio State University. Informed consent was obtained from all adult participants. Parental consent was obtained for pediatric subjects and patient assent was obtained from children between 7 and 18 years. Inclusion criteria for ECochG were that potential subjects were scheduled to receive a CI after the medical and audiological evaluation had established candidacy or were undergoing a surgery where the RW was accessible. Potential candidates were excluded from the study if they were not fluent in English, were undergoing revision surgery, or presented with severe inner ear malformations. The subject pool was therefore a mix of subjects of all ages typically seen at large centers for otologic or neurologic surgeries.



Experimental design


ECochG principles

The ECochG response contains contributions from hair cells and the auditory nerve that mix in complex ways as stimulus frequency and intensity are varied. A main component from hair cells is the cochlear microphonic (CM), so-called because it faithfully mirrors the input waveform to the point that a listener can understand what was said when listening to the ECochG recording (36, 37). To low frequencies, the CM is mixed with the auditory nerve neurophonic (ANN), a neural component that also follows the stimulus waveform due to phase-locking in auditory nerve fibers (38, 39). Thus, to low frequencies the CM and ANN are mixed in ECochG.

A description of some of the biophysical elements that produce the CM and ANN are shown in Figure 1. The CM (Figure 1A) is produced by currents flowing through stereocilia as mechanosensitive transduction channels open and close with basilar membrane movement. When the sound level is low, the stereocilia are in the linear part of their operating range (Figure 1A1) and the CM produced to a tonal input (bottom row) is essentially sinusoidal. As the sound level increases (Figure 1A2), output saturation is reached, but not symmetrically. Typically, more channels are closed than open at rest, producing saturation first in the hyperpolarizing direction of stereociliary movement. The asymmetry in the saturation is greater for inner than for outer hair cells (40). At high levels (Figure 1A3) saturation is to both directions, but the asymmetry remains. Thus, the shapes of the ECochG response produced by the CM will either be sinusoidal (Figure 1A1), asymmetrically saturated (Figure 1A2), or with a symmetrically saturated component as well (Figure 1A3).
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FIGURE 1
 Schematic model of some of the biophysics of hair cell and neural sources for the ECochG potentials. (A) The CM is produced by the opening and closing of channels in the stereocilia of hair cells. To low intensities (left) the response is within the linear part of the operating range (top) and the CM produced is sinusoidal at the stimulus frequency (bottom). With increased intensity there will be asymmetric saturation (middle) to the degree the operating point is offset from the middle. To high intensities symmetric saturation will occur (right). (B) The ANN is produced by the phase-locked firing of auditory nerve fibers to low frequency sounds (<~1.5 kHz in gerbils and humans). It can be modeled as the convolution of a unit potential, or shape of the action potential as it appears at the RW, with the distribution of action potentials across all fibers that produce the ensemble response. (C) ECochG to 90 dB nHL tone bursts from three human CI subjects. The top row is the time waveform to condensation phase and the bottom is the ‘average cycle,’ or average of the cycles during the steady-state response (from shaded regions in top row). 1. In this case the average cycle shows little distortion to a 4 kHz tone burst, consistent with its being above the phase-locking range for the ANN and in the linear region of the CM (as in A, left). 2. In this case the response to a 1 kHz tone burst shows asymmetric saturation (as in A, middle). 3. Responses to a low frequency (0.5 kHz) tone burst. Here there is extensive distortion in the average cycle but not of a type that can be produced by hair cells, so is due instead to the ANN.


The ANN is produced by the summed, synchronous activity of nerve action potentials as they phase-lock to the stimulus fine structure. Based on the extensive literature describing the CAP, which is the summed, synchronous activity of auditory nerve fibers to stimulus onsets (41–44), the ANN (Figure 1B) can be described as a unit potential (Figure 1B1), or shape of an action potential as it appears at the RW, convolved with the distribution of action potentials coming in a cyclic fashion from individual auditory nerve fibers (Figure 1B2). Because the spike rate cannot go below zero, the auditory nerve output is a rectified version of the stimulus input. The shape of the unit potential resembles an action potential with positive and negative components, so when convolved with the PST histogram the ANN (Figure 1B3) has positive and negative components.

Examples of how ECochG responses follow these principles in humans CI subjects are shown in Figure 1C. For each of three cases, the top row shows the ECochG time waveform to condensation phase stimulation, and the bottom row shows an “average cycle,” or average of each cycle in the steady-state response (shaded regions in top row). The average cycle is equivalent to a period histogram, a common representation of the cycle PST in Figure 1B2. It will be our primary unit of analysis for this report. For case 1, there was no ANN since the frequency (4 kHz) was above the phase-locking range, and the average cycle was sinusoidal (as in Figure 1A1). For Case 2, the average cycle (to 1 kHz) had a shape characteristic of asymmetrical saturation, as in Figure 1A2. Case 3 (right) shows the response to a low frequency (0.5 kHz) tone burst. Here, the average cycle does not match one of the possible shapes for the CM (Figure 1A), so the presence of an ANN is indicated.



The average cycle as the unit of analysis for detecting and measuring the CM and ANN

As we will describe in the next sections, we have developed methods for detecting the presence of the ANN and estimating its magnitude, along with that of the CM, using the average cycles as the main unit of analysis. Previous methods to identify the ANN have been primarily spectral (46–48) or used masking (49–52). Spectral methods rely on the 2nd harmonic in the summed responses to the two phases, under the assumption that the rectified responses to opposite stimulus phases will interleave to form what has recently been called the ‘Auditory Nerve Overlapping Waveform” (48, 53). At low and moderate intensities, the second harmonic is predominantly neural, so the ANOW is expected to be proportional to the ANN. However, the ANN is periodic with the stimulus frequency, so most of its energy is in the 1st harmonic, where it overlaps spectrally with the CM. In addition, at moderate and high intensities some of the second harmonic can be from asymmetric saturation of the CM, so the size of the second harmonic does not provide a quantitative estimate of the ANN. The other approach is masking, under the assumption that neural responses will adapt while HC responses will not. Masking can demonstrate the presence of the ANN but the proportion that is masked is dependent on the time and frequency relationships between masker and probe. In addition, obtaining a reliable data set using masking is not feasible while monitoring ECochG during a CI surgery or clinic visit.

The approach we have used is to estimate the CM and ANN using a model where the average cycle is the input and then equations developed from Figure 1 are used to estimate the amounts of CM and ANN that produce the best fit (45). Here we are augmenting this model with a deep learning algorithm (DLA) to first identify cases with or without ANN. The purpose of the DLA is to correct an issue with the analytic model, which estimates at least a small ANN even to high frequencies above the phase-locking range. This result is because the CM-only responses can deviate slightly from the expected shapes (45). The DLA makes no assumptions about expected shapes.




Acoustic stimulation and recording

The acoustic stimulation and recordings of cochlear responses in both gerbils and humans were performed using a Bio-logic Navigator Pro (Natus Medical Inc., San Carlos, CA) as described previously (29, 45, 54, 55). The speaker was an Etymotic, ER-3B. The recording electrode was a stainless-steel probe of the type used for facial nerve monitoring during CI surgeries (Neurosign 3,602-00-TE, Magstim Co., Wales, UK), placed at the round window in both gerbil and humans. For human subjects, surface electrodes over the contralateral mastoid and on the forehead, and for gerbils, needle electrodes in the neck muscles and tail, served as the inverting and reference electrode, respectively. Gain was 1,000x for gerbils and 50,000x for humans. In some cases, for both gerbils and humans the sound tube was crimped which removed the responses, indicating that they were not contaminated by electrical artifact.

Stimuli were tone bursts alternating in condensation and rarefaction phases, with 100 (gerbil) or 250 (human) repetitions to each phase. Tone burst frequencies were 250, 500, 750, 1,000, 2000 and 4,000 Hz. Calibration was performed using a ¼” microphone and measuring amplifier (Bruel & Kjaer, Naerum, Denmark) and a 2 cm brass chamber for humans, and using a probe tube in the closed field in the ear canal of gerbils. High-pass filter settings for the recordings was 10 Hz in humans and 1 Hz in gerbils, and low-pass settings were 5,000 Hz (250–1,000 Hz tone frequencies), 10,000 Hz (for 2000 Hz) or 15,000 Hz (for 4,000 Hz tone frequency).



Gerbil and human data sets

We present ECochG data from RW recordings in gerbil and human subjects with different hearing conditions (Table 1). For gerbils entering the recording part of the study, the auditory status was either normal-hearing (NH) or high-frequency-noise-induced hearing loss (HF-NIHL). Animals were classified as NH if untreated by noise or pharmacological agents prior to the experiment, and if ECochG signal magnitudes and thresholds were within the “normal” range for NH animals observed in this and previous experiments (45, 56). At 4 kHz, for example, CM magnitudes to 90 dB SPL were > 40 dB SPL and thresholds <10 dB SPL in all animals. In the HF-NIHL animals, the cut-off frequency of the 122 dB SPL noise was 4 kHz, which corresponds to approximately halfway along the characteristic frequency regions of the gerbil cochlea (57). In previous studies we showed that both outer and inner hair cells were removed in basal parts of the cochlea in response to the intense noise exposure used (58, 59). For both types of hair cells the transition from few or no hair cells to complete preservation was sharp and showed little variability as a percentage of distance from the apex of the basilar membrane compared to the total length, across animals (OHCs = 49.8 ± 4.50% and IHCs = 58.9 ± 4.46%, n = 19, errors are standard deviation). The more basal transition zone for IHCs showed a greater resistance to the noise, and there were often some IHCs preserved in the hook region of the cochlea as well. A few cases in the previous studies showed less or no hair cell loss, and, similarly, some cases here had CM thresholds that overlapped with normal hearing animals and were excluded. All of the HF-NIHL animals used here had CM thresholds to 4 kHz and higher that were > 50 dB SPL compared to an average of 0 dB SPL for the NH animals. The HF-NIHL condition was intended to mimic that of CI many subjects, where residual hearing, if present, is typically restricted to the apical half of the cochlea (frequencies <1.5 kHz in humans, <4 kHz in gerbils). Both gerbil groups (NH and HF-NIL) were also studied after the neurotoxin kainic acid (KA) was applied to produce cochlear synaptopathy. The KA was 60 mM in artificial perilymph consisting of (in mM): 127.5 NaCl, 3.5 KCl, 25 NaHCO3, 1.3 CaCl2, 1.2 MgCl2, 0.75 NaH2PO4, and 11 glucose, and pH adjusted to 7.3 with HCl (60), heated to 37 degrees C. It was placed at the RW for 1 h. With this protocol the loss of auditory nerve response is nearly total for the basal cochlea, but less so for the apical, due to the cochlea’s diffusion characteristics [see an anatomical image of the effects of KA in Figure 4 of Pappa et al. (56)]. Some of the NH animals here are the same as from the Pappa et al. study, and the same criterion for inclusion after KA was used. This criterion was that an increase in CM threshold between pre and post KA responses to 4 kHz, which is above the phase-locking range where the ongoing response is purely CM, i.e., from hair cells and thus not expected to be affected by the KA, had to be within 3 dB. This criterion resulted in exclusion of three animals.



TABLE 1 Data sets.
[image: Table1]

The human subjects comprised surgical patients where the RW was accessible intraoperatively and included both CI and non-CI subjects. The CI subjects spanned all age groups. The non-CI subjects were undergoing surgery for a vestibular schwannoma or for Ménière’s disease, except for one subject who had a tumor removed from the jugular foramen allowing access to the RW.



Deep learning algorithm

Since responses to low frequencies in an NH animal should always contain an ANN, while those to high frequency should not, these represent an ideal training set for a DLA to recognize its presence or absence in an average cycle. The input to the DLA (Figure 2A) was a tensor of the average cycles defined by condensation, rarefaction, difference, and alternating waveforms, using the responses to phase-alternating stimuli. These average cycles were normalized for amplitude and for 0 starting phase. The DLA was an implementation of Bidirectional Long Short-Term Memory (BiLSTM) layers, which are a specific subtype of recurrent neural networks that are frequently used on sequence data because they have an increased memory for events that are distant from each other (61). The bidirectional nature of the BiLSTM provides information about dependencies from both the forward and backward direction at every point. Finally, a dense layer with a sigmoid activation function was used to encode each of the ECochGs as either ‘ANN present’ or ‘ANN absent.’
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FIGURE 2
 Mathematical models (A). The average cycle for condensation, rarefaction, difference and alternating curves, normalized to amplitude and shifted to start at zero phase, were used as the input to the DLA. The network consisted of two layers of Bidirectional Long Short Term Memory (BiLSTM) nodes, followed by a dense node (see text and Material and Methods for further descriptions). The output was either ANN-present or ANN-absent. The training data was from NH animals, where low frequencies are ANN-present and high frequencies are ANN-absent. (B) Schematic of the biophysically based model used to determine the amount of CM and ANN. The input to the model is the average cycle to condensation phase stimuli. It is then modeled by a fit-adaptive function which updates ANN and CM parameters (see text) to produce an output which best matches the input [from (45)].


The DLA was implemented in Python using the Keras library with TensorFlow as a backend. The architecture of the network was an input layer, followed by two BiLSTM layers with 50 recurrent units each, and finally a dense layer with a sigmoid activation function. The DLA was compiled with parameters to search for the best accuracy using a binary-crossentropy loss function with the adam optimizer.

The DLA weights were trained on the training set for 500 epochs, after which the increase in epoch accuracy and epoch loss leveled off and were validated on the test set. The final weights were saved so that they could be loaded and used for future classification tasks.

Because only the shapes of the cycles, and not amplitude or phase, are considered, the results from the neural network are generalizable for different experimental data sets. Each of the gerbil and human data sets were collected with the same recording and stimulation equipment and parameters.



Analytic model and ANN proportion

Once an ECochG is labeled as ANN Present or Absent, we use a fit-adaptive function to model the contributions of the ANN and CM based on a depiction of the biophysical properties that produce each in Figure 1, as shown in Figure 2B (45). Briefly, the model mathematically describes the shapes of the CM and ANN and convolves them to create an average cycle of the ECochG, which it compares to the known signal and adjusts parameters until the error is minimized. Differences from the previous study were that the average cycles were interpolated to 100 points using a spline instead of linear interpolation, and several different starting parameters were run to help avoid local minima. Parameters for the CM were amplitude, phase, and differential saturation of the peak and trough, and for the ANN were amplitude and a ‘spread of excitation’ parameter that allowed the cycle histogram to increase in width to account for summation across fibers with varying phase. The model optimized these parameters and reported the values for the CM and ANN that produced the best fit. From these values, the proportion of ANN was simply [image: image], where CM and ANN are their respective amplitudes in μV.




Results


The complex shape of average cycle is caused by the ANN

In gerbils, it can be demonstrated that a complex shape of an average cycle, not expected from the CM alone (Figure 1) is caused by the ANN. In Figure 3, examples are shown before and after KA was applied to the round window. To a high-frequency tone burst in an NH animal (Figure 3A, 3 kHz), the average cycle had a sinusoidal shape to a moderate intensity (50 dB SPL, left), while to a high intensity (90 dB, right) it was asymmetrically saturated. Both shapes are characteristic of the CM-only waveform, and the KA had little effect. In contrast, to a low-frequency stimulus (Figure 3B), the shape prior to the KA was not consistent with a CM-only response, while after KA the average cycle was sinusoidal to the moderate intensity and was saturated to the high intensity. The effect of KA at the high intensity was subtle (arrow), but the small deviation in the pre-KA shape was a consistent feature not seen in cases that did not have an ANN. In Figure 3C there is a further example of a low-frequency response, but this time in an HF-NIHL animal. Here, two features stand out: the pre-KA curves are particularly distorted to both low and high intensities, and the effect of the neurotoxin appears to be incomplete. The high degree of pre-KA distortion for HF-NIHL animals compared to NH animals was a characteristic result further considered below. A partial effect of the KA was common to both gerbil groups and is presumably because of incomplete diffusion to the apex, so some ANN remains. This effect is minimized in NH animals at high sound levels, where the largest part of the response is from the base of the cochlea where the removal of the neural elements with KA is more complete.
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FIGURE 3
 Effects of the neurotoxin KA to produce cochlear synaptopathy. (A) After application of KA, the responses to a high frequency (3 kHz), whether sinusoidal (left) or saturated (right) did not change, indicating no ANN. (B) To low frequencies (500 Hz) in NH animals the curves became simpler and consistent with that expected for CM-only. (C) To low frequencies from HF-NIHL animals also simplified after the KA, but pre-KA were even more distorted than in the NH cases, and the effect of KA appeared to be only partial, as was also common to low frequencies in some cases for NH animals.




Performance of the DLA model

The model was trained and tested on 1764 average cycles from the 54 NH animals, including 641 to low frequencies (0.25–0.75 kHz) and 1,123 to high frequencies (2–6 kHz). The expectation is that in NH animals the responses to low frequencies within the phase-locking range (<2000 Hz) will all contain an ANN, while none of the frequencies above that range will. Thus, these represent “true known” responses.

The data was split 70/30 into training and test sets. The model weights were trained for 500 epochs, after which the increase in epoch accuracy and epoch loss leveled off. With this distribution, the model had a sensitivity for correct detection of an ANN of 99.1%, and a specificity for correct rejection of an ANN of 98.0% (Figure 4A).
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FIGURE 4
 Modeling results. (A) Confusion matrix of the results with NH animals, confirmed with an independent test set, indicating the DLA was able to correctly identify and reject the presence of ANN at a high rate. (B) Percentage of the cases where an ANN was detected from the DLA as a function of stimulus frequency in NH animals. (C) The ANN proportion as a function of the size of the CM + ANN, both reported by the model, for NH gerbils to low and high frequencies. For cases with no ANN according to the DLA, the model was run without the ANN component. Each symbol is the ANN proportion to a frequency/intensity combination, so there are many points for each gerbil. The square symbols below the dotted line had no ANN according to the DLA, and were plotted at 0 with jitter added to make the points more visible. (D) Comparison of the ANN proportion with an independent method of estimating relative size of the ANN. The metric is the root mean square value of residuals in a regression of each low frequency average cycle with its best fit among the high frequency cases. The high correlation (r = 0.883) indicates the CM and ANN are reported from the analytic model in reasonable proportions.


When considered on a frequency-by-frequency basis, the proportion of average cycles identified by the DLA as having ANN was >95% for 0.25 to 0.75 kHz, which then dropped to <5% for frequencies of 1.5 kHz and higher (Figure 4B). The proportion at 1 kHz was about 75%. The overall phase-locking to 1 kHz may be reduced because it is near the cut-off frequency for both gerbils and humans, but a reduction in the ANN may also be because the width of a unit potential begins to exceed the width of a cycle of phase-locking (47). Consequently, 1 kHz was not used in the analyses of ANN proportion.



Analytical model results

In the NH animals, to low-frequency tones (250, 500, and 750 Hz), the ANN proportion decreased as the CM increased (Figure 4C, left). The color scale shows this relative increase in the CM compared to the ANN to be largely a function of intensity. The relatively few that were excluded by the DLA are shown below the line rather than at zero with some jitter added for clarity. To high-frequency tone bursts (≥2000 Hz), most average cycles were reported by the DLA to have no ANN (Figure 4C, right).

There are more parameters than equations in the analytic model, so the fits do not necessarily represent unique solutions to the parameters. We used multiple starting points to avoid local minima but fits at some distance from the correct values can occur from parameter optimization. A check that the model was estimating reasonable values was to compare its output to that of an independent method of analyzing an average cycle which did not make assumptions about the shapes that make up the CM and ANN. For each low-frequency average cycle, we performed a cross-correlation with all the average cycles to high frequencies and measured the root-mean square value of the residuals in the case with the closest fit. The idea was that the smaller the residuals, or the closer a match to a CM-only case, the less ANN would be present. We found that this metric correlated well (r = 0.883) with the ANN proportion (Figure 4D), suggesting that the analytic model, which provides values the ANN and CM, scales with actual rather than far distant values.



Effects of neurotoxins and noise exposure on the ANN proportion in gerbils

As would be expected, post-KA, NH animals (Figure 5A) had a large increase in the numbers of responses to low frequency (<1,000 Hz) judged by the DLA to have no ANN (24.8% compared to 2.0% in NH animals from Figure 5A). Similarly, the ANN proportion was in general smaller, indicating less ANN relative to the CM than before the KA (mean = 0.33 ± 0.176 for the Pre-KA vs. 0.21 ± 0.13 for the Post-KA). However, since most cases still had some ANN the action of the neurotoxin was often only partial. Finally, the effect of intensity was decreased, with most cases showing a small ANN proportion even to low intensities. A quantification of this decrease in the effect of intensity is the slope of the best fit regression line through all of the data, which was 0.52/dB for the Pre-KA NH condition and 0.27/dB for the Post-KA condition.
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FIGURE 5
 Results in gerbils. (A) Effects of the neurotoxin KA on low-frequency average cycles. There is a higher proportion of ANN-absent cases and less ANN overall than prior to KA (compare with B). (B) Results to low frequencies from HF-NIHL cases. The CM is reduced, but the proportion of ANN is high. (C) Results from HF-NIHL cases after KA. There is an increase in ANN-absent cases and in the ANN proportion of most cases. (D) Comparison of the CM in NH and HF-NIHL animals (pre-KA). The CM saturates in the HF-NIHL animals, due to limited spread of excitation because the basal cochlea is non-functional. (E) Comparison of the ANN. The effect in the HF-NIHL animals is similar but smaller than with the CM. (F) Difference between the CM and ANN. This difference grew in the NH animals due to spread of excitation but not in the HF-NIHL animals, where it was blocked. Error bars represent standard deviations.


For the HF-NIHL animals, prior to the KA the DLA again showed that almost all responses to low frequencies had an ANN (Figure 5B). The removal of hair cells from the basal half of the cochlea did reduce the CM, as expected. However, the HF-NIHL animals showed an increased proportion of ANN, especially to higher intensities, compared to the NH distributions in Figure 5C, which will later be better quantified. After KA (Figure 5C) the DLA again found more responses without an ANN, and the ANN proportion decreased, indicating partial to complete synaptopathy in most cases.

The growth of the CM (as computed from the model) is linear over the intensity range of 30–90 dB SPL, while for the HF-NIHL animals it saturates at a moderate intensity. The early saturation in HF-NIHL animals (Figure 5D) is because the spread of excitation toward the base of the cochlea as the intensity is raised is limited by the loss of hair cells. In contrast, the ANN (Figure 5E) in the NH animals grows at a comparatively slower rate, and the difference between NH and HF-NIHL animals is much smaller. The result is that the difference between the CM and ANN (Figure 5F) grows with intensity in the NH animals but does not in the HF-NIHL animals.



Results in humans

Our human data sets were CI subjects and others where the round window was available during surgery. A metric used to characterize the overall responses from each subject is the ‘Total Response (TR),’ which is a summed measure of the output of the cochlea to a range of frequencies (29, 31, 62, 63) (see Materials and Methods). Specifically, the TR is calculated from the sum of the response magnitudes to each frequency, with the response at each frequency measured as the sums of significant peaks to the stimulus frequency and 2nd and 3rd first harmonics. The frequencies used were 0.25, 0.5, 0.75, 1, 2, and 4 kHz. The TRs for the CI subjects (Figure 6A) covered a wide range independent of age. For the youngest children many of the cases with large TR were auditory neuropathy spectrum disorder (ANSD) subjects, which is a condition characterized by loss or desynchrony of auditory nerve firing with preservation of cochlear function, and so may be related to cochlear synaptopathy. The TRs for non-CI subjects (Figure 6B), were on average larger than for the CI subjects, but interestingly the cases with the highest values were similar for each data set. Even the one subject with audiometric thresholds within the normal range had a level only near the maximum of the other groups, not above them.
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FIGURE 6
 Results in human subjects. (A) Distribution of ‘Total Response’ (TR, a measure of the responses summed across frequencies, see text) in CI subjects. There is a wide range of responses independent of age, with the largest TR often seen in children with auditory neuropathy spectrum disorder (ANSD). (B) TR in non-CI subjects as a function of age. The largest TR in each group, including the case with no auditory-related syndrome and thresholds in the normal range, were similar to the largest in CI subjects. VS, vestibular schwannoma. M, Meniere’s, NH, Normal Hearing. (C) Output of the DLA and distribution of ANN proportion in CI subjects. There were many cases judged by the DLA to have no ANN, but otherwise there was a wide range of ANN present. (D) Output of the DLA and distribution of ANN proportion in non-CI subjects. Similar to the CI subjects, there were many cases judged by the DLA to have no ANN, but otherwise there was a wide range of ANN present.


To low frequencies (0.25, 0.5, and 0.75 kHz), the DLA reported that CI and non-CI (Figures 6C,D) subjects both had a large fraction (28.9 and 26.7%, respectively) with no detectable ANN. Of the remainder there was a wide distribution, including some with evidence of a strong ANN (e.g., >25% of the combined responses).



Human groups are most similar to gerbil groups exposed to KA

A comparison of the distributions of ANN proportion across the six groups is shown in Figure 7A. These distributions encompass different frequencies and intensities for each animal and human subject. The results of multiple comparisons, based on standard errors corrected for multiple comparisons (Figure 7B, alpha = 0.083), were that the pre-KA, HF-NIHL gerbils showed the largest proportion of ANN and was distinct from the other data sets. The gerbils with the next highest proportion of ANN were the pre-KA NH animals, and the ANN proportion was significantly greater than for any of the remaining groups. The distributions in both of the post-KA animal groups were not significantly different from each other or from the two human groups. Recall that the noise exposure for the HF-NIHL animals was intended to mimic that of subjects, particularly CI subjects, with high frequency hearing loss. Thus, if hair cell loss was the main cause of hearing dysfunction leading to cochlear implantation, the human CI subjects should have most closely resembled the pre-KA, HF-NIHL animals. Instead, their distribution, and the distribution of non-CI subjects, was most like that of the gerbil groups after application of neurotoxin that produced a complete or partial synaptopathy, which implies synaptopathy is present in the human subjects as well.
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FIGURE 7
 Comparisons across the gerbil and human data sets. (A) Scatter plots show the distributions of ANN proportion, and the box plots show median, semi-interquartile ranges, and whiskers that include 1.5 times the inter-quartile range. (B) Means and standard errors with correction for multiple comparisons (alpha = 0.083).




ECochG thresholds are often better than behavioral in CI subjects

A behavioral threshold is typically based on activity in one or a few sensory receptors that result in only a few action potentials (64, 65). In contrast, generation of an evoked potential requires the summed, synchronous activity of numerous responding elements. Therefore, a behavioral threshold is expected to be more sensitive than an evoked potential. However, in CI subjects the ECochG threshold, recorded perioperatively, was often more sensitive than the pre-operative audiometric thresholds. An example is shown in Figures 8A,B, where the subject had severe hearing loss to low frequencies (250 and 500 Hz) and profound hearing loss to higher frequencies (Figure 8A, blue). However, the ECochG responses to both 500 Hz and 2 kHz were large (Figure 8B) such that the estimated threshold from the ECochG was only in the range of mild hearing loss to all frequencies (Figure 9, red). Time for data collection in the operating room is limited, so for frequencies other than 500 Hz we collected responses only to 90 dB nHL. To estimate threshold, we used a linear interpolation where a 1 dB reduction in stimulus level produced a 1 dB reduction in response, and threshold was taken as a response level of 0.02 μV (−34 dB re 1 μV), which is the threshold sensitivity for a response to achieve significance under good recording conditions (see Methods for significance criteria). When time permitted, we performed a level series to 500 Hz in 10 dB steps to better estimate actual thresholds, interpolated between the last significant response and the first non-significant response. When compared to the thresholds calculated from 90 dB nHL responses they were similar (Figure 8C) and the differences were typically in the direction where actual thresholds were better than calculated from the 90 dB nHL response (below the line of equivalence). This result was because large responses tended to be saturated, so that reductions in level did not produce corresponding drops in responses for the first 10 to 20 dB. Errors in this direction would cause the actual sensitivity of ECochG thresholds to be underestimated.
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FIGURE 8
 ECochG thresholds are more sensitive than behavioral thresholds. (A) An example of ECochG threshold vs. behavioral. Despite having severe to profound hearing loss as shown by the audiogram, the ECochG is only in the range of mild hearing loss. (B) ECochG responses to 500 and 2000 Hz at 90 dB nHL. (C) Calculated ECochG Thresholds perform better than Audiometric Thresholds for both 500 and 2000 Hz. (D) Calculated thresholds are mostly similar to measured thresholds. Any deviations were typically in the direction where actual thresholds were better than calculated thresholds.
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FIGURE 9
 Schematic of the cochlear hearing postulated for each of the models used in this study. In NH gerbils, OHC, IHCs, and connections of ICs to spiral ganglion cells (SGCs) are present. In the Post KA condition, the dendrites between the IHCs are SGCs are severed in the basal cochlea but partially preserved in the apex. In HF-HIHL gerbils, the outer hair cells are removed to a greater extent than the inners, and in the Pre KA condition there is a normal complement of connected dendrites resulting in the increased overall proportion of ANN compared to NH animals. Post KA there is typically complete disconnection of dendrites from IHCs in the basal cochlea but only partial in the apical parts. The SGCs remain were the dendrites have been removed but are not visible in the recordings. In the adult CI subjects, the progressive hearing loss results in extensive hair cell loss in the basal cochlea, but at the transition zone to relatively preserved hearing there are groups of presumably primarily IHCs that are still present but with severed connections to the SGSs. The presence of hair cells and a functional organ of Corti may allow for continued production of trophic substances (arrows) that support SGC survival. The distribution of remaining neural connections with IHCs more closely resembled the Post KA than the Pre KA condition.


A trend for better evoked potential activity than behavioral was present overall, as shown for 500 and 2000 Hz in Figure 8D. Here, points above the line of equivalence indicate better ECochG than audiometric threshold. Considering all frequencies from 250 Hz to 4 kHz, a two-way ANOVA showed a main effect of frequency, in that higher frequencies showed less sensitivity for both behavioral and ECochG thresholds (F = 58.5, df = 4, p < 0.0001), and a main effect of measurement type, with ECochG showing significantly better sensitivity than behavior (F = 25.8, df = 1, p < 0.0001). The interaction between frequency and response type was significant (F = 4.8, df = 4, p = 0.0008), because the effect of frequency was smaller with ECochG, i.e., ECochG thresholds showed less of an increase to higher frequencies than did the audiometric thresholds.




Discussion

Using data from normal-hearing gerbils as a training set, a DLA was used to identify waveforms that contained a neural component, the ANN, in ECochG responses to low-frequency sounds. In waveforms judged to have an ANN present, an analytic model estimated its proportion in the overall response. The models developed were then applied to ECochG data from both gerbil and human subjects. The gerbil groups included NH and HF-NIHL animals, with the HF-NIHL group intended to mimic the primarily low-frequency hearing condition of many CI subjects. Both gerbil groups were also tested after a neurotoxin was placed on the RW membrane to induce cochlear synaptopathy. The human subjects were surgical cases where the RW was accessible, which included CI subjects, subjects with Meniere’s disease undergoing a labyrinthectomy, and cases with a vestibular schwannoma that was being resected. The human groups had ANN proportions similar to those of gerbils after the neurotoxin, indicating the presence of cochlear synaptopathy in the human groups. In addition, thresholds to ECochG in the human subjects were generally more sensitive than those in the audiogram, a further indication that the recordings were from hair cells disconnected from auditory nerve fibers.


The deep learning algorithm to identify the presence or absence of the ANN

The average cycles are sequential data, so a logical choice of neural network architecture was a Recurrent Neural Network (RNN), which is designed to utilize sequential information. Past information is stored in state vectors, which are considered at each point, so dependencies on past information can be used. Bidirectional RNNs consider dependencies on both past and future information (66). Note that the DLA created makes no assumptions about the underlying biophysics and, because of the choice of training set, did not require any expert curation of features. The training set was from NH gerbils where all responses to low frequency sounds contain an ANN, but none of the responses to high frequency sounds do, since they are above the phase-locking range detectable with ECochG (47, 55, 67). The input was average cycles, normalized in amplitude and starting phase, so that the algorithm operates only on variations in shape. By using responses across multiple frequencies and intensities within each range, the samples included a wide spectrum of waveform shapes that exemplify ANN-present or ANN-absent responses. The shapers were different enough that the DLA had both a high sensitivity and specificity (>95% for both).



The analytic model to estimate the proportion of the ANN and CM

The analytic model provides a quantitative estimate of the sizes of the CM and ANN in a given response. Other methods, whether spectral, masking, or our correlation-fitting analysis (Figure 4D), are proportional to the size of the ANN but are not similarly quantitative. The good fit between the ANN proportion and the correlation-fitting analysis of ANN strength (Figure 4D) indicates that the parameters used are sufficiently constrained to a reasonable range to account for CM and ANN magnitudes. However, the model is over-determined, so that the solutions are not unique. We therefore consider the quantitative values to be reasonably accurate in the aggregate but with a range of uncertainty in particular cases.

The theoretical basis of the model (Figure 1) does not include all the relevant parameters that can lead to complex shapes of the average cycle. In particular, additional modeling (not shown here) indicates that complex shapes for the CM can be created if responses from different parts of the cochlea with different phases both have some amount of saturation. However, the experiments with neurotoxins suggest that the main source of complex average cycles is neural in the form of the ANN, because most complex average cycles resolve to those described in Figure 1A as typical for a predominance of CM over ANN. Furthermore, complex shapes with responses to high frequencies are rare. However, the current model includes only a subset of the biophysics underlying the shapes of average cycles and that future versions could include more parameters.

The model showed an increase in the proportion of ANN compared to CM in the HF-NIHL versus NH animals’ response to low frequencies. The intense noise used (122 dB for 4 h) produced an almost complete loss of OHCs and IHCs to frequencies above the cut-off of 4 kHz (58, 59). An explanation for the increase in proportional ANN may relate to the loss of spread of excitation to the basal cochlea, which in the normal hearing case will dominate the responses. That is, as the intensity increases the responses recruited from the basal cochlea occur in-phase due to the speed of the traveling wave through the basal cochlea (68, 69). In contrast, when the responses are coming from the apical cochlea some have different phases due to the slowing of the traveling wave near the characteristic frequency region. Thus, the CM response will grow more slowly with intensity due to interference. In contrast, the neural response will spread but the action potentials will not cancel as sine waves do. In addition to phase issues, the neural potential that produces the ANN is also likely to reach saturation prior to the CM. Above threshold, the rate at which low spontaneous rate fiber comes out of the relatively refractory period, which governs the overall rate of skipped cycles, is not dependent on intensity, so the rate saturates at a moderate intensity (70). Viewed another way, because of phase-locking the maximum rate that a fiber can contribute is dependent as much on the frequency as the intensity, because the maximum rate is less than one spike per cycle (except in the case of peak-splitting to the lowest frequencies).



Cochlear synaptopathy in animal studies

Cochlear synaptopathy, using noise exposure and anatomical verification, has been identified in several species including mice, guinea pigs, and macaques (1, 4, 71). Its hallmark is loss of synapses and neural activity in the face of preserved hair cells and auditory thresholds. The ability to preserve auditory thresholds is due to selective preservation of low-threshold, high-spontaneous rate fibers (5, 6). In studies using CBA/CaJ mice, the loss of synapses was found to be irreversible (1), and the possibility of permanent loss of synapses combined with preserved audiometric thresholds led to concerns of significant “hidden hearing loss” in humans (72). Recently, it has been shown that in other strains of mice and in guinea pigs the loss of synapses is not permanent (23–25). However, these studies also show that in animals with some degree of permanent hearing loss, there is a continued synaptopathy, suggesting cochlear self-repair mechanisms may not be stable through a lifetime.



Cochlear synaptopathy in human subjects

Human temporal bone studies show a greater preservation of hair cells than neural structures in aging subjects and those with greater hearing loss (8–10). To test for a physiological correlate, we compared gerbil and human subject groups based on RW recordings, where cochlear physiology can be explored with a high signal-to-noise ratio. The shapes of the average cycles were similar between gerbil and human subjects and reflect the same biophysical principles that underly each (e.g., Figures 1, 3). This similarity allows for comparisons between humans and experimentally manipulated gerbils. There are, of course, major differences between the species. One is the size of the response at the RW, with human responses about an order of magnitude smaller than gerbils (maximums of tens rather than hundreds of microvolts). Smaller responses in humans are likely to be due to the increased size of the cochlea, where responses at the RW must travel through larger spaces than in small animals. Response magnitudes with intracochlear recordings during CI insertion in humans, where the electrode can be close to the source generators, can reach hundreds of microvolts [(e.g., 73–75)].

Interestingly, the largest responses were the same between the CI and non-CI subjects, despite the greater degree of hearing loss expected in CI subjects. The largest responses of both CI and non-CI subjects were similar to the single human case with normal hearing. Many of the CI cases with the largest responses were children with ANSD (Figure 6A), a condition related to cochlear synaptopathy where neural or inner hair cell dysfunction is present, but cochlear responses can be relatively normal (76, 77). In a previous study in children receiving CIs, ANSD cases could have a substantial ANN, similar to a control group of non-ANSD children receiving CIs (78). What was different was a very large CM and negative-polarity SP to high frequencies in ANSD compared to non-ANSD children, which was typically not accompanied by a CAP. The explanation for the large negative SP is the loss of neural and/or inner hair contributions to the SP which have a positive polarity (56, 79).

In addition to a distribution of ANN proportion comparable to animals treated with neurotoxins, another indication of cochlear synaptopathy is the overlapping thresholds between ECochG and behavior in CI subjects. In many cases the threshold for ECochG responses were lower (better) than the audiometric thresholds, which is not the expected direction for an evoked potential compared to behavior. Previous studies have also shown thresholds for ECochG to be better than for audiometry in some cases (80–82). An important issue is calibration, since in our study and most others the ECochG and audiometric thresholds are measured at different times and with different equipment. However, one study (82) measured ECochG through the implant in the clinic and audiometric thresholds at the same session with the same equipment, and this study also reported many ECochG thresholds to be better than behavioral. A better threshold for an evoked potential is not expected because a behavioral threshold can be obtained from very few active fibers (64, 65), while an evoked potential is determined by the summed, synchronous activity of many responding elements. Thus, hair cell function that is better than behavioral sensitivity is an indication of cochlear synaptopathy in CI subjects.

Finally, it has been shown in adult subjects and children implanted at greater than 6 years of age that larger ECochG magnitudes are associated with better speech perception outcomes with electrical hearing (29). These results contrast with preoperative tone audiometric thresholds, which are not predictive of speech perception outcomes with the implants (32, 34, 83). The explanation proposed is that some of the ECochG responses are from hair cells disconnected from auditory nerve fibers, i.e., cochlear synaptopathy, and that the presence or absence of functional hair cells indicates overall ‘cochlear health.’ This cochlear health is then indirectly related to the functional status of the auditory nerve available for electrical stimulation. Illustrations of the expected hearing conditions studied here are shown in Figure 9. In NH animals, all of the elements of OHC, IHCs, and connections of ICs to spiral ganglion cells (SGCs) are present. In the Post KA condition, the connections between the IHCs are SGCs are severed in the basal cochlea but partially preserved in the apex due to diffusion characteristics. In the HF-NIHL animals, the OHCs are removed to a greater extent than the inner (58), and in the Pre KA condition a nearly normal complement of dendrites exist to the remaining hair cells, resulting in the increased overall proportion of ANN compared to NH animals. As with NH animals, the KA then causes a similar variable but typically partial removal of the neural input. The SGCs remain viable for the 1-month interval between exposure and ECochG but are not visible to the ECochG. In the adult CI subjects, the progressive hearing loss results in extensive hair cell loss in the basal cochlea, but at the transition to relatively preserved hearing there are groups of primarily IHCs that are still present but with severed connections to the SGCs. These hair cells are visible to ECochG but not the audiogram. In addition to the hair cells themselves, the organ of Corti, endolymphatic potential, tectorial membrane and other features that support hair cell transduction must also be functional and can provide trophic substances (arrows) such as growth factors and neurotrophins that support SGC survival (84, 85). In the absence of this support, a greater proportion of SGCs are removed and the information provided by electrical stimulation is reduced. Although the hair cell distribution in the CI subjects and HF-NIHL animals are similar, the remaining connected neural portion more closely resembles the Post KA than the Pre KA condition.

There is currently a major effort underway to investigate the use of ECochG as a real-time monitor of cochlear health during CI surgery to detect and possibly lessen cochlear trauma during implantation and thereby improve hearing preservation and speech perception outcomes [reviewed by (86)]. The presence of cochlear synaptopathy in these subject effects the interpretation of the ECochG recordings. Current methods focus primarily on the responses to a single frequency, typically 500 Hz, delivered at high intensity (>100 dB SPL), to monitor changes from the apical electrode as the insertion progresses (75, 86–88). To a 500 Hz stimulus at high intensity, the recordings are primarily, although not exclusively, the CM, which because of cochlear synaptopathy will not be directly reflective of acoustic hearing. While changes in these responses can be a useful indicator of trauma that is worthwhile to avoid because it can lead to worsening of subsequent effects, such as foreign body response and fibrosis, such changes are unlikely to directly reflect the degree of hearing preservation to be expected. Thus, an additional fruitful focus as a monitor for trauma in hearing preservation cases could be the ANN, which is more directly related to neural preservation.

In cases where the RW recording was available during labyrinthectomy or during an acoustic tumor removal, the distribution of TR in these subjects was on average higher than for CI subjects, but the maxima were similar. These subjects often have a hearing loss due to endolymphatic hydrops, compression of the auditory nerve, or effects on blood supply to the cochlea (89–91). Still, the hearing loss is generally less than in CI subjects. However, like the CI subjects, the distribution of ANN-present and ANN-absent subjects was similar to gerbils with partial loss of synapses from neurotoxin applied to the RW, indicating a degree of cochlear synaptopathy in these subjects as well.




Limitations and future directions

The human data revealed many cases where an ANN was not detected by the DLA, yet in some of these cases hearing, especially in non-CI subjects, was present. Consequently, it appears that an ANN can exist without detection by current ECochG. In these cases, basal hair cells may be present and dominate the responses, while surviving neural responses from the apex, or from within the core of the auditory nerve, are too small to be detected. This pattern would also be an indication of cochlear synaptopathy in the more basally located hair cells.

The potential benefit of a condition with functional, surviving hair cells is in the realm of neural regeneration. If regeneration is required to reintroduce hair cells and a functional organ of Corti, the prospect is daunting. However, if only a reconnection between nerves and still-existing hair cells is needed, the problem is more straightforward, and promising trends in this direction are being seen. Along with the anatomical studies that reached a similar conclusion (10), our physiological study indicates cochlear synaptopathy is likely to be relatively common, including those with substantial hearing loss, so that regenerative therapies targeting neural regrowth have a strong prospect of finding a ready substrate for reinnervation.



Conclusion

Cochlear synaptopathy is loss of synapses while hair cells are intact. Though largely accepted to happen in animals, evidence in humans is still limited. We used a combination of deep learning and mathematical modeling to analyze the contributions of the ANN and CM in ECochG. We showed that human subjects-both with and without cochlear implants-are not significantly different from gerbils who have been treated with neurotoxin, indicating some degree of cochlear synaptopathy in these subjects.
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Introduction: Although auditory temporal processing plays an important role in speech comprehension, it cannot be measured by pure tone audiometry. Auditory temporal resolution is often assessed by behavioral gaps-in-noise test. To evaluate whether auditory temporal resolution could be objectively assessed, we measured the auditory steady state response (ASSR) elicited by silent gaps embedded within broadband noises at 80 Hz.

Methods: We prepared six sound types as test stimuli. One was a continuous broadband noise without a silent interval as a control stimulus and the others were broadband noises with 80 Hz silent intervals of 0.4, 0.8, 1.6, 3.1, and 6.3 ms.

Results: Significant ASSRs were recorded only when the gap length was longer than the behavioral thresholds and the ASSR amplitude increased as the gap length increased.

Conclusion: Eighty Hertz gap-evoked ASSR appears to reflect the neural activity related to the auditory gap processing and may be used as an objective measure of auditory temporal resolution in humans.
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1. Introduction

Time is a very important variable in hearing because all sounds vary in frequency and amplitude over time. Complex natural sound signals such as speech and music can be decomposed into slowly varying “envelope” and rapidly oscillating “fine structure.” Out of the two, envelope plays a more important role in speech comprehension (1). Auditory temporal resolution is the ability to detect temporal changes of sound stimuli and to correctly recognize the envelope of sound signals. The temporal resolution of the auditory system is often assessed by the gap detection test. This test uses sound stimuli with silent gaps to estimate the minimum perceivable gap length (2, 3). It should be noted that this method requires the participant to take an action in response to the sound signal whenever they perceived the gap. As such, this method is not objective since the participant's personality, varying levels of concentration and dexterity necessary for the physical action of pressing the button may affect the results to some extent. Therefore, many studies currently aim to find objective measures of the temporal resolution using neuroimaging techniques.

Previous studies have shown that gaps embedded in continuous tones elicit various types of event related potentials. In an experiment by Uther et al. (4), continuous 2,000 Hz pure tones inserted with silent gaps of 3, 5, and 7 ms evoked mismatch negativity (MMN) and the MMN amplitude was proportional to the gap length. Electrophysiological studies have shown that the main sources of MMN are located close to the primary and secondary auditory cortex (5). Furthermore, Werner et al. (6) found that the behavioral gap detection threshold is similar to the neurophysiological gap detection threshold which was estimated by the sensitivity of the V wave of the auditory brainstem response elicited by silent gaps embedded within a broadband noise. The neural generator of V wave is thought to be the inferior colliculus (7). It remains elusive whether it is the cortex or the brainstem that plays a more important role in auditory gap detection.

In our previous study (8), we have obtained clear 40 Hz auditory steady state responses (ASSRs) elicited by the silent gaps of 3.125, 6.25, and 12.5 ms embedded within a broadband noise. The ASSR is one of the objective hearing tests used in clinical practice. Its neural sources and sensitivity depend on the modulation frequency. The 40 Hz ASSR appears to originate in the region spanning from the primary auditory cortex (9). It is considered to have a higher signal-to-noise ratio while the subject is awake (10). On the other hand, the 80 Hz ASSR appears to originate primarily from subcortical sources (11), and sleep has little effect on the response (12).

In the previous study, we demonstrated that gaps embedded within a broadband noise elicited clear 40 Hz ASSR; however, there has been no report that investigated the ASSR elicited by gap stimulus presented at the 80 Hz rate and compared the gap-evoked ASSR and the behavioral gap detection thresholds. The 80 Hz ASSR has the advantage of being an objective measure used in clinical practice because it can be measured reliably even during sleep (13). In this study, we conducted an experiment to verify whether the ASSR can be elicited by 80 Hz silent gaps of different lengths that are below and above the behavioral threshold. The results would contribute to developing a non-invasive objective measure of auditory temporal resolution in humans.



2. Methods


2.1. Participants

Twenty-one students (10 males) were recruited at the International University of Health and Welfare for this experiment. Their ages ranged from 18 to 31 (median 20). Eighteen participants were right-handed and three were left-handed, and all had normal hearing and no neurological or psychiatric disorders. They were fully informed about the study and gave written informed consent for their participation. The present study was approved by the Ethics Committee of the International University of Health and Welfare, School of Medicine and conformed to The Code of the World Medical Association (Declaration of Helsinki).



2.2. Stimuli and experimental design for electroencephalography recording

Six types of white noise of 1 min duration were used as sound stimuli (sampling rate: 48,000 Hz). One type was a white noise without a silent interval as a control stimulus (GAP_0), and the others were white noises with 80 Hz silent intervals of 0.396 (GAP_0.4), 0.792 (GAP_0.8), 1.563 (GAP_1.6), 3.125 (GAP_3.1), and 6.25 ms (GAP_6.3; Figure 1 and Supplementary Audios 1–6). The stimuli were randomly played for 30 min, resulting in 5 min of each GAP condition (1 min × 5 times × 6 noise types). All auditory stimuli were designed in the MATLAB environment (The MathWorks Inc., MA, USA). Participants were presented with stimuli at an intensity of 70 dBA SPL via ER-3A insert earphones (Etymotic Research Inc., IL, USA). Figure 2 displays the amplitude spectra of the sound stimuli measured at the earpiece by using Ear Simulator TYPE 4157 (Bruel & Kjaer Sound & Vibration Measurement A/S, Denmark). EEG recordings were performed with participants seated comfortably in a silent electromagnetically shielded room. They were instructed to watch a silent movie with captions during experiments.


[image: Figure 1]
FIGURE 1
 Stimulus conditions. Exemplary sound waveforms of test sound stimuli with silent intervals of 0 ms (GAP_0), 0.396 ms (GAP_0.4), 0.792 ms (GAP_0.8), 1.563 ms (GAP_1.6), 3.125 ms (GAP_3.1), and 6.25 ms (GAP_6.3) are depicted from top to bottom.
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FIGURE 2
 The amplitude spectra of the sound stimuli measured at the earpiece by using an ear simulator [GAP_0 (top left), GAP_0.4 (top center), GAP_0.8 (top right), GAP_1.6 (bottom left), GAP_3.1 (bottom center), and GAP_6.3 (bottom right)].




2.3. Behavioral data

The detection threshold of 80 Hz gap inserted sound stimuli and single gap inserted stimuli were measured in all participants. An adaptive, three-alternative forced-choice, two-down, one-up procedure was used to track the 70.7% correct rate for gap detection threshold (GDT) determination as described in detail in the previous studies (14, 15). The threshold for the length of detectable gap was tested at an intensity of 70 dBA SPL via ER-3A insert earphones, same as in the ASSR measurements. The duration of the white noise (sampling rate: 48,000 Hz) was set to 500 ms. In the detection threshold condition for a single gap inserted stimulus, each test sound contains only one silent gap in the middle, whereas in the detection threshold condition for an 80 Hz gap inserted sound stimulus, each test sound contains 40 silent gaps because the gaps are embedded at 80 Hz. The inter-stimulus interval between two successive test sounds was 500 ms. The gap length started from 7 ms. The step size was set to 1 ms in the first four reversals and 0.5 ms thereafter. The measurements were continued for 12 reversals, and the threshold was estimated as the mean of the values for the last eight reversals. Thresholds were measured twice, and the mean of the two measurements was used as the detection threshold.



2.4. Data acquisition and analysis

Sound stimuli were presented via Multi Trigger System Ver.2 (MTS0410, Medical Try System, Co., Ltd., Japan), which simultaneously sent triggers to Neurofax EEG1200 (Nihon Koden, Co., Ltd., Japan). We used six types of triggers (GAP_0, GAP_0.4, GAP_0.8, GAP_1.6, GAP_3.1, and GAP_6.3) and, apart from the control condition (GAP_0), the triggers were synchronized with the gap offset (or the onset of the noise segment). The EEG signals were recorded using a Neurofax EEG1200 system at a sampling rate of 1,000 Hz. The recording electrodes (Ag/AgCl) were located at Cz according to the international 10–20 system. The averaged signal of two electrodes placed on both mastoids was used as a reference electrode and the ground electrode was located around the forehead midpoint. Electrode impedance was maintained below 15 kΩ. Recorded EEG data were exported as ASCII files and were analyzed offline using Matlab R2020a and EEGLAB (16).

For EEG waveforms, a fast Fourier transform (FFT) was computed in each condition and amplitude spectra were extracted after removing the power line fluctuations at 50 Hz using the Clean-Line plugin for EEGLAB. In order to obtain ASSR, an epoching procedure was applied to the EEG signals. While the 80 Hz cycle necessitates the triggers to be placed at 12.5 ms intervals, this was difficult due to 1,000 Hz sampling rate. This problem was resolved by placing a marker every 25 ms in a 40 Hz cycle and calculating two cycles as one epoch. One minute sound stimulus contained 2,400 epochs, and for each GAP condition, the sound stimulus was presented 5 times, resulting in 12,000 epochs. A total of 60,000 epochs were labeled in all GAP conditions of each participant. EEG waveforms were bandpass filtered (70–90 Hz) offline and epochs of 0–24 ms (25 sampling points) from the markers were separately averaged after artifact rejection (set to a threshold of ± 20 μV) for each GAP condition (GAP_0, GAP_0.4, GAP_0.8, GAP_1.6, GAP_3.1, and GAP_6.3) for each participant. The obtained ASSR waveforms were fitted into the 80 Hz sinusoidal curves and the amplitudes were used for the statistical analysis.

Next, we calculated component synchrony measure (CSM) (17) and estimated GDT from the CSM obtained at Cz. The acquired EEG was filtered by a bandpass filter with cutoff frequencies of 79 and 81 Hz. Then the filtered EEG was divided into 600 epochs of 500 ms length and grouped into 10 groups, each containing 60 epochs. We obtained ten averaged waveforms based on those 60 epochs and the CSM is calculated using the following formula:
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Where, ψ denotes phase of ten averaged waveforms (k = 1, 2, 3, …10) and m denotes frequency. CSM value varies from 0 to 1. The value is equal to 1 if the phases of epochs are the same and approaches 0 when the phases change randomly. The criterion for the presence of response is set at M+3SD (= 0.385), where M denotes the mean of CSM value for non-response and SD denotes standard deviation. The obtained CSM functions as silent interval lengths were approximated by a sigmoid function, and the silent interval length whose obtained sigmoid function exceeded 0.385 was defined as GDT estimated from the CSM values.



2.5. Statistical analysis

In order to minimize the inter-individual differences, the ASSR amplitudes were normalized with respect to the mean ASSR amplitude averaged across all GAP conditions (GAP_0, GAP_0.4, GAP_0.8, GAP_1.6, GAP_3.1, and GAP_6.3) for each participant. Thereafter, the normalized ASSR amplitudes were evaluated by means of a one-way analysis of variance (ANOVA) using gap length (Gap_0, GAP_0.4, GAP_0.8, GAP_1.6, GAP_3.1, and GAP_6.3) as a factor and multiple-comparisons were analyzed using the Tukey's honestly significant difference test.

The CSMs calculated from EEG were similarly evaluated by means of a one-way ANOVA using gap length (Gap_0, GAP_0.4, GAP_0.8, GAP_1.6, GAP_3.1, and GAP_6.3) as a factor and multiple-comparisons were analyzed using the Tukey's honestly significant difference test.

The relationships between GDT estimated from the CSM values, single gap behavioral GDT, and 80 Hz gap behavioral GDT were evaluated based on correlation analysis.




3. Results

After the measurements were obtained from all participants, the collected data were analyzed. The average of the behavioral data of single gap GDT was 2.76 and the 95% confidence interval obtained by boot-strap resampling tests (iteration = 100,000) was 2.60–2.92. The average of the behavioral 80 Hz gap GDT was 0.994 and the 95% confidence interval obtained by boot-strap resampling tests (iteration = 100,000) was 0.902–1.101. For the EEG analysis, the mean rejection rate of the obtained epochs was 6.6%. Figure 3 shows grand averaged FFT waveforms under each condition. No clear response at 80 Hz was observed under GAP_0, GAP_0.4, and GAP_0.8 conditions in contrast to GAP_1.6, GAP_3.1, and GAP_6.3 conditions, where prominent responses at 80 Hz were observed. Figure 4 shows grand averaged EEG waveforms under each condition. Similar to the FFT results, no significant ASSR was evoked in the GAP_0, GAP_0.4, and GAP_0.8 conditions. In the GAP_1.6, GAP_3.1, and GAP_6.3 conditions, clear EEG was evoked and the amplitude increased as the gap length increased.


[image: Figure 3]
FIGURE 3
 Group means of the electroencephalography (EEG) amplitude spectra. Grand averaged (N = 21) EEG amplitude spectra corresponding to GAP_0 (top left), GAP_0.4 (top center), GAP_0.8 (top right), GAP_1.6 (bottom left), GAP_3.1 (bottom center), and GAP_6.3 (bottom right) are displayed. Clear induced brain responses are visible at 80 Hz in the GAP_1.6, GAP_3.1, and GAP_6.3 conditions.
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FIGURE 4
 Grand averaged auditory steady state responses (ASSRs) elicited by 80 Hz silent gaps. The graph displays the grand-averaged waveforms of participants (N = 21). Blue, red, yellow, purple, green, light blue color lines represent GAP_6.3, GAP_3.1, GAP_1.6, GAP_0.8, GAP_0.4, and GAP_0 conditions, respectively (see legends in the right upper corner).


Figure 5 shows the mean normalized ASSR amplitude in each GAP condition together with the corresponding 95% confidence intervals obtained by boot-strap resampling tests (iteration = 100 000). A one-way ANOVA applied to the normalized ASSR amplitude revealed a significant main effect for gap length [F(5, 120) = 299.66, p < 0.0001]. As shown in Table 1, the post-hoc multi-comparison revealed significant differences between GAP_0 and GAP_3.1 (p < 0.0001), GAP_0 and GAP_6.25 (p < 0.0001), GAP_0.4 and GAP_1.6 (p = 0.048), GAP_0.4 and GAP_3.1 (p < 0.0001), GAP_0.4 and GAP_6.25 (p < 0.0001), GAP_0.8 and GAP_3.1 (p < 0.0001), GAP_0.8 and GAP_6.25 (p < 0.0001), GAP_1.6 and GAP_3.1 (p < 0.0001), GAP_1.6 and GAP_6.25 (p < 0.0001), and GAP_3.1 and GAP_6.25 (p < 0.0001). The ASSR amplitudes gradually increased with an increase in the gap duration.
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FIGURE 5
 Group means of the normalized auditory steady state response (ASSR) amplitudes. Group means (N = 21) of the normalized ASSR amplitudes elicited by silent gaps of 0 ms (GAP_0), 0.396 ms (GAP_0.4), 0.792 ms (GAP_0.8), 1.563 ms (GAP_1.6), 3.125 ms (GAP_3.1), and 6.25 ms (GAP_6.3) embedded within broadband noises. The error bars denote 95% confidence intervals.



TABLE 1 p-values of post-hoc multi comparisons between GAP conditions using Tukey's multiple comparison test.
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Figure 6 shows the mean CSMs calculated from EEG in each GAP condition together with the corresponding 95% confidence intervals obtained by boot-strap resampling tests (iteration = 100 000). For the results in GAP_1.6, GAP_3.1, and GAP_6.25, the mean CSM gradually increased as GAP length increased. A one-way ANOVA applied to the CSM revealed a significant main effect for gap length [F(5, 120) = 41.33, p < 0.0001]. As shown in Table 1, the post-hoc multiple comparison revealed significant differences between GAP_0 and GAP_1.6 (p = 0.011), GAP_0 and GAP_3.1 (p < 0.0001), GAP_0 and GAP_6.25 (p < 0.0001), GAP_0.4 and GAP_3.1 (p < 0.0001), GAP_0.4 and GAP_6.25 (p < 0.0001), GAP_0.8 and GAP_3.1 (p < 0.0001), GAP_0.8 and GAP_6.25 (p < 0.0001), GAP_1.6 and GAP_3.1 (p = 0.011), GAP_1.6 and GAP_6.25 (p < 0.0001), and GAP_3.1 and GAP_6.25 (p < 0.0001).
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FIGURE 6
 Group means of the component synchrony measure (CSM) of auditory steady-state response (ASSR). Group means (N = 21) of the CSM elicited by silent gaps of 0 ms (GAP_0), 0.396 ms (GAP_0.4), 0.792 ms (GAP_0.8), 1.563 ms (GAP_1.6), 3.125 ms (GAP_3.1), and 6.25 ms (GAP_6.3) embedded within broadband noises. The error bars denote 95% confidence intervals.


There was no significant correlation between GDT estimated from the CSM values and single gap behavioral GDT (r = 0.1566, p = 0.4978), between GDT estimated from the CSM values and 80 Hz gap behavioral GDT (r = 0.1699, p = 0.4617), nor between the behavioral single gap GDT and the behavioral 80 Hz gap GDT (r = 0.3994, p = 0.0728).



4. Discussion

The results of the present study demonstrated that 80 Hz ASSR can be elicited by silent gaps embedded within a broadband noise in people with normal hearing. Significant ASSRs were elicited only by test sound stimuli with silent intervals longer than 1 ms, which was the gap detection threshold derived from behavioral data. The ASSRs elicited by GAP_0.4 and GAP_0.8, which were below the behavioral threshold, were similar to those elicited in the GAP_0 condition, in which a continuous broadband noise was used as a sound stimulus. These results suggest that significant ASSRs were elicited only when the length of the silent gaps exceeded the behavioral threshold. This implies that auditory temporal resolution may be objectively measured using the 80 Hz gap-evoked ASSR.

It is known that stimuli differing in modulation frequencies elicit ASSR originating in different brain areas. Previous studies compared cortical and subcortical neural activity with 40 and 80 Hz amplitude modulated sound stimulations. Herdman et al. (11) measured the ASSR elicited by amplitude modulated tones with three modulation frequencies, 12, 39, and 88 Hz. They estimated the neural sources using multi dipole model, revealing that 88 and 39 Hz amplitude modulated tones mainly elicited subcortical and cortical neural activity, respectively. Additionally, Farahani et al. (18) measured the ASSR elicited by amplitude modulated white noise with the modulation frequencies of 3.91, 19.53, 40.04, and 80.08 Hz and estimated the neural source using a minimum-norm imaging technique. They reached the same conclusions as Herdman et al.—subcortical activity dominant at 80 Hz and cortical activity dominant at 40 Hz. Following these results, it has been widely accepted that the 80 Hz ASSR is elicited mainly in the subcortical regions.

Regarding the neural center for auditory temporal processing enabling auditory gap detection, previous studies have suggested that auditory cortex rather than brainstem plays a key role (19–22). Ison et al. (19) measured gap detection thresholds in rats by acoustic startle reflex using a white noise with silent gaps. KCl injections caused cortical disruptions in rats, inducing prolonged gap detection thresholds, whereas the disruption of auditory brainstem had little effect on gap detection. The results suggested that cortex plays a major role in auditory temporal processing. Syka et al. (21) also demonstrated that neural activity related to auditory temporal processing was delayed after surgical removal of the rat auditory cortex. Similarly, human studies on patients with damage to cerebral hemispheres reported impaired auditory temporal processing regarding the auditory stimuli presented to the ear contralateral to the damaged hemisphere. Jafari et al. (23) performed Gaps-In-Noise test (GIN test, a form of gap detection test) in patients with right hemisphere infarction, patients with left hemisphere infarction and normal subjects. All participants had normal pure tone audiograms; however, the results indicated that auditory temporal processing was impaired when the GIN test was performed on the ear contralateral to the infarction site. Lavasani et al. (24) found that the GDT became longer in patients with temporal epilepsy with normal pure tone audiograms, indicating that auditory temporal processing was impaired in those people. Moreover, research done by Bamiou et al. (25) suggested that insula plays an important role in auditory temporal processing, since patients with insular hemispheric infarction showed prolonged GDT.

In the present study, we used gap sounds that are thought to be processed in the auditory cortex, yet we obtained clear 80 Hz ASSR which are mostly associated with the brainstem. The results obtained could be interpreted as follows. First, while the 80 Hz ASSR is generally believed to originate primarily from the brainstem, the signal appears to be contaminated with the neural activity in the auditory cortex (18, 26). Therefore, the results obtained in the present study might reflect a portion of 80 Hz ASSR derived from the auditory cortex. Alternatively, the present results could imply that the auditory temporal processing involved in the gap detection occurs at least partially in the brainstem. Galambos et al. (10) first reported that the ASSR amplitude became maximal at the modulation rate of 40 Hz. The 40 Hz ASSR was found to become smaller with sleep, sedation, and anesthesia (27). On the other hand, a higher modulation frequency (70–110 Hz) provided a stable ASSR even during sleep or under sedation (13, 28). The ASSRs elicited by 80 Hz amplitude modulated tones are clinically used as an objective audiometry and are often measured during sleep since the signal-to-noise ratio of 80 Hz ASSR improves during sleep (29). In the present study, the participants were awake during the EEG recording; however, the 80 Hz gap-evoked ASSR may become more prominent during sleep. Eighty hertz ASSR recording during sleep would be especially useful for infants and children who could not stay still during the EEG recording.

Interestingly, the detection threshold of 80 Hz gap inserted sound stimuli was significantly shorter than the normal single gap GDT. While the single gap GDT (mean: 2.76 ms) in the present study was similar to those obtained in the previous studies (30, 31), the regular insertion of gaps at 80 Hz appears to shorten the GDT. Bacon et al. (32) measured detection thresholds of sinusoidal amplitude modulation on a broadband noise and found that normal hearing participants could detect up to 1,024 Hz modulation frequency. The results indicated that the participants could detect the envelope fluctuations of about 1 ms. Moreover, Ross and Pantev (33) measured behavioral GDT and the auditory evoked fields elicited by gaps embedded within 500 Hz tones with 40 Hz amplitude modulation. Normally, the gap detection of pure tones with frequencies between 400 and 1,000 Hz was estimated to be between 6 and 8 ms (34); however, Ross and Pantev's (33) results showed that the detection threshold for the gap embedded within the 40 Hz AM tone was 3 ms and the gap duration of 3 ms elicited significant auditory evoked fields. Similar to the above results, the present study also demonstrated that the detection thresholds for gaps embedded within sounds with repetitive envelope fluctuations became shorter than those embedded within continuous sounds with no repetitive fluctuation (35). One might argue that the insertion of periodic gaps added spectral components corresponding to the stimulation rate (80 Hz) and its harmonics, and consequently the participants might have detected the corresponding spectral components. In the present study, we used white noise segments longer than and equal to the half (6.25 ms) of one 80 Hz cycle and thus the 80 Hz gap inserted sound stimuli had spectral components similar to the control white noise as shown in Figure 2. Another possibility is that the participants might have detected the spectral splatter caused by the steep onset and offset sound envelopes of the gap. However, we used white noise as sound stimuli and the onset and offset of white noise did not give a spectral cue since the spectral splatter was masked by the white noise. Therefore, it is less likely that the participants in the present study detected the spectral changes of test sound stimuli instead of temporal ones.

We found no significant relationship between the GDT estimated from the CSM and the behavioral GDT. All the participants in the present study were young adults and had normal hearing. This could explain why there was little variance in the behavioral GDTs among the participants. Moreover, alertness and motivation of the participants appears to have a stronger impact on the behavioral results than the inter-individual difference. It is necessary to conduct similar studies on people with suspected deterioration of auditory temporal resolution, such as auditory neuropathy patients (36, 37) and the elderly (38).

Recent studies focused their attention on people who have normal pure tone audiogram but struggle to listen to speech signals especially in noisy environments (39, 40). This symptom may derive from impaired temporal processing in the auditory system (41). It remains elusive whether speech perception is significantly correlated with the within-channel gap detection threshold (42). According to Tyler et al. (43) and Snell et al. (44) who used noise bursts as stimulus sounds, GDT and speech perception under noise are significantly correlated, while Strouse et al. (45) and Snell et al. (46) found no significant correlation. Although most of those results were obtained in cross-sectional studies, a longitudinal study by Babkoff and Fostick (38) showed a significant relationship between temporal processing and speech perception even after corrections for auditory level and cognitive ability.

Therefore, the gap-evoked ASSR obtained in the present study may reflect the auditory temporal processing and speech comprehension ability. Many ailments thought to be related to impaired auditory temporal processing, such as hidden hearing loss, auditory processing disorder, and other listening difficulties, are currently diagnosed mainly on the basis of the patients' subjective symptoms. The gap-evoked ASSR can be introduced as an objective diagnostic measure for such cases. Moreover, objective measure of auditory temporal processing can be used as a screening test for children with language and speech developmental delays, allowing early detection and early therapeutic intervention for them. Additionally, in cases of elderly patients with communication problems, measurement of gap-evoked ASSR could potentially help discriminate between patients suffering from dementia and those with impaired auditory temporal processing.



5. Conclusions

Significant ASSRs and CSMs were elicited only by test stimuli with gap lengths above the behavioral threshold. The test stimuli with gap lengths below the behavioral threshold elicited ASSRs similar to those elicited by the continuous broadband noise. Eighty Hertz gap-evoked ASSR may provide insights into the neural mechanisms of auditory temporal processing and may be applied to objectively and non-invasively measure auditory temporal resolution in humans.
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Introduction: Intracochlear electrocochleography (ECochG) is increasingly being used to measure residual inner ear function in cochlear implant (CI) recipients. ECochG signals reflect the state of the inner ear and can be measured during implantation and post-operatively. The aim of our study was to apply an objective deep learning (DL)-based algorithm to assess the reproducibility of longitudinally recorded ECochG signals, compare them with audiometric hearing thresholds, and identify signal patterns and tonotopic behavior.

Methods: We used a previously published objective DL-based algorithm to evaluate post-operative intracochlear ECochG signals collected from 21 ears. The same measurement protocol was repeated three times over 3 months. Additionally, we measured the pure-tone thresholds and subjective loudness estimates for correlation with the objectively detected ECochG signals. Recordings were made on at least four electrodes at three intensity levels. We extracted the electrode positions from computed tomography (CT) scans and used this information to evaluate the tonotopic characteristics of the ECochG responses.

Results: The objectively detected ECochG signals exhibited substantial repeatability over a 3-month period (bias-adjusted kappa, 0.68; accuracy 83.8%). Additionally, we observed a moderate-to-strong dependence of the ECochG thresholds on audiometric and subjective hearing levels. Using radiographically determined tonotopic measurement positions, we observed a tendency for tonotopic allocation with a large variance. Furthermore, maximum ECochG amplitudes exhibited a substantial basal shift. Regarding maximal amplitude patterns, most subjects exhibited a flat pattern with amplitudes evenly distributed over the electrode carrier. At higher stimulation frequencies, we observed a shift in the maximum amplitudes toward the basal turn of the cochlea.

Conclusions: We successfully implemented an objective DL-based algorithm for evaluating post-operative intracochlear ECochG recordings. We can only evaluate and compare ECochG recordings systematically and independently from experts with an objective analysis. Our results help to identify signal patterns and create a better understanding of the inner ear function with the electrode in place. In the next step, the algorithm can be applied to intra-operative measurements.

KEYWORDS
ECochG, deep learning, electrophysiology, cochlear implants, hearing loss, signal processing, electric acoustic stimulation, hearing preservation


1. Introduction

Electrocochleography (ECochG) is increasingly being used to measure residual inner ear function in cochlear implant (CI) recipients. This facilitates the direct recording of signals from the implant electrode array either during or at any time after implant surgery. Using the ECochG signals, we can map and monitor the inner ear tonotopic and temporary function. ECochG is an umbrella term for four different inner ear potentials (i.e., cochlear microphonic CM, auditory neurophonic ANN, compound action potential CAP, and summating potential SP) (1–3). The CM/DIF response is the most common in the analysis of inner ear function because it is the most reliable and robust cochlear signal (4). It was calculated by subtracting the responses to the condensation (CON) and rarefaction (RAR) polarity stimuli.

The signal characteristics of the ECochG measurements provide different insights into the cochlear function. Several publications have reported that abrupt drops in the CM/DIF amplitudes during cochlear implantation may be associated with traumatic inner ear events (5–8). In a post-operative setting, CM/DIF signals exhibited a strong correlation with audiometric hearing thresholds (9, 10). Furthermore, the CM/DIF amplitudes varied across the electrode carrier, depending on the recording site. In contrast to the assumption that the amplitude peaks at the tonotopic position for a given acoustic stimulus (11–17), different amplitude patterns along the cochlear duct have been described (i.e., basal and flat amplitude patterns) (11, 12, 14).

Until now, the diagnostic gold standard for analyzing ECochG signals has been expert visual inspection. However, this approach entails several limitations. Visual interpretation depends on experts and requires experience in the field. Hence, reproducibility is limited, longitudinal data can only be assessed to a limited extent, and different studies may reach different results, hampering direct comparisons. Moreover, if the signal-to-noise ratio (SNR) is poor, recordings are often not included in the analysis, leading to selection and reporting biases. In conclusion, a deeper and more systematic understanding of the signal behavior is needed before ECochG recordings can be used and interpreted in clinical routine. Therefore, new analytical approaches are required for this purpose.

In our previous study, we proposed machine-learning models that objectively identified CM/DIF signals (18). The Hotelling's T2 Test and Deep Learning (DL) approach yielded high accuracies. The proposed objectification methods make observations transparent because the analysis is always performed in the same manner. Furthermore, no data were neglected owing to a poor SNR avoiding a selection bias. Therefore, the objective analysis method facilitates the study and comparison of the longitudinal data and ECochG patterns.

The aim of the current study was to apply our objective algorithm and evaluate the repeatability and patterns of the intracochlear ECochG measurements. We tested three hypotheses: (i) longitudinal ECochG measurements remain stable with unchanged residual inner ear function (repeatability); (ii) ECochG thresholds correlate with hearing thresholds; and (iii) for different frequencies, CM/DIF amplitudes show their maxima at different intracochlear locations according to their tonotopic organization.



2. Methods

This prospective cohort study was conducted in accordance with the Declaration of Helsinki and approved by the local institutional review board (KEK-BE 2019-01578). Written informed consent was obtained from the individuals for the publication of any potentially identifiable data included in this article.


2.1. Data acquisition

We included 20 adults in our study (n = 21 ears; 12 females, eight males; mean age, 60.0 years; SD = 16.5 years, range, 25–82 years). All subjects received an implant from the same manufacturer (MED-EL, Innsbruck, Austria) at least 6 months prior to the study participation. This period is important to avoid rapid post-operative changes in the inner ear function, which occur predominantly within the first months after implantation (19).

In total, we conducted three measurement sessions, as shown in Figure 1: (i) the first session was at least 6 months after implantation, (ii) the second session was 2–48 h after the first measurement, and (iii) the third session was 2–4 months after the second measurement. To obtain residual hearing, a pure-tone audiogram was performed at the beginning of sessions (i) and (iii) using a calibrated setup in a certified acoustic chamber (Interacoustics, Middlefart, Denmark). The subjects' audiograms are shown in the Supplementary material. According to Rasetshwane et al. (20), the subjects categorized the loudness of the acoustic ECochG stimuli into seven categories (not audible, very soft, soft, medium, loud, very loud, and too loud). The evaluated dataset is available at Schuerch et al. (21).
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FIGURE 1
 We performed three measurement sessions: (i) at least 6 months after implantation, (ii) within 2–48 h after the first measurement, and (iii) 2–4 months after the second measurement. Two subjects did not complete all the three sessions; one of them suffered from a complete hearing loss, so that no intracochlear signals could be measured, and the other withdrew from the study for personal reasons. PO, subject ID.


During the ECochG recordings, we used pure-tone stimuli at 250 Hz, 500 Hz, 750 Hz, 1 kHz, 1.5 kHz, and 2 kHz using the research Maestro software (version 8.03 AS and 9.03 AS, MED-EL, Innsbruck, Austria) (22). As a minimum requirement, we recorded the ECochG potentials at four electrodes (1, 4, 7, and 10) and three intensity levels (supra-threshold: 5 dB below the discomfort level, near-threshold: 10 dB above the pure-tone hearing threshold of the measured frequency, and sub-threshold: 10 dB below the pure-tone hearing threshold of the measured frequency). Additional adjacent intensity levels and electrodes were measured when the time permitted and when the subject agreed. For each electrode, the intensity level, frequency, and 100 epochs of each polarity (CON/RAR) were measured, digitized at 120 kHz, and stored separately.

In all but one subject (ID PO8), a routinely performed post-operative computed tomography (CT) scan of the temporal bone was available, from which we calculated the intracochlear electrode positions and their corresponding theoretical tonotopic frequencies using Otoplan software (version 3, CASCINATION, Bern, Switzerland). For the subject ID PO8, we used the average insertion depths obtained from 57 subjects using Flex28 electrodes (23).



2.2. Data analysis
 
2.2.1. Preprocessing

To test our three hypotheses, we focused on the CM/DIF signal. We preprocessed the ECochG data as described in Schuerch et al. (18). We used the following steps: (i) removal of stitching artifacts; (ii) application of a Gaussian-weighted averaging method to remove uncorrelated epochs (24, 25); (iii) calculation of the CM/DIF signal by subtracting the CON and RAR recordings (1, 3); and (iv) application of a bandpass filter (100 Hz/5 kHz) (4). The signal-to-noise ratio (SNR) was calculated using the plus-minus averaging method (26). We obtained the SNR for each polarity separately and averaged both values to obtain the final SNR.



2.2.2. Objectification

We used our previously described DL algorithm to classify the CM/DIF signals into “response present” and “response absent” subgroups (18). Using these categories, we tested three hypotheses: (i) repeatability, (ii) correlation with hearing thresholds, and (iii) frequency-specific amplitude maxima with respect to the tonotopic position.



2.2.3. Repeatability

We analyzed the repeatability of the CM/DIF signals using prevalence-adjusted and bias-adjusted kappa (PABAK), which considers the prevalence and chance of agreement (27–29). Because PABAK and Cohen kappa were designed to compare only two variables (in our data: sessions), we computed them for all possible combinations (sessions: 1 and 2, 1 and 3, and 2 and 3). Finally, the kappa values across all three sessions were averaged to obtain the overall kappa value as proposed in (30). We evaluated the kappa values for three different intensity categories: (i) sub-threshold (intensity <0 dB), (ii) near-threshold (25 dB > intensity ≥ 0 dB), and (iii) supra-threshold (intensity ≥ 25 dB). The interpretation of the kappa values was based on that of Landis and Koch et al. (31). The kappa values were calculated using epiR (v. 2.0.52), R (v. 4.1.2), rpy2 (v. 3.5.4), and Python (v. 3.9.7) (32, 33). We tested whether the sessions matched by using McNemar's test and the Python Statsmodels module (v. 0.13.2) (34).



2.2.4. Threshold analysis

We compared the objectively detected CM/DIF thresholds with the objective audiometry and subjective thresholds. First, we identified the relative stimulus intensities (ECochG stimulus-audiometric threshold) that produced objectively detected responses and non-responses, respectively. Second, for each stimulus type and subject, we determined the lowest relative stimulus intensity that still elicited an objective response. These values were compared to the pure-tone threshold and individual loudness perception. The objective responses elicited by higher acoustic intensities were neglected in this part of the analysis.



2.2.5. Tonotopy and pattern analysis

For the tonotopic and pattern analysis, we used the measurement session with the most recordings for each subject. First, the CM/DIF amplitudes were normalized. A weighted mean was then calculated separately for all stimulation frequencies to assess the tonotopic distribution of the signal amplitudes. The weighted mean was calculated as follows:

[image: image]

where [image: image] is the weighted mean, n is the number of signals, w is the normalized amplitude, and x is the tonotopic position of the signal.

Finally, we checked for the presence of intracochlear CM/DIF patterns (that is, apical response, basal response, medial response, and flat response) similar to the previous findings by Bester et al. (11, 12). We integrated the frequency allocations from Li et al. (35) and divided them into the following tonotopic regions: apical (20–500 Hz), medial (500–4,000 Hz), and basal (4,000–20,677 Hz). We defined our patterns based on these frequency regions. We assigned a pattern of the maximum CM/DIF amplitude in one of the regions, which exceeded the median of all other recording locations by 30% or more for a given stimulus (11). We defined the “flat” pattern as in Bester et al. when multiple or no significant peaks from two or more tonotopic regions occurred (11).





3. Results

Table 1 lists the demographic characteristics of the subjects. The subjects most commonly had progressive hearing loss with a mean low frequency pure tone average (PTA at 125 Hz, 250 Hz, 500 Hz, and 1 kHz) of 88.7 dB HL (range: 39.0–113.8 dB HL). The subjects received either a Flex24 or Flex28 electrode with a mean insertion depth of 509° (range: 350° to 632°).


TABLE 1 Demographics of the 21 ears examined.

[image: Table 1]

CM/DIF responses were detected in all subjects except for one who dropped out after the first session. Overall, the CM/DIF responses were detected in 27.5% of the signals (sub-threshold, near-threshold, and supra-threshold) and in 37.8% of the signals with acoustic stimulation above the hearing level (near-threshold and supra-threshold). The CM/DIF amplitudes ranged from 4.56 μVpp to 74.46 μVpp. The sample recordings of CM/DIF, ANN/SUM, CON, RAR, and their individual Fast Fourier Transform (FFT) power spectra are shown in the Supplementary material (subject PO8).


3.1. Repeatability

Our data showed substantial reproducibility across the three measurement sessions, as indicated by an average PABAK of 0.68 (Cohen's kappa coefficient of 0.61 and an accuracy of 84.1%). Figure 2 shows the PABAK values for combinations of the three recording sessions and three intensity levels (calculated as the difference between the stimulus level and individual hearing threshold).


[image: Figure 2]
FIGURE 2
 Reproducibility of the measurements ranged from substantial to almost perfect (29). The sub-threshold stimuli showed higher reproducibility than the near and supra-threshold stimulation. Higher variance was found for supra-threshold stimulation because fewer recordings were available. PABAK, prevalence-adjusted and bias-adjusted kappa; dB, decibel.


The highest PABAK values were observed in the sub-threshold group. There was a wider confidence interval for the supra-threshold group because of the smaller number of recordings (stimulation of 25 dB above the hearing threshold was not possible for all individuals and frequencies). It should also be noted that the PABAK values for sessions 1 and 2 were consistently higher than those of the other session combinations. A further analysis of the sensitivity and specificity revealed that sessions 1 and 2 were not significantly different (p = 0.499, McNemar's test), whereas sessions 1 and 3, and 2 and 3 were significantly different (p = 0.009 and p < 0.001, respectively). Detailed information on the calculation of the kappa values can be found in the Supplementary material.



3.2. Thresholds

The mean PTAs were 88.7 dB HL (SD = 22.4) and 89.1 dB HL (SD = 20.9) for the first and third sessions, respectively. There were no significant differences between the two sessions (one-tailed paired-samples t-test, p = 0.096). Higher stimulation amplitudes generally resulted in a higher number of ECochG responses. Figure 3 shows a histogram of the CM/DIF recordings based on the relative stimulation level. It shows a considerable overlap between the distribution of the recordings with (blue shaded area) and without (gray shaded area) an objectively detected response. Both distributions showed a bell-shaped distribution, with large variances (range of ECochG response present: −30 to 48 dB, range of ECochG not present: −40 to 48 dB). The mean relative stimulation level for the recordings with a detected response was 14.1 dB (SD = 11.4), which was significantly higher than the mean relative stimulation level for the recordings without a detected response (3.5 dB, SD = 11.1, p < 0.001, one-tailed paired-samples t-test).


[image: Figure 3]
FIGURE 3
 Histogram of objectively analyzed CM/DIF responses including all stimulation frequencies and intensity levels. Acoustic stimulus level-hearing level indicates the intensity of the stimulation relative to the individual's hearing threshold.


Figure 4 and Table 2 compare the individual ECochG thresholds with audiometric thresholds. We examined the frequency dependence of the CM/DIF and audiometric thresholds (Figure 4A) using linear regression models, which yielded r2 values between 0.50 and 0.76 (p < 0.001), indicating a moderate dependence between the two. Analyzing the same data in terms of subjects' perceived loudness (Figure 4B), we found r2 values between 0.64 and 0.95 (p < 0.001). The linear model fits the data best for very soft and soft perceptions.


[image: Figure 4]
FIGURE 4
 Scatter plots of CM/DIF thresholds as a function of audiometric thresholds for all subjects. (A) The CM/DIF thresholds were grouped according to their stimulus frequency. (B) The CM/DIF thresholds were grouped into four categories according to their subjective loudness: (i) can not hear (blue), (ii) very soft (orange), (iii) soft (green), and (iv) medium (red). The solid lines show the linear regression in both plots.



TABLE 2 Mean and SD of the difference between audiometric and CM/DIF threshold.
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3.3. Tonotopy and patterns

Owing to the variable size of the cochlea in our study cohort, the insertion depth of the electrode varied considerably (ranging from 350° to 632°, see Table 1). Figure 5 shows the variance of the tonotopic positions of all the 12 electrodes. According to our cochlear frequency subdivision (i.e., apical, medial, and basal parts of the cochlea), not all electrodes reached the apical region (n = 6).


[image: Figure 5]
FIGURE 5
 Tonotopic positions of the electrodes in the study subjects. Across the subjects, some electrodes showed overlap in the tonotopic region. It should be noted that not all electrode arrays reached the apical region of the cochlea.



[image: Figure 6]
FIGURE 6
 Scatter plot of the normalized CM/DIF response amplitudes for each stimulus frequency. The expected tonotopic position is shown in green. The weighted mean tonotopic position found is shown in red. In terms of the tonotopic position, there was a large variance in the objectively present ECochG responses. Generally, the tonotopic position was found to be higher than the stimulation frequency by up to an order of magnitude. Outliers at 20,677 Hz were all from PO19.


Regarding the intracochlear amplitude distributions, Figure 7 shows the normalized amplitude as a function of the tonotopic and stimulus frequencies. We found a predominance of flat patterns, occurring in 44 cases, followed by medial and basal, each occurring in 27 and 26 cases, respectively. The least common pattern was apical, occurring in only one case. Otherwise, all stimulation frequencies were observed for all the other patterns. However, the basal pattern was more pronounced at frequencies >500 Hz. Additionally, for each subject, we examined whether there was a change in the amplitude pattern as a function of the stimulation frequency. Figure 8 shows the patterns observed for each subject for each stimulus frequency, respectively. For example, subject PO8 showed the same CM/DIF response pattern for all stimulation frequencies (i.e., basal pattern; amplitude maxima for all frequencies occurred in the basal part of the cochlea). In contrast, subject PO16 showed a more dynamic pattern with the amplitude maxima changing from medial (250–1,000 Hz) to flat (1,500 Hz) to apical (2,000 Hz).


[image: Figure 7]
FIGURE 7
 CM/DIF pattern distributions recorded from pure-tone stimuli. Depending on the cochlear frequency regions, we distinguished between an apical, medial, and basal peak. If the ECochG amplitudes were approximately the same over the entire electrode array, this was referred to as a flat pattern.



[image: Figure 8]
FIGURE 8
 Four patterns (color bars) are shown for each subject (horizontal axis) and each stimulus frequency (vertical axis). A change in color indicates a shift of the maximum signal amplitude to a different cochlear region.





4. Discussion

In this study, we used an objective DL-based algorithm to evaluate intracochlear, post-operative ECochG signals recorded three times over a period of ~3 months. The use of an objective algorithm has several advantages, for instance, the data are analyzed independently of experts and always in the same manner. Regardless of the SNR, all the data were included in the analysis, which prevented selection and reporting bias. Finally, our algorithm is open-access, which makes the analysis transparent (18). Therefore, we were able to study and compare cross-sectional and longitudinal ECochG data systematically in the first place. In our analysis, we used the following three research questions: Are the recordings longitudinally reproducible?; is there a correlation with the pure-tone threshold?; and can we detect patterns for stimuli of different frequencies?


4.1. Repeatability

Our results showed substantial repeatability of the CM/DIF responses over the three measurement sessions (PABAK 0.68, accuracy of 83.8%) (31). This result is comparable to other neurophysiological findings, such as waving the V responses in the auditory brainstem measurements (36, 37). Analysis of the combination of two sessions showed a higher PABAK value for sessions 1 and 2 (0.74) than for sessions 1 and 3 (0.65) and 2 and 3 (0.66). This could also be shown statistically, where there was only a significant difference between sessions 1 and 3, and sessions 2 and 3, but not between sessions 1 and 2. A possible explanation for this finding is the altered measurement conditions, such as a change in the eartip placement, which could reduce the presented intensity level of the acoustic stimulus (38). However, a random effect without a clear pattern was expected in this case. Therefore, we suspect that we were detecting a discrete longitudinal change in the inner ear function although the hearing thresholds were unchanged between sessions 1 and 3. It is well-known that pure-tone audiometry cannot detect small changes in hearing and is prone to variability (39). Additionally, other studies have shown that the inner ear function of CI users declines over the years (19, 40). This decline may be caused by the natural course of the inner ear disease or by slowly progressive cochlear fibrosis as part of the immune response to the electrode array (41). However, the assumption that ECochG can reliably detect discrete inner ear changes should be confirmed in follow-up studies.

Figure 6 shows the normalized CM/DIF amplitudes for all subjects and stimulus frequencies. The weighted mean of the CM/DIF responses (represented by red bars) was substantially higher than the expected tonotopic position (represented by green bars). Furthermore, we observed signals in all the tonotopic regions for each stimulus, with a large variance in the data points. We found a moderate relationship between the stimulus frequency and weighted means of the CM/DIF responses (r2 = 0.70, p = 0.039). The mean tonotopic positions for the 250 and 500 Hz stimuli were located in the medial cochlear region, whereas the mean tonotopic positions for the higher frequency stimuli were located in the medial and basal regions.

In our results, PABAK values were the highest for the sub-threshold stimulation and the lowest for the near-threshold stimulation. This is not surprising because small variations can lead to a CM/DIF response being detected (or not) by the algorithm. It should be noted that the supra-threshold group contained fewer values because not all subjects had a hearing threshold that allowed >25 dB stimulation at all frequencies. Therefore, the supra-threshold group showed an increased variance. Additional data are needed to confirm this point.

As described by other researchers (9, 11, 12, 15, 16, 42) and our findings, ECochG recordings show a large, individual variance of amplitudes (4.56 μVpp to 74.46 μVpp). Small amplitudes in poor SNR situations may not be detected by the algorithm. The proposed open-access algorithm can be continuously improved in the future. Therefore, future refinement may improve this resolution.



4.2. Thresholds

In our data, we found a moderate to strong dependence between the CM/DIF and audiometric thresholds. These results are consistent with those of previous research and suggest that post-operative CM/DIF thresholds can be used as objective markers for estimating residual hearing (9, 10). Overall, higher relative stimulation levels resulted in a greater number of objectively detected CM/DIF responses. The mean relative stimulation level that elicited the response was 14.1 dB. Additionally, there was a large variance in the relative hearing threshold that elicited an ECochG response. In some cases, stimuli that were 30 dB below the hearing threshold elicited an inner ear response (see Figure 3). Overall, the use of below-threshold stimuli resulted in detectable responses in 11.6% of the cases. However, the CM/DIF responses were not always elicited at stimulus levels well above the hearing threshold (up to 48 dB). These results were described in previous studies (10, 16, 42, 43).

The mean ECochG thresholds were above the pure-tone thresholds for all stimulus frequencies. Other groups stated that compared to the pure-tone audiogram, the ECochG threshold was overall lower (16, 43) or higher at lower frequencies and lower at higher frequencies (9, 10). When comparing the results from other studies, it is important to note that the study design may differ (e.g., measurement hardware and software, stimulation protocol, and the use of different scales dB nHL). Recordings were also made at the most apical electrode, whereas we chose the electrode with the lowest CM/DIF threshold (9, 10, 16, 43). Additionally, analysis were performed differently. The signals were evaluated visually (16) or a binning method using the FFT spectrum (4). In one case, the total signal was calculated (adding the SUM and DIF responses) and used instead (43). It should also be noted that some studies compared post-insertion ECochG thresholds with post-operative audiograms (16, 43). However, the residual hearing may have decreased during this period (19, 40).

A subjective loudness scale (instead of pure-tone thresholds) showed a strong correlation for all groups. As expected from the data in Table 2, the correlation was the highest for the very soft and soft groups. For the cannot hear and medium groups, we found more outliers reducing utility of a linear model. Outlier in the cannot hear group were mostly recorded at higher stimulus frequencies. Therefore, we assume that the subjects heard the repetition rate of the acoustic stimuli and not the actual stimulus frequency.



4.3. Tonotopy and patterns

With respect to the maximum signal amplitudes, we observed a tendency toward tonotopic allocation in our data. However, there was a large variance and the classification was not applicable to all study subjects. Published studies have shown that intracochlear ECochG amplitudes increase toward the tonotopic generator (13, 15, 17). However, some patterns did not follow this order (11–13, 17, 43). It should also be noted that intracochlear ECochG recordings were analyzed using electrode numbers but not the tonotopic locations of the measuring points (9, 11–13, 17). In our opinion, this approach is not optimal. Depending on the study, different electrode arrays (with corresponding variations in the length and inter-electrode spacing) were used. Additionally, the length of the cochlear duct can vary significantly, affecting the tonotopic position (35). Radiographic specification of the tonotopic position may be regarded as more accurate. If available, this information can be obtained using postoperative CT scans. If not available, impedance values or average insertion depths can be used to estimate the electrode positions (44). A possible explanation for the failure to maintain tonotopic organization could be the differences in the function of the hair cell segments within the cochlea. This may result in signal generators that lead to a divergence in the signal pattern (11–13, 17, 43).

In the present study, we observed a clear basal shift in the tonotopic allocation. When stimulated at 250 Hz, the weighted mean was ~2.5 kHz. This tendency increased when stimulated at higher frequencies. Thus, a 2 kHz stimulus resulted in a weighted mean at ~4.6 kHz (see Figure 6). There are several possible explanations for basal shift. High-intensity stimuli can activate basally located hair cell populations (3, 11, 15). Additionally, the electrode can touch the basilar membrane and alter the mechanical properties of the microstructures involved in the transduction process (e.g., increased stiffness) (12, 45). Similarly, trauma to the basilar membrane or intracochlear fibrosis as a result of the introduced foreign body could result in a deviation of the stimulation characteristics with a corresponding frequency shift (3, 46).

We divided the CM/DIF amplitudes into four patterns similar to those described in previous research (11, 12, 14, 17). Hypothetically, for a 500 Hz stimulus, we expected a maximum peak in the 500 Hz region (according to our frequency subdivision at the border of the apical and medial cochlear segments). In our study population, the flat pattern was the most common. This finding is consistent with those of Bester et al. (11, 12). One can only speculate on the reasons for the missing peaks. It is possible that poorly functioning hair cell populations are responsible for this phenomenon. If this pattern is already present at the time of electrode insertion, it would certainly be relevant. Many authors expect an apical peak to occur under intra-oberative conditions. Traumatic inner ear events are often suspected in the case of a drop. If a subject does not have a peak pattern (but rather a flat pattern or a basal peak), the CM/DIF amplitude will not increase or even decrease, and the surgeon may be misled into assuming an intracochlear traumatic event. Furthermore, we found that when a peak pattern was present, the tonotopic position of the peak was rarely congruent with the stimulation frequency. A basal shift in the peak patterns was observed with increasing frequency. At 1.5 and 2 kHz, the peaks were not located in the basal region but rather in the medial segment of the cochlea. Bester et al. described this a basal shift when ECochG recordings were repeated after 3 months (12). This could also explain our results because our data were recorded at least 6 months after implantation.

Finally, we examined the individual distribution of the patterns in response to different stimulus frequencies. Our results showed that three subjects had the same pattern for all frequencies, whereas the other subjects showed a transition from one pattern to another.

In conclusion, amplitude patterns can provide important information regarding inner ear function with the implant electrode in place. Further data analysis is necessary to determine which factors are responsible for these patterns.



4.4. Limitations

Our study population had relatively low residual hearing with a mean PTA of 88.7 dB HL (Table 1). However, we were able to measure the ECochG response over time in all but one subject. In our analysis, we focused on the CM/DIF signals. In future, other signal subtypes should be addressed (e.g., ANN/SUM, CAP, SP potentials, latency measures) (47). These signal subtypes can be implemented using an improved DL algorithm. Finally, other intracochlear biomarkers should be included in the analysis (e.g., impedance measures) as they may reflect around the electrode carrier (12, 48, 49).




5. Conclusions

In this study, we successfully implemented an objective DL-based algorithm to evaluate post-operative intracochlear ECochG recordings. Using an objective analysis, we systematically evaluated and compared ECochG data. In our study, CM/DIF recordings showed substantial repeatability and may indicate the feasibility of using ECochG to monitor inner ear health over time. Additionally, the CM/DIF thresholds showed moderate to strong correlations with audiometric and subjective hearing levels. Finally, we found a basal shift in the tonotopic position of the CM/DIF responses as well as specific intracochlear peak patterns.

Our results help to identify signal patterns and thus better understand inner ear functions with the electrode in place. As a next step, the algorithm should be applied to intra-oberative recordings.
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Aim: This study aimed to compare the effectiveness of auditory brainstem response (ABR) and extracochlear electrocochleography (ECochG) in objectively evaluating the coupling efficiency of floating mass transducer (FMT) placement during active middle ear implant (AMEI) surgery.

Methods: We enrolled 15 patients (mean age 58.5 ± 19.4 years) with mixed hearing loss who underwent AMEI implantation (seven ossicular chain and eight round window couplings). Before the surgical procedure, an audiogram was performed. We utilized a clinical measurement system to stimulate and record intraoperative ABR and ECochG recordings. The coupling efficiency of the VSB was evaluated through ECochG and ABR threshold measurements. Postoperatively, we conducted an audiogram and a vibrogram.

Results: In all 15 patients, ABR threshold testing successfully determined intraoperative coupling efficiency, while ECochG was successful in only eight patients. In our cohort, ABR measurements were more practical, consistent, and robust than ECochG measurements. Coupling efficiency, calculated as the difference between vibrogram thresholds and postoperative bone conduction thresholds, was found to be more accurately predicted by ABR measurements (p = 0.016, R2 = 0.37) than ECochG measurements (p = 0.761, R2 = 0.02). We also found a non-significant trend toward better results with ossicular chain coupling compared to round window coupling.

Conclusion: Our findings suggest that ABR measurements are more practical, robust, and consistent than ECochG measurements for determining coupling efficiency during FMT placement surgery. The use of ABR measurements can help to identify the optimal FMT placement, especially with round window coupling. Finally, we offer normative data for both techniques, which can aid other clinical centers in using intraoperative monitoring for AMEI placement.
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1. Introduction

Active middle ear implants (AMEIs) are medical devices intended for the treatment of hearing loss by direct stimulation of the middle ear structures. The Vibrant Soundbridge (MED-EL, Austria) is currently the most commonly used implant (1, 2). AMEIs are employed to provide amplification in individuals with hearing loss who are unable to use conventional hearing aids due to issues with their outer or middle ear (3). These include chronic infections of the outer or middle ear, atresia or stenosis of the ear canal, or problems with feedback when using conventional hearing aids. They may be recommended for patients with sensorineural, conductive, or mixed hearing loss (4).

The external component of the AMEI is a sound processor that transmits the auditory signal digitally to the implant. The implantable part comprises a coil, a magnet, a demodulator, and a floating mass transducer (FMT). One of the significant benefits of the MED-EL Soundbridge is its adaptability concerning surgical placement. Depending on the individual's anatomy and hearing loss characteristics, the FMT can be attached to the ossicular chain (i.e., the incus or stapes), the round window, or the oval window. However, suboptimal placement of the FMT can negatively affect sound amplification and patient satisfaction (4, 5). One major reason for poor coupling is the large number of degrees of freedom (for example, on the round window, the FMT can be placed differently into the niche (6, 7). There is a high number of reported subobtimal FMT placements with associated revisions surgeries (6, 8–10). Any solution offering to the surgeon an intraoperative objective evaluation of the coupling efficiency is therefore crucial.

Neurophysiological recordings, such as extracochlear electrocochleography (ECochG) and auditory brainstem response (ABR) measurements, can aid in identifying the optimal FMT placement. Prior research has demonstrated that ECochG recordings can enhance surgical techniques for round window placement (6), while ABR potentials have been utilized to evaluate FMT placement at different anatomical locations (9–11).

Despite these findings, a direct comparison between the two recording techniques, including signal analysis, is lacking. Therefore, our study aimed to address this gap and determine the feasibility, surgical aspects, and coupling efficiency of the two methods. We considered the technical setup, audiological assessment, and coupling modalities to determine whether ECochG and ABR are equivalent in terms of providing accurate and reliable information for optimizing FMT placement.



2. Materials and methods


2.1. Study design and demographics

Our exploratory study was executed in compliance with the principles outlined in the Declaration of Helsinki and the regulations established by the local ethics commission (BASEC-ID no. 2019-00555). Written informed consent was obtained from all participants. The study enrolled 15 patients who underwent implantation of a Vibrant Soundbridge VORP503 (MED-EL, Austria) between May 2021 and March 2023.



2.2. Pre-operative and postoperative assessments

Before the surgical procedure, an audiogram was performed on all participants within a sound attenuated acoustic chamber using a calibrated device (Interacoustics, Denmark). This evaluation included the assessments of air conduction (AC) and bone conduction (BC) thresholds in dB HL. Pure tone average (PTA) was calculated from measurements at 1,000, 2,000, and 4,000 Hz for the implanted side (8, 12). Four weeks after the implantation, we assessed BC and vibrogram thresholds with implant (latter in dB HL eq.). The demographic and audiological evaluations of the participants are presented in Table 1.


TABLE 1 Characteristics of the 15 subjects.

[image: Table 1]



2.3. Intraoperative measurement setup

We utilized a clinical measurement system to stimulate and record all intraoperative electrophysiological recordings (Eclipse, EP version 4.6, Interacoustics A/S, Denmark). To facilitate stimulation, we connected a Vibrant Soundbridge audio processor to the implant by wrapping it in a sterile bag and attaching it to the coil of the implant, which had already been positioned and fixed in a subperiosteal pocket in its final location. At the opposite end, we connected the audio processor to an AcousticAP device (MED-EL, Innsbruck, Austria), which enabled us to connect the measurement system to the Eclipse system. The AcousticAP with audio processor generated a calibrated signal referenced to the in-ear headphones (IP30 insert phone speaker, 50 ohm) of the Eclipse system. To maintain consistency, we utilized the output/voltage intensity levels calibration as provided by the manufacturer. Figure 1 shows a schematic of the measurement setup.


[image: Figure 1]
FIGURE 1
 The diagram shows the intraoperative setup using the Eclipse system. The electrodes were taped differently for auditory brainstem response (ABR) and electrocochleography (ECochG) measurements.


For recording purposes, we positioned adhesive recording electrodes on the head, with a distance of approximately 1.5 cm between the “+” electrode and the ground “gr” electrode. The reference electrodes (“−”) were positioned on the ipsilateral neck and contralateral mastoid, respectively. Prior to the start of the measurements, we ensured that all adhesive electrodes had an impedance lower than 3 kOhm. For measurements, we initially set a noise rejection level of 80 μV. In situations with significant background noise, a decision was made to increase the suppression level to 320 V in a specific case. This adjustment also resulted in an increase in the minimum number of sweeps to 2,500. The objective was to attain a residual noise level of 60–40 nV or lower, adhering to the manufacturer's system recommendation, in order to precisely assess thresholds.



2.4. Intraoperative data collection

We conducted intraoperative electrophysiological measurements immediately after placement of the FMT. For stimulation during ABR measurements, we used a broadband LS CE-Chirp with a stimulation frequency of 49.1 Hz at alternating polarities (condensation and rarefaction). We chose this approach because previous research has shown that it increases the amplitude of the signal (13). After the definitive placement of the FMT, the ABR measurement procedure started with a stimulus intensity of 90 dB, followed by reduction in steps of 10 dB until no signal was visible (Figure 2A). In four cases, an additional measurement at the threshold level using a 5 dB step interval could be conducted due to time constraints during the surgical procedure (Table 1). The electrophysiological threshold was confirmed with a second measurement. If no electrophysiological response was observed at 90 dB or the threshold was high, the FMT was re-positioned and the ABR measurements were repeated until the clearest possible signal was obtained. If multiple ABR measurements were performed, only those values with the final FMT position were used in subsequent data analysis.


[image: Figure 2]
FIGURE 2
 (A) Threshold measurement using auditory brainstem response (ABR, left) and electrocochleography (ECochG, right). In both methods, a 90 dB stimulus is gradually reduced in 10 dB steps until no response is visible. Rarefaction and condensation levels are represented by (A, B) curves, respectively. The average of the summation of both curves results in the overall curve. (B) Extracochlear electrocochleography (ECochG) measurement using a commercially available electrode, which is held on the promontory during recordings.


In a next step, we performed the extracochlear ECochG measurements (Figure 2B). The surgeon placed a sterile electrode (PromStim, MED-EL, Austria) on the promontory, connected to the ipsilateral channel of the preamplifier of the recording system. Impedance values were monitored and the electrode repositioned as required until a value of less than 20 kOhm was achieved. For stimulation, sinusoidal tone bursts at a frequency of 1.5 kHz (with a Blackman function) were used (8). As described above, ECochG measurements started at 90 dB and were lowered step-wise by 10 dB. However, the positioning of the FMT was not changed, as the final placement had previously been determined using the ABR method.

For both electrophysiological recordings, signal analysis was performed visually by two experts. In case of no consensus among experts, the higher threshold value was considered. Only signals with a response in both the condensation and rarefaction measurements were considered. During the ABR recordings, they paid attention to the occurrence and course of the wave V. For the ECcochG responses, they looked at the summation potential (summation of the response to the condensation and rarefaction stimulus).



2.5. Data analysis

We used GraphPad Prism 9.3.1 software (GraphPad Software, USA) for statistical analysis and data visualization. First, we assessed our data using Pearson correlation. Thereby, we compared intraoperative measurements (ABR and ECochG) to preoperative BC thresholds (Figures 3A, B). Figures 3C, D illustrate the relative coupling efficiency for both ABR and ECochG measurements. To create these graphs, we subtracted the postoperative BC threshold from the postoperative vibrogram threshold and plotted the resulting value against the difference between the intraoperative threshold and the preoperative bone conduction threshold. Finally, we compared subjects with ossicular chain (OC) and round window (RW) coupling modalities in respect to coupling efficiency. For this analysis a Mann-Whitney test was performed with a statistical significance level of 0.05.


[image: Figure 3]
FIGURE 3
 Panels (A, B) display the comparison of intraoperative ABR and ECochG measurements to preoperative bone conduction (BC) thresholds. Graphs (C, D) compare the coupling efficiency (vibrogram thresholds—postoperative BC thresholds) to the intraoperatively measured threshold (intraoperative ABR—preoperative BC threshold).





3. Results


3.1. Patient demographics

We included 15 patients who underwent implant surgery (Vibrant Soundbridge VORP 503, MED-EL, Austria), including three revision cases (Table 1). Eleven males and four females were on average 58.5 years old (range 39–79 years). The FMT was connected in six cases to the OC (six stapes head couplers and one incus coupler) and eight times to the RW. The pure tone average hearing thresholds after surgery (BC 43.2 dB HL SD ± 13.7; AC 85.3 dB HL, SD ± 12.6) were almost identical to the preoperative BC threshold (42.1 dB HL, SD ± 12.4) and somewhat lower for the AC threshold (78.8 dB HL, SD ± 14.3).



3.2. Electrophysiological recordings

We were able to successfully measure an ABR response in all 15 cases. For the ECochG measurements, this was only the case in 8 subjects. In two cases, significant impedance fluctuations were observed. One possible reason is the entry of blood traces into the surgical site, which causes impedance changes. At the same time, stable electrode positioning is made more difficult. In three cases, the signal-to-noise ratio was too low to record meaningful measurements. In one of these cases, the ECochG traces were affected by a second synchronous signal, possibly due to the patient's pacemaker. Finally, in two patients, threshold measurements were started but could not be completed due to recurrent signal loss. After several attempts, the measurements were stopped in order not to prolong the anesthesia time unnecessarily.

For ABR measurements in our cohort, the experts detected a wave-V response with a median of 60 (55 to 75) dB nHL. This value was 20 dB higher than the preoperative BC thresholds, which were 40 (33.3 to 53.3) dB, and showed a moderate effect size (R2 = 0.32, p = 0.029). The coupling efficiency on the other hand (Vibrogam threshold—postoperative BC threshold) was −5 (−20 to 2) dB (Figure 3C) with a moderate to strong effect size (R2 = 0.37, p = 0.016). There was one outlier (patient no. 12, Table 1), where there was a marked ossification of the round window niche. A satisfactory intraoperative FMT coupling was not possible in this case, which was later confirmed by the postoperative coupling efficiency. ECochG measurement was not possible in this case due to poor SNR.

For ECochG measurements, the median signal threshold was 70 (55–77.5) dB nHL and lay 30 dB higher (Figure 3B) compared to the preoperative BC threshold (near-significant moderate to strong effect size, R2 = 0.48, p = 0.056). For ECochG (Figure 3D), the coupling efficiency showed no linear correlation (R2 = 0.02, p = 0.761).



3.3. Coupling modalities

Figure 4 displays the measured ABR and ECochG thresholds comparing the ossicular chain and round window coupling. The results of the rank test comparison indicated no statistically significant difference between the two coupling modalities for measuring with ABR (p = 0.099) or EcochG (p ≥ 0.999). However, looking at the ABR-BC thresholds, there was a trend toward better sound transmission when using a OC coupler. For both FMT placements, the ABR measurements lay 15 (8 to 22) dB (OC) and 22.5 (20 to 31.5) dB (RW) above the BC thresholds. For the EcochG recordings, these values were higher [32.5 (18.75 to 38.75) dB and 30.9 (23.8 to 37.9) dB, respectively], regardless of the coupling modality.
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FIGURE 4
 This figure shows the analysis of the coupling modality used in relation to the intraoperative electrophysiological (ABR or ECochG) minus the preoperative bone conduction thresholds. The blue dots in the graph represent coupling with the ossicular chain, while the black dots represent coupling with the round window. In this context, whiskers represent the minimum and maximum values, while boxes represent the median and quartiles. No significant difference was found between coupling with the ossicular chain and the round window for both methods.





4. Discussion

The objective of this study was to compare the effectiveness of two electrophysiological methods, namely ECochG and ABR, in assessing the coupling efficiency during the implantation of AMEIs (Table 2). Our study yields three primary findings. First, intraoperative monitoring of coupling efficiency is feasible and can enhance the AMEI implantation procedure by enabling real-time feedback to the surgeon and a preliminary assessment of the patient's postoperative outcome. Second, we observed that ABR is a more sensitive method than ECochG for measuring coupling efficiency in middle ear implants, utilizing the same test setup, patient, and surgical environment. ABR also demonstrated higher feasibility and reliability in clinical application. Finally, we offer normative data for both techniques, which can aid other clinical centers in using intraoperative monitoring for AMEI placement.


TABLE 2 Comparative analysis of intraoperative monitoring (i.e., auditory brainstem response/ABR and electrocochleography/ ECochG).

[image: Table 2]


4.1. Study cohort

In our cohort, we observed successful preservation of cochlear function in all 15 participants after AMEI implantation (as shown in Table 1). However, on average, there was a slight worsening of air conduction thresholds postoperatively, which was attributed to blind sack closure and reduced sound transmission. It is noteworthy that most study participants had a history of multiple ear surgeries or had been irradiated because of a malignancy. In these cases, efficient coupling of the FMT may be more difficult due to scar tissue formation. Furthermore, six study subjects had preoperative inner ear hearing thresholds near the implant's hearing indication range (≥ 60 dB HL). In such cases, even minor differences in coupling efficiency can have a significant impact on postoperative outcomes, highlighting the importance of intraoperative monitoring. Poor coupling can result in patient dissatisfaction and non-use of the implant.



4.2. ECochG

In our study, the process of obtaining threshold estimations using EcochG proved to be challenging. Only 8 out of 15 cases yielded successful measurements due to issues such as fluctuating impedance values. It is worth noting that previous studies have not reported the number of failed measurements, but rather only the successful ones (6–8). The existing literature on evaluating coupling efficiency in AMEIs has primarily focused on ABR measurements (9–12, 14–16). It should be noted that the ECochG measurement has limitations, as it requires active participation from the surgeon and is only feasible if the promontory is accessible during surgery. Furthermore, postoperative measurements cannot be conducted in the same manner, and alternative methods such as ECochG measurement via a tympanic electrode may not provide an identical test setup. These limitations should be taken into account when interpreting the results.

Our experience suggests that intraoperative ECochG measurements are highly dependent on the positioning of the measuring electrode. Despite our efforts to place the electrode as close as possible to the round window niche, the surgical approach and type of coupler used can limit this positioning. The transmastoid round window coupling technique can pose challenges in terms of electrode placement, as the position of the electrode must not interfere with the placement of the FMT.

Furthermore, we found that the average thresholds of the ECochG measurements were 30 dB higher than the preoperative BC threshold and thus higher than the ABR measurements. The correlation between ECochG values and preoperative BC thresholds was slightly better than ABR, but worse with vibrogram values. It is important to note, however, that caution should be exercised in interpreting these results, as the ECochG group in our study was relatively small.



4.3. ABR

We were able to successfully obtain ABR measurements from all participants in our cohort, both during and after surgery. In contrast to ECochG, we observed that ABR measurements could be more easily integrated into the surgical procedure, as they do not necessitate active intervention from the surgeon and are less prone to abrupt signal loss, such as that caused by impedance fluctuations.

In our study, the mean intraoperative ABR thresholds were found to be approximately 20 dB higher than the preoperative PTA of the bone conduction thresholds. Moreover, the coupling efficiency, which represents the difference between the vibrogram thresholds and postoperative bone conduction thresholds, showed a stronger correlation with the intraoperatively measured ABR thresholds compared to ECochG. Additionally, when comparing coupling efficiency values obtained intraoperatively and 4 weeks postoperatively, our results showed stable or slightly improved values with an average improvement of 5 dB in our study cohort. In terms of the various coupling modalities, there was a non-significant trend toward better outcomes with OC couplers, which is not surprising.

Comparison with previously published thresholds remains difficult due to the lack of consensus on measurement setup, stimulation type, and analysis methods. Geiger et al. (11) investigated the implantation of a Vibrant Soundbridge in 30 patients and reported that intraoperative thresholds were approximately 4 dB lower than the preoperative bone conduction threshold (median, pure tone mean of 0.5, 1, 2, and 4 kHz), which is in contrast to our results (Figure 3A, 20 dB). In a subsequent study, the same research group performed intraoperative monitoring in 14 revision cases and observed no significant correlation between preoperative bone conduction thresholds and intraoperative measurements (10). However, they did find a significant correlation between intraoperative measurements and postoperative vibrogram thresholds. It is challenging to draw direct comparisons between our results and theirs as they employed a different stimulus for intraoperative assessment and a prefitted audio processor.

Fröhlich et al. conducted a study of 18 patients with similar demographic and audiological characteristics to our cohort (17). They investigated the frequency-specific coupling efficiency and found a range of postoperative coupling efficiency from approx. −10 to 40 dB and coupling efficiency ranging from −13.30 to 41.7 dB (Figure 3C), which is comparable to our findings. It should be noted, however, that direct comparisons between our study and that of Fröhlich et al. should be made with caution because Fröhlich et al. used a preprogrammed sound processor with an attached insert earphone for each implantation, resulting in different intraoperative ABR measurements. A recent study conducted by Sprinzl et al. presented findings similar to our study in terms of test design, measurements, cohort, and data analysis with 14 AMEI implantations (16). Our results showed an intraoperative ABR threshold almost identical to theirs. In the comparison between both studies, a discrepancy of 13 dB was observed specifically for the intraoperative threshold when compared to the preoperative bone conduction (BC) threshold. It is important to note that when making comparisons between studies, differences in the signal analysis methods employed and variations in individual hearing thresholds must be considered, even if the study design is similar.

In conclusion, our results suggest that electrophysiological measurement of coupling efficiency is useful when placing the FMT in AMEIs. This is particularly important for round window coupling, which increases the degrees of freedom of possible FMT placements. In comparing the two measurement methods (ABR and ECochG), we used available hard- and software without the need for additional programming. Our measurement setup can therefore be replicated by other centers.

When comparing the two measurement methods, ABR measurements were significantly more practical, could be better integrated into the surgical procedure, were more robust and consistent, and were less susceptible to interference. Furthermore, the ECochG measurements can be conducted in the post-operative setting, enabling the assessment of FMT coupling over time and the longitudinal evaluation of its performance.



4.4. Limitations

A major limitation of our study is the lack of technical calibration of the audio processor for the frequency-specific properties of the FMT in stimulus and related coupling modality. Such an evaluation would be valuable in interpreting the results and selecting the optimal stimulus for threshold determination. Additionally, for the two electrophysiological measurements, we used two different stimuli. These stimuli were selected based on previous research where they were evaluated and proposed accordingly (8, 14). Caution should be exercised when making a direct comparison between the two results. Lastly, our study was limited by a small cohort size, and future research with larger sample sizes will be necessary to validate our threshold values.




5. Conclusion

Monitoring the coupling efficiency of AMEIs is crucial, particularly in patients with a round window coupler. In our comparative study between ABR and ECochG measurements, ABR performed significantly better in terms of its seamless integration into the surgical workflow, higher success rate of measurements, threshold distance to the effective hearing threshold, and the feasibility of postoperative measurements. These findings highlight the importance of selecting the appropriate measurement technique to ensure accurate and reliable monitoring of coupling efficiency in AMEIs.
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Type Coupler Disease Number of Reasons for Preoperative Intraoperative Post-
leading to previous Soundbridge operative
hearing loss ear surgeries  surgery

(dB HL) (dB nHL) (dB HL
eq.)
BC AC ABG ABR ECochG Vibrogram
1 m Left Imp RW Cholesteatoma 3 Infected radical cavity, Subtotal petresectomy 47 98 51 60 Nm 45 (40-50)
increasing mixed hearing | with blind sack closure, (20-65) (80-110)
loss RW coupling
2 f Left Imp SH Cholesteatoma 2 Increasing mixed Combined 33 85 52 55 Nm 48 (35-70)
hearing loss; transcanal-transmastoid (15-45) (75-105)
extrusion of placement of SH stapes
Partial Ossicular Chain coupler
Replacement (PROP)
3 m Left Rev RW Complex petrous 2 FMT dislocation Transcanal revision of 60 92 32 80 Nm 63 (55-75)
bone fracture EMT placement RW (55-65) (90-95)
with combined niche
hearing loss
4 m Left Rev RW Chronic oitis 4 FEMT dislocation Transcanal revision of 28 85 57 60 50 42 (30-50)
media EMT placement RW (15-35) | (75-105)
niche
5 m | Right | Imp | RW Cholesteatoma 2 Infected radical cavity Subtotal petresectomy 38 62 2 60 70 67 (60-80)
with blind sack closure, (30-50) (55-70)
RW coupling
6 f Right | Imp | SH Mucoepidermoid 0 Post-irradiation Subtotal petresectomy 53 67 14 60 Nm 67 (60-75)
carcinoma osteoradionecrosis with blind sack closure, (45-60) | (60-75)
of the parotid gland of the petrous bone SH stapes coupling
7 m | Right | Imp | SH Nasopharyngeal 0 Post-irradiation Subtotal petresectomy 40 67 27 80 80 62 (45-75)
carcinoma osteoradionecrosis with blind sack closure, (10-55) (30-100)
of the petrous bone SH stapes coupling
8 m Left Imp SH Cholesteatoma 5 Recurring Subtotal petresectomy 40 98 58 50 70 53 (35-65)
Cholesteatoma and with blind sack closure, (25-50) (85-115)
increasing mixed hearing | SH stapes coupling
loss
9 m Left Imp RW Tympanosclerosis 4 Increasing mixed Transmastoid placement | 40 80 40 70 80 60 (40-70)
hearing loss of RW coupling (25-50) | (70-95)
10 m Left Imp RW Explosion trauma 1 Increasing mixed Revision radical cavity, 20 78 58 40 50 30 (20-40)
and hearing loss RW coupling (10-30) | (75-80)
subsequent
cholesteatoma
11 f Left Rev SH Inability to use 1 Increasing mixed Combined 67 82 15 75 Nm 50 (45-60)
conventional hearing loss transcanal-transmastoid (55-75) (75-95)
hearing aids placement of SH stapes
coupler
12 m | Left | Imp | RW Tympanosclerosis 0 High degree of mixed Transmastoid placement | 33 97 64 80 Nm 87 (80-95)
hearing loss of RW coupling (15-45) (75-115)
13 m | Right | Imp | SH Nasopharyngeal 1 Post-irradiation Subtotal petresectomy 35 53 18 55 70 52 (35-80)
carcinoma osteoradionecrosis with blind sack closure, (10-60) (35-90)
of the petrous bone SH stapes coupling
14 f Right | Imp RW Tympanosclerosis 1 High degree of mixed Transmastoid placement | 42 77 35 65 Nm 58 (50-65)
hearing loss of RW coupling (35-50) | (75-80)
15 m Left Imp INC Sudden Sensineural 0 No success with Transmasoid placement 55 62 7 70 70 78 (75-85)
Hearing Loss conventional hearing of shot incus coupling (50-60) (55-65)
aids

The AC, BC, and vibrogram thresholds show the average values across three frequencies (1, 2, and 4 kHz) with their minimum and maximum values. Improvement the coupling modalitics consist of round window coupler (RW) and ossicular chain coupling, which
involve the use of Stapes coupler (SH) and Incus coupler (INC). The types of surgery were referred to as implantation (Imp) and revision surgery (Rev). Preoperative air conduction (AC) and bone conduction (BC) thresholds, intraoperative thresholds (ABR and
ECochG), air-bone gap (ABG) and postoperative in situ thresholds with implant (Vibrogram).
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Auditory brainstem response (ABR) Electrocochleography (ECochG)

Electrode location

(—) Measurement distant to cochlea

Interferences

(+) Adhesive electrodes have higher noise rejection

(+) Shorter, measurement independent of surgeon

(+) Measurements are possible during EMT coupling, after coupling
(intraoperatively until wound closure) and

atany point postoperatively (longitudinal comparison)

signal quality
(+) Lower risk of surface impedance changes
on reference electrodes
(—) Far field increases risk of electrophysiological
side effects (e.g., muscle contraction).
Surgical handling

(+) No risk of affecting the coupling of the FMT
(+) ABR measurements are independent form surgeon
(no additional operative steps, good reproducibility,

as the measurements are always performed in the same way)

For the two techniques, the positive (+) and negative (—) aspects are shown.

Time of measurements

(+) Measurement close to cochlea

(=) Manual electrode placement increases

the susceptibility to noise interference

(=) Longer, measurement dependent on surgeon

(additional positioning of electrode, i.e., 45 s to 3 min)

Coupling testing (reliability)

(=) Measurements can only be performed intraoperatively
as long as the promontory is accessible

(o longitudinal comparison)

(+) Detection in the near field may

result in higher signal amplitudes

(=) The placement of the measuring electrode
may affect the coupling of the FMT (in case of physical contact)
(=) Body liquids (e.g., blood trickling) has impact on impedance

(=) Variation in positioning the measurements

electrode has impact on the recordings
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Gene  Mutation
type

Autosomal recessive

OTOF  Stop coden

Frameshift

OTOF  Stop coden
Splicing
OTOF  Splicing
Splicing
TBCID24  Missense
Frameshift
LARS2  Missense
Missense
Autosomal dominant
TIMMSA  Frameshift
MITF  Frameshift

WES1 Missense
WES1 Missense

Nucleotide change
(transcript version)

€5308C > T (NM_194248)

c.4236del (NM_194248)
<4225A > T (NM_194248)

2406 + 22406 + 3insT
(NM_194248)

€4961-3C > G
(NM_194248)

c4091-1G > A
(NM_194248)

194G > A
(NM_001199107)
.1638delT
(NM_001199107)

€.764C > T (NM_015340)
€.1987C > T (NM_015340)

€61_62insGGACCCGCAGT
TGCAGC (NM_004085)
<.733delA (NM_000248)
€937C > T (NM_006005)
€2029G > A (NM_006005)

Amino acid
change

pGln1770*

p-Glul414Serfs*108
pK1409*

pR65H
p.AS47Pfs*21

p.A255V
pREGIW

pH2IRfs 11
p.T245Pfs"3

pH313Y
PAG7TT

* symbol indicates the stop codon; - symbol indicates no relevant information.

InterAcmg

PVS1, PM2

PVS1, PM2
PVS1, PM3_Strong, PM2

PVS1, PM2
PM3_Strong, PM2
PVS1,PM2
PM2,PM5
PVS1_PM4,PM2

PM2
PM3_Strong,PM2,PP3

PVS1,PM2

PVS1,PM2
PM3_Strong,PM2,PP3

Mutationtaster

Disease_causing_automatic

[¢)]

Disease_causing_automatic

&)

Disease_causing (1)

Discase_causing (1)

Polymorphism (0.711)

Disease_causing (1)

Discase_causing (1)

PM3_Strong,PM1,PM2,PP3 Disease_causing (0.999)

Pathogenic
grade

Likely pathogenic

Likely pathogenic

Pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Uncertain
Uncertain

Uncertain

Likely pathogenic
Likely pathogenic
Likely pathogenic

Likely pathogenic
Likely pathogenic

SIFT (score) Allele frequency Reference
in controls

- 0/1,000 Novel
= 0/1,000 Novel

- 0/1,000 PMID:23767834
= 0/1,000 Novel

- 0/1,000 PMID:23767834
- 0/1,000 Novel
Probably_damaging 0/1,000 Novel

(0.997)

- 0/1,000 Novel

Tolerated (0.119) 0/1,000 Novel
Damaging (0) 0/1,000 PMID:28708303
- 0/1,000 Novel

. 0/1,000 Novel

Tolerated (0.082) 0/1,000 PMID:16151413
Tolerated (0.149) 0/1,000 PMID:26969326
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Frequency (Hz)

Subject Threshold 125 250 500 750 1,000 1,500 2,000 3,000 4,000
1 Valid (%) 6 1 28
Average (dB HL) 9% 85 85
2 Valid (%) 72 100 100 100 100 72 100 17 83
Average (dB HL) 70 80 82 89 98 9 96 %9 96
3 Valid (%) 17 89 100 100 100 100 33 100
Average (dB HL) 88 96 9% 96 9% 9 97 90
4 Valid (%) 11 6 6 1 28 89
Average (dB HL) 101 104 97 98 98 96
5 Valid (%) 6 6
Average (dB HL) 9 88
6 Valid (%) 28 33 1 6 17
Average (dB HL) 99 100 100 102 9%
7 Valid (%) 6 2 17 6 4“4
Average (dB HL) 92 91 92 87 86
8 Valid (%) 100 100 100 78 100 100 100 100 100
Average (dB HL) 55 61 86 9% 85 86 92 9 82
9 Valid (%) 1 33 100
Average (dB HL) 100 9 o
10 Valid (%) 6 6 17 61
Average (dB HL) 94 87 85 86
1 Valid (%) 4 89 89 83 83 89 89 89
Average (dB HL) 90 9% 97 95 91 91 93 91
12 Valid (%) 6 6 28 2 6 89 100
Average (dB HL) 85 92 % 86 85 81 80
13 Valid (%) 6 1
Average (dB HL) 97 87
14 Valid (%) 1
Average (dB HL) 84
15 Valid (%) 1 1 3
Average (dB HL) 86 91 86

A validity score of 100% at a given frequency indicaes that a successful threshold was derived during all 18 E
considerably from person to person and from frequency to frequency. As expected in a group of C|

G tests performed throughout the testing period. Validity scores vary
ipients, hearing thresholds are high.
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Subject BKB score AB score

(% correct) (% correct)
1 156 500
3 90.4 744
4 732 467
5 938 778
6 927 778
7 654 411
9 97.9 678
10 932 778
11 99.0 833
12 95.6 856
13 896 544
14 703 667
15 810 744

ibjects scored highly on the BKB sentence test, with 12 of 13 subjects attaining at least
70% correct, Results from the AB short word test were lower, but many part
performed well.
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Subj. ID Gender Age Etiology Electrode Insertion ToM PTA

(years) array angle (°) (month) (dB HL)
POO F 51-60 R Progressive HL Flex28 561 10 68.8
PO1 M 71-80 R Progressive HL Flex28 526 17 110.0
PO2 M 71-80 L Progressive HL Flex24 419 46 66.3
PO3 M 71-80 L Congenital genetic Flex28 524 9 85.0
PO4 F 21-30 R Congenital genetic Flex28 550 20 101.3
PO5 F 61-70 R Progressive HL Flex28 578 28 92.5
PO6 F 71-80 R Meniere’s disease Flex28 536 78 90.0
PO7 M 81-90 L Progressive HL Flex28 547 75 1138
PO8 F 21-30 R Congenital genetic Flex28 530 57 85.0
POY F 41-50 R Progressive HL Flex28 555 22 83.8
PO10 F 51-60 R Progressive HL Flex24 456 13 97.5
POI11 F 71-80 L Progressive HL Flex28 350 70 100.0
PO12 M 41-50 R Meningitis Flex28 564 11 81.3
PO13 F 61-70 L Progressive HL Flex28 526 22 93.8
PO14 F 51-60 R Congenital genetic Flex24 531 174 95.0
PO15 M 41-50 L Meningitis Flex28 538 6 75.0
PO16 M 61-70 R Meniere’s disease Flex28 632 7 106.3
PO17 M 51-60 R Sudden HL Flex28 493 11 913
PO18 M 71-80 R Progressive HL Flex28 461 70 96.3
PO19 F 61-70 R Progressive HL Flex24 466 131 913
PO20 F 31-40 L Progressive HL Flex24 402 6 39.0
Mean 59.5 511.6 420 88.7

Pure-tone average (PTA) values in dB hearing level were calculated as the mean of the hearing thresholds at 125, 250, 500, and 1,000 Hz. Subj., subject; ToM, time of measurement in months
after implantation; HL, hearing loss.
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Coefficient 95% Cl o)
Intercept 64.12 (—0.95; 129.9] 0.08
Time (months) —0.29 [—0.43; —0.16] <0.001
Near-field impedance —3.81 (—4.57; —=3.05] <0.001
(k)
Far-field impedance 1.67 [—2.55;5.92] 0.44
(k)
Sideg —1.24 [—8.34;5.87] 0.75
Gendery —1.14 [—8.37;6.13] 0.77
Age at implantation 0.18 [—0.03; 0.4] 0.12
(years)
Cochlear duct length —0.54 [—2.4;1.29] 0.6
(mm)
Electrode arrayp, pxas —2046 [—28.54; —12.41) <0.001
Electrode arrayp pyson —23.73 [~37.67;-9.78) 0.004
Electrode arraygiygara —33.11 [~55.63; —10.59] 0.01
Interaction of time with 0.06 [0.05;0.07) <0.001
near-field impedance
Interaction of time with —0.28 (—0.3%; —0.16] <0.001
far-field impedance
Num. obs. 1,747
Num. groups: Cases 2

R, right; M, male; CI, confidence interval.
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Weel 0.5
Number 202
SRT improvement dB. 26423
SRT relative improvement 05304
PTA improvement dB. 29424
PTA relative improvement 052405
Discrimination improvement % 30+34
Discrimination relative improvement 057404

Bold values: p < 0.05. Mean +SD. The p-value (Kruskal-Wallis) represents the difference between half, one and 2 weeks vs. three and 4 weeks and over. ST, Speech Recognition Threshold; dB,

Decibels.
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earing loss  Weeks 0.5 1 2 S5 4+

Number 87 7 8 39 4

Mild SRT improvement dB 1010 10+ 10 87 38 5+6 <0.001
SRT relative improvement 0.63£05 054102 049+ 0.4 022+0.6 029+04 <0.001
Number 46 35 37 15 12

Moderate SRT improvement di3 26218 1918 15413 9114 548 <0.001
SRT relative improvement 0.62£03 043£03 043£03 025+ 0.4 0.13£02 <0.001
Number 2 21 9 2 6

Severe SRT improvement dB3 44225 35427 3615 2014 546 <0.001
SRT relative improvement 0.68+03 05404 062+0.2 031402 01602 <0.001
Number 42 43 20 4 4

Profound SRT improvement d 35226 34430 27:30 5115 14025 <0.001
SRT relative improvement 043203 04235 031203 05201 01203 <0.001

Bold values: p < 0.05. Mean £ SD. The p-value (Kruskal- Wallis) represents the difference between half, one, and 2 wecks vs.three and 4 weeks and over. SRT, Speech Recognition Threshold; dB,
Decibels.
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Weeks 0.5 1 2 5] 4+

Number 202 177 159 61 67

ME 109/93 90787 74185 30731 3373 072
Age Mean £ SD (years) 485£19 47.1£20 519£17 47.5£17 47.4£19 027
Smoking % 5 T 12 8 ¢ ] 0.26
DM % 10 14 13 16 16 035
HTN % 24 23 19 21 27 0.77
THD % 4 5 6 2 6 0.66
Tinnitus % 5 66 69 66 61 0.18
Vertigo % 35 36 30 30 19 0.12

The p-value represents the difference between half, one and 2 weeks vs. three and 4 weeks and over. M/E, male/female; DM, Diabetes Mellitus; HTN, Hypertension; IHD, Ischemic Heart
isease. p-value obtained from Kruskal-Wallis or ANOVA test as appropriate.
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Weel 0.5 2 3 4+

Number 202 177 159 61 67

First test SRT dB 592135 622434 488432 38926 441428 <0.001
First test PTA dB 523430 524429 39425 37520 399423 <0.001
First test discrimination % Slasa3 507444 674239 766433 75433 <0.001
Healthy ear - affected ear. First test SRT dB B4s3 445434 314227 253225 284225 <0.001
Healthy ear - affected ear. First test PTA dB 374228 377429 262418 26918 27420 <0.001
Healthy ear - affected ear discrimination % 45243 23543 265436 24233 216431 <0.001

Bold values: p < 0.05. Mean SD. The p-value (Kruskal-Walls) represents the difference between half, one and 2 weeks vs. 3 and 4 weeks and over. SKT, Speech Recognition Threshold; dB,
Decibels; PTA, Pure Tune Average.
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Participant Deafside Age (year) Gender Duration Deafness  Etiology DE PTA NHE PTA

of onset threshold  thresholds
deafness (year) (dB HL) (dB HL)
(year)
1 Rt 55 F 49 6 Unknown 118 10
2 Lt 76 M 7 69 ISSHL 118 11
3 Rt 64 F 6 58 ISSHL 117 13
4 Rt 58 M 3 55 Shock 83 6
5 Lt 45 M 37 8 ISSHL 87 17
6 Lt 50 F 11 39 Virus 86 6
7 Lt 12 F 34 8 Unknown 98 13
8 Rt 57 F 3 54 ISSHL 111 17
9 Rt 46 F 13 33 Cholesteatoma 79 12
10 Rt 42 M 24 18 Shock 97 5
11 Lt 51 F 10 41 Meniere’s disease 110 20
12 Lt 26 F 26 1 Unknown 117.00 0.00
13 Lt 44 F 29 18 Unknown 95 12
14 Lt 23 F 22 5 ISSHL 75.00 5.00
15 Lt 43 M 1 43 ISSHL 7
16 Lt 19 M 19 1 Unknown 93.00 12.00
17 Rt 57 M 1 58 ISSHL 104 11
18 Rt 48 F 33 17 Unknown 117.00 6.00
19 Rt 54 M 3 51 Noise-induced 81 3
20 Rt 51 F 5 46 ISSHL 17 0.00

PTA, averaged thresholds of 250, 500, 1,000, 2,000, and 4,000 Hz. ISSHL (Idiopathic sudden sensorineural hearing loss); LSSD, left-sided single-sided deafness; RSSD, rightt-sided single-sided
deafness; DE, deaf ear; NHE, normal hearing ear.





OPS/images/fneur-14-1158955/crossmark.jpg
(®) Check for updates






OPS/images/fneur-14-1158955/fneur-14-1158955-e001.jpg
AFFendSRT — AFFbef SRT
HealthySRT — AFFbef SRT





OPS/images/cover.jpg
& frontiers | Research Topics.

Biomarkers of peripheral
and central auditory
system integrity

and function






OPS/images/fneur-14-1183116/fneur-14-1183116-g001.gif
Impedance subcomponent — Far-field — Near-field.

N

@

st

s

s

e

s

~
Bl

=

o~
s

=
s
=
)

==t mnd =

s

k
-

[
-

—
s

-
s

—
)

_—

s

(o) aouepedin UsaN

s

J ,__mhm:“g

L

G 96 6 4o 95 0 48

o





OPS/images/fneur-14-1090184/fneur-14-1090184-t001.jpg
Fixed

Noise

Adaptative

Noise

B

CLABOX

Delta

B

CLABOX

Delta

Children
Adult
Children
Adult
Children
Adult

Children

Adult

Average

81.8%
77.2%
88.3%
88.3%
6.5%
111%
280
379
173
238
-107

~141

Median

80.3%
79.5%
90.0%
95.0%
48%
8.3%

260

137
213
-144

-235

Standard
deviation

105%
17.5%
128%
14.1%
8.4%
135%
3.68
358
3.68
456
262
272

Q1

77.3%
72.3%
85.0%
80.0%
3.6%
0.5%

108

~1.00
~0.88
-246

~3.40

89.3%

91.8%

100%

100%

9.0%

217%

108

5.60

378

510

0.83

055

53%
69%

65%

53%
186
140

186

p-value

0586

0784

0356

0394

0.769

0586

Cohen’s
]

0308

0.000

0396

0279

0.156

0.128





OPS/images/fneur-14-1090184/fneur-14-1090184-t002.jpg
250Hz

1kHz

2kHz

3kHz

akHz

6kHz

Four-Tone

average

B

CLABOX

Delta

B

CLABOX

Delta

B

CLABOX

Delta

B

CLABOX

Delta

B

CLABOX

Delta

B

CLABOX

Delta

B

CLABOX

Delta

B

CLABOX

Delta

Children
Adult
Children
Adult
Children
Adult
Children

Adult

ldren
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adult
Children
Adul
Children
Adult
Children
Adult
Children

Adul

Average
20
01
29
209
156

075

250

28

276

783

26

313

29

Median
350
300
300
300
500
000
20
20
350
300
1000

500

20

300
300

1000

00

00

300

300

500

300

250

500

500

00

250

250

500

500

00

25

300

288

750

Standard deviation

300

300

-250

500

150

250

200

20

29

29

313

350

375

350

1000

500

250

300

20

75

350

1250

1000

250

30

300

1250

1000

300

300

1000

1000

20

200

0

241

356

316

nas

o Cl
E 34
0 24
23 32
0 20
2 32
0 218
23 24
a0 19
2 38
0 23
23 367
0
2 20
a0 16
23 35
0 18
23 413
a0 22
2 17
a0 14
23 26
0 18
23 325
a0 205
2 19
a0 15
23 29
0 17
2 379
a0 200
2 20
a0 16
23 20
0 15
2 21
a0 177
23 24
0 16
23 31
0 17
2 280
a0 177
23 16
0 12
23 28
0 15
2 300
a0 179

0173

0361

0908

0135

0071

0059

0094

0461

0456

0818

0994

0760

0232

0399

0.406

0196

0823

0333

0874

0471

0216

0382

018

0163

0086

0451

0518

0499

0108

0010

0088

0359

031

0328

0130

0161

0020

0123

0202





OPS/images/fneur-14-1090184/fneur-14-1090184-t003.jpg
Fixed noise — SB  Fixed noise — CLABOX

Right Leftear Right Left ear
ear ear

Total 30 27 32 28

Children 8 8 10 9

Adult

N
% 267% 29.6% 313% 32.1%
N 2 19 2 19

%

73.3% 704% 68.8% 67.9%





OPS/images/fneur-14-1183116/crossmark.jpg
(®) Check for updates





OPS/images/fneur-14-1090184/fneur-14-1090184-g001.jpg
Speech Perception Test - HINT
System = CLABOX

Chitd Adult

Fixed noise Adaptive noise

1000% 15 e

600% * 0

Child Adult





OPS/images/fneur-14-1090184/fneur-14-1090184-g002.jpg
Pure Tone Audiometry

= CLABOX

System






OPS/images/fneur-14-1090184/fneur-14-1090184-g003.jpg
Speech Perception Test — HINT
System = Sound Booth

Chitd Adult
Fixed noise Adaptive noise
15

1000%

| *
200%
800% L
700%
600% 5 L
500%
400% o
300%

*

200% 5

Child Adult





OPS/images/fneur-14-1090184/fneur-14-1090184-g004.jpg
Pure Tone Audiometry
System = Sound Booth

o * % * &
* e * %
* oo o0
o
RS = & B NE & & & & e & & S
& & & & & & & e
3 3 & 8 N o &
& o N D B B &
<&





OPS/images/fneur-14-1090184/crossmark.jpg
(®) Check for updates






