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Editorial on the Research Topic
 New discoveries in the benefits and outcomes of cochlear implantation





Cochlear implants (CIs), hearing prostheses that bypass sensory hair cells in the cochlea to directly stimulate the auditory nerve, have been shown to restore hearing for individuals with severe to profound hearing loss. Recent research has demonstrated enormous CI benefits for speech recognition, sound localization, as well as language development in children. The effectiveness of CIs is, however, affected by many factors, including the duration of deafness/hearing loss, implantation age, and duration of CI use. Whereas recent studies have largely focused on the effects of CIs on speech perception and production, further investigation is needed to study the effects of CIs on emotion processing, music perception, prosody perception, etc. The aim of this Research Topic Collection is to bring together studies addressing recent discoveries in the benefits and outcomes of cochlear implantation. A total of 17 papers are included in this Research Topic.

Five papers utilized neuroimaging techniques, including electroencephalogram (EEG) and functional near-infrared spectroscopy (fNIRS), to investigate CI users' cortical response characteristics on a range of auditory perception tasks. (1) As P300 is closely related to cognitive processes (e.g., auditory discrimination), Tao et al. investigated the connection between auditory segregation of competing speech in Mandarin-speaking bimodal CI users and the P300 component of event-related potentials elicited by 1 vs. 2 kHz contrast. Their results showed that the P300 amplitude was significantly correlated with the speech reception threshold in the same target-masker voice gender (male) condition in the CI group, which suggests the potential of P300 amplitude as a clinically useful neural indicator of central auditory processing capabilities that are susceptible to informational masking in bimodal CI users. (2) Xie et al. explored the relationship between the ability to detect frequency changes or temporal gaps and speech perception using psychophysical and neurophysiological methods among post-lingually deafened CI users. Their multiple regression analysis showed the predictive ability of gap detection threshold (GDT) and the amplitude of acoustic change complex (ACC) response on speech perception performance. This indicates that GDT (as a psychophysical measure) may work as an easy, quick and non-linguistic tool, and ACC amplitude induced by the temporal gap (as a neurophysiological indicator) may have the potential to predict speech outcomes. (3) Cartocci et al. studied the emotion processing of children with unilateral CI via EEG and behavioral measures. Compared to normal-hearing (NH) children, less accurate vocal emotional state recognition was observed in children with unilateral CI, which was correlated with increased gamma activity lateralization index (relatively higher right-hemisphere activity) in response to emotional speech stimuli. The implantation side for children with unilateral CI did not affect the contralateral gamma activity, but the age at implantation influenced emotion recognition. These indicate that a deficit in engaging the left hemisphere for emotional tasks exists in unilateral CI users and early implantation may be beneficial to children's emotion recognition. (4) Raghavendra et al. investigated the sound quality of speech produced by CI users from the perspective of NH listeners' perception. They decoded and re-constructed the speech envelope from single-trial EEG recorded on the scalp of the NH listeners using a regenerative model and computed the correlation between the actual and reconstructed speech envelope waveforms. They found that the perceived sound quality rating was associated with the cortical tracking of speech envelop, and speech produced by NH speakers was more closely tracked relative to that produced by CI speakers. (5) Lu et al. focused on the cortical coding of prosody measured by fNIRS in pre-lingually deafened children with CIs. They recorded cortical responses to natural sentences with strong or weak prosodic features, and evaluated participants' speech communication ability in three tasks of picture description, video content statement and free conversation. Weaker cortical activation and characteristic deficits in perceiving strong prosodies were observed in children with CIs compared to NH children. Sensitivity to strong prosodic information was significantly correlated with the speech communication ability of all children who participated in this study. This suggests the importance of speech prosody in children's speech development.

Understanding the predictive factors of CI users' auditory performance is crucial to prognosis and clinical decision-making. Factors that have reached general consensus such as age at implantation and duration of device use cannot explain all the variance in CI performance; exploring new independent factors that have predicative power is thus needed. (1) Lu et al. retrospectively examined clinical results of children with cochlear nerve deficiency (CND) and CIs in order to identify main predictive factors and develop predictive models using machine learning. A parameter-optimized support vector machine based on the vestibulocochlear nerve (VCN) area and the number of nerve bundles (measured with high-resolution computed tomography) was constructed to predict speech perception performance. These two factors were suggested to have the ability to predict CI outcomes in children with CND (i.e., prediction accuracies of 71 and 93% in hearing rehabilitation and speech rehabilitation, respectively), providing guidance on surgical side selection and prognosis. (2) Chao et al. focused on the predictive ability of pre-implantation imaging results for electrically evoked compound action potentials (ECAPs) of auditory nerve fibers in response to electrical stimuli in children with CND. They found that the width of the bony cochlear nerve canal or the VCN diameter did not correlate with ECAP responses, while the ratio of the VCN to facial nerve (FN) diameter was significantly correlated with the slope of the ECAP input/output function and the ECAP maximum amplitude. This suggests that the VCN to FN diameter ratio may be an effective predictor of the cochlear nerve function in children with CND and CIs. (3) Zheng and Liu reviewed CI outcomes in patients with auditory neuropathy caused by Otoferlin (OTOF) gene mutations. They concluded that patients with OTOF mutations had excellent performance in both sound perception and speech recognition, and suggested the importance of genetic analysis in localizing lesions and informing clinical decision-making. Early implantation for patients with biallelic OTOF mutations was encouraged. (4) Zhang et al. investigated the predictive power of imaging results but for the long-term auditory and speech perception development of pediatric CI users with common cavity deformity (CCD). Auditory and speech behaviors [using four parent reports questionnaires: categories of Auditory Performance (CAP), Speech Intelligibility Rating (SIR), Meaningful Auditory Integration Scale/Infant-Toddler Meaningful Auditory Integration Scale (MAIS/ITMAIS), and Meaningful Use of Speech Scale (MUSS)] improved over time after implantation in children with CCD, but were poorer than those of CI users with normal inner ear structures. The volume and lumen surface range of CCD reflected inner ear development and influenced CI outcomes.

The remaining eight papers cover a broad range of new topics on the outcomes of cochlear implantation. (1) Mao et al. themed around Mandarin tone production of pre-lingually deafened children with CIs. They recorded monosyllables produced by each participant and calculated the differentiability and hit rate of different tones using acoustic analyses. In general, children with CIs exhibited significantly poorer tone productions in both measures compared with NH children. A weak correlation between age at implantation or duration of CI use and acoustic measures (i.e., differentiability and hit rate, computed based on the F0 onset and offset values or the F0 onset, midpoint, and offset values) of tone productions was noted. (2) Balkenhol et al. focused on the benefits of adding a hearing aid (HA) on the contralateral side of a CI for sentence recognition and auditory evoked potential (AEP) responses. Their results suggest that bimodal listeners can take advantage of head shadow and binaural summation effects, but cannot make use of binaural squelch and spatial release from masking at 6 months post-CI. The perceptual benefit of bimodal hearing may be objectively evaluated by the AEP responses, supported by a significant correlation of binaural summation effects with AEP latency differences between the bimodal and CI-only conditions. (3) Matz et al. studied auditory stream segregation in CI users by changing the spectral- and amplitude-modulation rate of narrowband noise (NBN) bursts. Their results showed the deficits of CI users in segregating NBN bursts into different auditory streams when they were moderately separated in the spectral domain compared to NH listeners. Both groups were able to utilize build-up effects to segregate auditory streams when lengthening the duration of stimulus sequences. (4) Liang et al. investigated the effect of implantation side on CI outcomes through behavioral measures and brain activation measured by ACC. Their results indicated that the implantation side may affect neural plasticity patterns in the adult population, demonstrated by a unique correlation between ACC activation patterns and performance in frequency change detection in subjects with a right-ear CI. (5) Yao et al. presented a literature review on the research status and future development of cochlear reimplantation. Although techniques are relatively matured since the 1980s, several issues were identified by the authors. The need for an international consensus statement on cochlear re-implantation in relevant problems (e.g., to standardize the definition, calculation formulas of reimplantation rate, and follow-up systems) is highlighted. (6) Wang et al. studied changes in vestibular function in patients who received a minimally invasive CI surgery 1 year before the study. The functions of semicircular canals and otolith were assessed by a comprehensive battery of tests. Most of the vestibular functions could be preserved with no damage discrepancy among the otolith and three semicircular canal functions at 12 months post CI. (7) Di Nardo et al. explored the benefits of CI in tinnitus suppression. Single-channel stimulation resulted in a significant reduction of tinnitus loudness. Their results provided insights into the mechanisms of tinnitus and the development of tinnitus therapies. (8) Bissmeyer et al. examined the effect of a computer-based musical training program on musical interval identification of CI users and listeners with no known hearing loss and the correlation between low-level psychophysics and higher-level musical abilities. They observed strong correlations between pitch sensitivity and musical interval identification for the two participant groups. However, the effect of the training program in this study on musical interval identification was small among CI users. The authors discussed directions toward improving pitch access and auditory training of musical interval appreciation for CI users.

The papers presented in this Research Topic provide a snapshot of the latest discoveries in the benefits and outcomes of CI. We believe that this Research Topic provides an interdisciplinary forum for researchers working in the fields of speech and hearing science, computational neuroscience, medicine, and biomedical engineering to present the most recent ideas, methodologies, and studies for understanding and improving the benefits and outcomes of CI. Future studies on the benefits and outcomes of CI could continue in several aspects, including establishing neural biomarkers of central auditory processing, discovering new predictive factors of CI outcomes, and exploring CI benefits in speech production, emotion processing and spatial listening. Utilizing multi-disciplinary methods in future CI studies is also recommended, e.g., combining neuroimaging and psychophysical tools to assess CI outcomes and integrating traditional statistical tests and artificial intelligence algorithms to analyze clinical findings.

The editors sincerely thank all the authors, reviewers, and Frontiers editors as well as the staff involved in the preparation of this Research Topic.
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Cochlear implants (CI) are widely used in children and adults to restore hearing function. However, CI outcomes are vary widely. The affected factors have not been well understood. It is well known that the right and left hemispheres play different roles in auditory perception in adult normal hearing listeners. It is unknown how the implantation side may affect the outcomes of CIs. In this study, the effect of the implantation side on how the brain processes frequency changes within a sound was examined in 12 right-handed adult CI users. The outcomes of CIs were assessed with behaviorally measured frequency change detection threshold (FCDT), which has been reported to significantly affect CI speech performance. The brain activation and regions were also examined using acoustic change complex (ACC, a type of cortical potential evoked by acoustic changes within a stimulus), on which the waveform analysis and the standardized low-resolution brain electromagnetic tomography (sLORETA) were performed. CI users showed activation in the temporal lobe and non-temporal areas, such as the frontal lobe. Right-ear CIs could more efficiently activate the contralateral hemisphere compared to left-ear CIs. For right-ear CIs, the increased activation in the contralateral temporal lobe together with the decreased activation in the contralateral frontal lobe was correlated with good performance of frequency change detection (lower FCDTs). Such a trend was not found in left-ear CIs. These results suggest that the implantation side may significantly affect neuroplasticity patterns in adults.

Keywords: cochlear implant, frequency change detection, acoustic change complex, standardized low-resolution brain electromagnetic tomography (sLORETA), temporal lobe, frontal lobe


INTRODUCTION

Cochlear implants (CIs) have been successful in providing auditory sensation to individuals with severe to profound hearing loss. Recently, more and more CIs have been used in both children and adults with hearing loss. However, there is large variability in CI users’ speech outcomes. Previous studies have suggested that CI outcomes could be affected by many factors such as the duration of deafness, age at implantation, the duration of CI use, cognitive ability, and electrode placement (Finley and Skinner, 2008; Lazar et al., 2010; Lee et al., 2010; Blamey et al., 2012; Lazard et al., 2012; Holden et al., 2013; Pisoni et al., 2016). However, the underlying mechanism for the large variability in CI outcomes is still not well understood. This lack of information is a barrier to customized rehabilitation and hampers further improvement of CI outcomes.

It is well known that the right and left hemispheres of the brain play distinct roles in processing auditory information. In normal hearing, the left hemisphere is dominant in processing temporal information and the right hemisphere is dominant for spectral information (Zatorre et al., 2002; Schonwiesner et al., 2005; Hyde et al., 2008; Okamoto et al., 2009). In adults wearing CIs, processing spectral information in CI users is substantially impaired due to the low number of spectral channels used to deliver sound information and the deafness-related neural deficits in the auditory system (Giraud et al., 2001; Limb and Roy, 2014). Thus, the side of cochlear implantation may influence the outcomes of the CIs, particularly for adult CI users. However, direct information for the effect of the implantation side on the CI outcome is not available.

The electroencephalography (EEG) technique allows for the recording of auditory evoked potentials with an excellent temporal resolution, enabling the examination of real-time brain processing. EEG is the most suitable tool to examine the neural substrates of sound processing in CI users (Debener et al., 2008). With EEG techniques, researchers have examined the cortically generated auditory evoked potential (CAEP), which consists of the N1 and P2 peaks occurring in a window of approximately 70–250 ms after stimulus onset. The acoustic change complex (ACC) is a special type of the CAEP elicited by an acoustic change (e.g., a change in frequency, intensity, duration, etc.) embedded in a stimulus (Ostroff et al., 1998; Abbas and Brown, 2014; Brown et al., 2015; Kim, 2015). Data from non-CI users showed that the ACC threshold (the minimum magnitude of the acoustic change required to evoke the ACC) is in agreement with behaviorally measured auditory discrimination thresholds and that the ACC amplitude is related to the salience of the perceived acoustic change (He et al., 2012; Liang et al., 2016; Fulbright et al., 2017). Moreover, multi-channel EEG data could be used in source localization analysis to identify the activated brain regions (Worrell et al., 2000; Plummer et al., 2010; Eugene et al., 2014; Talja et al., 2015).

Source localization techniques can be used to estimate the current source generators in the brain that best fit the scalp recorded EEG or MEG data. Although there is no unique solution to the neuroimaging inverse problems, the standardized Low-Resolution Brain Electromagnetic Tomography (sLORETA, available at http://www.uzh.ch/keyinst/loretaOldy.htm) can be used to calculate neural generators of EEG or MEG data with exact and zero error localization for test dipoles (Pascual-Marqui, 2002; Wagner et al., 2004; Grech et al., 2008). Moreover, sLORETA has no localization bias in the presence of measurement and biological noise (Pascual-Marqui, 2002). Comparing other techniques such as WMN and LORETA, sLORETA gives the best solution in terms of both localization error and sources (Grech et al., 2008) and this method has been validated both theoretically and experimentally (Pascual-Marqui, 2002; Plummer et al., 2010). Using sLORETA, it is possible to specifically compare the activity of regions of interest (ROIs) between the left and right hemispheres or to examine the correlations between brain activities and behavioral measures.

Previous ACC studies in CI users were restricted to the analysis of the ACC waveform without the identification of neural generators of the response (Friesen and Tremblay, 2006). Meanwhile, in the studies using source localization analysis in CI users, the analysis was limited to the response evoked by the onset of the stimulus (i.e., the onset CAEP, Wong and Gordon, 2009; Gordon et al., 2010; Song et al., 2013; Nash-Kille and Sharma, 2014) rather than the response evoked by acoustic changes embedded in the stimulus (i.e., ACC).

A study from our lab reported that the CI users exhibited much poorer ACC waveforms evoked by frequency changes compared to normal hearing subjects (Liang et al., 2018). Behavioral studies from other researchers using pitch discrimination tasks or spectral modulation tasks have also reported that the capability of detecting changes in the frequency domain is crucial for speech performance in CI ears (Gifford et al., 2014; Won et al., 2014; Kenway et al., 2015). Therefore, it is important to examine brain activation patterns to frequency changes in CI users to understand the neural basis of the CI outcomes. In the current study, we performed sLORETA source analysis using ACC data collected for Liang et al.’s (2018), in which only ACC waveform results were reported, to examine brain activation patterns in response to tones containing frequency changes in the adult CI users. The focus of the current study, which is a companion paper to Liang et al. (2018), is to examine the effect of the implantation side (right- and left-ear CIs) on the cortical processing of frequency changes. Therefore, the brain activation patterns of the right- vs. left-ear CIs and additional waveform comparisons will be presented. To our knowledge, the current study is the first one to investigate the effects of the implantation side on cortical processing of frequency changes and to localize the neural substrates of the ACC N1’ in CI users. This study will be valuable for guiding CI side selection and maximizing CI outcomes. We hypothesize that the brain activation patterns of the ACC N1’ peak evoked by frequency changes are correlated to the behaviorally measured frequency change detection threshold, which has been reported to significantly affect CI speech performance (Zhang et al., 2019). We also hypothesize that the brain activation patterns are different in right- and left-ear CIs in patients who are right-handed.



EXPERIMENTAL SECTION


Participants

Twelve CI users (seven females, five males; 43–75 years old, with a mean age of 63 years) wearing the devices from Cochlear (Sydney, Australia) participated in this study. All participants were right-handed and native English speakers with no history of neurological or psychological disorders. They did not take medications that have been reported to affect the EEG. The CI users had severe-to-profound, bilateral, sensorineural hearing loss prior to implantation. Of the twelve CI subjects, seven subjects were bilateral CI users, four subjects were bimodal device users (one ear wore a CI and the non-implanted ear wore a hearing aid), and one subject was a unilateral CI user. Each CI ear was tested individually. In one bilateral CI user, only one CI ear was recorded, because the other CI ear was not able to detect the maximum magnitude of frequency changes in the psychoacoustic test. Therefore, both EEG and behavioral data were collected from a total of 18 ears (ten right-ear CIs and eight left-ear CIs). Individual CI subject’s demographic information has been provided in Table 1 of Liang et al. (2018).

In addition, data from twelve normal hearing (NH) individuals (six females, six males; 20–30 years old, with the mean age of 23 years) were used to provide information on brain activity in individuals with a normal auditory system. The ACC waveform data from NH listeners have been reported in a previous study from our lab (Liang et al., 2016). The purpose of presenting the sLORETA data from NH listeners is not for direct comparison between the NH and CI group (since the stimuli were presented binaurally to the NH listeners and monaurally to each CI ear, Liang et al., 2016, 2018). Rather, the NH data presented here serves as a validation of the sLORETA methodology because the NH results could be compared to those in the literature. Moreover, discussion of the CI results, with the knowledge of NH results, would be beneficial for the understanding of the nature and degree of abnormalities in cortical processing of frequency changes in CI users. All NH listeners had audiometric hearing thresholds ≤20 dB HL at octave test frequencies from 250 to 8000 Hz. All participants gave informed written consent prior to their participation. This study was approved by the Institutional Review Board of the University of Cincinnati.



Stimuli

The stimuli were 160 Hz tones generated using Audacity1 at a sample rate of 44.1 kHz. The duration of the tones was 1 s, including linear ramps of 10 ms at the onset and offset. The 160 Hz tone was selected because this frequency is in the range of the fundamental frequency (F0) of the human voice (between the F0 of female and male voiced speech, Gelfer and Bennett, 2013). The 160 Hz tone contained upward frequency changes of different magnitudes at 500 ms after the tone onset. The frequency change occurred for an integer number of cycles of the base frequency at 0 phase (i.e., zero crossing). Therefore, the onset cue of the frequency change was removed, and it did not produce audible transients (Dimitrijevic et al., 2008; Pratt et al., 2009). The stimuli were initially presented at 85 dB (peSPL) through a loudspeaker placed at ear level, 50 cm in front of the participant. CI users were tested using their typical everyday speech processor settings, but were allowed to adjust the volume so that the loudness level of the stimuli corresponded to the loudness level 7 (the most comfortable level) on a 0-10-point (inaudible to uncomfortably loud) numerical scale (Hoppe et al., 2001). The most comfortable level has been widely used in EEG studies involving CI users to minimize the loudness differences across CI users (Ponton et al., 1996; Friesen and Tremblay, 2006).” According to Pfingst et al. (1994), the mean frequency discrimination performance for CI users is improved when the loudness level increases up to level 4 and then does not change significantly up to loudness level 10.



Psychoacoustic Test of the Frequency Change Detection Threshold

Participants were seated in a sound-treated booth for the testing. An adaptive, 2-alternative forced-choice procedure with an up-down stepping rule using APEX software (Francart et al., 2008) was employed to measure the frequency change detection threshold (FCDT). In each trial, a standard stimulus (the 160 Hz tone) and a target stimulus (the 160 Hz tone containing a frequency change with a magnitude of up to 65%; the step size was 5% from 10–65% range, 0.5% from 0.5–10% range, and 0.05% from 0.05–0.5% range) were included. The order of standard and target stimulus was randomized and the interval between the stimuli in a trial was 0.5 s. The participant was instructed to choose the target signal by pressing a button on a computer screen and was given a visual feedback regarding the response. Each run generated a total of five reversals. The asymptotic amount of frequency change (the average of the last three trials) was used as the FCDT. Each CI ear was tested separately. When one CI ear was tested for bilateral users, the opposite CI was turned off. Bimodal users were only tested on the CI side with the hearing aid on the contralateral side turned off and blocked with an earplug.



EEG Recording

Participants were seated on a comfortable chair in a sound-treated booth for the experiments. A 40-channel Neuroscan multi-channel EEG system (NuAmps, Compumedics Neuroscan, Inc., Charlotte, NC) was used to record the EEG. Electro-ocular activity (EOG) was monitored so that eye movement artifacts could be identified and rejected during the offline analysis. The continuous EEG data were recorded with a band-pass filter setting from 0.1 to 100 Hz and a sampling rate of 1,000 Hz. The average electrode impedance was lower than 10 kΩ. EEG signals from a total of 1–3 electrodes over the CI coil were not available.

During testing, participants were instructed to avoid excessive eye and body movements. Participants read self-selected magazines to keep alert and were asked to ignore the acoustic stimuli. A total of 400 trials of each of the three types of stimuli (three frequency changes: 0%, 5%, and 50%) were presented. The stimulus conditions were randomized to prevent order effects. The inter-stimulus interval was 800 ms. Each CI ear was tested separately.



Data Processing and Statistical Analysis


Waveform Analysis

The detailed procedures for waveform analysis were described in Liang et al. (2018). Briefly, continuous EEG data collected from each participant were digitally filtered (0.1–30 Hz) and then divided into segments over windows of -100 ms to 1000 ms relative to the tone onset. Each data segment was visually inspected, and epochs contaminated by non-stereotyped artifacts were rejected and excluded from the analysis (Delorme and Makeig, 2004). There were at least 200 epochs left for each participant. Further data processing was performed by the use of the EEGLAB toolbox (Delorme and Makeig, 2004) running under MATLAB (MathWorks, United States). The data were baseline-corrected and then re-referenced using a common average reference. Independent component analysis (ICA) was then applied to identify and remove non-neurological activities (Gilley et al., 2006; Debener et al., 2008; Zhang et al., 2009, 2011). EEG from the electrodes close to the CI coil were replaced by linearly interpolated values computed from neighboring EEG signals. Then, the averaged waveform was derived for each type of stimuli (0%, 5%, and 50% frequency change) separately. The N1’peak of the ACC was identified in the range of 610–710 ms after stimulus onset or 110–210 ms after the occurrence of the frequency change.

Only EEG data elicited by the 50% frequency change were used for source density reconstruction because the ACC was present in all CI ears for the 50% frequency change, but was missing in some CI ears for the 5% frequency change and absent for the 0% change (see Liang et al., 2018). The presence of the ACC was determined based on criteria: (i) an expected wave morphology within the expected time window (approximately 610–710 ms after the tone onset) based on mutual agreement between two researchers (Lister et al., 2011; He et al., 2015); and (ii) a visual difference in the waveforms between the frequency change conditions vs. no change condition.



Sloreta Analysis

The waveform data were further imported into the sLORETA software package for source localization for the negative peak evoked by the frequency change (ACC N1’). The data from the right-ear CIs and left-ear CIs were analyzed separately. The following processes were conducted for sLORETA analysis: (1) The 3-dimensional sLORETA maps were generated to show the current source density (CSD) distribution patterns of ACC N1’ (a timeframe ranging from 610 ms to 710 ms after stimulus onset); and (2) Regions of Interests (ROIs) were defined based on the activated brain regions observed in individual CIs. The correlations between the activities in the ROIs and the FCDT were also examined. The following ROIs of four brain regions were examined: the left and right temporal lobe (including Brodmann areas 21, 22, 38, 39, 41, and 42), and the left and right frontal lobe (including Brodmann areas 6, 9, 10, 11, 44, 45, 46, and 47) (Campbell and Sharma, 2013). These ROIs were selected because the greatest activities are in the temporal lobes and frontal lobes in the mean current source density distribution patterns of the ACC N1’. The ROI file for the 4 seed points for the center voxel was constructed. Each of the ROI values consisted of the mean current source density from each ROI seed, including all cortical gray matter voxels within a 15-mm distance from the center. The resulting file produced the log transformed average CSD for all participants for each seed (Cannon and Baldwin, 2012). The CSD data for each brain region were imported into the Sigmaplot software program for statistical analyses.



Statistical Analysis

Data were presented as mean ± SEM and plotted with SigmaPlot v10 (SPSS Inc., Chicago, IL, United States). The statistical analyses were performed by Excel (Microsoft Office 365) or SPSS (SPSS Inc.) using t test or AVOVA with a Bonferroni correction for the post hoc tests. The level of statistical significance was set at p < 0.05. All sample sizes and P values were reported in the figures or the figure legends.



RESULTS


Event-Related Potentials and ACC in Right-ear CIs, Left-ear CIs, and NH Subjects

Figure 1A shows the mean event-related potentials (ERPs, solid lines) and the standard errors at Cz evoked by the 160 Hz tones containing a 50% change for the right-ear CIs (red trace), left-ear CIs (blue trace), and NH listeners (black trace). As shown by the figure, there were two types of responses visible in the waveforms. One is an onset CAEP with the N1-P2 complex occurring approximately 110–210 ms after the onset of stimuli. The other one is the ACC with the N1’-P2’ complex occurring approximately 610–710 ms after stimulus onset or 110–210 ms after the occurrence of the frequency change. There is a prominent difference in the amplitude and latency of ACC N1’ between NH and CI subjects. Figures 1B,C show the means of N1’ amplitude and latency for left- and right-ear CIs. The t-tests showed that there were no significant differences in N1’ amplitude and latency between right- and left-ear CIs (t = 0.16, df = 16, p = 0.87 for latency; t = -0.35, df = 16, p = 0.73 for amplitude).
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FIGURE 1. (A) ERP waveforms with error bars for the right-ear CIs (red traces), left-ear CIs (blue traces), and the NH listeners (black traces) are displayed. The stimulus was a 1-s pure tone at 160 Hz that contained an upward frequency change of 50% in the middle of the stimulus. The N1 peak of the onset CAEP evoked by the tone onset and the N1’ of the ACC evoked by the 50% frequency change are marked. Note that the N1’ is the focus of this study. (B,C) The means and standard errors of the N1’ amplitude and latency for left- and right-ear CIs. There is no significant difference in the amplitude and latency of N1’ waves between right- and left-ear CIs.




Difference in Activated Brain Regions in Right-ear CIs, Left-ear CIs, and NH Subjects

Current source density (CSD) maps derived using the sLORETA reflect the intensity of activation in the brain regions evoked by the presented stimulus. Figure 2 illustrates the CSD patterns of the ACC N1’ peak in the grand mean waveform for NH listeners, right-ear CIs, and left-ear CIs. In NH listeners, the brain activation is mainly visible in the right temporal lobe (Figure 2A). However, the CI ears show an apparent difference in the activated brain regions (Figures 2B,C). For the right-ear CIs, the increase in CSD is visible in both the left temporal lobe and left frontal lobe (Figure 2B), while for the left-ear CIs the CSD increase is only visible in the right frontal lobe (Figure 2C).
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FIGURE 2. Mean regional normalized sLORETA solutions modeling the distributed sources for ACC N1’ of NH listeners (A), right-ear CIs (B), and left-ear CIs (C). Yellow and blue colors represent increased and decreased current source density, respectively. Note that the NH listeners were stimulated binaurally and each CI ear was stimulated monaurally. There are differences in the activated brain regions among NH, right-, and left-ear CIs.




Good Performers in Frequency Change Detection Show More Activation in the Temporal Lobe

We further examined whether the activated brain regions are associated with performance on the frequency change detection task. Figure 3 shows brain activation patterns for ACC N1’ peak in a good performer (Sci50R, FCDT: 1.83%), a moderate performer (Sci45R, FCDT: 5.17%), and a poor performer (Sci55L, FCDT: 9.33%) in the frequency change detection task. The good performer with low FCDTs showed more activation in the temporal lobe compared to the frontal lobe (Figure 3A), whereas the moderate and poor performers with high FCDTs had more activation in the non-temporal lobe including the frontal lobe (Figures 3B,C). The good or poor performance on the frequency change detection task was defined by comparing the FCDTs across all subjects tested. Our earlier publication using the FCDT task to examine the ability to detect frequency changes in CI users at base frequencies of 250, 1000, and 4000 Hz reported that poor performers (CNC, AzBio quiet and noise, and triple digit test) showed FCDTs of approximately 10% and above, while good performers showed a FCDT of approximately 1%. Using other methods (pitch discrimination/ranking), other studies also examined frequency discrimination in CI users. For example, Goldsworthy (2015) reported that CI users’ pitch discrimination thresholds for pure tones (0.5, 1, and 2 kHz) ranged between 1.5 and 9.9%.
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FIGURE 3. The activated brain regions displayed for individual CI users with different FCDTs. (A) good performer (SCI 50 R, 1.83%). (B) poorer performer (SCI45 R, 5.17%). (C) poorest performer (SCI55 L, 9.33%). The strong activation in the temporal lobe appears in the good performer with a low FCDT.




Difference in the Hemisphere Dominance Patterns of Current Source Density in Right- and Left-ear CIs

Figure 4 shows the mean CSD values in the four ROIs, the right and left temporal and frontal lobes, for right- and left-ear CIs. In general, stimulation in the right-ear CIs resulted in larger CSD values in the contralateral (left) hemisphere (Figure 4A) than in the ipsilateral (right) hemisphere. For the left-ear CIs, the activation in the contralateral (right) frontal lobe appeared to be stronger than that in the ipsilateral (left) side and the hemispheric difference did not exist in the temporal lobes. The t-tests showed that the activation is significantly stronger in the temporal and frontal lobes of the left side than that of the right side for the right-ear CIs (Figure 4A, t = -2.23, df = 18, p = 0.04 and t = -2.31, df = 18, p = 0.03, respectively, for the temporal and frontal lobe comparisons). One-way ANOVA did not show significant difference among the four ROIs for the left-ear CIs [F(1,3) = 1.54, p = 0.31]. The hemispheric difference was further examined with the response ratio of the left/right (L/R ratio) hemispheres and the results were shown in Figure 4B. For the right-ear CIs, the L/R ratios in the temporal lobe and the frontal lobe were 4.20 ± 1.30 and 9.24 ± 2.35, respectively. For the left-ear CIs, the L/R ratios of responses in the temporal lobe and the frontal lobe were 1.30 ± 0.519 and 0.93 ± 0.34, respectively (Figure 4B), indicating that there was no apparent difference in the responses evoked in the left and right brain regions for the left-ear CIs. When comparing the right- and left-ear CIs, the L/R ratios of responses in both temporal lobe and frontal lobe for the right-ear CIs were significantly higher than these for the left-ear CIs (Figure 4B, t = 2.50, df = 16, p = 0.026 and t = 3.13, df = 16, p = 0.006 for temporal and frontal lobes, respectively). In summary, the contralateral dominance of brain activation was observed for the right-ear CIs, but not for the left-ear CIs.
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FIGURE 4. Hemispheric differences in the current source density values for right- and left-ear CIs. (A) The current source density values in four regions of interest (ROIs, right, and left temporal lobes and frontal lobes) for right- and left-ear CIs. For the right-ear CIs, the current source densities in the contralateral hemisphere (left temporal lobe and left frontal lobe) are larger than those in the ipsilateral (right) hemisphere. The contralateral-dominant pattern is not observed in the left-ear CIs. (B) The left-dominant pattern is obvious in the right-ear CIs but not visible in the left-ear CIs. The left/right (L/R) ratios of responses in both the temporal lobe and frontal lobe for the right-ear CIs are greater than 1, whereas the L/R ratios of responses in both the temporal lobe and the frontal lobe for the left-ear CIs are close to 1. There are significant differences in the ratio of L/R responses between right-ear CIs and left-ear CIs (*p < 0.05, **p < 0.01, t-test).




Correlation Between Activities in Temporal and Frontal Lobes and FCDT

Previous studies suggested that the auditory change detection depends on the interaction between the temporal and the frontal cortex (Doeller et al., 2003). We further examined the correlation between FCDT and the interactive activations in the temporal lobe and frontal lobe. Figure 5 shows the scatter-plot of the FCDT vs. the CSD ratio (temporal lobe/frontal lobe) in the right and left hemispheres for right-ear and left-ear CIs. The CSD ratio in the left hemisphere for the right-ear CIs was negatively correlated to the FCDT (R2 = 0.40, p = 0.049, Figure 5A). However, there was no significant correlation between FCDT and CSD ratio in the right hemisphere for the right-ear CIs. In addition, no statistically significant correlation was found for the FCDTs and the CSD-ratio for the left-ear CIs (p > 0.05. Figures 5C,D).
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FIGURE 5. The correlations between the FCDT and the ratio of current source density (CSD) values in the temporal lobe and frontal lobe in the left and right hemispheres for the right-ear CIs (A,B) and left-ear CIs (C,D). Straight lines represent linear regression lines. Note that only the right-ear CIs in panel (A) shows a significant correlation, with good performers (low FCDTs) showing larger CSD ratios in the left hemisphere (p < 0.05).




DISCUSSION

In this study, we examined the brain responses of right-ear CIs and left-ear CIs in right-handed adults. The primary findings were: (1) cortical activation patterns for the ACC-N1’ are different in right-ear CIs and left-ear CIs (Figures 1, 2); (2) Right-ear CIs could evoke stronger activities in the contralateral temporal and frontal lobes, but this contralateral hemisphere dominance was not observed for left-ear CIs (Figures 3, 4), and (3) For the right-ear CIs, the increased activation in the left temporal lobe, along with the reduced activation in the frontal lobe (increased temporal/frontal CSD ratio), is correlated with good performance in the detection of frequency changes (Figure 5). Such a correlation was not found for the left-ear CIs. These results suggest that in adults, the implantation side can significantly influence the brain activation patterns evoked by the within-stimulus frequency changes.

Previous studies on brain activation patterns in CI users have focused on the onset CAEP, i.e., the cortical auditory evoked response to stimulus onset (Debener et al., 2008; Sandmann et al., 2009). Using dipole source analysis, Debener et al. (2008) reported the onset CAEP in one patient who had successfully used a CI in the right ear for four years. The results showed that the contralateral response is larger than the ipsilateral response. Sandmann et al. (2009) examined the onset CAEP to dyadic tones with pitch intervals that sound like music in CI users and NH listeners. While NH listeners showed a contralateral dominance effect for the left ear stimulation (Hine and Debener, 2007), CI users showed a contralateral dominance effect in the auditory regional source activity specifically for the right-ear stimulation. This suggested that the hemispheric asymmetry in CI users differs from that in NH listeners.

Brain activation patterns for the ACC N1’ peak has not been studied in CI users. Unlike the onset-CAEP that indicates the cortical processing of stimulus onset, the ACC indicates the cortical processing of acoustic change embedded in a stimulus. In NH listeners, the processing of frequency changes is specialized in the right hemisphere, with either a binaural or monaural stimulation (Liegeois-Chauvel et al., 2001; Zatorre and Belin, 2001; Zatorre et al., 2002; Molholm et al., 2005; Schonwiesner et al., 2005; Dimitrijevic et al., 2008; Hyde et al., 2008; Itoh et al., 2012). When the acoustic change is small, the frontal lobe may also be activated (Opitz et al., 2002; Schönwiesner et al., 2007). Lesion studies also suggest that damage in the right hemisphere results in an impaired capability to discriminate frequencies, supporting that the right hemisphere has a specialized function of processing spectral changes (Sidtis and Volpe, 1988; Zatorre, 1988; Robin et al., 1990; Johnsrude et al., 2000). The activation in the right temporal lobe for the NH listeners’ ACC N1’ in the current study (Figure 2) is consistent with what has been reported in previous studies.

This study provides evidence that the temporal lobe and frontal lobe are involved in frequency change detection in CI users. This study also shows that CI users demonstrated brain activation patterns for the ACC N1’ that are different from those in NH listeners. While the right-ear CIs result in activation in the contralateral temporal and frontal lobes, the left-ear CIs generate less activation in the contralateral temporal lobe (Figures 3, 4). The differences in the brain activation patterns in the CI users relative to the NH listeners may arise from CI technology limitations and/or brain reorganization in CI users. Specifically, the CI delivers the sound information through a limited number of frequency channels, resulting in a dramatic decrease in CI users’ frequency resolution. Such a compromised frequency resolution is exacerbated by the neural deficits related to the long-term deafness prior to the implantation. In this study, 160 Hz was used because this frequency is in the frequency range of the fundamental frequency (F0). As this frequency is located at the filter slope of the first band at the CI speech processing stage, the detection of a 50% frequency change (from 160 Hz to 240 Hz) may rely on the temporal rate cues as the result of different signal intensities on the filter response curve in the CI output, and/or the place cues at a result of activating different electrodes. Therefore, we speculate that frequency change detection relies on both temporal and spectral cues in CI users. The ACC results from CI users in the current study suggested that the auditory brain can automatically encode the 50% frequency change from the 160 Hz, although the activation pattern may differ from that in NH listeners.

We found that the CI-activated brain regions included the temporal lobe as well as non-temporal regions, such as the frontal lobe (Figures 2–4). Moreover, the brain activation and activated patterns were related to the behaviorally measured FCDT (Figures 3, 5). Specifically, the right-ear CIs with good performance had similar brain activation patterns as the NH listeners, mainly activating the temporal lobe (Figures 3, 4). The CI ears with poor performance were likely to have activation in non-temporal areas (Figure 3). The ears with better performance had a greater temporal lobe/frontal lobe CSD ratio (stronger activation in the temporal lobe and weaker activation in the frontal lobe) on the contralateral side for the right-ear CIs (Figure 5A). Green et al. (2005) reported that the activation strength in the temporal lobe is positively correlated with the speech perception performance (Green et al., 2005). In future studies, it is necessary to evaluate the correlations between the ACC brain activation and speech perception performance in CI users.

The major finding in this study is that in comparison with left-ear CIs, right-ear CIs can more efficiently activate the temporal lobe in the contralateral hemisphere (Figures 3, 4). Previous studies examining the onset cortical responses have reported that the contralateral dominance is greater in CI users using a right CI compared to a left CI (Debener et al., 2008; Sandmann et al., 2009). Studies using neuroimaging techniques, such as positron emission tomography (PET), also showed a higher activation in the cortex contralateral to the CI than that on the ipsilateral side (Herzog et al., 1991). In this study, we not only used sLORETA to locate activated brain regions but also examined the behavioral measure of frequency change detection. We found that, in comparison with left-ear CIs, the right-ear CIs are more efficient in activating the contralateral brain regions (Figures 3–5).

It is unknown why the right-ear CIs in this study demonstrated more activity in the contralateral hemisphere than in the ipsilateral hemisphere, while the left-ear CI s did not show this contralateral dominance. One possibility is that such a phenomenon is related to the fact that all tested subjects in this study were right-handed. Brain activations evoked by acoustic stimuli show different patterns for right-handed and left-handed NH individuals (Provins and Jeeves, 1975; Maehara et al., 1999). It is possible that the pre-existing hemispheric differences for right-handed individuals before implantation may be differentially affected by right- vs. left-ear implantation. A review study (Kraaijenga et al., 2018) based on 20 articles that were eligible for critical evaluation of the effect of the implantation side on CI outcomes reported that the majority of studies reveal evidence for a right-ear advantage in post-lingually deafened adults. The right-ear advantage was also reported in prelingually deafened children wearing CIs (Henkin et al., 2014). Although it is too premature to advise implanting in the right ear, our findings in the current study do support the idea that cortical processing of frequency changes show different brain activation patterns between the right- and left-ear CIs, at least in right-handed adults.



CONCLUSION AND FUTURE STUDIES

This study reveals that the side of implantation can significantly influence the brain activation patterns evoked by frequency changes in adults with right-handedness. Right-ear CIs result in stronger brain activities in the contralateral hemisphere than in the ipsilateral hemisphere. Such a contralateral dominance was not observed for left-ear CIs. For right-ear CIs, good performance in frequency change detection is correlated with larger temporal activation, along with weaker frontal activation. The findings of this study provide valuable evidence that the right-ear implantation appears to support the contralateral dominance for right-handed patients. The data also demonstrated that the sLORETA is a promising source location approach and can be used to longitudinally examine brain plasticity after cochlear implantation, to examine the development of auditory cortex reorganization, to actively guide rehabilitation strategies, and to monitor the progress of an individual during rehabilitation.

There are some possible directions for future studies. First, we will further examine the brain activation patterns to frequency changes in both left-handed and right-handed CI patients with a larger sample size. With a larger sample size, the correlation observed in Figure 5 of this study might be stronger; second, it would be valuable to add NH listeners who are age-, gender-matched, and test to their individual ears corresponding to those in their CI counterparts. Finally, the CI outcomes in terms of speech perception will be obtained to establish the brain-behavioral relationships.
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Auditory neuropathy is a special type of hearing loss caused by dysfunction of the synapse of the inner hair cells, the auditory nerve, and/or the auditory nerve itself. For patients with auditory neuropathy who have severe to profound hearing loss or failed auditory skills development with hearing-aids, cochlear implantation (CI) serves as the only possible effective treatment. It is accepted that the exact sites of lesion causing auditory neuropathy determine the CI performance. Mutations in the OTOF gene were the first identified and the most common cause of congenital auditory neuropathy. The site of lesion in patients with auditory neuropathy caused by biallelic OTOF mutations (OTOF-related auditory neuropathy) is presumed to be presynaptic, leaving auditory nerve function intact. Thus, OTOF-related auditory neuropathy is expected to have good CI performances. In this review, we describe the CI outcomes in patients with OTOF mutations. We will focus on whether biallelic OTOF mutations are ideal indications for CI in patients with auditory neuropathy. Also, the factors that may still influence the CI outcomes in patients with OTOF mutations are discussed.
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INTRODUCTION

Auditory neuropathy is a type of hearing loss caused by dysfunction of the synapse of the inner hair cells, the auditory nerve, and/or the auditory nerve itself (Hayes and Sininger, 2008). Individuals with auditory neuropathy typically show normal or near-normal otoacoustic emission (OAE) or cochlear microphonics (CM), but absent or abnormal auditory brainstem response (ABR) and/or middle ear muscle reflexes, usually accompanied by poor speech discrimination scores and poor understanding (Starr et al., 1996). For hearing rehabilitation in patients with auditory neuropathy, both cochlear implantation (CI) and wearing hearing-aids (HA) are options. However, in patients who have failed auditory skills development with HA or who are with severe to profound hearing loss, CI is considered the only possible effective treatment (Yawn et al., 2019).

As the transmission of the signal from electrical stimulation of the spiral ganglion provided by the cochlear implants could be affected, it had been thought that the CI outcomes were relatively poor in patients with auditory neuropathy (Starr et al., 1996). Recently, however, studies showed that CI could help to develop auditory skill in some of the patients with auditory neuropathy, yet the benefits were uncertain due to a wide range of etiologies (Rance et al., 1999; Berlin et al., 2010; Humphriss et al., 2013). The cause of auditory neuropathy includes loss of inner hair cells (IHCs) or IHC ribbon synapses, impaired synaptic transmission to spiral ganglion neurons (SGNs), and disrupted propagation of auditory information along the auditory nerve (Moser and Starr, 2016). It is obvious that the exact sites of lesion causing auditory neuropathy determine the CI performance. That is, lesions located in the membranous labyrinth (presynaptic) are associated with good CI performance, while the lesions in the auditory nerve itself (postsynaptic) are not (Eppsteiner et al., 2012).

In the last two decades, genetic defects have been proved that can cause auditory neuropathy [reviewed in Moser and Starr (2016)]. Among these genetic defects, mutations in OTOF gene (MIM# 603681) were the first identified and the most common cause of congenital auditory neuropathy (Rodriguez-Ballesteros et al., 2003; Varga et al., 2003; Rodriguez-Ballesteros et al., 2008; Zhang Q. J. et al., 2016). Otoferlin, encoded by the OTOF gene, plays an essential role in vesicle releasing and replenishing at the auditory ribbon synapses between IHCs and SGNs (Roux et al., 2006; Pangrsic et al., 2010). Mutations of OTOF lead to a reduction of synaptic vesicle exocytosis at ribbon synapse (Roux et al., 2006; Pangrsic et al., 2010; Michalski et al., 2017). Therefore, the site of lesion in auditory neuropathy patients with biallelic OTOF mutations (OTOF-related auditory neuropathy) is presumed to be presynaptic, and auditory nerve function is assumed to be intact. Theoretically, OTOF gene mutations are associated with good CI performances. Indeed, several studies did report “excellent” CI outcomes in patients with OTOF mutations. Nevertheless, the evidence that biallelic OTOF mutations are associated with good CI outcomes is not yet sufficient due to the small number (n ≤ 10) of subjects of these studies.

In this mini review, we will focus on the CI outcomes in patients with OTOF mutations. The main goal is to confirm whether biallelic OTOF mutations are ideal indications for CI in patients with auditory neuropathy. Also, the factors that may influence the CI outcomes are discussed.



METHODS OF LITERATURE SEARCH

Following Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines (Liberati et al., 2009; Moher et al., 2009), the databases PubMed, Web of Science, and the Cochrane Library were searched for relevant articles published between April 1999 and March 2020. The following search strategy was used to identify eligible studies: (‘OTOF’ OR “otoferlin”) AND (‘cochlear implant’ OR ‘cochlear implantation’ OR ‘CI’). All publications were searched and screened by two individuals independently. Additional articles were identified by manually searching known articles. Only full-text, peer-reviewed articles written in English were considered for inclusion. The exclusion of irrelevant studies, animal experiments, and book sections or conferences was made by screening titles and abstracts of the articles. The inclusion criteria and selection were performed through the reading of the full text. The included studies are required to report original CI outcomes in patients with OTOF mutations. The flow diagram is shown in Figure 1.
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FIGURE 1. PRISMA flow diagram.




“EXCELLENT” CI OUTCOMES IN PATIENTS WITH OTOF MUTATIONS

CI for OTOF-related auditory neuropathy was first reported in 2003 by Rodriguez-Ballesteros et al. (2003). Ten subjects who met the diagnostic criteria of auditory neuropathy (TEOAEs were present, while ABRs were absent) underwent CI in the study (Rodriguez-Ballesteros et al., 2003). Despite no quantitative indicators, the results of CI in all the 10 subjects were considered to be “successful” (Rodriguez-Ballesteros et al., 2003). Subsequently, CI outcomes were assessed quantitatively in several other case reports and series (Loundon et al., 2005; Rouillon et al., 2006; Runge et al., 2013; Zhang et al., 2013; Santarelli et al., 2015; Miyagawa et al., 2016; Zhang Q. et al., 2016; Park et al., 2017; Chen et al., 2018; Hosoya et al., 2018). All of these studies showed improvement of sound perception and speech recognition with cochlear implants. Most recently, two studies of larger sample sizes (n = 10) reviewed the CI outcomes in patients with OTOF-related auditory neuropathy, and the results were compared with typical sensorineural hearing loss (SNHL) (Kim et al., 2018; Wu et al., 2018). To the best of our knowledge, CI outcomes have only been reported in approximately 60 patients with OTOF mutations (detailed in Table 1, some cases may be shared among studies). Remarkably, almost all of the patients with OTOF mutations developed great skills in sound perception and/or speech recognition after CI.


TABLE 1. Detailed cochlear implantation performances in patients with OTOF mutations.
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Sound Perception After CI

Perceiving sound is the initial step and a prerequisite for hearing rehabilitation with CI. The ability to perceive sound after CI was evaluated by audiometry. Loundon et al. (2005) and Rouillon et al. (2006) found that mean pure tone thresholds of 250, 500, 1000 and 2000 Hz in the patients with OTOF-related auditory neuropathy improved from 75 dB with HA to 37 and 45 dB with the cochlear implants after 1–1.5 years of rehabilitation. Similarly, Zhang et al. (2013), Zhang Q. et al. (2016), and Chen et al. (2018) found that the mean pure tone thresholds of 500, 1000, 2000 and 4000 Hz received 25 to 37.5 dB with cochlear implants after more than 2-year of rehabilitation. Although it is still unknown whether the audiometric thresholds would continue to improve with the extension of the rehabilitation time, the available data have shown that the sound perception in patients with OTOF mutations can be significantly improved by CI.



Speech Recognition After CI

Being able to understand speech is one of the main purposes of CI rehabilitation. Thus, speech recognition is a direct indicator of CI outcomes evaluation. Objective indicators, such as speech perception testing and speech recognition thresholds, showed that all the patients with OTOF mutations benefited from CI. In terms of speech perception, most of the patients with OTOF mutations got a ≥90% score in closed-set or open-set perception (detailed in Table 1; Loundon et al., 2005; Rouillon et al., 2006; Santarelli et al., 2015; Zhang Q. et al., 2016; Chen et al., 2018). More recently, Wu et al. (2018) reviewed 10 cases of OTOF-related auditory neuropathy and found that the speech discrimination score received 77.5 ± 37.1% at 3 years. In speech recognition thresholds, Runge et al. (2013) reported 2 cases (siblings) of OTOF-related auditory neuropathy and found that the thresholds were 44 and 65 dB in quiet, 52 and 70 dB in noise, respectively.

In addition, scales, such as meaningful auditory integration scale/infant-toddler meaningful auditory integration scale (MAIS/IT-MAIS), categories of auditory performance (CAP) and speech intelligibility rating (SIR) are widely used to evaluate the CI performances. In the case reports by Loundon et al. (2005) and Rouillon et al. (2006), the MAIS/IT-MAIS scores increased from 4/40 and 4/40 with HA to 40/40 and 31/40 with cochlear implants. In terms of CAP and SIR, patients with OTOF mutations showed rapid improvement of scores after CI (Wu et al., 2018). The CAP scores reached 6/6–7/7 during the 2–3 year follow up (Wu et al., 2011; Park et al., 2017; Kim et al., 2018). Moreover, studies by Hosoya et al. (2018) and Wu et al. (2018) showed that there was no significant difference in CAP or SIR scores among patients with OTOF, GJB2, SLC26A4 mutations or cytomegalovirus infections.

According to the literature, OTOF-related auditory neuropathy is associated with excellent CI outcomes. Patients with this type of auditory neuropathy can not only “hear” the sound, but also “understand” the speech well with the help of cochlear implants. Unlike other types of auditory neuropathy, the CI performances of the patients with biallelic OTOF mutations are predictable and comparable to those of “typical” SNHL. A detection of OTOF mutations can help in accurately localizing the site of lesion and informing therapy-related clinical decision making in patients with auditory neuropathy.




FACTORS THAT MAY INFLUENCE CI OUTCOMES IN OTOF-RELATED AUDITORY NEUROPATHY

Although all studies were in coherence with that the auditory neuropathy caused by OTOF mutations tend to have good CI outcomes, individual variations still exist among cases. For example, Runge et al. (2013) reported a sibling pair diagnosed with OTOF-related auditory neuropathy. The genotypes of these siblings were the same, but the speech perception performance differed between the siblings. In another study, Park et al. (2017) followed up four subjects with OTOF-related auditory neuropathy who underwent CI and found that the CAP scales ranged from 3 to 7 at 24 months post-CI. Due to the limited number of cases, it is impossible to ascertain what is the exact factors that may influence the CI outcomes in OTOF-related auditory neuropathy. However, clues may be provided by these cases.


Age at Implantation

Earlier implantation is associated with better CI outcomes in patients with OTOF mutations. It has been widely accepted that early implantation is good for CI outcomes in patients with typical SNHL (Niparko et al., 2010; Black et al., 2011; Panda et al., 2019). 0 to 3.5 years of age is considered a critical period for first language acquisition, and implantation after that period tends to have poorer outcomes (Sharma et al., 2002; Kral and Sharma, 2012). For patients with auditory neuropathy, the critical period seems to be narrower than those with typical severe to profound SNHL. That is, patients with auditory neuropathy who undergo cochlear implantation before the age of 2 years may have better auditory outcomes than those after the age of 2 years (Cardon and Sharma, 2013; Liu et al., 2014). This could be explained by that the disordered pattern of neural input to the cortex, as a result of auditory nerve dys-synchrony in patients with auditory neuropathy have negative effects on central auditory maturation (Cardon and Sharma, 2013; Sharma and Cardon, 2015).

As mentioned before, the site of lesion in patients with OTOF mutations is assumed to be presynaptic (Roux et al., 2006; Pangrsic et al., 2010). Thus, the pathological mechanism of OTOF-related auditory neuropathy is thought to be more like a typical SNHL but not an auditory neuropathy. However, Park et al. (2017) found that early (<24 months) implantees experienced notably better outcomes than late (>24 months) implantees. Similarly, Kim et al. (2018) found that the early (≤18 months) implantees had better outcomes than the late (>18 months) implantees at 6 months after CI. Furthermore, listening skills improved more rapidly in early implantees than late implantees (Kim et al., 2018). All the above suggest that patients with auditory neuropathy caused by mutations of OTOF seemed to be more affected by delayed implantation than those with typical SNHL that caused by mutations of SLC26A4 and GJB2 (Park et al., 2017).

The above results still require further confirmation as the sample size of existing comparative studies were small (n ≤ 10). Besides, late implantation (6 years of age) reported by Wu et al. (2011) also showed with a “good” CI outcome, which implied that late implantation was still beneficial for some of the patients. However, from a clinicians’ point of view, most of the patients with OTOF mutations did not experience spontaneous recovery of auditory performance, it was more likely that early implantation (<24 years) could achieve optimal CI performances (Wu et al., 2018).



The Integrity of the Auditory Nerve Function

The integrity of auditory nerve function is a key determinant of CI performances, especially for patients with auditory neuropathy. The auditory nerve function in OTOF-related auditory neuropathy is usually presumed intact. This assertion was supported by testing the neural responses of SGNs. Neural responses eluted by CI are objective indicators for evaluating the ability of the auditory pathway to receive, transmit and process complex electrical signals. By testing electrically evoked compound action potentials (ECAPs) or electrically evoked auditory brainstem responses (EABRs), the auditory nerve has been proved to have “good response” to cochlear implant stimuli (Loundon et al., 2005; Rouillon et al., 2006; Runge et al., 2013; Zhang et al., 2013; Santarelli et al., 2015; Wu et al., 2018).

However, some other studies might challenge the above view. Runge et al. (2013) quantitatively analyzed ECAP recovery rates in the sibling pair with OTOF-related auditory neuropathy. Though with the same genotype, one sibling had a recovery exponent within the average range of SNHL, while the other one had a more than one standard deviation (SD) higher recovery exponent than the average range of SNHL. Hosoya et al. (2018) tested the EABRs in patients with congenital hearing loss and found that the Wave III, Wave V, and Wave III–Wave V latencies were significantly longer in patients with OTOF mutations than those in SNHL. These two studies implicated that OTOF mutations might affect the more central auditory pathway beyond the synapse between the IHCs and SGNs. In addition, neurological and/or central pathologies should not necessarily be ruled out even when a patient was diagnosed with OTOF-related auditory neuropathy.



Genotypes of the OTOF Gene

As mutations of the OTOF gene are the cause of the disease, it is reasonable to speculate whether CI outcomes are associated with distinct genotypes. To date, more than 130 variants in the OTOF gene have been implicated pathogenic or likely pathogenic1. Although patients who underwent CI showed a high frequency of p.Gln829∗ in European (Rodriguez-Ballesteros et al., 2003; Loundon et al., 2005; Rouillon et al., 2006), p.Glu1700Gln in Chinese (Chiu et al., 2010; Wu et al., 2011; Wu et al., 2018) and p.Arg1939Glu in Korean (Park et al., 2017; Kim et al., 2018) population, more than 30 different OTOF mutations have been detected in the CI recipients (listed in Supplementary Table 1). Due to the different methods of CI performance evaluation and the variety of genotypes, it is impracticable to compare CI outcomes among patients with different genotypes directly.

Nevertheless, it is still viable to investigate whether there is a correlation between mutation types and CI outcomes. Otoferlin has six C2 domains, one Fer-like structure and one transmembrane domain (TMD). Nonsense mutations (like p.Gln829∗) usually lead to the loss of C2 domain(s) and the TMD, and result in a complete loss of otoferlin function (Migliosi et al., 2002), while missense mutations (like p.Glu1700Gln and p.Arg1939Glu) might affect only one C2 domain, the TMD, or neither of them (Varga et al., 2003; Chiu et al., 2010; Zhang Q. J. et al., 2016). Based on the available data, all patients with homozygous p.Gln829∗, p.Glu1700Gln or p.Arg1939Glu revealed excellent outcomes in sound perception and/or speech recognition (Rodriguez-Ballesteros et al., 2003; Chiu et al., 2010; Wu et al., 2011; Kim et al., 2018). Therefore, there is insufficient evidence that CI outcomes are correlated with distinct OTOF genotypes.



Recommendations Regarding the CI in OTOF-Related Auditory Neuropathy

As most of the patients with OTOF-related auditory neuropathy presented a phenotype of stable, severe to profound non-syndromic hearing loss (Zhang Q. J. et al., 2016), it seems that CI is the optimal and the only defective treatment option. However, CI may not be suitable for all patients with OTOF mutations. Firstly, the confirmation of OTOF-related auditory neuropathy could be challenging. There is no well-accepted hotspot mutation in OTOF except p.Gln829∗ in Spanish (Migliosi et al., 2002), and the number of novel OTOF mutations is growing, but most of the mutations lack functional studies. In a patient with OTOF mutations, it is difficult to confirm that the hearing loss is caused by otoferlin (OTOF) deficiency and rule out other causes. Secondly, some of the patients with OTOF mutations manifested as temperature sensitive auditory neuropathy (TS-AN), i.e. the hearing thresholds fluctuate with a variation of core body temperature and may improve with age (Zhang Q. et al., 2016). In these cases, HA could be an effective treatment. Thus, HA trials are still recommended in the patients with mild to moderate fluctuating hearing loss, but once a patient was identified with severe to profound hearing loss or fail to develop age-appropriate language skills, CI would be considered. Due to a possible narrower critical period for CI, earlier (<24 months) implantation is recommended (Cardon and Sharma, 2013). Before the operation, clinical manifestations, molecular test results, and the auditory nerve functions should be comprehensively assessed to exclude TS-AN and auditory neuropathy caused by other reasons.




CONCLUSION

The existing literature consistently revealed that patients with OTOF mutations are associated with excellent CI performance in both sound perception and speech recognition. Genetic analysis of OTOF can provide great help in localizing the site of lesion and informing therapy-related clinical decision making. Auditory neuropathy with biallelic OTOF mutations is an ideal surgical indication for CI. Notably, compared with typical SNHL, a narrower critical period for CI was implied in patients with OTOF mutations. Thus, once diagnosed as an OTOF-related auditory neuropathy with severe to profound hearing loss, early implantation is recommended. In addition, although the auditory nerve function is normal in most of the patients with OTOF mutations, neurological and/or central pathologies should not be ruled out in these cases. There is no evidence that CI outcomes are correlated with distinct OTOF genotypes. Compared with typical SNHL, the sample size of the studies on CI outcomes in patients with OTOF mutations is small. Future studies with larger sample sizes are required to confirm this conclusion.
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Objective: The purpose of the present study was to investigate Mandarin tone production performance of prelingually deafened children with cochlear implants (CIs) using modified acoustic analyses and to evaluate the relationship between demographic factors of those CI children and their tone production ability.

Methods: Two hundred seventy-eight prelingually deafened children with CIs and 173 age-matched normal-hearing (NH) children participated in the study. Thirty-six monosyllabic Mandarin Chinese words were recorded from each subject. The fundamental frequencies (F0) were extracted from the tone tokens. Two acoustic measures (i.e., differentiability and hit rate) were computed based on the F0 onset and offset values (i.e., the tone ellipses of the two-dimensional [2D] method) or the F0 onset, midpoint, and offset values (i.e., the tone ellipsoids of the 3D method). The correlations between the acoustic measures as well as between the methods were performed. The relationship between demographic factors and acoustic measures were also explored.

Results: The children with CIs showed significantly poorer performance in tone differentiability and hit rate than the NH children. For both CI and NH groups, performance on the two acoustic measures was highly correlated with each other (r values: 0.895–0.961). The performance between the two methods (i.e., 2D and 3D methods) was also highly correlated (r values: 0.774–0.914). Age at implantation and duration of CI use showed a weak correlation with the scores of acoustic measures under both methods. These two factors jointly accounted for 15.4–18.9% of the total variance of tone production performance.

Conclusion: There were significant deficits in tone production ability in most prelingually deafened children with CIs, even after prolonged use of the devices. The strong correlation between the two methods suggested that the simpler, 2D method seemed to be efficient in acoustic assessment for lexical tones in hearing-impaired children. Age at implantation and especially the duration of CI use were significant, although weak, predictors for tone development in pediatric CI users. Although a large part of tone production ability could not be attributed to these two factors, the results still encourage early implantation and continual CI use for better lexical tone development in Mandarin-speaking pediatric CI users.

Keywords: cochlear implant, tone production, Mandarin Chinese, lexical tone, acoustic analysis, pediatric


INTRODUCTION

The modern cochlear implant (CI) is currently the most successful neural prosthesis in wide clinical application. It can restore the sense of hearing for hearing-impaired individuals by bypassing the damaged sensory cells in the inner ear and stimulating the auditory nerve directly (Wilson, 2019). Previous evidence showed that severely to profoundly deafened children obtained enormous benefits for their speech and language development after cochlear implantation (Niparko et al., 2010). Speech production ability and language development of CI users, especially of those children with prelingual deafness, have been the major focus of the postoperative rehabilitation process. Detailed acoustic analyses of the production of vowels and fricatives in CI children have shown significant progress in phoneme development, but there are still significant remaining deficits in speech production in those children (Uchanski and Geers, 2003; Yang et al., 2015, 2017a; Yang and Xu, 2017). For CI children who speak tonal languages, such as Mandarin Chinese, speech production is compounded by the involvement of lexical tones. In tonal languages, the word meaning depends not only on the phonemes (such as the combination of consonants and vowels), but also on the pattern of tones (i.e., the fundamental frequency, F0) of the syllables. In other words, for a specific syllable, changing the F0 contour will bring about a change in the meaning of the syllable. There are four tones in Mandarin, namely tones 1, 2, 3, and 4. The F0 contours are (1) high and flat, (2) low at the beginning and then rising, (3) falling at the beginning and then rising with a dip in the middle, and (4) high-falling, respectively. Such tonal information, primarily carried by the F0, is not adequately coded in current CI devices (Han et al., 2009; Xu and Zhou, 2011; Limb and Roy, 2014; Deroche et al., 2019). Previous studies that focused on tone perception have revealed significant deficits of CI children in tone recognition tasks, with tremendous variability observed across CI subjects (Lee et al., 2002; Peng et al., 2004; Han et al., 2009; Zhou et al., 2013; Mao and Xu, 2017; Holt et al., 2018). As a result of tone recognition deficits, the tone production ability of prelingually deafened children with CIs might also be compromised.

The specific mechanism of the influence of auditory feedback on oral speech is not entirely clear. It was suggested that auditory feedback has a significant and immediate effect on oral speech (Davidson, 1959; Lane and Tranel, 1971). For example, when exposed to noise, the talker’s vocal intensity would increase involuntarily, a phenomenon known as the “Lombard effect” (Lane and Tranel, 1971). If the auditory feedback is deliberately delayed, it will cause the speech speed to slow down (Davidson, 1959). The frequency information is also affected by the auditory feedback frequency (Elman, 1981). For phoneme pronunciation, Houde and Jordan (1998) found that if the first three formant frequencies of vowels in auditory feedback are deliberately changed, the produced vowels would be unconsciously replaced by other vowels to compensate for these formant changes. All these findings supported the hypothesis that there is a closely coupled loop between auditory perception and vocal production (Deroche et al., 2019), and auditory feedback can regulate oral speech instantaneously (Natke and Kalveram, 2001; Amir et al., 2003; Mora et al., 2012; Liu et al., 2020).

For postlingually deafened adults, the connection between perception and production will decline gradually due to the loss of auditory feedback, whereas for prelingually deafened children, this connection has not been established. Earlier studies have shown that for postlingually deafened adults, the loss of hearing does not have a significant impact on their speech intelligibility but only gradually changes some acoustic parameters of their oral speech with a very slow rate (Waldstein, 1990; Leder and Spitzer, 1993; Plant, 1993). In the absence of auditory feedback, they seem to use their knowledge and experiences to regulate their vocal organs to make the desired sound (Matthies et al., 1994). However, for children with prelingual deafness, the connection between hearing and vocal production has not been well established in their speech acquisition stage, which harms their speech intelligibility. Because of the absence of effective auditory feedback, prelingually deafened children would likely rely on visual or somatosensory inputs to establish a feedback connection with their vocal production (Tobey et al., 1991; Osberger et al., 1993; Nava et al., 2014; Selleck and Sataloff, 2014). With their auditory function partially restored with CIs, prelingually deafened children still face challenges in their speech production (Uchanski and Geers, 2003; Yang et al., 2015, 2017a; Yang and Xu, 2017).

Pitch information is not adequately coded in the contemporary envelope-based speech processing strategies in which fixed-rate electrical stimulations delivered to a small number of CI electrodes result in poor pitch perception in CI users (Wilson and Dorman, 2008; Xu and Zhou, 2011). At present, numerous studies have reported that there are considerable deficits in Mandarin tone recognition for CI children (see Tan et al., 2016; Chen and Wong, 2017; Liu et al., 2017 for reviews). For example, Zhou et al. (2013) and Mao and Xu (2017) reported that CI children achieved Mandarin tone recognition of 67.3 to 82.3% correct, whereas their normal-hearing (NH) counterpart obtained > 95% correct. The inadequate tonal information since childhood is likely to make tone production problematic in the speech development of those CI children who use Mandarin Chinese as their mother tongue. Several previous studies with relatively small sample sizes have found that the tone production ability of Mandarin-speaking pediatric CI users was significantly poorer compared with NH children at a similar age range (Wei et al., 2000; Peng et al., 2004; Xu et al., 2004, 2011; Han et al., 2007; Zhou et al., 2013; Tang et al., 2019). Peng et al. (2004) reported tone production accuracy in 30 CI children aged between 6.0 and 12.5 years old based on the subjective judgment of NH adults. The average tone production accuracy was only 53.1% correct. Zhou et al. (2013) also reported that tone intelligibility was only 46.8% correct for their 76 CI children with an age range of 2.4–16.2 years old. A common finding by these studies was that these CI children had tremendous individual variability in tone production ability and that their tone production was distributed from the chance level to near-perfect performance.

With the increasing number of prelingually deaf children who have received cochlear implantation in China in the past decades, it is of great importance to explore their vocal tone ability using a more objective way of evaluation. In our previous studies (Xu et al., 2007; Zhou et al., 2013; Mao et al., 2017), we used an artificial neural network to evaluate the tone production ability of children with CIs. The artificial neural network yielded an objective and efficient way to assess tone production ability; however, it could not reveal what the deficits in tone production were in CI children. Acoustic analyses might be of great value in pinpointing such deficits. Barry and Blamey (2004) proposed a method of acoustic analysis to assess Cantonese tone production. Zhou and Xu (2008) modified this method and applied it in Mandarin tone production evaluation of CI children. This acoustic method was based on the F0 contours of the produced tone tokens. In particular, the onset and offset frequencies of the F0 contours were extracted, and the tonal ellipses were generated over the scatter plots of the F0 onset versus F0 offset values. The spread and degree of overlap among tonal ellipses were quantified by a series of acoustic indices to reflect various aspects of the tone production ability. In a recent study, Tang et al. (2019) examined the F0 contours of tone tokens produced by prelingually deafened children with CIs. The authors quantified tone production accuracy based on the curvature of the F0 contours. In the 72 pediatric CI users, those who received CIs between 1 and 2 years of age demonstrated near-normal tone contours, whereas all other CI children’s tone patterns tended to be flattened (Tang et al., 2019).

In the present study, we recruited a large cohort of prelingually deafened children with CIs (N = 278) and age-matched NH children (N = 173). A modified acoustic analysis method was developed and used to evaluate the tone production skills of the children. The purpose is to verify the effectiveness of this modified acoustic analysis method in the evaluation of tone production of pediatric CI users and to explore the different tone-production characteristics of the hearing-impaired group from those of the NH group. Correlational analyses were implemented between several demographic factors of the CI group and the acoustic indices obtained by our modified method in the present study. In addition, a generalized linear model (GLM; Song et al., 2013) was also used to explore further the effects of demographic factors on tone production performance.



MATERIALS AND METHODS


Subjects

A total of 278 prelingually deafened, Mandarin-speaking children were recruited to participate in the present study. The inclusion criteria were as follows: (1) prelingual sensorineural hearing loss, (2) bilateral severe to profound hearing loss (≥85 dB HL) and implanted unilaterally, (3) limited or no hearing aid use experiences before CI implantation, (4) chronological age was >2 years old, (5) the age at implantation was <12 years old, (6) using Mandarin as the mother tongue or the rehabilitation language, and (7) hearing impairment was the only health problem. In this CI group, there were 152 boys and 126 girls, ranging in chronological age from 2.13 to 19.04 (mean ± SD: 6.64 ± 3.46) years old, the age at implantation was from 0.50 to 11.02 (3.38 ± 2.25) years old, and the CI use duration was from 0.14 to 11.20 (3.26 ± 2.64) years.

As the control group, 173 Mandarin-speaking NH children from kindergartens and primary schools with ages between 2.28 and 12.51 (6.83 ± 2.85) years old were recruited in the present study. The parents reported the NH status. In the NH group, there were 94 boys and 79 girls. The mean chronological ages of these two groups were not statistically different (t-test, t = 0.479, p > 0.05). The use of human subjects was reviewed and approved by the Institutional Review Board of Ohio University.



Test Materials

Eighteen monosyllables (i.e., bei, bi, chi, chuang, deng, hu, jian, mao, mi, qiang, san, shu, tang, tu, wa, wu, ye, and yu) in Mandarin Chinese were selected as the targets. Each monosyllable was assigned two tones to make up a tone contrast. Therefore, the test materials consisted of 36 Chinese words (a complete list of the 36 words can be found in Han et al., 2009). All the 36 words were at the vocabulary level of young children and were used in previous studies (Han et al., 2009; Zhou et al., 2013). Each of the tone contrasts (i.e., tone 1 vs. 2, tone 1 vs. 3, tone 1 vs. 4, tone 2 vs. 3, tone 2 vs. 4, and tone 3 vs. 4) had three pairs of monosyllabic words, and each tone type (i.e., tone 1, tone 2, tone 3, and tone 4) had nine monosyllabic words, thus making it balanced among the number of monosyllabic words for tone contrasts or tone types.



Test Procedure

The test was conducted in a sound-treated room. The 36 test words were presented to the subjects in the form of cards used to elicit vocal production. Each card displayed a picture illustrating the meaning of the target word, the Chinese character, and the corresponding Pinyin (i.e., an alphabetic form indicating the pronunciation of the Chinese character). The experimenter first explained the test requirements to the subjects to make sure they understood the tasks. A recorder microphone was then placed in front of the subjects with a distance of approximately 10 cm from the subject’s lips. With the help of test cards, the experimenter guided the subjects to speak out the target words, which were recorded at a sampling rate of 44.1 kHz and an amplitude resolution of 16 bits.



Acoustic Analysis

An autocorrelation algorithm was used to extract the F0s of each produced tone token (Xu et al., 2006, 2007; Zhou et al., 2008). The F0 contours were then drawn on a narrowband spectrogram for accuracy comparison. Occasionally, there were some errors in the extracted F0 contours, which, for a large part, were doubling and halving errors. Those errors were corrected manually on the spectrogram.

To eliminate the impact of individual vocal pitch on the differentiability of the four tones when the data were pooled together across all subjects, the F0 data were normalized subject by subject. The normalization algorithm was as follows: (1) we took the mean F0 of all tokens in tone 1 of one subject and called it M, (2) all F0 data of this subject was converted to semitones based on the equation below, and (3) the normalization was then applied for all subjects in both groups.

[image: image]

In Zhou and Xu (2008), the F0 onset and offset of the F0 contours were extracted, and four tonal ellipses based on the four scatter plots of F0 onset versus F0 offset data of the four tones were defined. The center of the ellipses was the center of the scatter distribution, and the major and minor axes of the ellipses were of two standard deviations (SDs) of the distribution in length. Three acoustic indices were calculated based on the tonal ellipses. Index 1 was defined as the ratio of the area of quadrangle formed by joining the centers of the four tonal ellipses relative to the averaged area of the four ellipses. Index 2 was defined as the ratio of the averaged distance of the centers of the four tonal ellipses from each other relative to the averaged lengths of the two axes for four Mandarin tonal ellipses. Index 3 was the averaged proportion of the number of points of a specific tone inside that specific tonal ellipse. The three indices were found highly correlated with each other, with all correlation coefficients >0.94. In the present study, we modified these indices into two features: tone differentiability and tone hit rate. In addition, besides the two endpoints on the F0 contours, we also incorporated the middle point of the F0 contours in our computation to capture potentially distinctive characteristics of tone contour, which could be especially meaningful for tone 3 (Tupper et al., 2020). This latter method was referred to as the three-dimensional (3D) method to differentiate it from the 2D method that used the F0 onset and offset values only in the present study.


Tone Differentiability

We modified the algorithm of the Index 1 and Index 2 from Zhou and Xu (2008) for tone differentiability and decomposed it into the differentiable degree of each tone contrast (i.e., tone 1 vs. 2, tone 1 vs. 3, tone 1 vs. 4, tone 2 vs. 3, tone 2 vs. 4, and tone 3 vs. 4). Taking different tones 1 vs. 2 as an example, our algorithm was as follows: assuming Ai represented the intersected area of tonal ellipse 1 and tonal ellipse 2, A1 and A2 represented the area of tonal ellipse 1 and tonal ellipse 2, respectively. Then, the differentiability between tone 1 and tone 2 was calculated using the following equation:
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The differentiability in the 3D method was calculated similarly except that the area of ellipses was changed to the volume of ellipsoids. The center of a tone ellipsoid was placed at the means of the distributions of F0 onset, middle, and offset values of a particular tone and the principal semiaxes were equal to two SDs of the distributions. Tone differentiability became percentage data so that it was more intuitive than the previous index values.



Tone Hit Rate

The algorithm of tone hit rate was similar to that of Index 3 in the Zhou and Xu (2008) study. For example, the hit rate of tone 1 was defined as the number of points with tone 1 as the target inside tonal ellipse 1 (or ellipsoid 1) divided by the number of all points (i.e., all tones) inside tonal ellipse 1 (or ellipsoid 1), which was technically the proportion of the points of tone 1 inside tonal ellipse 1 (or ellipsoid 1). In the present study, the proportions of the points of tones 2, 3, and 4 inside tonal ellipse 1(or ellipsoid 1) were also separately calculated to display the hit-rate data in the form of a confusion matrix. The compilation of a hit-rate confusion matrix, which was not conducted in the previous study (Zhou and Xu, 2008), might further provide insight into tone production deficits in prelingually deafened children with CIs.



Statistical Analyses

The calculated indices in the present study for tone differentiability and hit rate were percentage data and were arcsine transformed before statistical analyses, as the percentage data were not recommended to analyze directly due to the heterogeneous variance. Arcsine transformation was a way to homogenize the variance, making the data more suitable for ANOVA or other statistical analyses (Studebaker, 1985). A two-way ANOVA was conducted to explore the effects of hearing status (i.e., NH or CI) and methods used (i.e., 2D method or 3D method) on the averaged tone differentiability, as well as the averaged tone hit rate. The possible interactions between the main factors were also examined in each two-way ANOVA. A one-way repeated-measures ANOVA was adopted to assess the possible effects of tone types (i.e., tone 1, tone 2, tone 3, or tone 4) on tone hit rate, as well as the effect of tone contrasts (i.e., tone 1 vs. 2, tone 1 vs. 3, tone 1 vs. 4, tone 2 vs. 3, tone 2 vs. 4, and tone 3 vs. 4) on the tone differentiability. In addition, Pearson correlational analyses were conducted for the potential relationship between averaged tone differentiability and hit rate and between the 2D and 3D methods. Pearson correlational analyses were also implemented to examine whether these acoustic indices (tone differentiability and hit rate) were correlated with any of the demographic factors, including age at implantation, chronological age, and CI use duration. In addition, GLM analyses were implemented to examine further the combined contributions of these demographic factors. As chronological age was actually a linear combination of the other two factors (i.e., the sum of age at implantation and duration of CI use), this factor was thus excluded in the GLM. Therefore, the GLM analyses explored the effects of age at implantation, CI use duration, and the interaction of these two main factors on tone production performance.



RESULTS


Tone Production Performance in Normal-Hearing and Cochlear Implant Groups

Figure 1 illustrated the tonal ellipses of the two groups based on the 2D method (upper panels) and four representative subjects from either group (lower panels). The representative subjects were randomly selected, one from each quartile of the differentiability score, in respective groups. The boundaries of the four tonal ellipses in the NH group were relatively clearly separated. For tone 1, both F0 onset and offset were relatively high. Thus, the points were mainly located in the upper left quadrant of the scatter plot. For tone 2, the F0 onset was low, and the offset was high, and the data points were mainly located in the upper right quadrant. For tone 3, the heights of both F0 onset and offset were the lowest, making the data points located in the lower-left quadrant. For tone 4, the F0 onset was high, and the offset was low; thus, the corresponding points were located in the lower-right quadrant. Hence, the four ellipses of the NH group were differentiable from each other. However, for the CI group, the scattered F0 data points of the four tones were overlapped with each other to a greater extent. At the individual levels, it was difficult to distinguish some of the tone categories from each other except for the very best performers in the CI group (Figure 1).
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FIGURE 1. Tone ellipses based on F0 onset and offset values (2D method). Upper panels: Tone ellipses of the NH (left) and CI (right) groups. Each symbol represents the mean data of one subject. Lower panels: Tone ellipses of individual representative subjects. For either NH or CI group, four subjects were randomly selected based on their mean tone differentiability scores in the interval of 75th–100th, 50th–75th, 25th–50th, and 0–25th quantiles in the respective groups. Mean differentiability score is displayed in the lower right corner. Each data point represents a pair of F0 onset–offset values of a produced token. Four different colors represent four different tone types, as indicated in the legend.


Figure 2 shows the tonal ellipsoids based on the 3D method of the two groups and four representative subjects from either group (lower panels). The representative subjects were randomly selected, one from each quartile of the differentiability score, in respective groups. Like the 2D method, the boundaries of the four tonal ellipsoids in the NH group were relatively clearly separated. The four ellipsoids representing the four tones had their own unique positions in a 3D space and were spatially differentiable from each other. However, the four ellipsoids in the CI group were overlapped with each other to a great degree and were not separable spatially as a whole. At the individual levels, some of the better performers in the CI group showed well-differentiated tonal ellipsoids, and their differentiability scores surpassed those of the poorer performers in the NH group.
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FIGURE 2. Tone ellipsoids based on F0 onset, midpoint, and offset values (3D method). Upper panels: Tone ellipsoids of the NH (left) and CI (right) groups. Each symbol represents the mean data of one subject. Lower panels: Tone ellipsoids of individual representative subjects. For either NH or CI group, four subjects were randomly selected based on their mean tone differentiability scores in the interval of 75th–100th, 50th–75th, 25th–50th, and 0–25th quantiles in the respective groups. Mean differentiability score is displayed on the lower right corner. Each data point represents F0 onset–midpoint–offset values of a produced token. Four different colors represent four different tone types as indicated in the legend.




Differentiability of Tone Production in Normal-Hearing and Cochlear Implant Groups

The tone differentiability score was computed for each subject to quantify the differentiability of tone contrast in the production. The upper panel of Figure 3 shows the differentiability of each tone contrast based on the 2D method. For the NH group, the differentiability between tone 2 and tone 3 (i.e., contrast tone 2 vs. 3) was the lowest, followed by tone 1 vs. 2 and tone 1 vs. 3. As for the CI group, the differentiability between tone 2 and tone 3 was also the lowest, followed by tone 1 vs. 3 and tone 1 vs. 2. With the 3D method (Figure 3, lower panel), the lowest differentiability was found in tone 2 vs. 3 again for both groups, but there were only minor differences among the other five tone contrasts (i.e., tone 1 vs. 2, tone 1 vs. 3, tone 1 vs. 4, tone 2 vs. 4, and tone 3 vs. 4).
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FIGURE 3. Tone differentiability of the six tone contrasts, as well as the average differentiability, based on the 2D method (upper panel) and 3D method (lower panel). Black and gray bars represent the NH and CI groups, respectively. The error bars stand for 1 standard deviation.


A two-way ANOVA showed significant main effects of both subject group (F = 490.41, p < 0.001) and method used (F = 180.68, p < 0.001). Additionally, the interaction between these two factors was not significant (F = 0.28, p = 0.595). A one-way repeated-measures ANOVA was adopted under each method condition to evaluate further the effects of different tone contrasts on differentiability. For both groups, the one-way repeated-measures ANOVA showed significant differences among the six tone contrasts under both methods (all p < 0.001). For the 2D method, post hoc comparisons indicated that tone 2 vs. 3 yielded the lowest differentiability score, whereas tone 1 vs. 4 and tone 2 vs. 4 produced higher differentiability scores. For the 3D method, the differentiability score for tone 2 vs. 3 was significantly lower than those of all other tone contrasts.



Hit Rate of Tone Production in Normal-Hearing and Cochlear Implant Groups

Figure 4 shows the confusion matrices of the calculated tone hit rates. A two-way ANOVA revealed significant main effects of both subject group (F = 499.26, p < 0.001) and method used (F = 145.08, p < 0.001). The interaction between these two factors was not significant (F = 2.98, p = 0.084). A one-way repeated-measures ANOVA was performed under each method to evaluate further the effects of different tone types on hit rate. For both groups, the one-way repeated-measures ANOVA revealed significant differences among the four tone types under both methods (all p < 0.001). For both NH and CI groups, post hoc comparisons indicated that different hit rates among tone types were mainly due to the significantly higher hit rates of tone 1 and tone 4.
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FIGURE 4. Tone hit-rate confusion matrices of the two groups based on the 2D (upper panels) and 3D methods (lower panels). Data were averaged values of all subjects in each group. For each panel of 4 × 4 cells, the columns represent the tone categories defined by the tonal ellipses or the tonal ellipsoids (i.e., within the tonal ellipses or ellipsoids), whereas the rows represent the target tone categories. Value in the cell of row i and column j is the proportion of target tone i inside tonal ellipse (or ellipsoid) j (i = 1, 2, 3, or 4; j = 1, 2, 3, or 4).




Correlational and Generalized Linear Model Analyses

Pearson correlations were performed between the averaged tone differentiability and hit rate and between 2D and 3D methods. The averaged tone differentiability used here was the average tone differentiability across all six tone contrasts, and the averaged hit rate here was the average value along the diagonal line in the confusion matrix. Figure 5 shows these correlational analyses for the NH and CI groups. The differentiability scores and the hit rates in both NH and CI groups were highly correlated for both 2D and 3D methods (Figure 5, upper panels). In addition, the differentiability scores derived from the 2D and 3D methods were highly correlated with each other (Figure 5, lower left panels). Likewise, the hit rates derived from the 2D and 3D methods were also highly correlated with each other (Figure 5, lower right panels). Note that all these correlations depicted in Figure 5 were statistically highly significant (all p < 0.0001).
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FIGURE 5. Upper panels: Correlation between averaged tone differentiability and tone hit rate in the 2D (left) and 3D methods (right). Lower panels: Correlation between the 2D and 3D methods in tone differentiability (left) and hit rate (right). In each panel, each symbol represents one subject. Red open symbols represent subjects in the CI group, and the filled blue symbols represent subjects in the NH group. Red and blue lines are the linear fit of the CI and NH group data, respectively. Correlation coefficient r and the corresponding p-value for the CI group are shown on the upper left corner, and those for the NH group are shown in the lower right corner.


Pearson correlations were also performed between demographic factors of the CI group (i.e., age at implantation, chronological age, and CI use duration) and acoustic indices (i.e., tone differentiability and hit rate) under both 2D and 3D method conditions. Under both method conditions, age at implantation was significantly negatively correlated with tone differentiability but not correlated with the hit rate. Chronological age was significantly positively correlated with hit rate but not correlated with tone differentiability, whereas CI use duration was significantly positively correlated with both tone differentiability and hit rate. The corresponding correlation coefficients r and p values are summarized in Table 1. Note that these three demographic factors were not independent of each other. Chronological age was equal to the sum of age at implantation and duration of CI use. Thus, we should interpret these correlations with caution. Although these correlational analyses reveal some significant correlations, the absolute values of the correlation coefficients were small, ranging from 0.165 to 0.343. Note also that the p-values in Table 1 are not corrected for multiple comparisons. If we had performed multiple comparisons with Bonferroni correction, then only the correlations related to the duration of CI use would be significant at p < 0.05.


TABLE 1. The correlation coefficients r and p values under both Method conditions.

[image: Table 1]Age at implantation and duration of CI use was further subject to GLM analyses (Table 2). In these analyses, the duration of CI use but not age at implantation showed significant effects on tone production performance (tone differentiability and hit rate) under both 2D and 3D methods (all p < 0.0001). Although the age at implantation was not a significant predictor of tone performance, the interaction of these two factors did play a significant role in the tone production performance of the CI children. The R2 in the GLM was between 0.154 and 0.189, with both ages at implantation, duration of CI use, and their interactions in the model. These results indicated that age at implantation and CI use duration could jointly explain approximately 15 to 19% of the total variance for the tone production outcomes.


TABLE 2. Results of the GLM analyses.
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DISCUSSION

The present study examined the acoustic properties of tone production in a large group of prelingually deafened children with CIs (N = 278). A large group of age-matched children with NH (N = 173) was also included as controls. Many acoustic features, such as duration, amplitude contour, and spectral envelope, are associated with lexical tones; however, F0 was the most important acoustic correlate for tones (Xu and Zhou, 2011; Yang et al., 2017b). Based on the F0 data, two methods (2D and 3D) were developed to quantify tone differentiability and tone hit rate of the tone production. Results showed that the 3D method produced consistently higher scores than the 2D method in both tone differentiability and tone hit rate. The children with CIs had much lower scores in tone differentiability and hit rate than the NH children. Tone differentiability in the children with CIs revealed that tone contrast in tone 2 vs. 3 yielded the lowest scores. Tone hit rate revealed that the production of tones 2 and 3 was most often confused with each other in the children with CIs. Both acoustic measures (i.e., average tone differentiability and tone hit rate) showed a weak correlation with duration of CI use, whereas the average tone differentiability showed a weak correlation with the age of implantation. Later, we compare the acoustic findings of the two methods (2D and 3D) and then discuss the tone production proficiency of prelingually deafened children with CIs related to the demographic factors.

There are various ways to evaluate different aspects of Mandarin tone characteristics (e.g., Tupper et al., 2020). Zhou and Xu (2008) used the F0 onset and F0 offset of the F0 contour to analyze the produced tones acoustically. Their methods calculated a series of acoustic indices to assess the overall differentiability among tone types and averaged the hit rate of tones. The present study extended Zhou and Xu (2008) study by expanding the 2D dataset to a 3D dataset, modifying the algorithms of acoustic indices, and greatly enlarging the sample size of the subjects. In Zhou and Xu (2008) study, both Index 1 and Index 2 reflected the overall differentiability among the four tones and significantly correlated with each other (r = 0.94, p < 0.001). Therefore, there might be some degree of redundancy. In the present study, we modified the algorithm for tone differentiability. We scaled this index into percentage data (see Methods for details) to make the index more intuitive. Our modification also allowed us to derive tone contrast differentiability scores. For the tone hit rate, we basically followed the Zhou and Xu (2008) algorithm but further measured the hit rate for each of the four tones rather than just the averaged hit rate. These results were shown in the form of confusion matrices. Another innovation of the present study was that the acoustic indices were calculated based on both 2D and 3D methods, thus making it possible to explore whether the 3D method would better highlight the distinctive characteristics of the tone production of CI children from their NH peers. We expected that the 3D method would improve the scores of the NH group but not the CI group compared with the 2D method, as pediatric CI users tended to produce flat tone contours (Xu et al., 2004; Tang et al., 2019), and the introduction of the middle point of F0 contour would not make any differences on flat tone contours. However, our results showed that the 3D method also improved the scores of the CI group similarly to the NH group (see Figures 3, 4). Further analyses showed that, although the scores of the 3D method were highly correlated with those of the 2D method, the amount of improvement of the 3D method over the 2D method varied greatly (Figure 5). Note that there were extreme cases in which a small proportion of subjects in the CI group either improved as much as >30 percentage points or decreased in scores with the 3D method compared with the 2D method. The two types of extreme cases indicated that errors in tone production might occur at different time segments in the F0 contour. Therefore, the 2D method, combined with the 3D method, might provide useful information to guide the tone rehabilitation process for the hearing-impaired children with CIs.

Through the two-way ANOVA, the two main effects [i.e., (1) NH and CI groups and (2) 2D and 3D methods] on tone differentiability were highly significant. These results indicated that the overall tone differentiability of NH children was significantly better than that of children with CIs and that the 3D method yielded significantly higher tone differentiability scores than the 2D method. It was likely that the 2D method might have underestimated the differentiability among tones, as only two data points (F0 onset and offset) of the F0 contour were used. In addition, we found that no matter what method it was based on, the differentiability of tone 2 vs. tone 3 was always the lowest, both for NH and CI groups. Interestingly, this finding was quite similar to the results of our previous tone-perception study in children with CIs (Mao and Xu, 2017); that is, the recognition rate of the tone 2 vs. tone 3 contrast was the lowest among the six tone contrasts. In addition, the differentiability scores derived from the 3D method were more similar to the absolute values of tone-recognition performance of the six tone contrasts for both NH and CI children. This finding implied that auditory perception was likely to play a decisive role in the acquisition of tone production and that the 3D method might be more precise in reflecting the true tone differentiability.

For tone hit rate, it was observed that the two main effects [i.e., (1) NH and CI groups and (2) 2D and 3D methods] on tone hit rate were also significant. These results illustrated that the averaged hit rate of the NH group was significantly higher than that of the CI group, and the averaged hit rate calculated based on the 3D method was significantly higher than that based on the 2D method. Under either method, the error pattern of tone production was similar to the tone-perception error pattern, except that the values of the diagonal in the tone-production matrices (Figure 4) were, in general, lower than that of the tone-perception matrices (Mao and Xu, 2017). Confusion of tone 2 and tone 3 with each other was the most prominent error for both NH and CI children. This was consistent with the findings for tone differentiability. Several earlier studies had found that the F0 contours of the four tones produced by pediatric CI users tended to be flat (Xu et al., 2004; Tang et al., 2019). This may be largely related to pitch perception deficits in CI users. Therefore, when CI children do not perceive the F0 contours of all tone types, their production tends to be flat with little pitch variation across the duration of the syllables. The flat pitch production was exacerbated when prelingually deafened children with CIs were asked to sing a song (Nakata et al., 2006; Xu et al., 2009; Mao et al., 2013), although some of them can achieve normal pitch production after rigorous, long-term training (Yang et al., 2019).

The present study analyzed the potential relationships within the acoustic indices. Not surprisingly, the average tone differentiability scores and the average hit rate were highly correlated for both groups (Figure 5, upper panels), similar to the findings among different indices in Zhou and Xu (2008) study. Although these two metrics were highly correlated, they provided insights into different aspects of tone production. Tone differentiability focused on the tone contrast, whereas the hit rate allowed us to construct the tone confusion matrix. For both acoustic measures, the scores between 2D and 3D methods were also highly correlated in both groups (Figure 5, lower panels). In the CI group, the 3D method yielded scores, on average, 16.6 and 13.6 percentage points higher than those of the 2D method for tone discrimination and hit rate, respectively. The higher scores produced by the 3D method might correspond more closely to the tone-perception outcomes of the CI children (Mao and Xu, 2017). However, the strong correlation between the scores of the 2D and 3D methods suggests that the simpler, 2D method might be efficient in clinical practice, whereas the 3D method might provide complementary information for an acoustic assessment of lexical tones.

There is abundant evidence showing that tonal ability of pediatric CI users is correlated with age at implantation or device use duration (Peng et al., 2004; Han et al., 2007, 2009; Lee et al., 2010; Xu et al., 2011; Zhou et al., 2013; Li et al., 2017; Mao and Xu, 2017; Tang et al., 2019), although the literature is not always consistent on the contributions of these two predictors. For example, Peng et al. (2004) and Tang et al. (2019) found that age at implantation was the only significant predictor for tone production, whereas Han et al. (2007) revealed that CI use duration also significantly predicted the tone production ability. For tone perception, several studies showed that age at implantation exerted a weak effect on CI users’ tone perception ability, whereas the duration of CI use seemed to be a more robust predictor (Zhou et al., 2013; Li et al., 2017). An earlier study by Wong and Wong (2004) did not show any correlations of Cantonese tone identification with either implantation age or duration of CI use. However, more recent evidence encouraged early implantation for children with severe to profound sensorineural deafness for tonal ability rehabilitation (Peng et al., 2004; Han et al., 2007, 2009; Lee et al., 2010; Xu et al., 2011; Zhou et al., 2013; Li et al., 2017; Mao and Xu, 2017; Tang et al., 2019). Our results from the present study with a fairly large sample of subjects showed that duration of CI use was a significant predictor for both tone differentiability and hit rate, whereas age at implantation and chronological age seemed to be the weaker predictors, as they were only correlated with one of the indices (Table 1). Some of our CI participants who were implanted at an earlier age happened to be at a younger chronological age at the test, which could counteract part of the benefit of earlier implantation. The GLM analyses demonstrated that in the presence of duration of CI use, the effect of age at implantation was not manifested, but it had a significant interaction with a duration of CI use, and jointly, these two factors accounted for approximately 15–19% of the total variance of tone production performance of the CI children. Interestingly, for tone perception ability, earlier evidence had shown that these two variables could jointly explain approximately 50% of the outcome variance (Xu and Zhou, 2011). The difference of more than 30% of the variance interpretability between perception and production by the temporal factors might reside in the differences in the time course of development of perception and production, among other non-temporal factors. Generally, our results illustrated that persistent CI use might play a key role in developing vocal production of Mandarin tones for those implanted children. Besides lexical tone-related aspects, previous studies also supported the persistent use of CI devices for the music-related development of pediatric implantees (Yucel et al., 2009; Chen et al., 2010; Mao et al., 2013). The effects of duration of use could be attributed to their maturity, persistent training and learning, and increased experiences with time. Overall, our results supported early implantation and continual use of CI devices in the tone rehabilitation process of pediatric CI users. It is noteworthy that, compared with the NH peers, the children with CIs might still demonstrate deficits in tone production even after prolonged use of the devices despite the significant progress in CI technology in recent years.



CONCLUSION

The present study modified a previous 2D method and developed a new 3D method to assess lexical tone production in children with CIs. Two acoustic measures (i.e., tone differentiability and hit rate) were derived from the 2D and 3D methods. With a relatively large sample size, our results confirmed that the tone production ability of the CI children was significantly inferior to that of the normally developed children in both tone differentiability and hit rate. The scores obtained with the 2D and 3D methods were highly correlated, suggesting that the simpler, 2D method would be efficient in capturing the main acoustic characteristics of tone production and might be more practical for clinical assessment of lexical tone production. However, the 3D method might provide complementary information for the tone production deficits when combined with the 2D method. The tone differentiability and hit rate, although capturing different aspects of tone production, were also highly correlated with each other. Age at implantation and especially the duration of CI use were important predictors for tone-production ability but could only account for 15 to 19% of the variance. Other factors such as rehabilitation or training on tone production, mother’s education, children’s IQ, residual hearing, etc., should be explored in future studies of tone development in prelingually deafened children with CIs.
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Cochlear implants (CI) improve hearing for the severely hearing impaired. With an extension of implantation candidacy, today many CI listeners use a hearing aid on their contralateral ear, referred to as bimodal listening. It is uncertain, however, whether the brains of bimodal listeners can combine the electrical and acoustical sound information and how much CI experience is needed to achieve an improved performance with bimodal listening. Patients with bilateral sensorineural hearing loss undergoing implant surgery were tested in their ability to understand speech in quiet and in noise, before and again 3 and 6 months after provision of a CI. Results of these bimodal listeners were compared to age-matched, normal hearing controls (NH). The benefit of adding a contralateral hearing aid was calculated in terms of head shadow, binaural summation, binaural squelch, and spatial release from masking from the results of a sentence recognition test. Beyond that, bimodal benefit was estimated from the difference in amplitudes and latencies of the N1, P2, and N2 potentials of the brains’ auditory evoked response (AEP) toward speech. Data of fifteen participants contributed to the results. CI provision resulted in significant improvement of speech recognition with the CI ear, and in taking advantage of the head shadow effect for understanding speech in noise. Some amount of binaural processing was suggested by a positive binaural summation effect 6 month post-implantation that correlated significantly with symmetry of pure tone thresholds. Moreover, a significant negative correlation existed between binaural summation and latency of the P2 potential. With CI experience, morphology of the N1 and P2 potentials in the AEP response approximated that of NH, whereas, N2 remained different. Significant AEP differences between monaural and binaural processing were shown for NH and for bimodal listeners 6 month post-implantation. Although the grand-averaged difference in N1 amplitude between monaural and binaural listening was similar for NH and the bimodal group, source localization showed group-dependent differences in auditory and speech-relevant cortex, suggesting different processing in the bimodal listeners.

Keywords: cochlear implant, hearing aid, electroencephalography, auditory evoked potentials, source localization, speech recognition, bimodal benefit, auditory rehabilitation


INTRODUCTION

Cochlear implants (CI) are hearing prostheses that bypass defective sensory hair cells in the cochlea, allowing individuals with severe to profound sensorineural hearing loss to regain much of their hearing. As CI technology and surgical approaches have advanced, many patients with residual hearing in their opposite ear qualify for implantation. Thus today the bimodal group with electrically aided hearing in one ear and acoustically-aided hearing in the opposite ear represents the largest group of CI users (Holder et al., 2018). Beyond the fact that the better ear may change depending on the position of target and noise sources, and that bimodal fitting allows use of the ear that is best in any given situation, bimodal listening is expected to provide additional binaural benefits.

Binaural benefits are especially noticeable in challenging acoustic conditions, for instance when speech recognition is impeded by the presence of background noise. Normal hearing listeners (NH) are known to benefit from several binaural effects which have been well quantified in audiometric tests. These include: head shadow (HS), binaural summation (SU), binaural squelch (SQ), and spatial release from masking (SRM) (Bronkhorst and Plomp, 1988, 1989, 1990). Behavioral studies have investigated the amount of binaural benefit that exists in bimodal listeners, but results appear to be controversial (Schafer et al., 2011) and outcomes even include binaural interference, or worsening in comparison to hearing with the CI alone (Illg et al., 2014; Reiss et al., 2016). This may apply all the more so, since many CI listeners use hearing aids (HA) that are unsynchronized with and sometimes fitted independently of the CI. Thus, it is uncertain whether bimodal listeners benefit from a contralateral HA and which factors, either patient-based or provision-based, promote these benefits. In the current study, the CI was seen as the major channel for speech recognition, and we intended to explore whether addition of a HA posed a benefit. Therefore, all binaural benefits were calculated relative to monaural listening with the CI.

Audiometric binaural benefits have been investigated extensively in NH (Bronkhorst and Plomp, 1988, 1989, 1990), whereas objective measures are less well established, but should show as a difference in brain activity for conditions where a binaural effect on speech recognition is known to exist. Multichannel electrical recording (EEG) of auditory evoked potentials (AEP) can capture brain activity non-invasively. This method is compatible with CI use and time-sensitive enough to follow the rapid processing of speech signals (Balkenhol et al., 2020). Hence, responses evoked by monaural stimulus presentation can be directly compared to binaural presentation. Furthermore, comparing AEP traces and behavioral binaural effects for NH listeners, and potential discrepancies for bimodal listeners, may shed light on similarities as well as differences and on their behavioral relevance.

First aim of the current study was to describe AEP traces collected during monaural electrical and bimodal listening and to explore potential differences. In this context, AEP derived from NH listeners served as a template with which to compare the brain’s response in bimodal listeners. Some studies have investigated the effects of monaural vs. binaural presentation of auditory stimuli for NH (Henkin et al., 2015; Papesh et al., 2015), and one group performed initial studies on pure tone reception for bimodal listeners (Sasaki et al., 2009). In the current study monosyllable words and their time-reversed acoustic traces were presented monaurally and binaurally within speech-shaped noise. A spatial signal-to-noise constellation, which is known to be associated with a brain-mediated binaural benefit, but at the same time is practicable with monaural CI listening was used. Speech was delivered from the front (S0) and the noise source faced the HA ear (NHA).

Secondly, a related question was to explore whether brain plasticity in the course of adaptation to bimodal hearing plays a role. Obtaining a binaural benefit in the spatial S0NHA constellation requires combining the information from both ears in the central auditory system (Schafer et al., 2011). Therefore changes in the AEP are expected during acclimatization to bimodal hearing. This should be evidenced by a change in the differences between monaural and binaural responses recorded shortly after switch-on of the CI compared to those recorded after an extended time of CI experience. As variability is large in the CI group, this comparison requires repeated measurements for the same subjects. We previously showed that the obligatory N1 and P2 deflections of the brain’s AEP response approximated those of NH listeners within the first months of CI experience for binaural presentations, whereas the later event-related N2 potential did not show this effect (Balkenhol et al., 2020). Here we want to explore, whether differences exist between monaural and binaural responses, and whether these differences change with CI experience in the bimodal listeners.

Third aim of the study was to explore, whether monaural vs. binaural differences in the AEP correlate with binaural benefits evidenced by speech audiometry. If significant correlations exist, they could inform about aspects of the AEP response that may serve as an objective measure for binaural processing in bimodal listeners.

Taken together the present study explores whether bimodal listeners experience the same benefit that NH listeners experience, whether this needs time to develop, and whether potential differences in the AEP between monaural and binaural listening correlate with differences in behavioral performance.



MATERIALS AND METHODS


CI Participants

The study protocol was approved by the Institutional Review Board of the Medical Faculty of Mannheim at Heidelberg University (approval no. 2014-527N-MA). Prior to inclusion, each participant provided written consent for participation in the study, and in accordance with the Declaration of Helsinki. All participants were compensated for their visits.

Other aspects of the influence of CI experience in this group of CI users were described earlier (Servais et al., 2017; Wallhäusser-Franke et al., 2018; Balkenhol et al., 2020). Whereas previous reports focused on tinnitus (Servais et al., 2017), subjective perception of the improvement in auditory abilities (Wallhäusser-Franke et al., 2018), and the development of bimodal hearing (Balkenhol et al., 2020), the current report focusses on the difference between monaural hearing with the CI and bimodal hearing.

Between 2014 and 2017, study participants were recruited from the patients of the CI Center at the University Medical Center Mannheim. Inclusion criteria comprised first-time unilateral CI provision, a HiRes 90K implant as chosen by the patient, continued HA use for the other ear, aged between 18 and 90 years, and speaking German as mother tongue. All patients who fulfilled these criteria were approached for inclusion. Exclusion criteria were assessed during an initial interview (T1) and included: more than mild cognitive deficit, as assessed by the DemTect Test (Kalbe et al., 2004), and presence of an internal stimulator apart from the CI. The initial interview, study inclusion (T1), and pre-surgery examination (T2) took place on the same day, usually the day before surgery. Patients received a CI on their poorer ear, while HA use was continued on the other ear. The CI was switched on 2–3 weeks following implantation. Post-implantation assessments T3 and T4 were scheduled for 3 and 6 months post-implantation, respectively. At each assessment, study participants went through audiometric tests, filled out standardized questionnaires, and underwent EEG recordings.

Twenty-seven patients with hearing loss for both ears, who planned to undergo unilateral CI provision were screened. One was excluded because of an exclusion criterion, while 26 were included in the study. Reasons for premature termination of the study were implantation of the contralateral ear (2 subjects), presence of an exclusion criterion that had not been disclosed at inclusion (1 subject), too much effort (1 subject), or reasons were not disclosed (2 subjects). Data of another 5 participants were excluded because of left-handedness (1 subject), missing AEP data (1 subject), or because of significant worsening of the HA ear during the study (3 subjects). This resulted in 15 participants who contributed data toward the AEP analysis. For demographic details of this group see Table 1. All study participants were right-handed native German speakers and used the NAIDA Q70 speech processor. Prior to implantation, 80% used a HA on both ears (Table 1), whereas post-implantation all non-implanted ears were aided by auditory amplification.


TABLE 1. Participant characteristics.
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History of Hearing Loss

At inclusion, all CI participants could communicate verbally when using their HA. Six participants reported hearing problems since early childhood, while 9 had post-lingual onset of profound hearing impairment. On average, severe hearing impairment of the CI ear existed for half of the participants’ lifetime, while the HA ear had a shorter duration of hearing loss (Table 1). Etiology was unknown for 73%, was due to sudden hearing loss in 2 cases, and one case each of Meniere’s disease and Stickler Syndrome.



Normal Hearing Control Group

For each participant who completed the AEP measurement, a right-handed, age-, and sex-matched control with normal hearing was recruited. Control participants (NH) were recruited by word of mouth and from the employees of the University Medical Center Mannheim. Inclusion criteria were: German as native language, no past or present neurological, psychological or hearing problems and right handedness. NH underwent the same screening and undertook the same tests as the CI group. Data from one NH participant was not included because of poor AEP recording. Demographics for the 14 NH are presented in Table 1. Average hearing thresholds between 0.25 and 10 kHz for both ears of the 14 NH controls were 17.93 ± 10.32 dB.



Setup for Speech Audiometry and EEG Recordings

Experimental setup is described in detail in Balkenhol et al. (2020). Speech comprehension tests and EEG recordings were performed in a dimly lit sound booth shielded against electromagnetic interference (IAC Acoustics, North Aurora, IL, United States). Participants sat in a comfortable armchair and were observed via glass window and camera.

Speech stimuli were presented in soundfield from a loudspeaker (M-Audio Fast Track Ultra USB Audio Interface and a BX5 near field monitor loudspeaker by inMusic Brand, Cumberland, RI, United States) 1 meter in front of the participant (0° azimuth: S0). Noise came from the same loudspeaker or from one of the two loudspeakers (same brand) at ±90° azimuth. Sound pressure level was always calibrated before testing and with ±0.5 dB accuracy (Brüel & Kjær 2250 sound level meter, Naerum, Denmark) (Letowski and Champlin, 2014).


Speech Audiometry

Speech audiometry was performed as in Balkenhol et al. (2020). An overview on tests and listening conditions is given in Table 2. Tests were performed for the following monaural and binaural listening conditions: CI alone (monCI), HA alone (monHA), CI and HA in combination (binaural/bimodal). For all monCI, the HA was removed and the ear was masked with white noise at 65 dB SPL through an insert earphone (AKG K350; Harman International, Stamford, CT, United States; earplug: Grason-Stadler Inc., Eden Prairie, MN, United States). For monaural listening with the HA, the CI was removed. In NH the contralateral ear was masked in both monaural listening conditions in the same way as for monCI.


TABLE 2. Experimental conditions.

[image: Table 2]In all tests, speech was presented from the front (S0) by a male talker. Speech recognition in quiet was tested with the standard clinical German monosyllable test at 70 dB SPL (Freiburger Monosyllable Test or FBE: Hahlbrock, 1970; Löhler et al., 2014), and the adaptive version of a sentence test (Oldenburg matrix sentence test or OlSa: Wagener et al., 1999a,b, c). Speech recognition in speech-modulated noise (OlSa noise) was tested with the OlSa with noise delivered from the front (N0), from the speaker facing the CI (NCI), or the HA (NHA). While noise was constant at 60 dB SPL, speech level was changed adaptively starting from +10 dB SNR (signal to noise ratio). Listeners verbally repeated the word (FBE), or each word in a sentence (OlSa) as understood, and the experimenter entered the correct words. No feedback was given, lists were not repeated within sessions. FBE results comprised two lists of 20 words per listening condition with higher percentage indicating better speech recognition. For each test condition, twenty OlSa sentences were presented with the average calculated from the last ten sentences for 50% speech recognition in quiet (dB SRT) or the SNR needed for 50% correct comprehension in noise (dB SNR). Sequence of tests and lists was constant between participants and assessments but listening conditions were varied at random. While in the FBE higher values indicate better speech recognition, lower values in the OlSa are indicative of better speech recognition. Because monaural speech tests were not possible before implantation monaural vs. binaural comparisons are available only for the post-implantation assessments T3 and T4, and for NH.



Ear Dominance and Bimodal Benefit

The better ear, post-operatively, was determined for each speech test by subtracting the values obtained with monHA from the respective values with monCI. For a difference of more than 10% in the FBE, or 3 dB in the OlSa tests, aided hearing was defined as asymmetric and the better ear was determined. The 10% boundary for the FBE was chosen according to Müller-Deile (2009), the 3 dB boundaries for OlSa tests were derived from work by Litovsky et al. (2006).

Binaural benefits were calculated from OlSa tests as head shadow (HS), binaural summation (SU), binaural squelch (SQ), and spatial release from masking (SRM). All benefits were calculated relative to monaural listening with the CI ear. Calculations were carried out in such a way that binaural benefits will produce a positive value while binaural interference, i.e., worsening in the binaural condition, has a negative leading sign. Because lower values represent better speech recognition in OlSa tests, calculations derived from OlSa results were inverted. Calculations for NH were performed alike for monaural vs. binaural listening.

The binaural benefits HS, SU, and SQ were calculated from OlSa results according to Schleich et al. (2004). HS was calculated as follows:

HSmonCI = S0NCImonCI – S0NHAmonCI.                                                                                                                                (1)

Binaural loudness summation (SU) was calculated for speech presented in quiet (SUQ) and for speech presented with noise from the same source (SUN) in the following way:

SUQ = S0bin – S0monCI,                                                                                                                                                              (2)

SUN = S0N0bin – S0N0monCI.                                                                                                                                                  (3)

Binaural SQ was calculated for the condition with lateral noise contralateral to the monaurally active ear (Schleich et al., 2004), here the CI ear:

SQ = S0NHAbin – S0NHAmonCI.                                                                                                                                              (4)

This spatial signal to noise constellation is the same as the one used during EEG recordings (see section “EEG Recordings”). A measure of SRM was derived by subtracting speech recognition within lateral noise (S0NHA) from the condition of collocated speech and noise (S0N0) for monaural listening with the CI ear:

SRMmonCI = S0N0monCI – S0NHAmonCI                                                                                                                              (5)

and for binaural listening:

SRMbin = S0N0bin – S0NHAbin.                                                                                                                                             (6)

Normal distributions of auditory outcomes were checked with the Shapiro-Wilk test (Shapiro and Wilk, 1965) and by inspection of outcome distributions. Monaural vs. binaural comparisons for speech tests in quiet (FBE, OlSa S0) were tested for significance by planned comparisons with parametric (t values) or non-parametric tests (z values) depending on normality. Statistical significance of differences for speech recognition in noise were determined for T3 and T4 assessments, and for NH with 3 spatial conditions (S0N0, S0NCI, S0NHA) × 2 listening conditions (monaural, binaural) with repeated-measures ANOVAs by MATLAB’s Statistics and Machine Learning Toolbox (R2018a) (Mathworks, Natick, MA, United States). Because of small sample size, Greenhouse-Geisser adjustment was used to correct against violations of sphericity. Given that a significant main effect existed, post hoc two-tailed paired samples t tests were performed and corrected for multiple comparisons according to Tukey-Kramer. Whether bimodal HS, SU, SQ, and SRM effects differed significantly from zero was determined with one-sample t tests. To correct for multiple testing, Bonferroni-corrected significance limens equivalent to the p value that indicates a trend (+p < 0.1), a significant difference (∗p < 0.05), or a highly significant difference (∗∗p < 0.01) are given together with the uncorrected p value. Differences in HS, SU, SQ, and SRM between T3, T4, to NH were tested for significance with Dunnett’s multiple comparison test (Dunnett, 1955; Dunlap et al., 1981). Group means (Mean) together with their standard deviations (SD) are used throughout the text if not indicated otherwise. Correlation analyses for audiometric measures were performed with SPSS25 (SPSS/IBM, Chicago, IL, United States).



EEG Recordings

As described in Balkenhol et al. (2020) EEG was continuously recorded from 62 active Ag/AgCl surface electrodes arranged in an elastic cap (g.LADYbird/g.GAMMAcap; g.tec Medical Engineering GmbH, Austria) according to the 10/10 system (Oostenveld and Praamstra, 2011), Fpz served as ground. Two active Ag/AgCl electrodes (g.GAMMAearclip; g.tec) were clipped to the earlobes. The electrooculogram (EOG) was monitored with 4 passive Ag/AgCl electrodes (Natus Europe GmbH, Germany) placed below and at the outer canthi of the eyes. Electrodes located above or close to CI or HA were not filled with gel [Mean ± SD (range): CI: 3 ± 1.1 (1–5); HA: 1 ± 0.5 (0–2)] and were interpolated during post-processing. Impedances were below 5 kOhm for passive electrodes, and below 30 kOhm for active electrodes. Sampling frequency was 512 Hz with 24-bit resolution (biosignal amplifier: g.HIamp; g.tec). Data acquisition and playback of the stimuli were controlled by MATLAB/Simulink R2010a (Mathworks, Natick, MA, United States) with custom MATLAB scripts. Real-time access to the soundcard was realized with the playrec toolbox1. A trigger box (g.TRIGbox; g.tec) was used to mark stimulus onsets and offsets and to record push button activity (see section “Task and Procedure”).


Stimuli

Stimuli were German monosyllables from the FBE spoken by a male talker (Hahlbrock, 1970). Reversals were generated by time-reversing the audio tracks of these monosyllables. Only reversals that did not resemble a German word as judged by the lab members were used. In total, 269 words and 216 reversals, with a mean duration of 770 ± 98 ms (484–1,035 ms) were used. Lists were generated randomly from the complete set with 75 stimuli in a stimulation block. 30% of these stimuli were words and 70% were reversals. Lists were not repeated during an assessment. During all stimulation blocks OlSa noise at 60 dB SPL (Wagener et al., 1999a,b, c) was delivered toward the HA ear or the ear that was not active in the monaural condition in NH controls (azimuth ±90°: NHA).



Task and Procedure

Participants were instructed to face the loudspeaker in front where the signals originated (S0), to close their eyes, and not to move during recording. Their task was to respond to the infrequent words by pressing a button after hearing a signal sound (white noise, 75 dB SPL, 50 ms) that followed 1,000 ms after offset of each word and reversal. The button press served both to maintain alertness and to calculate the percentage of words identified within a stimulation block which was used to calculate binaural squelch (SQAEP) for this condition (for calculation see section “Bimodal Benefits”). Inter-stimulus intervals between the end of the signal sound and the start of the next stimulus were 1,900 ± 200 ms resulting in 75 stimuli per 5 minutes presentation block. During the entire presentation block continuous OlSa noise was played from the loudspeaker facing the HA ear (NHA). Each block was followed by a break during which participants could relax. All participants received the same randomized stimulus sequence within each block, whereas the sequence of monaural and binaural listening conditions varied. Overall, 297 ± 55 responses were recorded for monaural and 303 ± 61 for binaural listening conditions.

To avoid ceiling and floor effects, signal to noise ratio was individually set to achieve 70% correct detection of words (dB SNR) as ascertained in practice runs prior to recording. If rates deviated substantially from this criterion, the procedure was repeated with an adjusted presentation level. If button press occurred before the signal sound, that AEP was excluded from analysis. At T4, two familiarization blocks were performed using the same SNR as at T3.



EEG Pre-processing

EEG data were pre-processed offline with MATLAB R2018a (Mathworks, Natick, MA, United States) with the EEGLAB toolbox (version 13.3.2b) (Delorme and Makeig, 2004), and custom MATLAB scripts as described in Balkenhol et al. (2020). Raw data were: (1) re-referenced to linked earlobes, (2) low-pass filtered with 64 Hz cut-off and (3) high-pass filtered with 0.5 Hz cut-off using finite impulse response (FIR) filters, and (4) segmented into epochs from −300 to 2,200 ms relative to stimulus onset. Epochs with amplitudes exceeding ±150 μV in single channels or with non-stereotyped artifacts, classified by kurtosis and joint probability (threshold: 3 SD), were highlighted during visual inspection. Final rejection of epochs and the identification of poor electrode channels [CI group Mean ± SD (range): 0.8 ± 1.5 (0–7); NH group Mean ± SD (range): 0.9 ± 1.1 (0–3)] were performed by experienced lab members.

Next, EOG artifacts were removed automatically using a second-order blind identification (SOBI) and independent component analysis (ICA) (Molgedey and Schuster, 1994; Onton et al., 2006; Delorme et al., 2007), as described in Balkenhol et al. (2013).

The CI induced narrow- and wide-band EEG components above 25 Hz in response to words and reversals. These were removed with SOBI ICA using an automated artifact removal algorithm developed for this study which identifies artifacts in the independent components based on power distribution. While narrow-band artifacts were automatically detected by a spectral peak search algorithm, wide-band artifacts were identified by their average power in the high frequencies (40–256 Hz), relative to power in low frequencies (3–25 Hz). Components were removed if spectral power in the high-frequency interval exceeded power in the low-frequency interval (Balkenhol et al., 2020).

Then, muscle artifacts, heartbeat activity, and other sources of non-cerebral activity were visually identified on independent component scalp maps and their power spectra (Luck, 2014), and removed by back-projecting all but these components. Finally, unfilled and channels of poor quality were interpolated by spherical splines. On average, 14% of the AEP were removed while 256 ± 54 responses remained per participant and assessment.



EEG Data Analysis

Amplitudes and latencies were computed for the N1, P2, and N2 deflections for monaural and binaural listening conditions and for each stimulus category. Binaural-monaural differences were calculated.

As described in Balkenhol et al. (2020) data analysis was performed in MATLAB R2018a (Mathworks, Natick, MA, United States) with the fieldtrip toolbox (version 201709252; Oostenveld et al., 2011) and custom MATLAB scripts. Computations are based on subject averages across all 62 electrodes, and separately for the categories “words” (all responses to word stimuli) and “reversals” (all responses to reversed stimuli). For baseline correction, the pre-stimulus mean from –150 to –50 ms was subtracted from each epoch. Differences in intensity rise times between stimuli were corrected by delaying the onset trigger to the first time point when a stimulus reached 50% of its maximal amplitude. Amplitudes were calculated for the time intervals from 80–180 ms (N1), 180–330 ms (P2), and 370–570 ms (N2) (Luck, 2014). N1, P2, and N2 latencies were quantified by the 50% area latency measure according to Liesefeld (2018) and as described in Balkenhol et al. (2020). In short, peak-to-peak amplitude distance to the preceding peak was determined, the baseline which divided amplitudes in half was identified, and the time point that splits this area in half was calculated.

Statistical analysis was performed with MATLAB’s Statistics and Machine Learning Toolbox (R2018a) and custom scripts. Depending on distribution of the data, parametric or non-parametric tests were used. Amplitudes and area latencies for N1, P2, and N2 responses corresponding to “words” and “reversals” were subjected to separate Dunnett’s multiple comparison procedures to compare CI group results at T2, T3, and T4 with the NH group for monCI and bimodal listening conditions (Dunnett, 1955; Dunlap et al., 1981). For comparisons with significant main effects, post hoc t or Wilcoxon tests were performed. A value of p < 0.05 was considered to be statistically significant, while p < 0.1 indicated a trend.



Source Localization

Source localization analysis for the N1 interval was performed with MATLAB’s fieldtrip toolbox and time-domain based eLORETA (Pascual-Marqui, 2007, 2009) using the “colin27” head model (Holmes et al., 1998). Monte-Carlo estimates of probability were derived by non-parametric randomization tests (Nr = 1,000, two-sided). Leadfield resolution was 5 mm, statistical analysis was performed on dipole power, and a false discovery rate (FDR) was used to correct for multiple comparisons. A detailed description of this procedure is given in Balkenhol et al. (2020).



RESULTS FOR SPEECH AUDIOMETRY

For ease of reporting and interpretation, differences calculated from OlSa tests have been inverted such that binaural benefits will be reported with positive numbers while binaural interference is indicated through negative numbers. This is despite the fact that a lower score represents better performance for the OlSa tests.


Development of Speech Recognition in the CI-Aided Ear

Average scores are presented in Figure 1 for speech recognition in quiet (FBE, OlSa S0), and with background noise from different directions (OlSa: S0N0, S0NCI, S0NHA). For the CI group, monaural speech comprehension tests were not performed pre-implantation due to the inability of many of the participants to complete these tests. In addition, one participant was not able to complete some OlSa tests with monaural CI-aided listening at T3 and T4.
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FIGURE 1. Improvement of hearing with the CI ear between T3 and T4. Significant improvements are seen for various test constellations in quiet (A) and background noise (B). In the FBE higher values (%-correct) indicate better performance, whereas in all OlSa tests, lower values indicate better performance. Group means with their standard errors are shown (**p < 0.002, *p < 0.01).


Post-implantation, paired t tests (t values) and Wilcoxon tests in case of non-normality (z values) showed significant improvements of speech recognition with the CI ear between T3 and T4 for the OlSa S0 (z = 3.296, ∗∗p < 0.001), S0N0 (t = 3.300, ∗∗p < 0.001), and S0NHA (z = 2.638, ∗p < 0.009) conditions when applying the Bonferroni-corrected significance limen for significant ∗ (p < 0.01) and highly significant ∗∗ (p < 0.002) differences (Figure 1).



Ear Dominance

At the onset of the study, the CI ear was expected to become the better ear post-implantation. The study population included individuals with substantial amounts of aidable hearing on the HA side, however. So, at T4, hearing abilities were equally distributed across ears, with about one third each of the participants falling into the “symmetric”, “better CI ear”, or “better HA ear” categories according to average performance on all speech perception tests (Table 3). In contrast, at T3, the HA ear was the better ear for more than half of the participants, while about 30% had symmetric speech recognition, and the CI ear was the better ear for 16%. This distribution differed considerably between test conditions as can be seen in Table 3.


TABLE 3. Better ear during speech recognition.

[image: Table 3]For comparison, about 76% of the NH listeners showed symmetric performance. Symmetry was not perfect, however, and mainly pertained to FBE and OlSa S0N0 (Table 3). As a right ear advantage has been reported for speech perception (Westerhausen et al., 2015), data of NH were additionally screened for right vs. left ear comparisons. Since there were no significant differences for speech recognition achieved with either ear for any of the conditions tested in the current NH group, this issue was not pursued further.

The S0NHA constellation in the OlSa test was closest to the spatial distribution of speech and noise sources during EEG recordings. For this condition audiometric outcomes imply addition of a better HA ear in the bimodal listening condition for 60% of CI participants at T3, and addition of an equal ear for 53.3% at T4 which was closer to the situation in NH where symmetric speech recognition was found for 64.3% (Table 3).



Monaural vs. Binaural Comparisons


NH Group

NH listeners gained the largest binaural benefits, therefore results from this group are presented first, and results of the CI group are compared to them. Many NH performed the FBE with a ceiling effect (monCI: 95.5 ± 5.9%; binaural: 98.9 ± 1.6%), and the difference between listening conditions (z = –2.203, p = 0.028) failed the Bonferroni-corrected significance limen of p < 0.025. In contrast, recognition in the OlSa S0 test was significantly better for sentences presented binaurally (t = 4.806, p < 0.0004) (Figure 2A). A 3 × 2 (noise direction: S0N0, S0NCI, S0NHA × listening condition: monaural, binaural) repeated-measures ANOVA revealed a significant main effect for noise direction [F(2,26) = 61.258, p < 3⋅10–10] and listening condition [F(1,13) = 64.599, p < 3⋅10–6], with a significant interaction between these factors [F(2,26) = 24.916, p < 2⋅10–5]. Post hoc tests focused on listening condition and revealed significantly better results for binaural listening when noise was presented at the side of the monaurally active ear (S0NCI: t = 8.630, p < 2⋅10–5). The difference between monaural and binaural presentation remained insignificant for noise from the same source (S0N0: t = 1.925, p = 0.431), or for noise presented from the side of the monaurally inactive ear (S0NHA: t = 1.633, p = 0.593) (Figure 2B).
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FIGURE 2. Speech perception with FBE and OlSa tests (A–F) and assessed in the AEP experiment (G). Higher values signal better speech recognition in the FBE and AEP conditions, whereas lower values indicate better speech recognition in OlSa tests. Note the reversed vertical scale in (B). Perception is best in NH listeners (A,B,G), worst shortly after CI provision (C,D,G) and improves with CI experience (E–G). Statistically significant differences between monaural listening with the CI or the designated CI ear in NH and binaural speech recognition was observed for several test conditions. Due to insufficient monaural hearing, monaural data at T2 are only available for the AEP condition, where a significant difference existed between monaural and binaural listening. While behavioral results from the AEP experiment at T3 and T4 did not evidence a significant difference between listening conditions, behavioral tests showed significantly better bimodal speech recognition at T3 for all test conditions and at T4 for the S0NCI condition. Regarding the spatial arrangement of speech and noise sources, the AEP condition is closest to S0NHA. Means and their standard error are shown (**p < 0.01, *p < 0.05, trends +p < 0.1).




CI Group

At T3, the bimodal condition most often equaled addition of an equally or better performing HA ear (Table 3), and significant improvements for bimodal listening compared to monCI were evidenced for all speech comprehension tests. For tests in quiet, planned comparisons evidenced significant effects for FBE (t = –4.085, p < 0.002) and OlSa S0 (z = 3.296, p < 0.001), when applying the Bonferroni-corrected significance limen of p < 0.025 (Figure 2C). A 3 × 2 repeated-measures ANOVA for hearing in noise revealed a significant main effect for noise direction [F(2,26) = 69.560, p < 0.009] and listening condition [F(1,13) = 14.538, p < 0.003], as well as a significant interaction [F(2,26) = 4.421, p < 0.041]. Post hoc tests for monCI vs. bimodal hearing confirmed significant improvements with bimodal hearing for S0N0 (t = 3.385, p < 0.045) and S0NCI (t = 3.556, p < 0.033), whereas a trend was observed for S0NHA (t = 3.129, p = 0.069) (Figure 2D).

By the time of the T4 sessions, the distribution of performance between ears had changed (Table 3), and significant improvements between bimodal and monaural electric hearing existed, although not for all conditions (Figures 2E,F). In quiet, speech perception improved for bimodal hearing for OlSa S0 (z = 2.727, p < 0.007) but not for the FBE (z = –2.047, p = 0.041) when applying the Bonferroni-corrected significance limen of p < 0.025 (Figure 2E). Significant main effects for noise direction [F(2,26) = 5.999, p < 0.017] and listening condition [F(1,13) = 7.877, p < 0.015] were derived by a 3 × 2 repeated-measures ANOVA. The interaction effect was also statistically significant [F(2,26) = 10.374, p < 0.002]. Post hoc tests for monCI vs. bimodal showed significant improvements in the bimodal condition when noise was presented from the CI side (S0NCI: t = 5.445, p < 0.002), but no difference existed for S0N0 (t = 2.362, p = 0.282) or S0NHA (t = 0.669, p = 0.983) (Figure 2F).



Binaural Benefits

Binaural benefits were calculated for the addition of the HA ear relative to monaural listening with the CI as head shadow (HS), binaural summation in quiet (SUQ) and noise (SUN), as binaural squelch (SQ, SQAEP), and spatial release from masking (SRM) for monaural (SRMmonCI) and binaural listening (SRMbin) (Table 4).


TABLE 4. Binaural Benefit when adding the HA ear. Shown are Mean ± SD (range).

[image: Table 4]For NH, significant HS and SRM effects were estimated (HS: t = 7.670, p < 4⋅10–6; SRMmonCI: t = 10.567, p < 10–7; SRMbin: z = 3.170, p < 0.002). SRMmonCI and SRMbin did not differ (z = −0.699, p = 0.485). SUQ was higher than SUN (z = 3.107, p < 0.002), and while SUQ was significantly different from zero (z = 3.323, p < 0.002), SUN failed significance after Bonferroni correction (z = 2.198, p = 0.028). Also, SQ calculated from OlSa S0NHA remained insignificant (t = 1.633, p = 0.126), whereas SQAEP derived from the button-press response during EEG recordings attained significance (t = 4.935, p < 0.0003). The corrected significance limen for all tests against zero was p < 0.0071.

In the CI group, a significant HS of similar magnitude as in NH was present at both post-CI assessments (Dunnett’s test: F = 0.413, p = 0.665; T3 vs. NH: p = 0.600; T4 vs. NH: p = 0.719), and one-sample t tests against zero with a Bonferroni-corrected significance limen of p < 0.0071 evidenced its significance at T3 (t = 3.968, p < 0.002) and T4 (t = 4.290, p < 0.001).

A difference between NH and bimodal listeners existed regarding SRMmonCI and SRMbin with CI listeners benefiting significantly less (Dunnett’s test: SRMmonCI: F = 4.649, p < 0.016; SRMbin: F = 9.235, p < 0.0005). Whereas SRMmonCI was significantly different from zero at T3 (t = 3.327, p < 0.006), significance did not survive Bonferroni correction at T4 (t = 2.793, p = 0.015), and SRMbin was far from reaching significance at both assessments (T3: t = 0.241, p = 0.813; T4: t = 0.973, p = 0.347). The large reduction between SRMmonCI and SRMbin for the bimodal listeners, especially at T3 (Table 4) did not attain significance when tested against NH where SRMmonCI and SRMbin were similar (Dunnett’s test: F = 1.430, p = 0.251).

Bimodal listeners benefited significantly from binaural summation at T3 (SUQ: t = 4.098, p < 0.002; SUN: t = 3.385, p < 0.005) but less so at T4 with SUN losing significance when corrected for multiple comparisons (SUQ: z = 2.723, p < 0.007; SUN: t = 2.362, p = 0.033). Dunnett’s test comparing T3 and T4 assessments with NH yielded a significant main effect for SUN (F = 4.971, p < 0.012; T3 vs. NH: p < 0.012; T4 vs. NH: p = 0.872), but not for SUQ (F = 0.819, p = 0.448). Similar to NH, at T4, SU dropped considerably between quiet and noise (T4: z = 2.101, p < 0.036; NH: z = 3.107, p < 0.002).

As in NH, the benefit derived from binaural SQ in the OlSa test did not attain the Bonferroni-corrected significance limen of p < 0.0071 at either assessment (T3: t = 3.129, p < 0.008; T4: t = 0.669, p = 0.516). Therefore, no further calculations were performed with this measure. In contrast, SQAEP, which attained significance in NH, was not different from zero pre- (T2: z = 2.273, p = 0.024) or post-implantation (T3: t = 1.229, p = 0.239; T4: t = 0.921; p = 0.373). Statistical comparisons between CI assessments and NH evidenced a significant main effect (Dunnett’s test: F = 2.792, p < 0.05), while post hoc comparisons showed no significant differences to NH which may be a consequence of differences in SQAEP between assessments and heterogeneity of the bimodal listeners (Table 4).

Taken together, monaural intelligibility with the CI ear improved with CI experience, while evidence for binaural processing was limited to a positive SUQ given that HS is essentially a monaural effect.



Correlations Between Audiometric Measures

Correlations were tested on an exploratory basis for NH and the T4 assessment and not corrected for multiple comparisons. Bivariate comparisons between the different binaural/bimodal effects, and between these effects and PTA-4 as well as with PTA-4 asymmetry were calculated. Only significant correlations are reported. Several significant positive as well as negative correlations were found (Table 5). Mostly, these were present for either the NH or the CI group, but not for both. The only exception was the significant inverse correlation between SUQ and PTA-4 asymmetry, which in CI listeners represented the aided PTA-4 of the CI and HA ears. For both groups, the correlation had the same direction and magnitude. This indicated that, on one hand addition of a better HA ear produces a larger SUQ, and that on the other hand, lower asymmetry between ears is associated with a larger SUQ if the CI ear is an equal or the better ear.


TABLE 5. Correlation matrix between Binaural Benefits in the bimodal group at T4 and in NH controls.
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RESULTS FOR EEG RECORDINGS


AEP: Monaural vs. Binaural and Words vs. Reversals Comparisons

Results from NH listeners are described first and then compared to those of the CI group.

In NH, most conspicuous differences between listening conditions and stimulus categories pertained to N1 with N1 amplitudes differing significantly for all comparisons (Figures 3, 4). Only the monaural to binaural comparison following reversals failed full significance, but revealed a trend. N1 responses toward words were larger, and the most negative peak was seen following word presentation with binaural listening. A significant difference in N1 latency was observed between stimulus categories for monaural presentation with the response occurring earlier after words. In addition, a difference existed in response to reversals with the N1 response occurring significantly earlier with binaural listening. Whereas P2 amplitudes were similar for all conditions, P2 latencies differed between stimulus categories with shorter latencies following words. While this difference became significant for monaural listening, a trend toward significance was seen for the binaural response. N2 amplitude was low for all conditions.
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FIGURE 3. Grand averages for monaural, binaural listening conditions, and the difference binaural – monaural for the categories “words” (A–D) and “reversals” (E–H) of the CI (T2–T4) and NH group. (A–H) Time intervals with N1, P2, and N2 responses are shaded in different grays.
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FIGURE 4. Quantitative AEP results: (A) mean amplitude and (B) area latency of the N1, (C) area latency of P2, and (D) mean amplitude of N2 for the categories “words”, “reversals”, and listening conditions monCI and binaural. (A–D) Means with their standard deviations are shown; significant differences between stimulus categories and listening conditions are indicated (**p < 0.001, *p < 0.05, and trends +p < 0.1).


Grand average of the CI group for N1 and P2 was comparable to NH, but deviated for N2 (Figures 3, 4). Pre-implantation, N1 amplitude did not differ between listening conditions or stimulus categories, while significant differences between listening conditions were observed post-implantation. Following words, N1 was larger with bimodal hearing. This difference extended with bimodal experience and became significant at T4 which paralleled the significant difference observed in NH in direction and magnitude. In contrast, the difference of N1 negativities between listening conditions following reversals peaked at T3 when this difference became statistically significant, and failed significance at T4. In contrast to NH, N1 amplitude did not differ between stimulus categories at either assessment, and N1 latencies to reversals were delayed relative to words in the binaural condition. This difference in delay was highly significant before implantation (T2), attained significance at T3, and reduced to a trend at T4. Thus, differences in the N1 response between listening conditions approximated those seen in NH within 6 months of CI experience, while absence of a difference between stimulus categories did not parallel the situation in NH.

Regarding P2, a significant difference in amplitude between monCI and bimodal listening following reversals was observed at T3, whereas further significant differences pertained to P2 latency at T4. At T4, significant latency differences existed between listening conditions, but in opposite directions for word and reversal stimulus categories. Whereas P2 latency following words was significantly shorter with bimodal listening, latency following reversals was significantly shorter for monCI. In addition, a highly significant difference existed between stimulus categories in the bimodal listening condition. Only the latter had a parallel in NH with a trend toward significance for the latency difference between stimulus categories with binaural listening and a later response to reversals.

While N2 was almost absent in NH, it was a prominent negative deflection in the CI group at all assessments and for all conditions. A trend toward a larger response to words than reversals existed at T2 for binaural listening, while significant differences between listening conditions were observed at T3 for both stimulus categories.



Source Localization of Monaural/Binaural Differences

Time domain eLORETA analyses were computed for the N1 response at T4 and in NH for monaural vs. binaural hearing. As for the majority of study participants the left ear was the ear that was stimulated in the monaural listening condition (Table 1), this analysis was performed for the 8 study participants with a CI on their left ear and the 10 NH with left ear monaural stimulation. Significant activation differences between monaural and binaural listening were observed (Figure 5), but locations differed between NH and CI groups. Table 6 lists brain structures with a significant difference between listening conditions in at least 20% of their voxels.
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FIGURE 5. Spatial spread of monaural vs. binaural activation in CI listeners at T4 (A) and in NH (B) during the N1 interval. Only differences in regions bordering the surface or the midline of the cortex are visible in this illustration. For a complete list of areas with differential activation (see Table 6). Differences are more widespread in CI listeners compared to NH. Whereas in NH differential activation located to primary and secondary auditory cortex (BA41, 42), it pertained to auditory association cortex related to speech processing (BA21, 38, 39) and a region related with these areas (BA7) in the bimodal listeners. Darkening of the color scale indicates decreasing p values or higher significance.



TABLE 6. Source localization results for subjects with CI on left ear.

[image: Table 6]In NH, activation between listening conditions differed significantly in left primary and secondary auditory cortices (Brodmann areas BA41, 42), i.e., ipsilateral to the side of monaural stimulation (Table 6). The positive t value indicated a more negative N1 with binaural listening. In addition, significantly increased negativity in the binaural listening condition was observed in left insula and postcentral gyrus, whereas negativity in the ventral frontal lobe was smaller in the right hemisphere with binaural hearing, indicated by negative t values. Affected areas belonged to inferior frontal gyrus (IFG) and orbital gyrus (OrG).

In contrast, differences between electric and bimodal hearing in the CI group affected auditory association areas in the temporal and parietal lobes that are involved in sensory aspects of speech processing (Ardila et al., 2016). Whereas negativity in left temporal areas (BA21, BA38) was smaller, increased negativity was observed in the parietal lobe with bimodal hearing. Affected areas were BA7 and BA39 in the left hemisphere and BA7 in the right. Furthermore, differential activation was observed in the left insula and cingulate gyrus with smaller negativities in the bimodal listening condition.



Correlations Between AEP and Audiometric Measures

For AEP measures that showed significant differences between listening conditions at T4 and in NH, differences between the binaural minus the monaural condition were calculated and bivariate correlation analyses were performed with these differences and the binaural benefits (Table 4 and section “Binaural Benefits”), and with PTA-4 asymmetry. For the CI group, these were the differences in N1 amplitude related to words, and P2 latency differences in response to words and reversals. For NH, correlations were computed with the difference in N1 amplitude and N1 latency. Only the differences in P2 latencies between monCI and bimodal condition of the CI users showed significant correlations.

The difference in P2 latency in response to words between monaural electric and bimodal hearing was significantly correlated with SUN (r = 0.541, p < 0.037). A shorter bimodal latency and a larger difference with respect to monaural P2 latency correlated with a larger SUN. Furthermore, SUN became negative, which indicates binaural interference, if latency in the bimodal condition was longer than with monaural electric hearing.

In addition, the difference in P2 latency in response to reversals between monaural electric and bimodal hearing was significantly correlated with SUN, but here P2 latency in the monaural LC was significantly shorter, and the binaural minus monaural difference in P2 latency showed a significant inverse correlation with SUN (r = –0.620, p < 0.014), again indicating that a shorter P2 latency in the bimodal listening condition was associated with a larger SUN. Thus, in the CI group and for both stimulus categories, a higher SUN was associated with a shorter latency in the bimodal compared to the monaural condition, while a negative SUN can be expected when monaural latency is shorter than latency after bimodal presentation.



DISCUSSION

Aim of the study was to investigate binaural interactions in bimodal listeners during the early phase of CI use evidenced by AEP and audiometric binaural benefits. With CI experience, the grand-averaged N1 amplitude became increasingly similar to the N1 of NH with an expansion of N1 amplitude in response to words and a reduction of the difference in N1 latency between stimulus categories with bimodal listening. In addition, P2 latency differences between stimulus categories increased for the bimodal condition. Several aspects remained different to NH, however, like the absence of a difference in N1 amplitude between stimulus categories, differences in the localization of brain activity during N1, and the large N2 irrespective of listening condition and stimulus category. The latter has been reported earlier for this group of CI users (Balkenhol et al., 2020). These results indicate that the N1 potential, which is related to the detection of an auditory stimulus, approximates the response seen in NH listeners in some aspects within 6 months of CI provision, including evidence for some binaural integration, albeit at significantly higher presentation levels. Grand average of the later N2 response that has been associated with the effort to understand speech in challenging acoustic situations (Balkenhol et al., 2020) remains different, suggesting continued problems with speech recognition for the bimodal listeners. These findings are in agreement with the CI literature (Sandmann et al., 2015; Finke et al., 2016).

In accordance with AEP results, speech tests at T4 evidenced some binaural integration in the form of a positive SU effect. Together with the increased N1 amplitude in the binaural/bimodal listening condition, this may have been due to an increase in perceived loudness with binaural/bimodal hearing as reported in the literature (Hawkins et al., 1987). Although, bimodal listeners also benefited from the HS effect to a similar extent to the age-matched NH group, this does not indicate central alignment of the electrically and acoustically mediated speech as HS is essentially a monaural effect (van Hoesel, 2012).

A second aim of the study was to explore whether bimodal benefit changes with CI experience. AEP data suggest some improvement in bimodal hearing. It is questionable, however, whether this translates to better speech recognition, in particular in view of the N2 that remains different from NH. Interpretation of audiometric results is more straightforward in this context. At the pre-implantation assessment monaural speech recognition tests were not possible. Whereas this evidences an improvement of speech recognition with CI provision, it prevented estimation of binaural results. At the 3-month interval, performance of the CI ear was worse than performance of the HA ear for a substantial number of the participants. Since adding a better ear in the bimodal condition inflates binaural benefits, these values may rather show a better ear effect. Some degree of binaural benefit was suggested through the significant SUQ effect at the end of the study. While this indicates that the brain can combine the divergent signals transmitted via CI and HA, it requires assessments at a later time to decide whether binaural benefits improve with bimodal experience as suggested by a recent study (Devocht et al., 2017), for instance after performance with the CI ear has reached a stable plateau.

The third aim of the study was to find relevant correlations between binaural benefits and central processing. SUN showed a significant correlation with latency of the P2 potential.


Binaural Benefits

Study participants continued to use their HA together with the CI, indicating that they accepted this form of hearing provision in their everyday life. Classic binaural benefits are the HS effect based on selection of the ear with better SNR, binaural SU derived from the information being available via two input channels, and the binaural SQ effect which requires central computation of interaural time (ITD) and intensity or level differences (ILD). In addition, speech recognition in noise is improved by spatial separation between signal and noise sources or SRM. Although HS, SU and SQ are largely ascertained for bimodal listeners, not all of them are significant in all published reports (Schafer et al., 2011; Illg et al., 2014; Devocht et al., 2017). Beyond individual capacities and the distribution of hearing ability across ears, the presence and magnitude of binaural effects depends on testing paradigm and material (Schafer et al., 2011), stimulus application (Epstein and Florentine, 2009; Finke et al., 2016), type of masking noise (Illg et al., 2014; Psychny et al., 2014), and the amount of CI experience (Eapen et al., 2009).

The present study group had considerable residual hearing at the HA side, which coincides with participant characteristics from a recent investigation (Devocht et al., 2017), but is distinct to those of earlier reports (Schafer et al., 2011; van Hoesel, 2012). Thus, quantitative comparisons of binaural benefits with those of the earlier reports are possible only to a limited extent. Therefore, bimodal results are mainly compared to the age-matched NH of the current study and to the results by Devocht et al. (2017). As the testing paradigm was similar and participants also used HiRes 90K implants, differences to the current study mainly pertained to longer CI experience (>1 year) and a higher percentage of better CI ears.

The head attenuates sounds at the ear that is shielded from the noise source. Utilization of this HS effect requires the ability to focus on input from the ear with better SNR (Schafer et al., 2011; van Hoesel, 2012). HS was around 4.5 dB SNR, it did not change between T3 and T4, and was not significantly different from the NH group, or experienced bimodal listeners (Devocht et al., 2017). This indicates that our bimodal listeners could exploit HS to a similar extent as NH, and that this does not depend on CI experience, which is consistent with previous findings (Schafer et al., 2011). Results suggest some binaural integration in the bimodal group evidenced by a positive SU. When speech and noise sources coincide in space, the identical signals presented to both ears lead to increased perceptual loudness and improved speech perception. This does not require the listener to use ITD or ILD, but relies on redundancy of the input (Hawkins et al., 1987; Bronkhorst and Plomp, 1990; Endrass et al., 2004; Schafer et al., 2011; Avan et al., 2015). Beyond that, the complementary nature of information transmitted via CI and HA is thought to be an important contributor to SU in bimodal listeners (van Hoesel, 2012). With a T4 group average of 7.7 dB SNR for SUQ and 1.9 dB SNR for SUN, SU was similar to that of NH, which in turn was similar to the SUN reported previously for NH using a similar testing paradigm (Bronkhorst and Plomp, 1989). Similarly to the present study, Morera et al. (2005) have reported a reduction of SU between quiet and noise, and a significant SU for the quiet but not for the noise condition. This was for a group of bimodal listeners with about 6 months of CI experience. Furthermore, SU was found to be lower close to threshold (Morera et al., 2005), and in particular when tested at threshold using adaptive paradigms such as the one used in the present study (Schafer et al., 2011). As SUN for the current NH group was as low as in bimodal listeners and SU appears to develop early after CI provision, at least in bilateral CI users (Eapen et al., 2009), the higher SUN of 4.2 ± 0.9 dB SNR reported for experienced bimodal listeners (Devocht et al., 2017) may rather be the result of a difference in sample characteristics rather than more CI experience.

Bilateral symmetrical high-frequency hearing loss has little effect on SU (Hawkins et al., 1987), whereas asymmetry of hearing thresholds reduces SUQ considerably in NH (Heil, 2014). In line with this, symmetry of hearing thresholds, here assessed via CI- and HA-aided PTA-4, correlated significantly with SUQ in the CI group. In accordance, published CI literature suggests that SU is more affected by the interactions between CI and HA performance than by HA performance alone, with greater SU correlating with a smaller difference between CI and HA performance (van Hoesel, 2012; Yoon et al., 2015). In support, a CI simulation study found evidence for a significant binaural integration advantage when the CI simulation ear had a similar level of performance to the other ear (Ma et al., 2016).

In contrast, there was no benefit in spatial unmasking for our bimodal group. Monaural SRMmonCI was low and of similar magnitude as for experienced CI listeners (Devocht et al., 2017), while binaural SRMbin was essentially absent (Devocht et al., 2017): 0.8 ± 1.0 dB SNR; current: 1.0 ± 4.0 dB SNR). In contrast, NH listeners of the present study benefited from SRMmonCI and SRMbin of about 6 dB SNR each, a finding which is in line with previous work (Bronkhorst and Plomp, 1989). Part of the monaural SRMmonCI is attributed to the HS (Williges et al., 2015) and as suggested by the strong and highly significant correlation between these measures (Table 5), while binaural cues that promote SRMbin are ITD and ILD (Papesh et al., 2017). Thus, absence of a binaural SRM effect is interpreted as an inability of the bimodal listeners to exploit ITD and ILD with current technology, due to differences of the temporal and spectral characteristics of sound information transmitted via CI and HA (van Hoesel, 2012).

In agreement with this interpretation, a significant SQ was not evidenced for the bimodal listeners of the current study. Binaural SQ describes the improvement of intelligibility in noise due to addition of input at the contralateral ear with a poorer SNR than in the monaurally active ear (Schleich et al., 2004). It is seen as a binaural phenomenon based on computation of ITD and ILD in the central auditory system (van Hoesel, 2012). With their limited CI experience, our bimodal listeners were not able to exploit ITD and ILD, whereas Devocht et al. (2017) report a SQ of 2.6 dB SNR for experienced bimodal listeners.

Absence of a significant SQ in the OlSa S0NHA condition may have been a result of insensitivity of the adaptive listening paradigm, particularly as a significant SQ could not be shown for the NH group either. A meta-analysis supports this view and suggests that in contrast to supra-threshold testing at fixed SNR levels, the adaptive paradigm may be too insensitive to evidence a SQ, because it is conducted at threshold levels (Schafer et al., 2011). Absence of a significant SQAEP in the CI group, even at T4, which was tested using a fixed SNR, is in contrast to the highly significant SQAEP of the NH group, however, and suggests that at this early stage of bimodal experience, there may be no gain derived from SQ. In contrast, the investigation of Morera et al. (2005) on listeners with 6 months of CI experience and testing at a fixed SNR of +10 dB SNR evidenced a significant SQ effect, but here noise was presented at the side of the CI ear. While longitudinal studies investigating the development of the SQ effect in bimodal listeners do not exist as yet, a longitudinal study accompanying bilateral CI recipients over 4 years found SQ to arise at about 12 months after implantation and to continue to increase thereafter (Eapen et al., 2009). Others report significant SQ effects of between 1.9 and 2.9 dB SNR for listeners with more than 12 months of bimodal experience (Kokkinakis and Pak, 2014; Psychny et al., 2014; Devocht et al., 2017; van Loon et al., 2017). One study addressed the effect of adding a contralateral CI in participants with fairly good acoustic hearing (van Loon et al., 2017), and another tested intelligibility in the presence of a speech interferer (Kokkinakis and Pak, 2014) which increases binaural benefits in comparison to noise interferers (Psychny et al., 2014).

Overall, bimodal listeners were able to benefit from HS and SU effects, the latter despite the fact that the input from the two ears was dissimilar, but with limited CI experience of about 6 months they could not benefit from ITD and ILD evidenced by absence of SRMbin and SQ.



AEP

Together with the studies by Sasaki et al. (2009) and Soshi et al. (2014), this is the only AEP study that addressed bimodal hearing. While Soshi et al. (2014) compared listening in quiet and noise in the bimodal condition and observed reduced N1-P2 amplitudes following speech syllables in noise compared to quiet, Sasaki et al. (2009) compared responses to pure tone stimuli between monaural and binaural listening in a mixed group of bimodal and bilateral CI users and reported shortened latencies of N2 and P3 potentials in the binaural conditions. In contrast, our earlier publication described changes in binaural processing of words with bimodal experience (Balkenhol et al., 2020), and the current investigation explored whether a bimodal benefit develops with CI experience. Bimodal benefit was estimated from differences of N1, P2, and N2 potentials between monaural electric and bimodal hearing in the spatial S0NHA constellation in response to monosyllabic words and their time-reversed sound tracks presented within speech-shaped noise.

NH listeners were expected to show maximal effects and served as a benchmark with which to compare the CI users. Grand average N1, P2, and N2 were present in CI and NH listeners for both listening conditions and in response to both stimulus categories. Several aspects of the N1 and P2 potentials differed between monaural and binaural listening and between stimulus categories in the CI and NH groups, while the late N2 potential differed between groups as reported previously (Balkenhol et al., 2020). As binaural benefits were inflated at T2 and T3 because of the high number of better HA ears, the discussion focusses on the T4 assessment.

A promising result from the present study is the approximation of the difference in N1 amplitude between electric and bimodal hearing to the monaural vs. binaural difference observed for NH listeners. In NH, N1 amplitude in response to words was significantly larger in the binaural condition. In the CI group, the difference in N1 amplitude increased between T2 and T4 and attained statistical significance for the T4 assessment. This finding is in line with the results of a previous study employing an auditory discrimination task to investigate monaural electric hearing (Sandmann et al., 2015), implicating early restoration of N1 amplitudes following CI provision.

Another significant difference between listening conditions pertained to a reduction of P2 latency with binaural listening. While this reduction was observed only in response to words for NH listeners, at T4, shorter P2 latencies in the bimodal condition were observed for both stimulus categories. Significant latency reductions between monaural and bimodal conditions were also reported by Sasaki et al. (2009) following stimulation with pure tones. In that study, latency differences concerned the later event-related N2 and P3 potentials, however. Moreover, Okusa et al. (1999) report longer P2 latencies with increasing task difficulty. Albeit not mentioned explicitly, this finding probably pertained to monaural electric hearing.

The current increase of N1 amplitude and the decrease in P2 latency for binaural/bimodal listening in NH and for the bimodal group at T4 is compatible with an increase in perceived loudness related to binaural loudness summation. The positive SU in NH and at T4 and the significant bivariate correlation between SUN and the P2 latency difference between monaural and bimodal LC at T4 affirm this interpretation. Perceived loudness of a binaurally presented stimulus is louder than its monaural presentation (Hawkins et al., 1987), and there is ample evidence, that N1 and P2 amplitudes increase while their latencies decrease concomitant with the intensity of tones or speech syllables presented in quiet and within background noise (Firszt et al., 2002; Martin et al., 2008; Kim et al., 2012; Sharma et al., 2014; Prakash et al., 2016). Thus, results suggest that with a CI experience of about 6 months, the current sample of bimodal listeners could benefit from SU.

Further factors that influence processing of complex auditory stimuli are familiarity and attention. N1 amplitude was larger while N1 and P2 latencies were reduced in response to word stimuli, although at times pertaining to different comparisons in NH and at T4. Existing literature indicates a stronger response and a more rapid evaluation of familiar stimuli (Kuhl et al., 2007; Kuuluvainen et al., 2014) and suggests that reversed speech sounds are less easily classified within familiar phonetic categories (Binder et al., 2000). Endrass et al. (2004) interpret this as a neurophysiological manifestation of a bilateral redundancy gain, that improves processing of learned meaningful stimuli such as words, but not of complex, unfamiliar, or meaningless stimuli (Endrass et al., 2004). Noteworthy in this context is that significant differences, depending on stimulus categories, were found for more comparisons in NH than in bimodal listeners, suggesting that the familiar sound trace is processed more effectively in NH listeners.

Alternatively, or in addition, attention may have contributed to the difference in N1 amplitudes and P2 latencies related to words and reversals, as suggested previously (Lange, 2013). Our participants were instructed to respond to words but not to reversals. Attention increases amplitude of the N1 for target sounds in CI listeners, but not for distractor sounds (Paredes-Gallardo et al., 2018). Moreover, a study investigating the neural dynamics in the auditory cortex for attending and ignoring showed that responses to the to-be attended stimuli were enhanced around 100 ms post-onset, whereas ignoring led to a decrease in this response (Chait et al., 2010). While a significant difference in N1 amplitude, depending on stimulus category, emerged in NH listeners, current CI listeners did not show such a difference. As CI listeners become more effective at selectively listening to a target stream over time (Paredes-Gallardo et al., 2018), the limited CI experience of the current group may not have been sufficient to produce this effect. Taken together, the most likely interpretation of increased N1 amplitude and shorter P2 latencies in the binaural condition in NH and at T4 appear to be a result of loudness summation. The significant inverse correlation between P2 latency and SUN in CI users affirms this interpretation.



Source Localization

The grand average of the N1 showed similar monaural vs. binaural amplitude differences in NH and CI groups. N1 consists of several subcomponents with spatially and temporally overlapping neural generators (Näätänen and Picton, 1987), however, leaving the possibility that activation contributing to the N1 response may differ. Based on LORETA source localization, Zhang et al. (2011), suggest spatial and temporal involvement of the following N1 contributors. Upon auditory stimulation, a pre-attentive mechanism in the frontal lobe is activated. If attention is involved, the attention-driven detection of the stimulus is then transmitted to temporal and parietal areas, with involvement of the parietal lobe probably reflecting the matching of sensory information to memory templates. To explore potential similarities and discrepancies between bimodal and NH listeners, source localization analyses were performed for the difference in activation between monaural vs. binaural LCs in the N1 interval. Taking this approach, activity in brain areas that are active to the same extent in monaural and binaural listening does not show, while areas with differential activation are highlighted.

The side of monaural stimulation may influence the N1 response (Gilmore et al., 2009; Hanss et al., 2009) and consequently also the difference between monaural and binaural activation. Therefore, source localization analyses were performed for the subgroups with monaural stimulation of left ears in both groups. Several brain areas exhibited differential activation between listening conditions. Localization differed between CI and NH groups and differences were more widespread in the CI listeners.

For NH, differential activation was found in the left auditory cortex (BA41, 42) with an augmented N1 response in the binaural condition. Organization of the ascending auditory pathways (Malmierca and Hackett, 2009) provides strong evidence for a contra-laterality effect in the N1 interval over the auditory cortex as a function of ear of stimulation and balanced bilateral activation with binaural stimulation (Gilmore et al., 2009). The difference in ipsilateral auditory cortex in NH is therefore interpreted to result from bilateral activation, with binaural presentation leading to a relatively stronger N1 response ipsilateral to the ear that was active in the monaural condition. The increased negativity in left insula in the binaural condition is compatible with the known connections between insula and ipsilateral auditory cortex (Augustine, 1996; Hackett, 2015), and suggests bilateral activation of the insula with binaural listening. The insula is functionally complex and highly connected, and parts of it are seen as a core region of the language system, interfacing sensory and motor language-associated areas (Augustine, 1996; Ardila et al., 2016). Negativity in the binaural condition was reduced in right-hemispheric IFG and OrG, including BA45, which on the left side is regarded as the core of Broca’s area involved in language production (Ardila et al., 2016). Given that increased listening effort has been related to increased activation in the ventral frontal lobe as discussed in Balkenhol et al. (2020), reduced negativity may suggest less listening effort during binaural listening for NH listeners.

The pattern of differential activity in bimodal listeners deviates substantially from that seen in NH. In particular, no difference existed in the primary or secondary auditory cortex (BA41, 42). Possible reasons for this finding are suppression of one ear in the bimodal condition and/or dismantling and reorganization of connections in the auditory system as a result of long-term hearing impairment. It remains to be seen, whether contra-laterality in the auditory pathways increases with continued bimodal hearing.

Differences between electric and bimodal hearing were observed in auditory association areas in the temporal and parietal lobes, mainly in the left hemisphere, and thus in areas that are involved in the sensory aspects of speech processing. Negativity in left temporal areas (BA21, BA38) was smaller with bimodal listening. Left BA21 is part of the core of Wernicke’s area that is involved in sensory aspects of speech processing (Ardila et al., 2016), whereas left BA38 was shown to be sensitive to the acoustic-phonetic contents of human speech (Leaver and Rauschecker, 2010). Reduction of activation in temporal areas in the bimodal condition may suggest less, or less synchronized, activation in these areas with bimodal listening.

On the contrary, N1 negativity increased with bimodal hearing in the parietal lobe, suggesting enhanced processing in parietal areas. Affected areas were BA7 and BA39 (angular gyrus) in the left hemisphere and also BA7 in the right. BA39 is a part of the extended Wernicke area as defined by Ardila et al. (2016) and is thought to be involved in associating language with other types of information (Ardila et al., 2016). Left BA7, in the superior parietal lobe, interacts with regions of the extended Wernicke area, participating in language processing and temporal context recognition (Ardila et al., 2016).

Conversely, during bimodal listening activation was reduced bilaterally in several prefrontal areas including, left BA47, which is part of Broca’s complex and thus involved in language production (Ardila et al., 2016). Activation during bimodal listening was also reduced in the left insula and cingulate gyrus (BA32) that play a coordinating role in interconnecting the perceptive and productive language system (insula), or are associated with cognitive and emotional aspects of language processing (BA32) (Ardila et al., 2016).

Differences between bimodal and NH listeners and the spatial extent of differences in activity, suggest that neuronal circuits differ considerably between groups and between electric and bimodal processing, at least during the initial period of CI use: the latter possibly due to discrepancies in the information conveyed via CI and HA. In general, results from bimodal listeners suggest that contralaterality in the primary auditory cortex is reduced and that a larger part of the cortex involved in language associations is occupied with speech processing during the N1 time window.



Advantages and Limitations

To the best of our knowledge, this is the first EEG study on bimodal CI users which uses a large set of monosyllabic words. We did this to create a more natural listening situation and to avoid habituation. We could show that this approach is successful in producing several separable AEP. In support of our study design, the present study’s findings are consistent with several other studies investigating speech perception in NH and CI listeners.

Another advantage of our study is that it included an age-matched control group, which allows direct comparison of the amount of binaural benefit that is possible in the testing conditions. A further advantage, but also a potential limitation, is that our CI users used the same CI provision, both in terms of implant and speech processor model being used.

As in other EEG studies with CI users, the major limitation of our study is the small sample size and the heterogeneity of the CI group, which does not permit generalization of the results. Furthermore, advances in CI and HA technology and expansion of implant criteria limit the interpretation of results in relation to former studies, because both personal as well as technical conditions have changed.

EEG data offer high temporal resolution, which is mandatory for describing evolution of the brain’s response to speech stimuli. Because of the inverse problem and the need to employ source localization techniques, there is however, no unambiguous localization of the underlying sources. Therefore, localization data should be interpreted with caution.

Later follow-up would be worthwhile, although this increases the potential problem of worsening of hearing in the HA ear, which has been observed for the current sample and has been noted by others (Sanhueza et al., 2016; van Loon et al., 2017). As significant improvement of monaural electric hearing occurred during the study interval, which obscures the magnitude of benefit derived from binaural input, the study should be replicated with experienced CI listeners, when full employment of the CI ear is expected.

All participants were tested using their own devices with their clinical setting, because the purpose of the study was to evaluate the binaural benefits in everyday use, as opposed to the effect of optimal and synchronized CI and HA fitting. Results imply however, that to gain maximal binaural benefit, amplification in one or the other device may have to be reduced, as suggested by a reduction of SU with asymmetry of the PTA-4.



CONCLUSION

Major findings of the study are the following:

• With 6 months of CI experience, bimodal listeners were able to make use of the HS and SU effects but did not benefit from SQ or SRM, indicating insufficient alignment of electrically and acoustically transmitted auditory signals in the central auditory system.

• The significant correlation of binaural SU with the bimodal/monaural CI latency difference of the AEP response confirms its potential use as an objective measure for the quality of bimodal hearing.

• EEG results for the bimodal group demonstrated N1 responses that were similar to NH listeners in terms of magnitude and response characteristics.

• Source localization reveals distinct processing for bimodal listeners in the N1 interval, however, suggesting loss of lateralization in the auditory system and augmented associative processing in speech relevant areas. Therefore, it will not be sufficient to use an averaged N1 response to estimate the quality of bimodal processing.
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In deaf children, huge emphasis was given to language; however, emotional cues decoding and production appear of pivotal importance for communication capabilities. Concerning neurophysiological correlates of emotional processing, the gamma band activity appears a useful tool adopted for emotion classification and related to the conscious elaboration of emotions. Starting from these considerations, the following items have been investigated: (i) whether emotional auditory stimuli processing differs between normal-hearing (NH) children and children using a cochlear implant (CI), given the non-physiological development of the auditory system in the latter group; (ii) whether the age at CI surgery influences emotion recognition capabilities; and (iii) in light of the right hemisphere hypothesis for emotional processing, whether the CI side influences the processing of emotional cues in unilateral CI (UCI) children. To answer these matters, 9 UCI (9.47 ± 2.33 years old) and 10 NH (10.95 ± 2.11 years old) children were asked to recognize nonverbal vocalizations belonging to three emotional states: positive (achievement, amusement, contentment, relief), negative (anger, disgust, fear, sadness), and neutral (neutral, surprise). Results showed better performances in NH than UCI children in emotional states recognition. The UCI group showed increased gamma activity lateralization index (LI) (relative higher right hemisphere activity) in comparison to the NH group in response to emotional auditory cues. Moreover, LI gamma values were negatively correlated with the percentage of correct responses in emotion recognition. Such observations could be explained by a deficit in UCI children in engaging the left hemisphere for more demanding emotional task, or alternatively by a higher conscious elaboration in UCI than NH children. Additionally, for the UCI group, there was no difference between the CI side and the contralateral side in gamma activity, but a higher gamma activity in the right in comparison to the left hemisphere was found. Therefore, the CI side did not appear to influence the physiologic hemispheric lateralization of emotional processing. Finally, a negative correlation was shown between the age at the CI surgery and the percentage of correct responses in emotion recognition and then suggesting the occurrence of a sensitive period for CI surgery for best emotion recognition skills development.

Keywords: lateralization index, right hemisphere emotion hypothesis, deafness, hearing loss, brain activity, length of cochlear implant use, sensitive period, auditory age


INTRODUCTION

Processing emotional expressions is fundamental for social interactions and communication; in fact, from a very young age, infants are able to detect visual and auditory information in faces and voices of people around them (Grossmann, 2010). Such capability would develop into the skill to recognize and discriminate emotions, thanks to the contribution of the experience and of the maturation of sensory and perceptual systems. This recognition involves a multisensory effect, evidenced by integration effects of facial and vocal information on cerebral activity, which are apparent both at the level of heteromodal cortical regions of convergence (e.g., bilateral posterior superior temporal sulcus), and at unimodal levels of sensory processing (Campanella and Belin, 2007; Davies-Thompson et al., 2019; Young et al., 2020).

In relation to such cross-sensorial and unisensorial effects, hearing impairment could compromise multisensory integration, in relation to its onset, etiology, and severity, leading the patient to rely only or predominantly on the visual modality in communication, including emotional perception and expression (Mildner and Koska, 2014). In fact, for 92% of children with cochlear implant (CI), perception was dominated by vision when visual and auditory speech information conflicted (Schorr et al., 2005). This statement is supported by the results of studies employing the McGurk effect on CI users, which requires the integration of auditory and visual sensory stimuli. For instance, children who received their CI prior to age 30 months accurately identified the incongruent auditory–visual stimuli, whereas children who received their CI after 30 months of age did not (Schorr, 2005). This evidence appears particularly worthy because differently from adults, who mainly prefer visual modality, infants and young children show auditory processing preference, but in children with congenital hearing impairment, such auditory dominance appears absent. Interestingly, in post-lingually deaf CI patients, such greater relying on visual information, indexed by higher speech-reading performances than normal-hearing (NH) individuals, led instead to an increased capacity of integrating visual and distorted speech signals, producing higher visuoauditory performances (Rouger et al., 2007). Furthermore, such evidence in post-lingual deaf patients was also supported by neurophysiological assessments, evidencing a positive correlation between visual activity and auditory speech recovery, suggesting a facilitating role for the visual modality in auditory words’ perception during communicative situations (Strelnikov et al., 2013). With respect to general processing preferences, contrary to adults, who prefer the visual modality (Scherer, 2003), infants and young children exhibit auditory processing preference. Importantly, congenital hearing-impaired children who underwent auditory–verbal therapy (a therapy limiting visual cue in order to strengthen the auditory pathway for language learning) reported a behavior similar to NH children, which is an overall auditory preference in response to audiovisual stimuli, although responses did not significantly differ from chance (Zupan and Sussman, 2009). Contrary to NH individuals, those with hearing impairments do not benefit from the addition of the auditory cues to the visual mode (e.g., Most and Aviner, 2009). Although the accuracy of emotion perception among children with hearing loss (HL) was lower than that of NH children in auditory, visual, and auditory–visual conditions, in prelingually deaf very young children (about 4–6 years old), the combined auditory–visual mode significantly surpassed the auditory or visual modes alone, as in the NH group, supporting the use of auditory information for emotion perception, probably thanks to intensive rehabilitation (Most and Michaelis, 2012) and neuroplasticity. Such results strongly support the hypothesis of a sensitive period (Kral et al., 2001; Sharma et al., 2005; Gilley et al., 2010) for the establishment of the integration of auditory and visual stimuli.

Thanks to their activity of direct stimulation of the acoustic nerve, converting the auditory stimuli into electrical signals directed to the brain, CIs can successfully restore hearing in profoundly deaf individuals. After intensive rehabilitation, most CI users can reach a good level of speech comprehension. However, the acoustic signal provided by the device is severely degraded, resulting in a poor frequency resolution and deficits in pitch patterns (Gfeller et al., 2007; eHopyan et al., 2012) and pitch changes or direction discrimination (Gfeller et al., 2002) in comparison to NH controls.

Hearing-impaired children go through an early auditory development that is different from that of NH toddlers. This condition would affect their judgment of the emotional content of a stimulus, insofar as the auditory modality resulted as particularly important for the communication of emotions in young children (Baldwin and Moses, 1996; Akhtar and Gernsbacher, 2008). The study of such mechanisms appears of great impact since about 600,000 patients world-wide are CI users (The Ear Foundation, 2017), and many of them are children who were born deaf or lost their hearing within the first few years of life. CI children are a paradigmatic model for the study of emotion recognition skills, as due to the early acquisition of deafness, they learned language through the degraded input of the CI, which greatly affects harmonic pitch perception. This ability is strongly necessary for emotion recognition in voices, and its deficiency could have implications on how child CI users learn to produce vocal emotions (Damm et al., 2019). However, a very recent study provided evidence that also deaf people can develop skills for emotional vocalizations despite the presence of some differences in comparison to NH adults (Sauter et al., 2019). Using unilateral CI (UCI) in children, due to non-physiological development of their auditory system and to their asymmetry in receiving auditory inputs, represents a powerful model of investigation of the possible modulation of the hemispheric specialization and of auditory-related emotional skills development in relation to the restored hearing condition. Additionally, such participants would provide evidence of the possible modulation of the physiological processes of emotion recognition following the restoration of the auditory capabilities, of which the exact time of beginning is due to the CI surgery time. Children, 7–13 years of age, using UCIs perform more poorly than age- and gender-matched controls on the affective speech prosody task but as well as controls in tasks of facial affect perception (Hopyan-Misakyan et al., 2009), as measured by the DANVA-2 (Nowicki and Duke, 1994).

One of the few studies that investigated both auditory recognition and vocal production of emotions did not find any consistent advantage for age-matched NH participants in comparison to three prelingually, bilaterally, profoundly deaf children aged 6–7 years who received CIs before age 2 years; however, confusion matrices among three of the investigated emotions (anger, happiness, and fear) showed that children with and without hearing impairment may rely on different cues (Mildner and Koska, 2014).

With respect to emotional skills attainment and in relation to the hemispheric specialization for emotional processing (Gainotti, 2019), it is interesting to consider that patients enrolled in the present study were UCI users, that is, single-side deaf (SSD) patients. In fact, in SSD population, it was evidenced that the occurrence of a massive reorganization of aural preference in favor of the hearing ear is greater than the precocity of unilateral HL onset, therefore supporting the importance of a short time between the first and second implantation in children (Kral et al., 2013; Gordon et al., 2015; Gordon and Papsin, 2019).

Concerning neural correlates of emotion recognition, gamma band electroencephalogram (EEG) was found to be particularly sensitive for emotion classification (Li and Lu, 2009; Yang et al., 2020). Gamma band cerebral activity has been previously linked to facial emotion recognition processes; for instance, a right hemisphere dominance in gamma activity was found during emotional processing of faces in comparison to neutral ones (e.g., Balconi and Lucchiari, 2008). Such evidences are in accord to the right hemisphere hypothesis for emotion processing, that starting from observations on patients with single hemisphere lesions states the dominance of the right hemisphere for every kind of emotional response (Gainotti, 2019). With specific regard to emotional prosody processing and brain activity lateralization, Kotz and colleagues hypothesized that (i) differentially lateralized subprocesses underlie emotional prosody processing and (ii) the lateralization of emotional prosody can be modulated by methodological factors (Kotz et al., 2006). Furthermore, concerning verbal stimuli, in adult CI users, gamma band–induced activity was found to be higher in NH than in CI users, irrespectively of the valence of the emotions investigated (Agrawal et al., 2013).

On the base of the previous issues, the following experimental questions have been approached in a population of NH and UCI children: (i) Given the non-physiological development of the auditory system in deaf children who underwent hearing restoration through CI use, are the emotional auditory stimuli processed in a similar way than NH children? (ii) Is the auditory age, meant as the age at CI surgery, crucial in the capacity of recognizing emotions? (iii) In light of the evidence that the right hemisphere has a unique contribution in emotional processing – summarized in the right hemisphere emotion hypothesis – does the side of the CI influence the processing of emotional cues in UCI children, or is the “physiological right lateralization” respected?



MATERIALS AND METHODS


Participants

For the present study, 10 NH (6 female, 4 male; 10.95 ± 2.11 years old) and 9 UCI user (UCI; 5 female, 4 male; 9.47 ± 2.33 years old) children were enrolled. Six children had their CI in their right ear and three in their left ear; at the moment of the test, none of them wore any hearing aid in their contralateral ear. All participants were right-handed except for two children: one belonging to the NH and one to the UCI group. Further clinical details of the UCI group are reported in Table 1.


TABLE 1. Demographics concerning the UCI group, in particular etiology of deafness, its onset, and duration of deafness before CI surgery.
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Protocol

The task consisted of the recognition of nonverbal vocalizations belonging to a database previously validated and employed in several studies (Sauter et al., 2006, 2010, 2013) and grouped into three emotional states: positive (achievement, amusement, contentment, relief), negative (anger, disgust, fear, sadness), and neutral (neutral, surprise), which participants were asked to match with the corresponding emotional picture (Figure 1). For each emotion, six different audio stimuli were reproduced, whereas there was a single corresponding emotional picture for each emotion. The emotional audio stimuli had a mean duration of 1,354.25 ± 223.39 ms and were delivered at 65 dB HL (Cartocci et al., 2015, 2018; Marsella et al., 2017; Piccioni et al., 2018) through two loudspeakers placed in front of and behind the participant at the distance of 1 m each, to meet CIs’ best requirements for their use. Participants underwent training with the kind of emotional stimuli employed in the study and a familiarization with the experimental protocol. Once the researcher verified the comprehension of the emotional stimuli and the task by the participant, he/she was asked to carefully listen to the emotional audio and then to identify the emotion reproduced by the stimulus pressing one out of five buttons on a customized keyboard, corresponding to the target emotional picture. For instance, the participant heard a laugh, and he/she had to identify the corresponding picture, a smiling young lady, out of five options. There was no time limit set for such identification and matching with the target emotion. Each picture representing the target emotion was placed at least once (and maximum twice) in each of the five positions on the screen. The number of five pictures among which the participant had to identify the target stimulus was chosen in accordance with Orsini et al. (1987), who found for the range of age of the enrolled participants a digit span of more than 4.5 items for both males and females. Stimuli were delivered through E-prime software, in a pseudorandomized order so that it was not possible that two stimuli belonging to the same emotion were consecutive.
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FIGURE 1. Scheme of the experimental protocol.


The study was carefully explained to all participants and to their parents, who signed an informed consent to the participation. The study was approved by the Bambino Gesù Pediatric Hospital Ethic Committee, protocol 705/FS, and was conducted according to the principles outlined in the Declaration of Helsinki of 1975, as revised in 2000.



EEG

A digital EEG system (BE plus EBNeuro, Italy) was used to record 16 EEG channels (Fp, Fz, F3, F4, F7, F8, T7, T8, P3, P4, P7, P8, O1, O2) according to the international 10/20 system, with a sampling frequency of 256 Hz. The impedances were maintained below 10 kΩ, and a 50-Hz notch filter was applied to remove the power interference. A ground electrode was placed on the forehead and reference electrodes on earlobes. The EEG signal was initially bandpass filtered with a fifth-order Butterworth filter (high-pass filter: cutoff frequency fc = 1 Hz; low-pass filter: cutoff frequency fc = 40 Hz). Because we could not apply independent component analysis because of the low number of EEG channels (i.e., 16), we used a regression-based method to identify and correct eye-blinks artifacts. In particular, the Fpz channel was used to identify and remove eye-blink artifacts by the REBLINCA algorithm (Di Flumeri et al., 2016). This method allows the EEG signal to be corrected without losing data. For other sources of artifacts (e.g., environmental noise, user movements, etc.), specific procedures of the EEGLAB toolbox were employed (Delorme and Makeig, 2004). In particular, the EEG dataset was first segmented into epochs of 2 s through moving windows shifted by 0.125 s. This windowing was chosen with the compromise of having a high number of observations, in comparison with the number of variables, and in order to respect the condition of stationarity of the EEG signal. This is in fact a necessary assumption in order to proceed with the spectral analysis of the signal. Successively, three criteria were applied to those EEG epochs (Aricò et al., 2017; Borghini et al., 2017): (i) threshold criterion (amplitudes exceeding ± 100 μV); (ii) trend criterion (slope higher than 10 μV/s); and (iii) sample-to-sample criterion (sample-to-sample amplitude difference >25 μV).

All EEG epochs marked as “artifact” were removed in order to have a clean EEG signal. In order to accurately define EEG bands of interest, for each participant the individual alpha frequency (IAF) was computed on a closed-eyes segment recorded prior to the experimental task. Thus, the EEG was filtered in the following frequency bands: theta [IAF − 6 ÷ IAF − 2 Hz], alpha [IAF − 2 ÷ IAF + 2 Hz], beta [IAF + 2 ÷ IAF + 16 Hz], and gamma [IAF + 16 ÷ IAF + 25 Hz] (Klimesch, 1999). EEG recordings were segmented into trials, corresponding to audio stimulus listening and target picture matching. The power spectrum density was calculated in correspondence of the different conditions with a frequency resolution of 0.5 Hz. Trials were normalized by subtracting the open-eyes activity recorded before the beginning of the experimental task.



Lateralization Index

The lateralization index (LI) was calculated in order to assess the relative asymmetry between the two cerebral hemispheres’ activity during the task execution (audio stimuli perception and target visual stimuli matching), as the right hemisphere theory for emotion predicts a relative higher right activation during emotional stimuli processing.

The LI was calculated on the basis of the formula previously adopted by Vanvooren et al. (2015):
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where R stands for right hemisphere, and L for left hemisphere. The LI ranges from +1, for cortical activity entirely asymmetrical to the right hemisphere, to zero for symmetrical cortical activity, and −1 for cortical activity entirely asymmetrical to the left hemisphere. For the right hemisphere activity calculation, the estimation from the following electrodes was averaged: F4, F8, T8, P4, P8, O2, whereas for the left hemisphere. It was averaged from the following ones: F3, F7, T7, P3, P7, O1. The LI was already employed on hearing-impaired children, in particular, SSD children, finding an asymmetry in cortical activity during the execution of a word in noise recognition task influenced by the direction of the background noise in SSD but not in NH children (Cartocci et al., 2019).



Statistical Analysis

Both the percentage of correct responses and LI data were compared between the NH and UCI groups through analysis of variance (ANOVA) with two factors: GROUP (2 levels: NH and UCI) and EMOTIONAL STATE (3 levels: positive, negative, and neutral). A simple regression analysis was performed for investigating the relation between (i) the percentage of correct responses and the LI values, (ii) between the percentage of correct responses and the age at the test execution, and (iii) between the percentage of correct responses and the age at CI surgery.



RESULTS

Behavioral results evidenced a higher percentage of correct responses provided by NH children in comparison to UCI children (F = 18.898, p < 0.001, partial η2 = 0.270) (Table 2), but an effect of the emotional state was not seen (F = 1.890, p = 0.161, partial η2 = 0.069), although for both groups the neutral cues were the most difficult to recognize. Neither the interaction between the variable group and emotional state (F = 0.032, p = 0.968, partial η2 = 0.001) was observed (Figure 2).


TABLE 2. Mean percentages of correct responses ± standard deviation for each group (UCI and NH) and for each emotional state.
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FIGURE 2. Percentage of correct responses reported by NH and UCI children. Bars describe means, and error bars describe standard deviations.


ANOVA results showed higher LI values, indicating a higher activity in gamma band in the right in comparison to the left hemisphere, in UCI in comparison to NH children (F = 58.656, p < 0.001, partial η2 = 0.535) (Figure 3), irrespectively of the emotional state (negative, neutral, and positive) (F = 1.686, p = 0.195, partial η2 = 0.062). Additionally, any interaction between the variable groups and emotional state was not found (F = 1.121, p = 0.333, partial η2 = 0.042).
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FIGURE 3. Gamma band activity LI in NH and UCI children. Bars describe means, and error bars describe standard deviations.


A negative correlation was observed between LI gamma values and the percentage of correct responses (F = 11.801, p = 0.001, r = −0.420, partial η2 = 0.177) (Figure 4).


[image: image]

FIGURE 4. Correlation between the lateralization (LI) gamma values and percentage of correct responses for both the UCI and NH groups. Dark dots represent NH values, and green dots represent UCI values.


Additionally, for the UCI group, any difference between the CI side and the deaf contralateral side in the gamma activity was not shown (F = 0.598, p = 0.212, partial η2 = 0.032) (Figure 5A), but a higher gamma activity in the right in comparison to the left hemisphere was found (F = 54.552, p < 0.001, partial η2 = 0.532) (Figure 5B).
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FIGURE 5. Comparison between gamma activity in the UCI group with respect to the UCI side (A) and right or left side (B). Bars describe means, and error bars describe standard deviations.


For the UCI group, no correlation was found between the age of the UCI children at the moment of the experiment and the percentage of correct responses (F = 0.052, p = 0.821, r = 0.046, partial η2 = 0.002), similarly to the NH children group (F = 1.130, p = 0.297, r = 0.197, partial η2 = 0.039). Additionally, a negative correlation was shown between the age at the CI surgery and the percentage of correct response reported by UCI children (F = 7.030, p = 0.014, r = 0.468, partial η2 = 0.219) (Figure 6). Finally, when calculating the mean of the correct responses for each participant, irrespective of the emotional states, despite the lack of significance (F = 3.056, p = 0.124, r = −0.551, partial η2 = 0.304), a higher percentage of correct responses was highlighted, higher than 70%, only in early implanted children, that is, before 3.5 years of age (Figure 6, black dots).
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FIGURE 6. Correlation between age at CI surgery and percentage of correct responses in UCI children. Orange dots stand for positive emotional states; blue dots stand for negative emotional states, and gray dots stand for neutral emotional states. Black dots stand for the mean of correct responses for each participant, irrespective of the emotional state. The vertical green lines represent the sensitive period threshold (3.5 and 7 years old) for the central auditory system development (Sharma et al., 2005).




DISCUSSION

According to literature, the lower percentage of correct responses provided by UCI children in comparison to NH children highlights their impairment in vocal emotion recognition skills (Agrawal et al., 2013; Wiefferink et al., 2013; Chatterjee et al., 2015; Jiam et al., 2017; Ahmed et al., 2018; Paquette et al., 2018). This would be strongly related to the preverbal and periverbal deafness acquisition. In fact, in a study employing emotional vocal stimuli in adult CI users, such performance difference was not shown (Deroche et al., 2019). Furthermore, there are evidences of different strategies implemented by CI and NH listeners for emotional stimuli recognition, more based on pitch range cues in the former and more relying on mean pitch in the latter group (Gilbers et al., 2015). In addition, such deficit in emotion recognition in UCI children in comparison to NH children appears strictly related to the matter of social interaction and social development (Jiam et al., 2017); in fact, a correlation between impairments in perception and production of voice emotion was found, like in the case of infant-directed speech, and in 5- to 13-year-old children who used CI (Nakata et al., 2012). It is interesting to note that a previous study employing vocal child-directed happy and sad speech stimuli reported higher performance in NH in comparison to CI using children; however, the percentage of recognition was higher than the one reported in the present study, probably due to the child-directed characteristic of the stimuli (Volkova et al., 2013).

Concerning the difference in gamma LI values observed in UCI in comparison to the NH group, it confirmed a difference in gamma band activity previously reported by Agrawal et al. (2013) in comparison between the same groups, therefore supporting the suitability of the study of gamma rhythms in the investigation of emotional messages conveyed by means of auditory stimuli. However, the previously mentioned study and the present study are not perfectly comparable because of the differences (i) in the sample – adults and children, respectively, – and therefore plausibly in the etiology of deafness; (ii) in the location of EEG activity acquisition, that is, Cz and multiple electrodes over the two hemispheres, respectively; and (iii) in the kind of emotional stimuli, that is, verbal stimuli pronounced with neutral, happy, and angry prosody in Agrawal and colleagues’ study, while vocal nonverbal stimuli belonging to 10 emotions grouped into three emotional states in the present study. Moreover, the higher LI values reported for UCI in comparison to NH children would imply a more sustained conscious processing of the stimuli for the NH group in comparison to the UCI group and a higher processing of the emotional face stimuli – employed for the matching of the auditory stimuli for the identification of the target emotion – by the UCI group (Balconi and Lucchiari, 2008). In fact, McGurk studies showed a higher relying of UCI children on the visual sensation than on the auditory one in case of uncertainty (Schorr et al., 2005).

The correlation between higher right lateralization, as indexed by higher LI values, and the percentage of correct responses could be explained by the evidence of higher activation and asymmetry levels in poorer performers in emotion-in-voice recognition tasks than those of more proficient ones (Kislova and Rusalova, 2009). This possibly also reflects the poorer performance in emotion recognition obtained by UCI children, as well as their higher LI values in comparison to NH children. In fact, it was shown by studies on single hemisphere damage that although the right hemisphere is responsible for low-level discrimination and recognition of affective prosody, in case of higher task demands in terms of associational-cognitive requirements, the left hemisphere is engaged (Tompkins and Flowers, 1985). Thus, UCI children would present deficits in such engaging of the left hemisphere for more complex emotional processing tasks. This could be explained by the neuroimaging evidence that indeed areas appearing to be primarily involved in emotional prosodic processing, that is, posterior temporal (parietal) brain regions (Kotz et al., 2006), are the same areas presumably more involved by the neuroplastic changes that occurred after CI surgery (Giraud et al., 2000; Kang et al., 2004) and the following hearing sensation restoration.

The negative correlation between age of implantation and percentage of correct responses in emotion recognition is in accordance with previous studies (Mancini et al., 2016). On the contrary, in the Deroche and colleagues’ study on adult CI users cited above, any effect of the age at implantation on the emotion recognition was not found, but this would be caused by the post-lingual acquisition of deafness in the majority of the sample (19 over 22 CI users) and by the type of emotions investigated, which is happy, sad, and neutral, whereas in the present study, 10 emotions were employed (Deroche et al., 2019). Furthermore, in Volkova et al.’ (2013) study, employing child-directed emotional speech, performance of the children CI users was positively associated with duration of implant use. Such evidence could be compared to present results, given the almost overlap between age at CI surgery and length of CI use in the enrolled sample. In addition, the trend that better performances were obtained by children implanted before 3.5 years old suggests the influence of a sensitive period, identified through P1 cortical auditory-evoked potential trajectory post-CI development (Sharma et al., 2002, 2005; Sharma and Dorman, 2006; Kral and Sharma, 2012; Kral et al., 2019) also on emotion recognition skills development. Such phenomenon could be explained by the better auditory–visual integration achieved by children implanted before 3.5 years of age as shown by Miller’s test of the race model inequality executed by early and late implanted children (Gilley et al., 2010). Such auditory–visual integration capability achievement is also witnessed by McGurk effect tests on CI children, showing that 38% of early implanted children – before the age of 2.5 years – but none of the late implanted children exhibited the bimodal fusion occurring in the McGurk effect, being instead biased toward the visual modality in contrast to the NH children who were biased toward the audio modality (Schorr et al., 2005). These evidences, with respect to the topic of emotion recognition skills development, are in accord to studies indicating that auditory and visual integration is necessary for the achievement of such capabilities (Campanella and Belin, 2007). In relation to this matter, there is also the evidence of a delay on facial emotion recognition in preschoolers using CI (and hearing aids) in comparison to NH mates, and interestingly, there was not any correlation between facial emotion recognition and language abilities (Wang et al., 2011). Differently, another study found a relation between better language skills and higher social competence, both in NH and CI children, although in the latter group, less adequate emotion-regulation strategies and less social competence than NH children were highlighted (Wiefferink et al., 2012). In addition, a study investigating both linguistic (recognition of monosyllabic words and of key words from sentences within background noise; repetition of non-words) and indexical (discrimination of across-gender and within-gender talkers; identification of emotional content from spoken sentences) properties in perceptual analysis of speech in CI children found an association between better performances in such feature recognition and a younger age at implantation (and use of more novel speech processor technology) (Geers et al., 2013).

Moreover, concerning the emotional communication, a suggestion of deficits also in the imitation of emotional (happy and sad) speech stimuli was found (Wang et al., 2013). Therefore, it sharply results in the vision and need of two targets of rehabilitation for children with CI that should be treated both conjointly and separately: language treatment and emotional intervention.



CONCLUSION

In light of the present results, in relation to the experimental questions previously declared, it is possible to conclude that (i) the processing of the emotional stimuli by deaf children using CI appears to be different from NH children, as suggested by the higher relative right hemisphere gamma band activity, possibly explained by the non-physiological development of the auditory system; (ii) on account of the inverse correlation between the age at the CI surgery and the percentage of correct responses, the precocity of performing the CI surgery for the attainment of best emotion recognition skills appears crucial, probably because of neuroplastic changes allowing a better processing and categorization of emotional stimuli; and (iii) the CI side does not appear to influence the processing of emotional stimuli, although interestingly the relative higher gamma band activity appears to be counterproductive in terms of emotion recognition performances; such aspect needs further investigation at the light of the possible particular implications of the right hemisphere hypothesis (Kotz et al., 2006).



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Bambino Gesù Pediatric Hospital Ethics Committee. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

GC conceived and conducted the study, performed the data analysis, and wrote the manuscript. AG and BI prepared the experimental protocol, conducted the study, and elaborated data. AS, SGi, AD, SGa, RG, CL, PL, and FF enrolled patients and organized experimental sessions. PM provided support for the organization and realization of the study. AS and FB edited the manuscript. FB supervised the entire experiment. All authors read and approved the final version of the article.



FUNDING

This research was funded by Cochlear Srl: IIR-1983.



ACKNOWLEDGMENTS

We acknowledge the contribution of participants and their families to the study, who kindly voluntarily granted their availability.



REFERENCES

Agrawal, D., Thorne, J. D., Viola, F. C., Timm, L., Debener, S., Büchner, A., et al. (2013). Electrophysiological responses to emotional prosody perception in cochlear implant users. NeuroImage 2, 229–238. doi: 10.1016/j.nicl.2013.01.001

Ahmed, D. G., Paquette, S., Zeitouni, A., and Lehmann, A. (2018). Neural processing of musical and vocal emotions through cochlear implants simulation. Clin. EEG Neurosci. 49, 143–151. doi: 10.1177/1550059417733386

Akhtar, N., and Gernsbacher, M. A. (2008). On privileging the role of gaze in infant social cognition. Child Dev. Perspect. 2, 59–65. doi: 10.1111/j.1750-8606.2008.00044.x

Aricò, P., Borghini, G., Di Flumeri, G., Sciaraffa, N., Colosimo, A., and Babiloni, F. (2017). Passive BCI in operational environments: insights, recent advances, and future trends. IEEE Trans. Biomed. Eng. 64, 1431–1436. doi: 10.1109/TBME.2017.2694856

Balconi, M., and Lucchiari, C. (2008). Consciousness and arousal effects on emotional face processing as revealed by brain oscillations. a gamma band analysis. Int. J. Psychophysiol. 67, 41–46. doi: 10.1016/j.ijpsycho.2007.10.002

Baldwin, D. A., and Moses, L. J. (1996). The ontogeny of social information gathering. Child Dev. 67, 1915–1939. doi: 10.1111/j.1467-8624.1996.tb01835.x

Borghini, G., Aricò, P., Di Flumeri, G., Cartocci, G., Colosimo, A., Bonelli, S., et al. (2017). EEG-Based cognitive control behaviour assessment: an ecological study with professional air traffic controllers. Sci. Rep. 7:547. doi: 10.1038/s41598-017-00633-7

Campanella, S., and Belin, P. (2007). Integrating face and voice in person perception. Trends Cogn. Sci. 11, 535–543. doi: 10.1016/j.tics.2007.10.001

Cartocci, G., Maglione, A. G., Rossi, D., Modica, E., Borghini, G., Malerba, P., et al. (2018). “Alpha and theta EEG variations as indices of listening effort to be implemented in neurofeedback among cochlear implant users,” in Symbiotic Interaction. Symbiotic 2017. Lecture Notes in Computer Science, eds H. Jaap, A. Spagnolli, B. Blankertz, L. Gamberini, and G. Jacucci (Cham: Springer International Publishing), 30–41.

Cartocci, G., Maglione, A. G., Vecchiato, G., Di Flumeri, G., Colosimo, A., Scorpecci, A., et al. (2015). “Mental workload estimations in unilateral deafened children,” in Proceedings of the 2015 37th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Milan, 1654–1657. doi: 10.1109/EMBC.2015.7318693

Cartocci, G., Scorpecci, A., Borghini, G., Maglione, A., Inguscio, B. M. S., Giannantonio, S., et al. (2019). EEG rhythms lateralization patterns in children with unilateral hearing loss are different from the patterns of normal hearing controls during speech-in-noise listening. Hear. Res. 379, 31–42. doi: 10.1016/j.heares.2019.04.011

Chatterjee, M., Zion, D., Deroche, M. L., Burianek, B., Limb, C., Goren, A., et al. (2015). Voice emotion recognition by cochlear-implanted children and their normally-hearing peers. Hear. Res. 322, 151–162. doi: 10.1016/j.heares.2014.10.003

Damm, S. A., Sis, J. L., Kulkarni, A. M., and Chatterjee, M. (2019). How vocal emotions produced by children with cochlear implants are perceived by their hearing peers. J. Speech Lang. Hear. Research 62, 3728–3740. doi: 10.1044/2019_JSLHR-S-18-0497

Davies-Thompson, J., Elli, G. V., Rezk, M., Benetti, S., van Ackeren, M., and Collignon, O. (2019). Hierarchical brain network for face and voice integration of emotion expression. Cereb. Cortex 29, 3590–3605. doi: 10.1093/cercor/bhy240

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent component analysis. J. Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009

Deroche, M. L. D., Felezeu, M., Paquette, S., Zeitouni, A., and Lehmann, A. (2019). Neurophysiological differences in emotional processing by cochlear implant users, extending beyond the realm of speech. Ear Hear. 40, 1197–1209. doi: 10.1097/AUD.0000000000000701

Di Flumeri, G., Aricó, P., Borghini, G., Colosimo, A., and Babiloni, F. (2016). “A new regression-based method for the eye blinks artifacts correction in the EEG signal, without using any EOG channel,” in Proceedings of the 2016 38th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Orlando, FL, 3187–3190. doi: 10.1109/EMBC.2016.7591406

eHopyan, T., ePeretz, I., Chan, L. P., Papsin, B. C., and Gordon, K. A. (2012). Children using cochlear implants capitalize on acoustical hearing for music perception. Front. Psychol. 3:425. doi: 10.3389/fpsyg.2012.00425

Gainotti, G. (2019). Emotions and the right hemisphere: can new data clarify old models? Neuroscientist 25, 258–270. doi: 10.1177/1073858418785342

Geers, A. E., Davidson, L. S., Uchanski, R. M., and Nicholas, J. G. (2013). Interdependence of linguistic and indexical speech perception skills in school-age children with early cochlear implantation. Ear Hear. 34, 562–574. doi: 10.1097/AUD.0b013e31828d2bd6

Gfeller, K., Turner, C., Mehr, M., Woodworth, G., Fearn, R., Knutson, J. F., et al. (2002). Recognition of familiar melodies by adult cochlear implant recipients and normal-hearing adults. Cochlear Implants Int. 3, 29–53. doi: 10.1179/cim.2002.3.1.29

Gfeller, K., Turner, C., Oleson, J., Zhang, X., Gantz, B., Froman, R., et al. (2007). Accuracy of cochlear implant recipients on pitch perception, melody recognition, and speech reception in noise. Ear Hear. 28, 412–423. doi: 10.1097/AUD.0b013e3180479318

Gilbers, S., Fuller, C., Gilbers, D., Broersma, M., Goudbeek, M., Free, R., et al. (2015). Normal-Hearing listeners’ and cochlear implant users’ perception of pitch cues in emotional speech. IPerception 6, 0301006615599139. doi: 10.1177/0301006615599139

Gilley, P. M., Sharma, A., Mitchell, T. V., and Dorman, M. F. (2010). The influence of a sensitive period for auditory-visual integration in children with cochlear implants. Restor. Neurol. Neurosci. 28, 207–218. doi: 10.3233/RNN-2010-0525

Giraud, A. L., Truy, E., Frackowiak, R. S., Grégoire, M. C., Pujol, J. F., and Collet, L. (2000). Differential recruitment of the speech processing system in healthy subjects and rehabilitated cochlear implant patients. Brain 123(Pt 7), 1391–1402. doi: 10.1093/brain/123.7.1391

Gordon, K., Henkin, Y., and Kral, A. (2015). Asymmetric hearing during development: the aural preference syndrome and treatment options. Pediatrics 136, 141–153. doi: 10.1542/peds.2014-3520

Gordon, K. A., and Papsin, B. C. (2019). Special edition on unilateral deafness and hearing loss: an introduction and overview. Hear. Res. 372, 1–2. doi: 10.1016/j.heares.2018.12.007

Grossmann, T. (2010). The development of emotion perception in face and voice during infancy. Restor. Neurol. Neurosci. 28, 219–236. doi: 10.3233/RNN-2010-0499

Hopyan-Misakyan, T. M., Gordon, K. A., Dennis, M., and Papsin, B. C. (2009). Recognition of affective speech prosody and facial affect in deaf children with unilateral right cochlear implants. Child Neuropsychol. 15, 136–146. doi: 10.1080/09297040802403682

Jiam, N. T., Caldwell, M., Deroche, M. L., Chatterjee, M., and Limb, C. J. (2017). Voice emotion perception and production in cochlear implant users. Hear. Res. 352, 30–39. doi: 10.1016/j.heares.2017.01.006

Kang, E., Lee, D. S., Kang, H., Lee, J. S., Oh, S. H., Lee, M. C., et al. (2004). Neural changes associated with speech learning in deaf children following cochlear implantation. NeuroImage 22, 1173–1181. doi: 10.1016/j.neuroimage.2004.02.036

Kislova, O. O., and Rusalova, M. N. (2009). EEG asymmetry in humans: relationship with success in recognizing emotions in the voice. Neurosci. Behav. Physiol. 39, 825–831. doi: 10.1007/s11055-009-9213-8

Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and memory performance: a review and analysis. Brain Res. Brain Res. Rev. 29, 169–195.

Kotz, S. A., Meyer, M., and Paulmann, S. (2006). “Lateralization of emotional prosody in the brain: an overview and synopsis on the impact of study design,” in Progress in Brain Research. Understanding Emotions, Vol. 156, eds S. Anders, G. Ende, M. Junghofer, J. Kissler, and D. Wildgruber (Amsterdam: Elsevier), 285–294. doi: 10.1016/S0079-6123(06)56015-7

Kral, A., Dorman, M. F., and Wilson, B. S. (2019). Neuronal development of hearing and language: cochlear implants and critical periods. Annu. Rev. Neurosci. 42, 47–65. doi: 10.1146/annurev-neuro-080317-061513

Kral, A., Hartmann, R., Tillein, J., Heid, S., and Klinke, R. (2001). Delayed maturation and sensitive periods in the auditory cortex. Audiol. Neurotol. 6, 346–362. doi: 10.1159/000046845

Kral, A., Hubka, P., Heid, S., and Tillein, J. (2013). Single-Sided deafness leads to unilateral aural preference within an early sensitive period. Brain 136(Pt 1), 180–193. doi: 10.1093/brain/aws305

Kral, A., and Sharma, A. (2012). Developmental neuroplasticity after cochlear implantation. Trends Neurosci. 35, 111–122. doi: 10.1016/j.tins.2011.09.004

Li, M., and Lu, B.-L. (2009). “Emotion classification based on gamma-band EEG,” in Proceedigs of the 2009 Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Minneapolis, MN, 1223–1226. doi: 10.1109/IEMBS.2009.5334139

Mancini, P., Giallini, I., Prosperini, L., D’alessandro, H. D., Guerzoni, L., Murri, A., et al. (2016). Level of emotion comprehension in children with mid to long term cochlear implant use: how basic and more complex emotion recognition relates to language and age at implantation. Int. J. Pediatr. Otorhinolaryngol. 87, 219–232. doi: 10.1016/j.ijporl.2016.06.033

Marsella, P., Scorpecci, A., Cartocci, G., Giannantonio, S., Maglione, A. G., Venuti, I., et al. (2017). EEG activity as an objective measure of cognitive load during effortful listening: a study on pediatric subjects with bilateral, asymmetric sensorineural hearing loss. Int. J. Pediatr. Otorhinolaryngol. 99, 1–7. doi: 10.1016/j.ijporl.2017.05.006

Mildner, V., and Koska, T. (2014). Recognition and production of emotions in children with cochlear implants. Clin. Linguist. Phon. 28, 543–554. doi: 10.3109/02699206.2014.927000

Most, T., and Aviner, C. (2009). Auditory, visual, and auditory-visual perception of emotions by individuals with cochlear implants, hearing AIDS, and normal hearing. J. Deaf Stud. Deaf Educ. 14, 449–464. doi: 10.1093/deafed/enp007

Most, T., and Michaelis, H. (2012). Auditory, visual, and auditory-visual perceptions of emotions by young children with hearing loss versus children with normal hearing. J. Speech Lang. Hear. Res. JSLHR 55, 1148–1162. doi: 10.1044/1092-4388(2011/11-0060)

Nakata, T., Trehub, S. E., and Kanda, Y. (2012). Effect of cochlear implants on children’s perception and production of speech prosody. J. Acoust. Soc. Am. 131, 1307–1314. doi: 10.1121/1.3672697

Nowicki, S., and Duke, M. P. (1994). Individual differences in the nonverbal communication of affect: the diagnostic analysis of nonverbal accuracy scale. J. Nonverbal Behav. 18, 9–35. doi: 10.1007/BF02169077

Orsini, A., Grossi, D., Capitani, E., Laiacona, M., Papagno, C., and Vallar, G. (1987). Verbal and spatial immediate memory span: normative data from 1355 adults and 1112 children. Ital. J. Neurol. Sci. 8, 539–548. doi: 10.1007/BF02333660

Paquette, S., Ahmed, G. D., Goffi-Gomez, M. V., Hoshino, A. C. H., Peretz, I., and Lehmann, A. (2018). Musical and vocal emotion perception for cochlear implants users. Hear. Res. 370, 272–282. doi: 10.1016/j.heares.2018.08.009

Piccioni, L. O., Cartocci, G., Maglione, A. G., Modica, E., Rossi, D., Mancini, M., et al. (2018). EEG variations as estimators of listening effort during recognition of words in noise in unilateral and bilateral sequential adult cochlear implant users. J. Hear. Sci. 8, 116–116.

Rouger, J., Lagleyre, S., Fraysse, B., Deneve, S., Deguine, O., and Barone, P. (2007). Evidence that cochlear-implanted deaf patients are better multisensory integrators. Proc. Natl. Acad. Sci. U.S.A. 104, 7295–7300. doi: 10.1073/pnas.0609419104

Sauter, D. A., Crasborn, O., Engels, T., Kamiloǧlu, R. G., Sun, R., Eisner, F., et al. (2019). Human emotional vocalizations can develop in the absence of auditory learning. Emotion 20, 1435–1445.

Sauter, D. A., Eisner, F., Calder, A. J., and Scott, S. K. (2006). Perceptual cues in non-verbal vocal expressions of emotion. Q. J. Exp. Psychol. (2006) 63, 2251–2272. doi: 10.1080/17470211003721642

Sauter, D. A., Eisner, F., Ekman, P., and Scott, S. K. (2010). Cross-Cultural recognition of basic emotions through nonverbal emotional vocalizations. Proc. Natl. Acad. Sci. U.S.A. 107, 2408–2412. doi: 10.1073/pnas.0908239106

Sauter, D. A., Panattoni, C., and Happé, F. (2013). Children’s recognition of emotions from vocal cues. Br. J. Dev. Psychol. 31, 97–113. doi: 10.1111/j.2044-835X.2012.02081.x

Scherer, K. R. (2003). Vocal communication of emotion: a review of research paradigms. Speech Commun. 40, 227–256. doi: 10.1016/S0167-6393(02)00084-5

Schorr, E. (2005). Social and Emotional Functioning of Children with Cochlear Implants. Available online at: http://drum.lib.umd.edu/handle/1903/2408 (accessed December 23, 2020).

Schorr, E. A., Fox, N. A., van Wassenhove, V., and Knudsen, E. I. (2005). Auditory-Visual fusion in speech perception in children with cochlear implants. Proc. Natl. Acad. Sci. U.S.A. 102, 18748–18750. doi: 10.1073/pnas.0508862102

Sharma, A., and Dorman, M. F. (2006). Central auditory development in children with cochlear implants: clinical implications. Adv. Otorhinolaryngol. 64, 66–88. doi: 10.1159/000094646

Sharma, A., Dorman, M. F., and Kral, A. (2005). The influence of a sensitive period on central auditory development in children with unilateral and bilateral cochlear implants. Hear. Res. 203, 134–143. doi: 10.1016/j.heares.2004.12.010

Sharma, A., Dorman, M. F., and Spahr, A. J. (2002). A sensitive period for the development of the central auditory system in children with cochlear implants: implications for age of implantation. Ear Hear. 23, 532–539.

Strelnikov, K., Rouger, J., Demonet, J.-F., Lagleyre, S., Fraysse, B., Deguine, O., et al. (2013). Visual activity predicts auditory recovery from deafness after adult cochlear implantation. Brain 136, 3682–3695. doi: 10.1093/brain/awt274

The Ear Foundation (2017). Cochlear Implant Information Sheet. (accessed October 14, 2019)

Tompkins, C. A., and Flowers, C. R. (1985). Perception of emotional intonation by brain-damaged adults: the influence of task processing levels. J. Speech Hear. Res. 28, 527–538. doi: 10.1044/jshr.2804.527

Vanvooren, S., Hofmann, M., Poelmans, H., Ghesquière, P., and Wouters, J. (2015). Theta, beta and gamma rate modulations in the developing auditory system. Hear. Res. 327, 153–162. doi: 10.1016/j.heares.2015.06.011

Volkova, A., Trehub, S. E., Schellenberg, E. G., Papsin, B. C., and Gordon, K. A. (2013). Children with bilateral cochlear implants identify emotion in speech and music. Cochlear Implants Int. 14, 80–91. doi: 10.1179/1754762812Y.0000000004

Wang, D. J., Trehub, S. E., Volkova, A., and van Lieshout, P. (2013). Child implant users’ imitation of happy- and sad-sounding speech. Front. Psychol. 4:351. doi: 10.3389/fpsyg.2013.00351

Wang, Y., Su, Y., Fang, P., and Zhou, Q. (2011). Facial expression recognition: can preschoolers with cochlear implants and hearing aids catch it? Res. Dev. Disabil. 32, 2583–2588. doi: 10.1016/j.ridd.2011.06.019

Wiefferink, C. H., Rieffe, C., Ketelaar, L., and Frijns, J. H. M. (2012). Predicting social functioning in children with a cochlear implant and in normal-hearing children: the role of emotion regulation. Int. J. Pediatr. Otorhinolaryngol. 76, 883–889. doi: 10.1016/j.ijporl.2012.02.065

Wiefferink, C. H., Rieffe, C., Ketelaar, L., Raeve, L. De, and Frijns, J. H. M. (2013). Emotion understanding in deaf children with a cochlear implant. J. Deaf Stud. Deaf Educ. 18, 175–186. doi: 10.1093/deafed/ens042

Yang, K., Tong, L., Shu, J., Zhuang, N., Yan, B., and Zeng, Y. (2020). High gamma band EEG closely related to emotion: evidence from functional network. Front. Hum. Neurosci. 14:89. doi: 10.3389/fnhum.2020.00089

Young, A. W., Frühholz, S., and Schweinberger, S. R. (2020). Face and voice perception: understanding commonalities and differences. Trends Cogn. Sci. 24, 398–410. doi: 10.1016/j.tics.2020.02.001

Zupan, B., and Sussman, J. E. (2009). Auditory preferences of young children with and without hearing loss for meaningful auditory–visual compound stimuli. J. Commun. Disord. 42, 381–396. doi: 10.1016/j.jcomdis.2009.04.002


Conflict of Interest: GC, AG, BI, and FB were employed by BrainSigns Srl. PM was employed by Cochlear Italia Srl.

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

Copyright © 2021 Cartocci, Giorgi, Inguscio, Scorpecci, Giannantonio, De Lucia, Garofalo, Grassia, Leone, Longo, Freni, Malerba and Babiloni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	REVIEW
published: 21 March 2022
doi: 10.3389/fnins.2022.824389





[image: image]

Research Status and Future Development of Cochlear Reimplantation

Xinyi Yao1†, Haotian Liu1†, Jinyuan Si2, Xiuyong Ding2, Yu Zhao1*‡ and Yun Zheng1*‡

1Department of Otolaryngology-Head and Neck Surgery, West China Hospital of Sichuan University, Chengdu, China

2Department of Otolaryngology-Head and Neck Surgery, XuanWu Hospital of Capital Medical University, Beijing, China

Edited by:
Xin Luo, Arizona State University, United States

Reviewed by:
Chun Liang, Shenzhen Maternity and Child Healthcare Hospital, China
Amit Keshri, Sanjay Gandhi Post Graduate Institute of Medical Sciences (SGPGI), India
Evelyn E. M. O. Davies-Venn, University of Minnesota Twin Cities, United States

*Correspondence: Yun Zheng, 1141679315@qq.com; Yu Zhao, yutzhao@163.com

†These authors have contributed equally to this work and share first authorship

‡These authors have contributed equally to this work

Specialty section: This article was submitted to Auditory Cognitive Neuroscience, a section of the journal Frontiers in Neuroscience

Received: 29 November 2021
Accepted: 14 February 2022
Published: 21 March 2022

Citation: Yao X, Liu H, Si J, Ding X, Zhao Y and Zheng Y (2022) Research Status and Future Development of Cochlear Reimplantation. Front. Neurosci. 16:824389. doi: 10.3389/fnins.2022.824389

Cochlear implants are the most successful sensory prostheses worldwide, and they can be useful for patients with severe and profound hearing impairment. However, various complications, including infection, pain, and device failure which is mainly due to falls and trauma, are associated with the use of cochlear implants. Reimplantation is required to replace the initial device in severe complications. Nevertheless, reimplantation can present certain surgical risks and may impose a significant economic and psychological burden on patients and their families; therefore, it requires greater attention and focus. This article presents a review of the literature on cochlear reimplantation and summarizes the current status, knowledge gaps, and future research directions on cochlear reimplantation. Since 1980s, cochlear reimplantation techniques can be considered to be relatively mature; however, some clinical and scientific problems remain unresolved, including the lack of a unified definition of cochlear reimplantation, non-standardized calculation of the reimplantation rat, and insufficient effect assessment. This review highlights the urgent need to establish an international consensus statement on cochlear reimplantation research to standardize the definition, calculation formulas of reimplantation rate, and follow-up systems.
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INTRODUCTION

Cochlear implants (CIs), the most successful sensory prostheses worldwide, are small but complex electronic devices implanted in the cochlea that can help patients with severe or profound hearing impairment hear external sound (Büchner and Gärtner, 2017). Since the 1970s, continuous advancements have been improved the speech-coding strategies, electrodes, and materials used for developing CIs (Büchner and Gärtner, 2017; Carlyon and Goehring, 2021). The indications for CIs have also expanded gradually, and the number of patients with CIs has been increasing (Lailach et al., 2021).

Cochlear reimplantation has also attracted increasing public attention because of the various complications associated with the use of CIs, including skin flap infection, electrodes migration, and device failure which are mainly caused by falls and trauma (Weise et al., 2005; Terry et al., 2015; Dağkıran et al., 2020). Cochlear reimplantation surgery is an invasive operation, and CIs are very expensive. Thus, reimplantation may greatly increase the economic and psychological burden on patients and families, especially in those living in developing countries where CIs are not covered by medical insurance (Sorkin and Buchman, 2016; Qiu et al., 2017; Chen et al., 2021).

Moreover, some patients showed poorer hearing and speech recognition levels after reimplantation than those before initial implantation (Chung et al., 2010; Balakina et al., 2015; Manrique-Huarte et al., 2015), indicating the need for greater attention to this population. Nevertheless, only a few studies have summarized the current status of research on cochlear reimplantation, and there are no studies or reviews on the future research directions of cochlear reimplantation. This review aims to summarize the history and current state of knowledge of cochlear reimplantation, enumerate the research gaps and suggest directions for future research.



PART I: HISTORY AND CURRENT STATUS OF COCHLEAR REIMPLANTATION

In Hochmair-Desoyer and Burian (1985) first reported the use of cochlear reimplantation in two adults with post-lingual deafness in Austria (Desoyer and Burian, 1985). The effect of cochlear reimplantation was assessed using Bekesy threshold tracking, loudness scaling, and open lists of unknown single-syllable words and daily sentences, among other techniques. The patients showed no significant changes in hearing thresholds or speech recognition between pre- to post-reimplantation. In Burian and Eisenwort (1989) studied four prelingually deaf children who underwent reimplantation and found that speech discrimination levels remained the same or even improved after reimplantation. In the same year, Spillmann and Dillier (1989) reported a case of reimplantation for device failure, in which a single-channel CI was upgraded to a multichannel CI. The device upgrade resulted in a significant improvement in the auditory performance of the patient. These early studies provided preliminary evidence confirming the satisfactory effects of reimplantation.

Two CI surgeries were performed on the same ear of eight adult cats (Robert et al., 1989). They found that the initial electrodes could be removed easily and that new electrodes could be implanted successfully without damaging the peripheral cochlear nerve; however, the proliferation of granulation tissue in round windows and scala tympani may lead to difficulties in implanting new electrodes. In addition, Jackler et al. (1989) was the first to assess manufacturer-specific cochlear reimplantation rates, i.e., Cochlear Corp., 2.8%; Richards Corp., 3.3%; Storz Corp., 7%. In Webb et al. (1991) who collated cochlear implantation complication data from Germany, Australia, and the United States, reported the number of reimplanted CIs. In Maas et al. (1996) first proposed a new reimplantation strategy, in which the contralateral ear was chosen for reimplantation, and the postoperative performance on speech recognition tests remained the same or improved.

Since 2000, CI technology has been advanced by successive multicenter cohort studies. For example, Parisier et al. (2001) reviewed the operations and postoperative findings for initial implantation and reimplantation in 25 children and reported the postoperative complications of reimplantation, which demonstrated that reimplantation in children is feasible and effective. From 2005 to 2018, an increasing number of new and special cases of reimplantation have been reported, such as reimplantation for various flap infections, intractable facial nerve stimulation, and reimplantation in patients with inner ear malformations (Puri et al., 2005; Polak et al., 2006; Ahn et al., 2008; Incesulu et al., 2008). In addition, long-term large-scale cohort studies have been undertaken. In a study of 18 hospitals across the United States, Henson et al. tracked and collected the information on 22 patients who had undergone reimplantation and found that approximately 60% of the patients had better or similar auditory outcomes after reimplantation than after the initial implantation (Henson et al., 1999). Weder et al. (2021) conducted the longest study, to date, from 1982 to 2018, in which a tertiary referral hospital performed 4,600 initial cochlear implantations and 22 reimplantations due to infection. They found that speech recognition after reimplantation was comparable to that before reimplantation. However, the reimplantation rate reported by Weder’s study was only 0.48%, which does not represent the overall reimplantation situation, as patients who underwent reimplantation for device failure and other reasons were not included. The largest sample size was reported in a multicenter study conducted by Hermann et al. (2020) who described the findings for 4,952 initial cochlear implantations and 99 reimplantations, with a 2% reimplantation rate. Of the 99 cases of reimplantation, only one had postoperative infection after reimplantation.

The number and quality of CIs in China have been gradually increasing since the first adult multichannel cochlear implantation was performed at the Peking Union Medical College Hospital in 1995 (Han, 2004; Xi et al., 2005). In 2010, more than 10,000 CIs were implanted in China, leading the rest of the world in terms of the number of procedures performed (Cao and Wei, 2010). In 2018, the total number of children with CIs exceeded 50,000 (Lu, 2018). Meanwhile, the benefits of CIs to Chinese speech recognition of implanted patients have been widely reported (Luo et al., 2008; Chang et al., 2016). The reimplantation surgery in China was first reported in a study of six patients, with a reimplantation rate of 16.67% (Yu et al., 2004). In Zhao et al. (2008) evaluated the effects of reimplantation from the perspective of effective working electrodes. To date, more than 40 studies on reimplantation in China have been published in Chinese, and six have been published in English. These studies have primarily focused on cause analysis, surgical discovery, and the management of complications.



PART II: CURRENT DEFICIENCIES AND FUTURE RESEARCH DIRECTIONS


Non-standard Definitions of Cochlear Reimplantation

Currently, the primary concern in cochlear reimplantation is the lack of an internationally unified and normative definition. In Jackler et al. (1989) defined cochlear reimplantation as the removal of an indwelling CI electrodes followed by reinsertion of a new device. They noted that reimplantation is a maneuver of uncertain consequences to the cochlea and its surviving nerve (Robert et al., 1989).

However, according to a literature review, most researchers have not clearly defined cochlear reimplantation (Orús et al., 2010; Ciorba et al., 2012). Some articles did not attempt to define cochlear reimplantation at all (Bhadania et al., 2018; Batuk et al., 2019). “Reimplantation/re-implantation” are often used to mean CI reimplantation, and “reinsertion/replacement” are also used in the same context (Desoyer and Burian, 1985; Parisier et al., 1991; Holcomb et al., 2018; Lane et al., 2019). However, there existed confusion and genericity between “revision” and “reimplantation” in many studies (Lassig et al., 2005; Rivas et al., 2008; Hwang et al., 2019). For example, Marlowe et al. proposed that revision surgery is a means to deal with abnormal implantation sites or internal problems with the implanted device (Marlowe et al., 2010). Revision surgery has been defined as the removal of the old device and replacement with a prosthesis, which is similar to the definition of cochlear reimplantation.

However, the procedures performed to treat CI complications were classified as follows: (1) cochlear reimplantation, (2) other revision surgery, and (3) medical treatment (Lescanne et al., 2011; Tarkan et al., 2013). Therefore, we speculate that cochlear reimplantation is characterized by replacing the initial electrodes with brand-new devices, and that revision surgery comprises surgical operations performed to address CI complications. Thus, cochlear reimplantation is a part of revision surgery.

Overall, the first requirement for future studies is to formulate a scientific and rigorous definition of reimplantation to standardize relevant studies and enhance comparability. In this regard, it is imperative to establish a global committee comprising cochlear implant manufacturers, FDA authorities, and clinicians/academicians from a variety of settings to propose an international consensus on cochlear reimplantation to standardize its definition.



Unclear Range of Cochlear Reimplantation

The second important issue is the unclear range of cochlear reimplantation. In Jackler et al. (1989) were the first to systematically summarize the following reasons for reimplantation: device failure, flap infections, electrodes mis-insertion or compression, hematoma or trauma at the receiver site, and accidental displacement (Robert et al., 1989). The European Consensus Statement published in 2005 classified the reasons as device failure, medical reason, characteristic decrement, and performance decrement (No authors listed, 2005). Device failure can be divided into hard and soft failures based on whether the failure can be proven with in vivo tests (Balkany et al., 2005). This was the first unified document regarding cochlear reimplantation. However, the 2005 consensus did not clearly propose a definition and scope of cochlear reimplantation and lacked procedures and tools for screening and the classification of the reasons.

In Battmer et al. (2010) published the International Classification of Reliability for Implanted Cochlear Implant Receiver Stimulators, which adopted a similar framework as the 2005 European Consensus. This framework illustrated some details, such as the CI survival time, (reduced) clinical benefit, and specification (Battmer et al., 2010). In 2017, the Association for the Advancement of Medical Instrumentation (AAMI) updated and standardized the classification of explanted CIs (Zwolan and Verhof, 2017) and proposed the following four categories: medical reasons, non-medical reasons, inconclusive/no faults found, and combined reasons. Most studies have adopted these three classification categories (Hermann et al., 2020; Layfield et al., 2021). However, there is no unified research range for cochlear reimplantation.

According to a literature review, most studies regarded the following situations as reimplantation: (1) removal of the initial electrodes for various reasons and implantation of a new device on the ipsilateral or contralateral side, which was the most common scenario defined as reimplantation (Lassig et al., 2005); (2) replacement of the failed hybrid CI with short electroacoustic stimulation (EAS) electrodes or full-length electrodes (Kamat et al., 2011; Jayawardena et al., 2012; Dunn et al., 2015); (3) reinsertion of the initial electrodes into the cochlea in cases of device migration (Luo et al., 2020); (4) reinsertion of the initial electrodes into the cochlea on the operation day or within a few days of the operation due to the electrodes in incorrect insertion places, such as the internal auditory canal, eustachian tube, vestibul. (Gözen et al., 2019); and (5) simultaneous implantation on both sides when patients with unilateral CI accept reimplantation surgery (Tang et al., 2019).

However, these classifications are not entirely appropriate. We consider that the first kind falls in the range of cochlear reimplantation, which replaced the initial device with a brand new one. And the second one can be regarded as a sort of reimplantation as well, which is relatively rare. For the third and fourth definitions, no new devices were inserted into the cochlea; thus, they cannot be regarded as reimplantation. For the fifth definition, ipsilateral implantation with a new device can be considered as reimplantation; however, contralateral implantation was the first CI, not the reimplanted CI. In conclusion, future studies should propose a more precise scope and classification of cochlear reimplantation.



Non-uniform Calculation of Cochlear Reimplantation Rate

The third important issue is the calculation formula of CI reimplantation rate, which varies greatly across studies. In Battmer et al. (2010) proposed the definition and calculation of the cumulative survival rate (CSR), which was in accordance with the methodology outlined in ISO standard 5841-2:2000 and targeted device failure without accounting for the medical reasons. In 2017, AAMI published the definition and calculation of the cumulative removal percentage (CRP), which covered all explanted CIs (Zwolan and Verhof, 2017). However, the formulation of CRP is not applicable to cochlear reimplantation rate. Cochlear removal mainly refers to the explantation of existing devices due to device failure, medical reasons, and inconclusive defects. In contrast, cochlear reimplantation is defined as the explantation of the initial device, followed by implantation of new electrodes. However, not all patients undergoing explantation of ordinary devices received new devices, and in some cases, the failed device was left in situ, while the new device was implanted on the contralateral side. These issues highlight the importance of standardizing the calculation formulation for the CI rate based on the CRP.

According to a literature review, some studies have used the number of patients as the unit of measurement, regardless of whether they had undergone unilateral and bilateral implantation (Sterkers et al., 2015), Dotú et al. (2010), whereas others have used the CI number as the unit of measurement Googe and Carron (2016); Karamert et al. (2019). Regarding the formula used for calculation, some studies adopted either of the following formula: “rate = no. of reimplanted CIs/no. of total CIs” or “rate = no. of reimplanted CIs/no. of primary CIs,” in which primary CIs refer to devices inserted into the cochlea for the first time. Thus, the reimplantation rate may be different even for the same batch of patients.

Based on published studies, the CI reimplantation rate ranged from 0.5 to 30% (Beadle et al., 2005; Qiu et al., 2010), and a few studies have reported reimplantation rates higher than 20%. This high reimplantation rate may be attributed to the early publishing time in which the CI surgeries and devices were immature, small sample size, data bias, and immature surgical technology (Hamzavi et al., 2003; Beadle et al., 2005; Kanchanalarp et al., 2005). Patients of different ages with CIs showed different reimplantation rates. The reimplantation rate in children ranged from 0.7 to 30.0% (Kanchanalarp et al., 2005; Sun, 2019), whereas that in adults ranged from 0.4 to 27.3% (Hamzavi et al., 2003; Dağkıran et al., 2020). Some studies have reported that the reimplantation rate in children was significantly higher than that in adults (Sunde et al., 2013; Dağkıran et al., 2020). Children are prone to falls, resulting in head trauma during rapid growth and development (Weise et al., 2005; Wang et al., 2014). The skull and mastoid of children are immature, and rapid growth of the skull can lead to electrode array migration. In addition, the high prevalence of various types of otitis media in children increases the risk of CI failure (Manrique-Huarte et al., 2015). However, some studies have demonstrated no significant differences in the revision rates due to infection complications and device failure rates between adults and children (Sunde et al., 2013; Distinguin et al., 2017). The number of studies that separately calculated the reimplantation rates for children and adults is relatively low; therefore, larger longitudinal cohort studies are required.



Effect Assessment of Cochlear Reimplantation

The fourth important issue is that the current research mainly focuses on cause analysis and treatment complications. Thus, studies on postoperative effect assessment and the related methods remain limited. Hochmair-Desoyer and Burian (1985) used Bekesy threshold tracking, loudness scaling, open lists of unknown single-syllable words and everyday sentences, and other tests to evaluate the effects of reimplantation in their initial report (Desoyer and Burian, 1985). Since then, almost half of the studies related to reimplantation have mentioned effect evaluations using assessments, such as the Bamford–Kowal–Bench (BKB) test, phonetically balanced kindergarten (PBK) test, Northwestern University number 6 (NU#6) test, common phrases test (CPT), lexical neighborhood test (LNT), categories of auditory performance (CAP), and the speech intelligibility rating (SIR) (Saeed et al., 1995; Beadle et al., 2005; Marlowe et al., 2010; Bhadania et al., 2018). However, these studies have primarily focused on hearing thresholds and speech recognition, and no new assessment methods for neuro-electrophysiological monitoring and evaluation of neurofunctional characteristics have been proposed.

Nevertheless, some new technologies have been demonstrated to be applicable to patients with hearing loss or CIs, such as functional near-infrared optical brain imaging (fNIRS) and electroencephalography (EEG). In Sevy et al. (2010) used NIRS and fMRI to examine the cortical activity in response to auditory stimuli in five children with CIs and five children with normal hearing in Boston Children’s Hospital. In Wang et al. (2020) adopted EEG to evaluate the effect of CIs at three time points after surgery and showed that multiple EEG indices could be used to assess speech perception ability. Many studies have demonstrated that neurological imaging is a safe and feasible approach for the examination of children with CIs, and that it could be an effective method for assessing the effects of reimplanted CIs. Therefore, if these advanced tools could be adopted for the general evaluation of both the first and reimplanted CIs, a better comparison and evaluation of the effect and the regularity of the rehabilitation of cochlear reimplantation can be achieved. In addition, results can be compared between patients with reimplanted CIs and the normal-hearing population, and differences can be used to evaluate the rehabilitation effect.

Regarding the actual effects of reimplantation, Chung et al. (2010) reported that the pure tone audiometry (PTA) and speech recognition scores of all patients who underwent reimplantation for soft failure decreased after reimplantation. Manrique-Huarte et al. (2015) used aided free-field auditory tests. Aided PTA findings after reimplantation improved in 44.4% of patients, deteriorated in 44.4%, and showed no significant difference in 11.1%, whereas speech recognition scores improved in 63.6%, showed no significant change in 9.1%, and worsened in 27.3%. In a study on the performance of 56 children 18 months after cochlear reimplantation, 87% showed better speech perception, 10% reported similar results, and 3% showed worse speech perception after surgery (Marlowe et al., 2010). Younger children were more likely to achieve or exceed their previous best performance than older children. The age at reimplantation, interval between the initial implantation and reimplantation, auditory input during the interval, depth of the electrode array, device activation, and device upgrade also influenced the postoperative effects (Marlowe et al., 2010; Lenarz, 2017; Roßberg et al., 2021). However, no single study has systematically discussed these factors. In addition, only a few effect evaluations have been carried out, with effect evaluation analysis not performed in some large-scale studies. Therefore, future studies should utilize more advanced assessment tools, such as functional near-infrared spectroscopy and electroencephalography, and should take more factors into consideration to systematically assess the rehabilitation effect and explore the internal patterns.



Study Scale and the Influence of the Reimplantation Side

Most studies on cochlear reimplantation were single-center studies with a relatively small sample size, and multicenter studies only accounted for 6% (Chung et al., 2010; Hermann et al., 2020). Therefore, the use of rigorous and advanced statistical analysis methods to obtain more robust findings is difficult. Moreover, in the absence of a standard criterion for the selection of the reimplantation side, most studies selected the side based on infection, cochlear ossification, and deformity (Chung et al., 2010; Lu and Cao, 2014; Manrique-Huarte et al., 2015), without considering other influencing factors, such as the duration between the first implantation and reimplantation and continuous auditory input during the period. Thus, integration of the patient resources of several hospitals and multicenter studies should be performed to elevate the level of evidence on this topic.




CONCLUSION

As the use of CIs continues to increase worldwide and the service life of early implanted devices approaches its end, the number of reimplanted CIs has increased in recent years. However, CI reimplantation is associated with some limitations, such as non-standard definitions and calculation formula for the reimplantation rate and the absence of high-quality studies on rehabilitation effect. Thus, establishment of a standard definition and appropriate scope for future studies is important. Longitudinal and multicenter studies should be conducted using more advanced tools and after adjusting for more covariates to systematically assess the effects of reimplantation and develop an effective system for follow-up and evaluation.
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Object: To investigate the long-term development of auditory and speech in patients with common cavity deformity (CCD) after cochlear implantation (CI) and its relationship to imaging characteristics.

Methods: Twenty-three CCD patients and 59 age- and sex-matched CI children with normal inner ear structure were recruited. The auditory and speech development of these two groups were evaluated at 0, 1, 3, 6, 12, and 18 months after CI activation using four parent reports questionnaires [Categories of Auditory Performance (CAP), Speech Intelligibility Rating (SIR), Meaningful Auditory Integration Scale/Infant-Toddler Meaningful Auditory Integration Scale (MAIS/ITMAIS), and Meaningful Use of Speech Scale (MUSS)]. Computed tomography-based 3-dimensional reconstruction of the surgical side of 18 CCD children was performed, the volume and surface area were calculated. Correlation analysis was performed on the imaging performance and post-operative outcomes.

Results: The percentages of MAIS/IT-MAIS scores and CAP scores at different evaluation time points are significantly different (p < 0.05). When comparing SIR results across time points, significant growth was observed in most of the comparisons. In addition, significant differences (p < 0.05) are observed among the percentages of MUSS scores at different time points except the comparison between 0 and 1 month after CI activation. Patients in the CCD group had poorer auditory and speech performances at different stages after CI compared with those in the control group. According to the reconstruction of CCD patients, the volume ranged from 12.21 to 291.96 mm3; the surface area ranged from 27.81 to 284.7 mm2. When the lumen surface area was <190.45 mm2 or the volume was <157.91 mm3, the survival time for CCD children to achieve a CAP score of 4 after CI was significantly shorter.

Conclusion: Cochlear implantation are less effective in CCD patients than in patients with normal inner ear structures, but they can still achieve significant improvement post-operatively. The morphology and size of the inner ear vary in CCD patients, which reflects the degree of inner ear development influences the outcome after CI surgery.

Keywords: common cavity deformity, cochlear implantation, auditory development, speech development, 3D reconstruction


INTRODUCTION

Common cavity deformity (CCD) is characterized by the presence of an abnormally ovoid or round chamber formed by the cochlea and vestibule and is generally associated with profound sensorineural hearing loss (SNHL) (Sennaroğlu and Bajin, 2017). This condition occurs due to the arrest of otocyst development during the fourth week of embryonic development (Jackler et al., 1987). CCD is diagnosed primarily on the basis of computed tomography (CT) or magnetic resonance imaging (MRI), showing a single fluid-filled cavity of the cochlea and vestibule (Casselman et al., 2001). This malformation varies in size and shape as well as in the location of the internal auditory canal and its size is often assumed to be related to the arrest time of the cochlear vestibule development; that is, the larger the cystic cavity, the later the arrest (Brotto et al., 2019).

For CCD patients, we often choose a cochlear implant (CI) or an auditory brainstem implant (ABI) to help them restore their hearing. Since the ABI was first used in a patient with neurofibromatosis type 2 in 1979, its indications have been constantly updated. In recent years, ABI has been applied to patients with profound SNHL who suffer from conditions such as cochlear sclerosis and severe cochlear malformations (Colletti et al., 2005; Bozorg Grayeli et al., 2007; Sennaroğlu et al., 2016). Sennaroğlu et al. (2016) performed ABI surgeries on seven patients with CCD and found that these patients achieved better hearing threshold and language outcome scores compared with patients with other types of severe cochlear malformations. Nevertheless, given the complications following ABI, such as cerebrospinal fluid leakage, electrode displacement, and limited post-operative benefit (Toh and Luxford, 2008), cochlear implantation (CI) is currently the primary intervention for CCD.

In 1986, McElveen et al. (1997) reported the first CI in a patient with CCD using the transmastoid facial recess approach. Since then, an increasing number of CCD patients have received CI surgery, and the surgical approach and electrodes have continually improved (Molter et al., 1993; Tucci et al., 1995; McElveen et al., 1997; Beltrame et al., 2000, 2005, 2013; Sennaroglu et al., 2014). In 2017, our team proposed that custom-made electrodes could be implanted via the transmastoid slotted labyrinthotomy approach (TSLA) for CCD patients (Wei et al., 2018). Instead of conventional electrodes, we used custom electrodes made by MED-EL, with 12 electrodes in the middle of the electrode array and extension wires made of inert silicone carriers containing platinum wires. This strategy allows the electrodes to remain as attached to the lumen as possible, allowing them to stimulate a larger area, which may mean that more spiral ganglion cells are stimulated, resulting in better post-operative outcomes.

Common cavity deformity patients could have long-term benefits with CI (Al-mahboob et al., 2022). Although most studies have concluded that post-operative outcomes in CCD patients are worse than in children with normal inner ear structures and mild malformations, specific auditory speech rehabilitation outcomes are inconsistent (Ahmad et al., 2005; Papsin, 2005; Ahn et al., 2011). In addition, a previous study showed a correlation between the effect of CI implantation and imaging performance (Wei et al., 2017). However, to date, no study has investigated the relationship between post-operative CI outcomes and imaging performance in CCD patients. The present study aims to understand the post-operative auditory-speech performance and developmental patterns of the CCD children implanted with custom electrodes via the TSLA approach by analyzing the long-term post-operative outcomes of these children and their relationship with imaging characteristics.



MATERIALS AND METHODS


Participants

A total of 23 pediatric patients (12 female and 11 male) with CCD were recruited from April 2016 to January 2020 at the Department of Otolaryngology Head and Neck Surgery of our hospital. High-resolution computed tomography (HRCT) and inner ear MRI were performed before surgery in all cases, and the diagnosis of CCD was confirmed by two or more physicians from the Radiology and Otorhinolaryngology departments.

Inclusion criteria were as follows.

(1) Bilateral severe or profound SNHL patients diagnosed with CCD.

(2) Available for post-operative follow-up.

Exclusion criteria were as follows.

(1) Patients with contraindications to cochlear implantation.

(2) Patients with history of serious systemic diseases or intellectual disorders.

The age at implantation ranged from 0 to 7 years (mean: 27.65 months, standard deviation: 13.79 months).

A total of 59 congenitally severe or profound SNHL children who met the inclusion criteria and who had normal inner ear structure, matched for age and sex, were recruited as a control group. The age range was 0–8 years (mean, 29.00 months; standard deviation, 20.14 months).

In compliance with ethical standards for human subjects, written informed consent was obtained from the guardians of all participants before proceeding with the study procedures. This study was approved by the Institutional Review Board of our hospital.



Procedures


Routine Clinical Investigations

All participants underwent routine otorhinolaryngological examination, followed by audiological tests, CT, and MRI scans before the CI surgery. To investigate the audiological status in terms of hearing level, function of the central auditory system, and the development of the auditory system, the following audiological tests were performed: (1) Behavioral hearing assessment, (2) Auditory Steady State Response, (3) Auditory Brainstem Response, (4) Distorted Product Otoacoustic Emissions, (5) conventional low 226 Hz tympanometry, and (6) 40-Hz auditory-evoked related potential.



Surgical Approach

In the CCD group, all children were implanted with customized electrodes using a transmastoid slotted labyrinthotomy approach (TSLA) (Wei et al., 2018). In the TSLA, the bony wall of the cavity was exposed after mastoidectomy, and a slot was made in the area where the lateral semicircular canal is commonly situated away from the facial nerve. A customized electrode was placed in the cavity toward the cochlear side after the perilymph flow abated (Shi et al., 2019). The electrodes were fully implanted in all children except for one child who had two extra cochlear electrodes because of the small size of the common cavity. None of the children had post-operative complications, such as facial paralysis or cerebrospinal fluid leakage.

In the control group, electrodes were implanted using the conventional transmastoid facial recess approach. All electrodes were successfully implanted.



Post-operative Follow-Up Questionnaires

The assessment of the child’s auditory and speech development was performed using the categories of auditory performance (CAP), Speech Intelligibility Rating (SIR), Meaningful Auditory Integration Scale/Infant-Toddler Meaningful Auditory Integration Scale (MAIS/ITMAIS), and Meaningful Use of Speech Scale (MUSS). The parents or guardians of the infants were asked to complete the questionnaires. The questionnaires were evaluated at the activation of CI and at 1, 3, 6, 9, 12, 18, 24, and 36 months after activation. For the MAIS/IT-MAIS and MUSS, we converted the actual scores into percentages as final statistics, and the result was expressed as a percentage using the following equation: total score/40 × 100%.



Imaging Evaluation

All patients underwent a temporal bone CT scan (GE 64-row helical CT, Boston, MA, United States) and inner ear MRI (Philips Ingenia 3.0 T MRI scan, Amsterdam, Netherlands) at our hospital before surgery. The E-3D digital medical design system (Liao, 2018) was applied to reconstruct the lumen on the CI side in the CCD group to obtain the volume and surface area of the cavity.




Data Analysis

Statistical analyses were performed using SPSS 22.0. The results of the MAIS/IT-MAIS and MUSS for both groups did not comply with the normal distribution by the Shapiro-Wilk test. The results of the non-normal distribution were described using the median (25th percentile, 75th percentile) and a non-parametric test was used to compare whether their differences were significant between the two groups and between the various assessment stages. Since the results of the cap questionnaire as well as the SIR questionnaire were rank data, the Wilcoxon test was used to compare whether there was a significant difference between the results of the two groups and between the various assessment stages. For lumen volume and surface area, Kaplan-Meier survival analysis was used to analyze their correlation with post-operative outcomes. Considering that patients with a CAP score of 4 could discriminate speech sounds without the aid of lip-reading, we defined a CAP score of 4 as the endpoint event. The post-operative time for a child to reach a CAP score of 4 was defined as the survival time. The median volume and median surface area were used as criteria for grouping. At the same time, p < 0.05 was considered a statistically significant difference.




RESULTS

• Demographic information of the CCD group

Table 1 summarizes the subject information, including gender, age at implantation, and length of follow-up. In the CCD group, there were 11 males and 12 females, with an implantation age of 0–7 years and a mean implantation age of 28 months, while the control group consisted of 31 males and 28 females, with an implantation age of 0–8 years and a mean implantation age of 29 months. The groups were not statistically different in terms of age and gender after non-parametric testing (p < 0.05).


TABLE 1. Demographic information of the recruited patients.
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• Development of auditory ability in the CCD Group

As shown in Tables 2, 3, both the percentage of MAIS/IT-MAIS scores and the CAP scores were significantly different between each time point in the CCD group (p < 0.05).


TABLE 2. Comparison of the percentage of Meaningful Auditory Integration Scale/Infant-Toddler Meaningful Auditory Integration Scale (MAIS/IT-MAIS) scores for each time point in the common cavity deformity (CCD) group.
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TABLE 3. Comparison of the categories of auditory performance (CAP) scores for each time point in the common cavity deformity (CCD) group.
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• Development of speech in the CCD Group

For the percentage of MUSS scores (Table 4), there was no significant difference between the results of each time point except between 0 and 1 month after cochlear activation in the CCD group (p < 0.05). The SIR scores of the CCD group (Table 5) were significantly different between 0 and 6 months, 1 and 6 months, 0 and 12 months, 1 and 12 months, 3 and 12 months, 6 and 12 months, 0 and 18 months, 1 and 18 months, 3 and 18 months, and 6 and 18 months after cochlear activation (p < 0.05).


TABLE 4. Comparison of the percentage of Meaningful Use of Speech Scale (MUSS) scores for each time point in the common cavity deformity (CCD) group.
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TABLE 5. Comparison of the Speech Intelligibility Rating (SIR) scores for each time point in the common cavity deformity (CCD) group.
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• Characteristics of IT-MAIS/MAIS in the CCD and control groups

Figure 1A shows the mean, median, and 25th and 75th percentiles of the MAIS/ITMAIS score percentages for the CCD and control groups. The median scores were significantly different between the two groups at 1, 6, 12, and 18 months after cochlear activation (p < 0.05). Furthermore, trend of the average MAIS/ITMAIS score percentages of the two groups as the follow-up time increased.


[image: image]

FIGURE 1. Comparison of the performance in MAIS/IT-MAIS (A), CAP (B), MUSS (C), and SIR (D) between the CCD and control groups. CAP, Categories of auditory performance; CCD, common cavity deformity; MAIS/IT-MAIS, Meaningful Auditory Integration Scale/Infant-Toddler Meaningful Auditory Integration Scale; MUSS, Meaningful Use of Speech Scale; SIR, Speech Intelligibility Rating. *indicates significant (p < 0.05).


• Characteristics of CAP in the CCD and control groups

Similar results were found in the comparison of CAP scores. Significant differences between the two groups were observed at 1, 3, and 6 months after CI activation (Figure 1B). The average CAP scores of the two groups increased over the follow-up period, but the average scores of the control group were higher than those of the CCD group.

• Characteristics of MUSS in the CCD and Control Groups

As for the median percentage of MUSS scores, there was no significant difference between the two groups at each time point after CI activation (Figure 1C). Nevertheless, the average percentage of MUSS scores increased slowly over time in both groups, and the CCD group obtained lower scores than the normal group (Figure 1C).

• Characteristics of SIR in the CCD and control groups

After statistically analyzing the differences in median SIR scores between the CCD and control groups, we observed that the differences were significant at 1, 3, 6, 12, and 18 months after CI activation (Figure 1D). Similar to the other questionnaires, the mean SIR score in the CCD group increased gradually over time and was worse than that in the control group.

• Correlations between Imaging Characteristics and CAP results

As shown in Figure 2, we reconstructed CT images of the surgical side of the cavity in 18 CCD patients, calculated their volume and surface area (Table 6), and performed a Kaplan-Meier survival analysis with the CAP results (Figure 3). Considering that patients with a CAP score of 4 could discriminate speech sounds without the aid of lip-reading, we defined a CAP score of 4 as the endpoint event. The post-operative time for a child to reach a CAP score of 4 was defined as the survival time. When the lumen surface area was ≥190.45 mm2, the mean survival time for CCD children to achieve a CAP score of 4 after surgery was 20.57 months, and the median survival time was 18.00 months; when the lumen surface area was <190.45 mm2, the mean survival time for CCD children to reach a CAP score of 4 after surgery was 12 months, and the median survival time was 12.00 months, with a statistically significant difference between the two groups (p = 0.02) (Figure 3A). When the lumen volume was ≥157.91 mm3, the mean survival time was 20.571 months, and the median time was 18.00 months; when it was <157.91 mm3, the mean and median survival times were 13.142 and 12.00 months, respectively. There was a significant difference between the two groups (p = 0.022) (Figure 3B).
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FIGURE 2. Computed tomography (CT) reconstruction of surgical side in patients with common cavity deformity (CCD).



TABLE 6. Surface area and volume after three-dimensional reconstruction of the lumen in common cavity deformity (CCD) patients.

[image: Table 6]

[image: image]

FIGURE 3. Kaplan-Meier survival chart of different lumen surface areas (A) and volumes (B). S, surface areas; V, volumes.




DISCUSSION

Common cavity deformity is regarded as a severe inner ear malformation, and the post-operative outcome of CI is generally considered to be worse in patients with CCD than in children with normal cochlear structures. In this study, 23 children with CCD were followed up using IT-MAIS/MAIS, MUSS, CAP, and SIR to assess their post-operative outcomes and correlations with imaging performance.

The MAIS is a common tool used to assess functional hearing in hearing-impaired children (Robbins et al., 1991). Each child was assessed by the answers provided by a parent or guardian familiar with the child’s condition. It consists of 10 questions that assess the use of hearing aids and the ability to perceive and understand sounds. The CAP is a scale used to assess the auditory ability of pediatric cochlear implant users in their daily lives (Archbold et al., 1998). The above two questionnaires are effective for evaluating the development of auditory stimuli in children who received cochlear implants or hearing aids. In relation to this, stimulation of the remaining spiral ganglion cells in the cochlea has been found to activate hearing (Fayad and Linthicum, 2006) and it has been suggested that spiral ganglion cells are distributed in the cavity walls of patients with CCD. This is the foundation for hearing acquisition after CI in CCD patients (Brotto et al., 2019). ITMAIS/MAIS and CAP scores were lower in the CCD group than in the normal group after activation. Similar results were reported by Xia et al. (2015). According to Tables 2, 3, the auditory development of CCD patients continuously improved up to 18 months after activation; that is, in the CCD group, there was no significant platform phase of auditory development in the 18 months after the activation of CI. Ahn et al. (2011) also observed an increase in the auditory performance of CCD patients with prolonged follow-up after 48 months of post-cochlear surgery evaluation, with a mean percentage MAIS score of 90.3 ± 18.1% and a mean CAP score of 4.9 ± 1.6. Although auditory development after CI is slower in CCD patients than in CI patients with normal cochlear structures, progress has been consistently made, suggesting the need for long-term post-operative rehabilitation in these patients.

For the assessment of speech development, MUSS and SIR are commonly used instruments. As shown in Tables 4, 5, there were significant differences in both the percentage of MUSS score and the SIR score when comparing the assessment results at different time points. However, the SIR score did not show a significant difference compared to the previous assessment results until 1 year after activation, whereas the percentage of MUSS score showed a significant difference at 3 months after activation, indicating that CCD patients showed a faster increase in MUSS performance compared to SIR. This may be related to the various aspects of speech development assessed by the two questionnaires. Like the MAIS, the MUSS is a parental report scale. It assesses the use of speech and consists of 10 questions designed to evaluate three aspects of speech development: vocalizing behavior, oral communication skills, and oral clarification skills (Archbold et al., 1998; Fayad and Linthicum, 2006). The SIR has been regularly used to evaluate the intelligibility of spontaneous speech in patients with cochlear implants (Xia et al., 2015). That is, the MUSS questionnaire evaluates speech skills, while SIR rates the intelligibility of pronunciation. However, the young age of the children in our study, with a follow-up period of only 1.5 years, made it difficult to demonstrate significant improvements in speech intelligibility. Nevertheless, since the MUSS includes an evaluation of vocalizing behavior, the children were given the opportunity to improve their scores. Additionally, this study observed that the percentage of MUSS scores in children with CCD was higher at 18 months than at 12 months after the activation, and the difference was significant, indicating that speech ability was still improving at 1.5 year after surgery. Xia et al. (2015) also observed a sustained increase in SIR scores for 4 years after CI. Therefore, post-operative speech development in patients with CCD is slow and requires long-term rehabilitation training.

Based on the comparison between the CCD group and the control group, it is obvious that auditory and speech development after CI was poorer in the CCD group than in the CI children with normal cochlear structures. This may be related to the structure malformation, lack of sufficient spiral ganglion cells (Brotto et al., 2019), or developmental delays (Buchman et al., 2004).

However, we observed good outcomes in some children. By 18 months after the activation, 66.67% of children with CCD had a CAP score of 5, but 16.67% achieved a score of only 3. Among the four children with CCD who had been followed for 3 years, only one reached a score of 40 on the IT-MAIS at 3 years after CI activation. We suspect that this may be related to the distribution and number of spiral ganglion cells in the cavity and the location of the electrode. The higher the number of spiral ganglion cells the electrode can stimulate, the greater the benefit to the child.

Furthermore, the post-operative outcome of CCD patients is also related to cerebrospinal fluid gusher, partial electrode insertion, and fewer active electrodes and the contact of the electrode with the inner wall (Dettman et al., 2011; Bae et al., 2022). The present study explored the relationship of post-operative outcomes with the degree of inner ear development in these patients.

With the development of imaging technology, techniques to assess the development of inner ear structures have become more sophisticated (Skinner et al., 2002; Verbist et al., 2010). After evaluating 36 cochleae with inner ear malformations using volume-rendering technique reconstruction and MPR, Ma et al. (2008) concluded that cochlear development could be more clearly assessed using volume-rendering technique reconstruction and MPR. We calculated the lumen volume and the surface area of 18 CCD patients using three-dimensional reconstruction techniques. The volume ranged from 12.21 to 291.96 mm3, with a mean volume of 163.98 ± 84.02 mm3; the surface area ranged from 27.81 to 284.7 mm2, with a mean value of 178.99 ± 71.85 mm2. This result implies that patients with CCD have variable cochlear morphology and size differences, which is consistent with the findings of Dhanasingh et al. (2019). This difference may require serious consideration of the surgical approach and the choice of electrodes.

Furthermore, after analyzing the correlations between volume, surface area, and post-operative outcomes of CCD patients, we found that the smaller the lumen, the shorter the time to reach a 4-point post-operative CAP. We speculate that this may be due to the smaller lumen, whose spiral ganglion cells may be more densely distributed, thus providing a larger effective area of electrode stimulation, which results in a greater likelihood of stimulation to ganglion cells. Earlier achievement of 4 points in CAP indicates a faster speed of rehabilitation within a year and a half after surgery but is not indicative of higher scores in the distant future.

Therefore, further studies using larger sample sizes and longer follow-up periods are needed to explore the distribution of intracochlear spiral ganglion cells in conjunction with the post-operative electrode location. These studies will provide guidance in the selection of treatment strategies for CCD patients.



CONCLUSION

The present study investigated the imaging performance and long-term auditory speech outcomes of 23 children with CCD, who were found to have poorer auditory and speech development and slower progress after CI than the control group. However, CCD patients still showed improvement in auditory and speech abilities at 1.5 year after CI; hence, they required long-term rehabilitation. The reconstruction of the temporal bone CT showed that the size, volume, and morphology of the cavity in CCD patients varied widely, and a small lumen size is associated with shorter time needed to reach a 4-point post-operative CAP. Further studies should be conducted to verify these results and clarify the relationship and mechanism using a larger sample of patients with CCD.
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Previous studies, using modulation stimuli, on the relative effects of frequency resolution and time resolution on CI users’ speech perception failed to reach a consistent conclusion. In this study, frequency change detection and temporal gap detection were used to investigate the frequency resolution and time resolution of CI users, respectively. Psychophysical and neurophysiological methods were used to simultaneously investigate the effects of frequency and time resolution on speech perception in post-lingual cochlear implant (CI) users. We investigated the effects of psychophysical results [frequency change detection threshold (FCDT), gap detection threshold (GDT)], and acoustic change complex (ACC) responses (evoked threshold, latency, or amplitude of ACC induced by frequency change or temporal gap) on speech perception [recognition rate of monosyllabic words, disyllabic words, sentences in quiet, and sentence recognition threshold (SRT) in noise]. Thirty-one adult post-lingual CI users of Mandarin Chinese were enrolled in the study. The stimuli used to induce ACCs to frequency changes were 800-ms pure tones (fundamental frequency was 1,000 Hz); the frequency change occurred at the midpoint of the tones, with six percentages of frequency changes (0, 2, 5, 10, 20, and 50%). Temporal silences with different durations (0, 5, 10, 20, 50, and 100 ms) were inserted in the middle of the 800-ms white noise to induce ACCs evoked by temporal gaps. The FCDT and GDT were obtained by two 2-alternative forced-choice procedures. The results showed no significant correlation between the CI hearing threshold and speech perception in the study participants. In the multiple regression analysis of the influence of simultaneous psychophysical measures and ACC responses on speech perception, GDT significantly predicted every speech perception index, and the ACC amplitude evoked by the temporal gap significantly predicted the recognition of disyllabic words in quiet and SRT in noise. We conclude that when the ability to detect frequency changes and the temporal gap is considered simultaneously, the ability to detect frequency changes may have no significant effect on speech perception, but the ability to detect temporal gaps could significantly predict speech perception.
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INTRODUCTION

For patients with severe-to-profound hearing loss, cochlear implantation (CI) is the most effective method for reconstructing hearing. While overall speech signal understanding has improved, there remains variability in performance across recipients, and speech perception in noise remains challenging (Firszt et al., 2004; Wilson and Dorman, 2008; Holden et al., 2013).

Understanding daily conversation depends on the ability of the auditory system to detect ongoing changes in the spectral and temporal patterns of the incoming signals (He et al., 2012). Unlike individuals with normal hearing who have approximately 3,500 inner hair cells and 12,000 outer hair cells to provide fine-grained spectral resolution, CI users rely on sound information conveyed by electrical stimulation through up to 22 electrodes (Liang et al., 2018). The real number of spectral channels used by most CI users is likely to be less than eight because of factors such as channel interactions and frequency-to-electrode mismatches (Fu et al., 2004). In addition, owing to signal processing (e.g., signal compression, bandpass filtering, and temporal envelope extraction), CI greatly attenuates the time-frequency information of sound. Furthermore, neural degeneration related to long-term deafness in CI users exacerbates their compromised ability to detect frequency differences in sound (Sek and Moore, 1995; Moore, 1996).

Exploring the influencing factors of CI users’ speech perception has always been the interest of researchers. In terms of acoustical frequency resolution or time resolution of CI users, significant correlations were reported between spectral modulation sensitivity and speech perception outcomes for CI users (Henry et al., 2005; Won et al., 2007; Anderson et al., 2012), and there were significant correlations between speech perception performance and temporal modulation detection performance measured either through sound processor (Won et al., 2011; Gnansia et al., 2014) or direct stimulation in CI users (Cazals et al., 1994; Fu, 2002). Previous study have confirmed that the ability to detect spectrotemporal modulation, covaried in both the temporal and spectral domains, was related to CI users’ speech recognition performance (Lawler et al., 2017). On this basis, some researchers (Won et al., 2015; Zhou N. et al., 2020) evaluated the correlation of speech recognition with the spectrotemporal modulation (STM) thresholds while controlling for either temporal or spectral modulation sensitivity, but different conclusions were drawn. Won et al. (2015) suggested that that slow spectral modulation rather than slow temporal modulation may be important for determining speech perception capabilities for CI users. However, Zhou N. et al. (2020) suggested that temporal information processing may limit performance more than spectral information processing in CI users. Considering the fact that similar method was applied but reached different conclusions, this study intended to use different methods to simultaneously investigate the frequency resolution and time resolution of CI users, and analyze their relative roles in predicting speech perception.

There are different approaches to measuring frequency discrimination. One of the approaches is frequency change detection, used here, examining detection of minimal frequency change within stimuli that have embedded frequency changes. The advantage of this approach is that it allows for the examination of neural response evoked by the frequency change (e.g., acoustic change complex, ACC) within stimuli (Zhang et al., 2019). Measurement of gap detection thresholds (GDTs), used here, is one of the most widely used methods for assessing temporal resolution in humans (Garadat and Pfingst, 2011; Lister et al., 2011).

Some studies have investigated the relationships between speech perception and frequency change detection or temporal gap detection. In terms of frequency change detection, a study on adult CI patients confirmed that the frequency change detection threshold (FCDT) is related to speech perception ability (Zhang et al., 2019). According to the FCDT results, the adult CI was divided into two groups: good and poor. The speech test results of the good CI group were significantly better than those of the poor CI group (McGuire et al., 2021). In a study of changing stimulated electrodes, there was a robust correlation between electrode-discrimination capacities and speech-perception performance in CI children with auditory neuropathy spectrum disorder (ANSD) (He et al., 2014). In terms of temporal gap detection, one study in young people with normal hearing and old people with hearing loss showed that, after excluding the influence of age and hearing loss, the GDT contributed to variance in speech recognition in noise (Hoover et al., 2015). However, some studies have failed to confirm the correlation between GDT and speech perception ability of CI users (Mussoi and Brown, 2019; Cesur and Derinsu, 2020). Luo et al. (2020) drew different conclusions for various subjects. For older acoustic-hearing listeners, gap detection ability was significantly correlated with SRT in noise, but this correlation was not observed in older CI users and younger listeners with normal hearing. Therefore, the relationship between gap-detection ability and speech perception requires further study.

The above FCDT or GDT are obtained by psychophysical tests. However, clinically, some CI users would not be able to participate in complicated auditory tests; therefore, it is necessary to find simple test methods to quickly estimate or predict the effects of CI. Cortical auditory evoked potentials (CAEPs), which can be recorded in a passive listening condition that does not require the participant’s attention or voluntary responses, can thus serve as a suitable tool for difficult-to-test participants (Sharma and Dorman, 2006; Small and Werker, 2012). The auditory event–related potentials (ERPs), including the onset response and the acoustic change complex (ACC), are cortically generated potentials that can be recorded from surface electrodes placed on the scalp. The onset response is typically evoked by a brief stimulus, and its presence indicates sound detection. The ACC is elicited by stimulus change(s) that occur within an ongoing, long-duration stimulation. The ACC provides evidence of discrimination capacity across various stimulus dimensions at the level of the auditory cortex (Martin et al., 2008). The ACC differs from and has advantages over the mismatch negativity (MMN), another type of auditory evoked response reflecting auditory discrimination. First, in the stimulus paradigm for the ACC, every trial of the stimuli contributes to the ACC response. In MMN recordings, a large number of standard stimuli is required to embed a sufficient number of deviant stimuli. Thus, the recording time for the ACC is much shorter than that for the MMN. Second, the ACC has a much larger amplitude (higher signal-to-noise ratio) compared to the MMN, which enables the accurate identification of ACC peaks for latency and amplitude calculation (Martin and Boothroyd, 1999). Third, the MMN is an outcome of waveform subtraction between the response to the deviant stimuli and the response to the standard stimuli, while the ACC is a response directly collected from the participant (Liang et al., 2018).

There were also some studies on the relationship between ACC induced by frequency change or temporal gap and speech perception. On ACC induced by frequency change, the N1 latency of the ACC induced by the 160-Hz tone containing a 50% frequency change was significantly correlated with the clinically collected phonetic perception score [consonant-nucleus-consonant (CNC) monosyllabic word], although a correlation between N1 latency and AzBio sentences could not be established (Liang et al., 2018). In a study of changing stimulated electrodes, compared with those with poor speech performance, the electrically evoked auditory change complex (eACC) amplitude of those with better speech performance was larger (He et al., 2014). On ACC induced by temporal gap, studies of CI or non-CI children with ANSD showed that the eACC or ACC induced by temporal gap was significantly correlated with the phonetically balanced kindergarten (PBK) word score (He et al., 2013, 2015). Unlike the above studies, a study on people with normal hearing and hearing loss showed that, after considering the influence of hearing loss, there was no significant correlation between the ACC threshold induced by frequency change and speech reception thresholds (SRTs) in noise (Vonck et al., 2021). Most of the aforementioned studies that reported a relationship between frequency change detection and speech perception did not consider the influence of hearing threshold. Therefore, the relationship between subjective or objective frequency change detection and speech recognition requires further study after excluding the influence of hearing threshold.

In addition to failing to reach a consistent conclusion, most of the aforementioned studies did not investigate frequency change detection and temporal gap detection simultaneously; therefore, it is impossible to analyze their relative effects on speech perception. Furthermore, few studies have simultaneously used psychophysical and neurophysiological methods to investigate the effects of frequency change detection and temporal gap detection on CI users’ speech perception. These were exactly what this research wanted to do.

For tonal languages, such as Mandarin Chinese, lexical tones make an essential contribution to understanding the meaning of words and sentences. Mandarin Chinese includes four tones: the high-level tone (tone 1), the rising tone (tone 2), the falling-rising tone (tone 3), and the high-falling tone (tone 4). These tones play an important role in understanding the meaning of monosyllabic words in Chinese language (Zhou Q. et al., 2020). Some studies have examined the role of temporal and spectral cues in mandarin tone recognition (Kong and Zeng, 2006; Wei et al., 2007), but few studies have examined the influence of frequency resolution and time resolution on CI users’ speech perception in Mandarin Chinese.

This study addresses the following questions: (1) whether the speech perception ability of post-lingual CI users is affected by their CI hearing threshold; (2) whether FCDT or GDT obtained using psychophysical tests could predict speech perception in post-lingual CI users of Mandarin Chinese; (3) whether ACC response induced by frequency change or temporal gap can predict speech perception in these CI users; and (4) when considering both psychophysical and neurophysiological results of frequency change detection or temporal gap detection, which factors could best predict speech perception in these CI users.



MATERIALS AND METHODS


Participants

There were 31 CI users (11 females and 20 males; 16.3–51.4 years old; 27 unilateral and four bilateral CI users) participated in this study. Only the more satisfied side was tested in bilateral CI users, whereas the other was picked off. Bimodal CI users, who wore a hearing aid in the non-implanted ear, took off their hearing aid and had an earplug inserted into their non-implanted ear. All participants were post-lingually deafened, with a speech intelligibility rating (SIR) score above 4 (connected speech is intelligible to a listener who has little experience of a deaf person’s speech; the listener does not need to concentrate unduly). Considering that the purpose of this study was to find the relationship between CI users’ speech perception with auditory discrimination factors, and the speech perception of prelingually deafed adult CI users was greatly constrained, the participant was limited to post-lingually deafed CI users. All patients used CI for at least 6 months. All participants were native Mandarin Chinese speakers with no history of neurological or psychological disorders. Demographic data of the participants are presented in Table 1. Twenty-one participants used Chinese CIs.


TABLE 1. Cochlear implant (CI) users’ demographics.
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This study was approved by the Medical Ethics Committee of Shandong Provincial ENT Hospital, Shandong, China. All participants provided written informed consent before participating in the study.



Stimuli

Stimuli in psychophysical tests and CAEPs tests were generated using Audacity software at a sample rate of 44.1 kHz and presented by the E-Prime program (Psychology Software Tools, Pittsburgh, PA, United States).

A series of tones of 800 ms duration (including 10-ms raised-cosine onset and offset ramps) at fbase of 1,000 kHz that contained different magnitudes of upward F-changes at 400 ms after the tone onset were used in frequency discrimination tests. The F-change occurred at 0 phase (zero crossing); there was no audible transient when the F-change occurred (Dimitrijevic et al., 2008; Pratt et al., 2009). The amplitudes of all the stimuli were normalized. Similar stimuli were used in some other studies (Liang et al., 2018, 2020; Zhang et al., 2019; McGuire et al., 2021).

Compared with pure tone or narrow-band noise, broadband noise can activate more electrodes in CI electrode array. Therefore, white noise was used in this study, so as to investigate the overall gap detection ability of CI users. White noise with different durations of silent gaps added in the middle position was used in the gap detection tests. There were 10 ms rising and falling periods when white noise appeared and ended. We used the 4-ms fall/rise surrounding the gap to reduce the spectral splatter, which is usually introduced by rapid onsets and offsets. To minimize the availability of intensity cues resulting from the 4-ms fall/rise, both the gap and no-gap stimuli contained a 4-ms fall/rise. GDT was affected by the duration of stimulation before and after the gap, and gap detection thresholds of older adults were markedly higher than those of younger adults for marker durations of less than 250 ms (Schneider and Hamstra, 1999). In this study, the influence of age should be excluded, so the duration of noise before and after the gap should be longer than 250 ms. In this study, the stimulation duration before and after gap was 400 ms, which was also applied in some other studies (He et al., 2013, 2015, 2018; Mussoi and Brown, 2019). In GDT testing, the stimulation duration was fixed at 800 ms, and the gap was in the middle position. In ACC testing, the duration of stimulation ranged from 800 to 900 ms, in which the gap occurred at 400 ms after the noise onset, and gap duration ranged from 0 to 100 ms.

Studies have shown that GDT was affected by the intensity of stimulation, and gap detection was known to improve with increases in stimulus intensity level until asymptotic performance was achieved (Florentine and Buus, 1984; Horwitz et al., 2011). For people with normal hearing, to achieve a stable and high level of GDT, the noise intensity should be above 50 dB SPL (Florentine and Buus, 1984) or above 20 dB SL (Horwitz et al., 2011). In this study, in order to ensure that the subjects’ GDT reaches their own high level, the noise intensity was set to not less than 70 dB SPL. Patients who were unable to tolerate sounds of 70 dB SPL were excluded from these tests.



Procedures

The participants were tested for pulse tone hearing thresholds to ensure audibility of the stimuli presented through their clinical processors. Their speech performance was tested with 35 dB HL sound intensity above their CI hearing thresholds (average of 0.25, 0.5, 1, 2, 4 kHz pulse tone hearing threshold). They were seated on a comfortable chair in a sound-treated booth for the psychophysical and CAEP tests. Stimuli were presented in the sound field via a single loudspeaker placed at ear level, 1.5 m in front of the participant. The stimuli were presented at an intensity corresponding to loudness level 7 (most comfortable level) on a 0–10-point (inaudible to too loud) numerical scale to the tested CI ear (Liang et al., 2018). The intensity level of stimuli was determined separately in frequency change detection and gap detection, so the stimuli intensity level of frequency change detection and gap detection may be different for one subject. The same stimulus intensity was used for both the psychophysical and CAEP tests in frequency change detection or temporal gap detection, making the results of psychophysical test and CAEP test be comparable.



Behavioral Tasks


Psychophysical Tests

An adaptive, 2-alternative forced-choice procedure was used to determine the FCDT and GDT. In each trial, a standard stimulus and target stimulus were included, and the participant was instructed to choose the target stimulus by pressing the corresponding button. The order of the standard and target stimuli was randomized and the interval between the stimuli in each trial was 0.5 s. A 2-down, 1-up staircase technique was used to track the 70.7% correct point on the psychometric function. Each response alteration was counted as response reversal. Each run generated 10 reversals. FCDT or GDT was calculated as the average of the last six reversals. The test was repeated thrice, and the average of the FCDTs or GDTs was recorded. The order of FCDT and GDT was random among different subjects.

The standard stimulus in the FCDT test was a 1,000 Hz tone, with no frequency change; the target stimulus was a 1,000 Hz tone containing a frequency change with a magnitude of up to 100%; the step size was 5% from 10 to 100% range, 0.5% from 0.5 to 10% range, and 0.05% from 0.05 to 0.5% range. The change of frequency began at 20%. The standard stimulus in the GDT test was white noise with no gap inserted, and the target stimulus was white noise with a gap inserted, in which the maximum gap duration was 100 ms; the step size was 5 ms from the 40 to 100 ms range, 2 ms from the 10 to 40 ms range, and 1 ms from the 1 to 10 ms range. The initial gap duration was 20 ms.



Speech Perception Tests

A computer-assisted Chinese speech audiometry platform was used to test speech perception (Xin et al., 2010). The recognition accuracy for monosyllabic words, disyllable words, and sentences in a quiet environment was tested. The SRT in noise (the SNR required for 50% correct word-in-sentence recognition in multi-talker, speech-babble noise) was only tested in participants whose recognition accuracy of a sentence in quiet exceeded 50%. In the monosyllabic words test, there were 25 syllables, and only when the consonants, vowels and tones were all correctly identified could the monosyllabic word be regarded as correctly identified. There were 40 disyllabic words in the disyllabic word test, and a single word was used as the scoring unit in the test. The sentence test in quiet consisted of 10 sentences with 50 key words, and the key word was used as the scoring unit in the test. In SRT test in noise, the initial SNR was set before test and the software could obtain the SNR corresponding to 50% correct recognition in noise by self-adapting SNR. In this study, the SRT in noisy was tested in 18 subjects. In this study, speech perception refers to the overall speech recognition ability, including the recognition accuracy of monosyllabic words, disyllabic words and sentences in quiet and the SRT in noise.




Electroencephalographic Recordings and Data Processing

The stimuli used to induce the F-change CAEPs were tones at fbase of 1 kHz containing six different percentages of F-changes (0, 2, 5, 10, 20, and 50%). The stimuli used to induce the temporal gap CAEPs were white noise with six different gap durations (0, 5, 10, 20, 50, and 100 ms). The six stimulus conditions in tone or white noise were randomized to prevent order effects. The inter-stimulus interval was 1,200 ms. The order of the F-change and temporal gap CAEP tests was random among the participants.

The participants were seated comfortably in chairs and invited to watch silent films with subtitles. They did not need to pay attention to the sound stimulation presented via the loudspeaker but needed to stay awake and quiet. Electroencephalogram (EEG) results were collected using a Brain Vision (1.22) system (London, United Kingdom) and a Brain Amp DC amplifier. According to the International Standard 10–20 system, FPz, Fz, Cz, C3, and C4 were used as recording electrodes, the electrode placed at the opposite mastoid of the implanted side was used as the reference, the electrode placed between the eyebrows was the grounding electrode, and the electrode placed under the opposite eyes of the implanted side was used to record eye blinks. The electrode impedances were maintained at below 5 kΩ. The EEG was sampled at 5,000 Hz and filtered online between 1 and 100 Hz. The artifact rejection threshold was ± 120 μV. The EEG was epoched and baseline-corrected online using a window of 1,100 ms, including a 100-ms pre-stimulus baseline and a 1,000-ms post-stimulus time. For each subject, at least 200 artifact-free sweeps were recorded for each stimulation condition. These recordings were digitally filtered offline between 1 and 35 Hz before response identification and amplitude measurements.

Time windows delimiting the possible occurrence of ACC responses were determined based on the grand mean average of all recorded responses of F-change or temporal gap CAEPs. The windows for the ACC response extended from 450 to 650 ms for F-change CAEPs and from 450 to 750 ms for temporal gap CAEPs, relative to the stimulus onset. The presence of ACC was determined on ERPs based on the following criteria: (i) an expected ACC wave morphology (N1-P2 complex) within the expected time window, and (ii) a visual difference in the waveforms between the F-change conditions vs. the no-change condition or gap-inserted conditions vs. no gap-inserted conditions. Finally, the peak components of ACC (N1 and P2) were labeled. In the ACC response, the first peak, P1, is considerably smaller than the N1 and P2 peaks. The low signal-to-noise ratio of this peak makes it difficult to reliably determine the amplitude and latency of P1 (Vonck et al., 2021). The N1 potential was used to represent the ACC potential. As in previous studies (Tremblay et al., 2001; Kim et al., 2009), the N1-P2 peak-to-peak amplitude was used to represent the amplitude of the ACC.



Statistical Analysis

The frequency change and temporal gap ACC thresholds were separately defined as the smallest frequency change and the shortest temporal gap in six change conditions that could be reliably used to evoke ACC responses. Among the six stimulus conditions, the latency and amplitude of ACC evoked by 50% frequency change and 100 ms temporal gap at Fz were used for statistical analysis. Statistical analyses were performed using the SPSS version 20.0 software (IBM, Armonk, NY, United States).

Linear regression was performed to determine whether speech perception could be predicted by FCDT/GDT, frequency change ACC thresholds/temporal gap ACC threshold, ACC latency, or amplitude induced by frequency change or temporal gap. In the cases of several significant correlations between speech perception and other measures, additional multiple stepwise regressions were conducted to assess their relative contributions to speech perception. A p-value less than 0.05 was used to determine factor entry into the regression model, while a p-value greater than 0.10 was used to determine factor removal from the model. The final model of the stepwise regression excluded any factors whose removal did not significantly impact the model fit while including any factors whose addition significantly improved the model fit. We checked for collinearity between independent variables [defined as tolerance < 0.1 and variance inflation factor (VIF) > 10] (Vonck et al., 2021).




RESULTS


Correlation of Speech Perception to Cochlear Implant Hearing Thresholds

Figure 1 shows the means and standard deviations of the hearing thresholds using pulse tones at frequencies of 0.25, 0.5, 1, 2, and 4 kHz. The thresholds at the different frequencies were significantly different [F(4, 120) = 24.09; p < 0.01]. A one-way repeated analysis of variance showed that the hearing threshold of 250 Hz was significantly lower than that of the remaining four frequencies (p < 0.01), that of 500 Hz was significantly lower than that of 1k/2k/4k (p < 0.01), that of 1 kHz was significantly lower than that of 2k/4k (p < 0.01), and that there was no significant difference between 2k and 4k (p > 0.05). The correlations between speech perception and hearing thresholds of 0.25, 0.5, 1, 2, and 4 kHz or the average hearing threshold of the five frequencies were analyzed. Our results suggest no significant correlation between speech perception and hearing threshold (p > 0.05).
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FIGURE 1. Mean hearing thresholds at frequencies of 0.25, 0.5, 1, 2, 4 kHz in CI ears (n = 31). The mean (circle) and the standard deviations (error bars) of the mean are plotted.




Correlation of Speech Perception to Psychophysical Measures

In the simple linear regression analysis with FCDT or GDT as the independent variable and speech perception indicators as dependent variables, GDT was significantly correlated with all speech perception indicators (p < 0.01). FCDT was significantly correlated with SRT in noise (p < 0.01), but not with other speech recognition indicators (p > 0.05). The results are shown in Figure 2.
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FIGURE 2. The accuracy rate of monosyllabic words (A), disyllable words (B), sentences in quiet (C) as function of GDT for all subjects. The SRT in noise (D) as function of GDT for partial subjects. The accuracy rate of monosyllabic words (E), disyllable words (F), sentences in quiet (G) as function of FCDT for all subjects. The SRT in noise (H) as function of FCDT for partial subjects.




Correlation of Speech Perception to Acoustic Change Complex Thresholds

In the simple linear regression analysis with the frequency change ACC threshold or the temporal gap ACC threshold as the independent variable and speech perception indicators as dependent variables, the frequency change ACC threshold was significantly correlated with the recognition rates of disyllable words (r = −0.41, p < 0.05) and sentences (r = −0.42, p < 0.05) in quiet, and with SRT in noise (r = 0.57, p < 0.05), but not with monosyllabic words (r = −0.27, p > 0.05) in quiet (Table 2A). The temporal gap ACC threshold was significantly correlated with the recognition rates of monosyllabic words (r = −0.43, p < 0.05), disyllable words (r = −0.44, p < 0.05), and sentences (r = −0.50, p < 0.01) in quiet, but not with SRT in noise (r = 0.09, p > 0.05) (Table 2B).


TABLE 2. Simple linear regression analysis.
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Correlation of Speech Perception to Potentials and Amplitudes of Acoustic Change Complex

In simple linear regression analysis with the potential or amplitude of ACC evoked by 50% F-change or 100 ms temporal gap as the independent variable and speech perception indicators as the dependent variables, the 50% F-change ACC potential had no significant correlation with any speech perception indicators (p > 0.05) (Table 2C); 50% F-change ACC amplitude was significantly correlated with recognition rates of disyllable words (r = 0.38, p < 0.05) and sentences (r = 0.39, p < 0.05) in quiet (Table 2D); the 100 ms gap ACC potential was significantly correlated with recognition rates of disyllable words (r = −0.40, p < 0.05) and sentences (r = −0.40, p < 0.05) in quiet (Table 2E); and 100 ms gap ACC amplitude was significantly correlated with recognition rates of disyllable words (r = 0.45, p < 0.05) in quiet and SRT in noise (r = −0.62, p < 0.01) (Table 2F).



Multiple Regression Analyses of Speech Perception to Psychophysical Measures and Acoustic Change Complex Responses

To simultaneously consider the influence of psychophysical measures, ACC thresholds, potentials, and amplitudes of ACCs on speech perception, multiple stepwise regression analyses were conducted (see Table 3 for the results). In multiple stepwise regression, all factors related to speech perception in the simple linear regression analysis were treated as independent in the regression models.


TABLE 3. Multiple stepwise regression analysis.
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In the multiple regression analysis with monosyllabic word recognition as the dependent variable, only GDT was included in the model, whereas the temporal gap ACC threshold was excluded (Table 3A). Therefore, the temporal gap ACC threshold no longer had a significant effect on monosyllabic word recognition once the effect of the GDT was considered.

In the multiple regression analysis with disyllable word recognition as the dependent variable, only GDT and 100 ms gap ACC amplitude were included in the model, whereas other factors were excluded (Table 3B). Therefore, other factors no longer had a significant effect on disyllable word recognition once the effects of the GDT and 100 ms gap ACC amplitude were considered.

In the multiple regression analysis with sentence recognition in quiet as the dependent variable, only GDT was included in the model, whereas other factors were excluded (Table 3C). Therefore, other factors no longer had a significant effect on sentence recognition in quiet once the effect of the GDT was taken into account.

In the multiple regression analysis with SRT in noise as the dependent variable, only GDT and 100 ms gap ACC amplitude were included in the model, whereas other factors were excluded (Table 3D). Therefore, other factors no longer had a significant effect on SRT in noise once the effects of the GDT and 100 ms gap ACC amplitude were taken into account.

No collinearity was found between the factors with multiple regressions for the abovementioned multiple regressions (tolerance > 0.9, VIF < 1.1).




DISCUSSION


The Speech Perception of Post-lingual Cochlear Implant Users Was Not Affected by Their Cochlear Implant Hearing Thresholds

In this study, there were significant differences in CI hearing thresholds at different frequencies, and the overall trend was that the hearing thresholds gradually increased from low to high. This may be related to the individual characteristics of the study participants. Some of the study participants had long-term hearing loss and they did not wear hearing aids or the hearing aids did not adequately compensate for high-frequency sounds; therefore, they were unable to hear high-frequency sounds when they suffered from hearing loss, which made them intolerant of high-frequency sounds. Given the patient’s level of tolerance, the sensitivity to high-frequency sounds did not reach that to low frequency when mapped.

Research on people with normal hearing and hearing loss has shown that the degree of hearing loss has an important influence on speech perception (Vonck et al., 2021). In this study, correlation analyses of speech perception and different hearing frequency thresholds and mean CI hearing thresholds were conducted, but the effect of hearing thresholds on speech perception has not been confirmed. Therefore, the CI hearing threshold was excluded from the factors influencing speech perception. Nevertheless, the relationship between speech perception and CI hearing thresholds cannot be completely negated as there were no CI users with excessively poor CI hearing thresholds among the study participants. Therefore, we are only able to affirm that in the case of acceptable CI hearing thresholds, speech perception was not affected by the CI hearing threshold in post-lingual CI users.



Speech Perception of Post-lingual Cochlear Implant Users May Not Be Affected by the Ability to Detect Frequency Change

In simple linear regression analyses, FCDT was correlated with SRT in noise, and the ACC threshold or ACC amplitude evolved by frequency change was correlated with some speech perception indicators. However, FCDT, ACC threshold, and ACC amplitude were all excluded from the subsequent multiple regression models in which, besides FCDT and frequency change ACC, GDT, and temporal gap ACC were also treated as independent variables. This indicated that FCDT or frequency change ACC did not play a significant role in explaining differences in speech perception once the effect of the GDT or temporal gap ACC was considered. This result is not in line with previous research results. Previous studies have confirmed that speech perception in CI users is related to the FCDT (Zhang et al., 2019), spectral ripple discrimination (Luo et al., 2020), and electrode discrimination ability (He et al., 2014), and that speech perception is related to the ACC response induced by frequency changes or stimulation electrode changes (He et al., 2014; Liang et al., 2018). Except for the study on spectral ripple discrimination (Luo et al., 2020), none of the aforementioned studies (He et al., 2014; Liang et al., 2018; Zhang et al., 2019) examined the temporal resolution of the subjects simultaneously. Therefore, it is uncertain whether the relationship between frequency resolution and speech perception still exists in these studies when temporal and frequency resolution were taken into account at the same time. In addition, the aforementioned studies did not rule out the possible influence of CI hearing threshold on speech perception. A study reported that the degree of hearing loss had an important influence on speech perception, and that the correlation between frequency change ACC threshold and speech perception could mainly be explained by the degree of hearing loss (Vonck et al., 2021). Therefore, the correlation between subjective or objective frequency resolution and speech perception of CI users needs to be further studied, considering both temporal resolution and CI hearing threshold.



The Speech Perception of Post-lingual Cochlear Implant Users Was Affected by the Ability to Detect Temporal Gap

Multiple regression analysis showed that, as anticipated, speech perception could be partly predicted by the GDT and ACC amplitudes induced by the temporal gap. The auditory system uses temporal cues, such as the duration of speech segments and silent intervals between speech segments, to differentiate various speech sounds (Dorman et al., 1985). Current CIs mainly use an envelope-based speech-processing strategy to encode time-varying amplitudes in several frequency bands (Wilson et al., 1991; Shannon et al., 1995). Moreover, the spectral information provided by the CI is degraded and, therefore, significantly poorer than that heard by listeners with normal hearing (Xu et al., 2005; Sagi et al., 2009). The temporal resolution (i.e., the ability to follow rapid changes in the time waveform) is critical for speech recognition in CI users (Luo et al., 2020).

However, some studies (Mussoi and Brown, 2019; Cesur and Derinsu, 2020) have failed to confirm the correlation between GDT and speech perception. Several stimulus parameters, such as intensity, duration, temporal envelopes, and similarity of pre- and post-gate frequencies (Phillips et al., 1997; Schneider and Hamstra, 1999; Pichora-Fuller et al., 2006; Garadat and Pfingst, 2011; Horwitz et al., 2011), have also been shown to affect GDTs in CI users. The discrepancies in the literature regarding GDTs in CI users may be partially caused by the variety of stimulus parameters used in these studies (Blankenship et al., 2016). In addition to the stimulus parameters, the relationship between GDT and speech perception may also be modified by other factors affecting speech perception. Speech recognition requires cognitive processes such as attention, memory, and intelligence, as well as intact auditory pathways. The existence of various factors, such as peripheral, central, and cognitive processes, makes it difficult to evaluate the effects of temporal resolution on speech comprehension problems alone (Cesur and Derinsu, 2020). Therefore, in studies that fail to confirm the correlation between GDT and speech perception, the results may be influenced by the aforementioned stimulus parameters or factors that affect speech perception.



Clinical Implications

This study found that GDT could significantly predict speech perception in quiet or noisy environments of post-lingual CI users. This indicated that the GDT may provide an easy, quick, and non-linguistic tool to “screen out” poor CI ears for target intervention. Interventions may include doing auditory discrimination training, designing language rehabilitation courses for specific CI users. This tool is useful when patients cannot be reliably expected to perform well on clinical speech tests (e.g., young children) or when they have language barriers (e.g., non-native speakers).

This study also found that the ACC amplitude induced by the temporal gap can significantly predict the perception of disyllabic words in quiet and speech perception in noisy. This suggests, to some extent, that ACC amplitude induced by the temporal gap can be used as an objective tool to predict speech outcomes. This tool is useful when patients cannot be reliably expected to perform well on psychophysical tests or speech tests.



Limitations and Future Studies

Among the five conditions with frequency change or gap duration change, the minimum change condition that could induce an ACC response was defined as the frequency change ACC threshold or temporal gap ACC threshold in this study. However, this was only an approximate estimate of the actual ACC threshold. Future research can use an adaptive program and real-time data analysis to calculate the exact threshold of ACC response, as has been done by Vonck et al. (2021).

In multiple regression analysis, the ACC amplitude induced by temporal gap could significantly predict disyllabic words in quiet and SRT in noise, but not monosyllabic words or sentences in quiet. We can’t explain this result well, but it may be related to the differences among materials of speech tests. Compared with identifying monosyllabic words and sentences, identifying monosyllabic words may be a moderately difficult task. There is no hint of other syllables, so it is relatively difficult to recognize monosyllabic words. Meanwhile, it may be relatively simple to recognize the sentences in quiet because of the hints of the preceding and following words in the sentences. Therefore, the recognition of disyllabic words may better represent the recognition ability of speech sounds. But more research is needed to verify this argument.

Although GDT and ACC amplitude evoked by temporal gaps were associated with speech perception in this study, this could explain only approximately half of the variability in speech perception scores. Other factors that were not considered in the present study might help explain the remaining variability in speech perception. Cognitive abilities and listening efforts are likely to be important for speech perception. For example, according to Mussoi and Brown (2019), digit span and cognitive ability are correlated with speech perception performance.




CONCLUSION

In this study, no influence of CI hearing threshold on speech perception was found in post-lingual CI users. Psychophysical and neurophysiological methods were used to investigate the influence of the ability to detect frequency changes or temporal gaps on the speech perception of post-lingual CI users. When the ability to detect frequency changes and the temporal gap was considered simultaneously, the ability to detect frequency changes had no significant effect on speech perception, but the ability to detect temporal gaps could significantly predict speech perception. The GDT obtained using the psychophysical method is a good predictor of speech perception, and the ACC amplitude induced by the temporal gap can also predict speech perception to a certain extent.
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Compared to normal-hearing (NH) listeners, cochlear implant (CI) listeners have greater difficulty segregating competing speech. Neurophysiological studies have largely investigated the neural foundations for CI listeners' speech recognition in quiet, mainly using the P300 component of event-related potentials (ERPs). P300 is closely related to cognitive processes involving auditory discrimination, selective attention, and working memory. Different from speech perception in quiet, little is known about the neurophysiological foundations for segregation of competing speech by CI listeners. In this study, ERPs were measured for a 1 vs. 2 kHz contrast in 11 Mandarin-speaking bimodal CI listeners and 11 NH listeners. Speech reception thresholds (SRTs) for a male target talker were measured in steady noise or with a male or female masker. Results showed that P300 amplitudes were significantly larger and latencies were significantly shorter for the NH than for the CI group. Similarly, SRTs were significantly better for the NH than for the CI group. Across all participants, P300 amplitude was significantly correlated with SRTs in steady noise (r = −0.65, p = 0.001) and with the competing male (r = −0.62, p = 0.002) and female maskers (r = −0.60, p = 0.003). Within the CI group, there was a significant correlation between P300 amplitude and SRTs with the male masker (r = −0.78, p = 0.005), which produced the most informational masking. The results suggest that P300 amplitude may be a clinically useful neural correlate of central auditory processing capabilities (e.g., susceptibility to informational masking) in bimodal CI patients.

Keywords: cochlear implant, competing speech, informational masking, event-related potentials, P300


INTRODUCTION

While cochlear implants (CIs) provide sufficient spectro-temporal resolution for speech recognition in quiet by deaf individuals, masked speech recognition is often difficult for CI users. Steady noise is thought to largely produce “energetic” masking; the spectro-temporal overlap between the target and masker occurs at the periphery (e.g., Brungart, 2001; Kidd et al., 2002). Competing speech is thought to produce some combination of energetic masking, “envelope” masking (target and masker envelope interference even when there is no spectral overlap; e.g., Stone and Canavan, 2016), and “informational” masking (e.g., lexical interference, target/masker similarities, etc.; Brungart, 2001; Kidd et al., 2002, 2016). Different from normal-hearing (NH) listeners, who have greater difficulty with competing noise than with competing speech, CI listeners have greater difficulty with competing speech than with competing noise (e.g., Stickney et al., 2004; Cullington and Zeng, 2008; Tao et al., 2018). The coarse spectro-temporal resolution is thought to limit CI users' segregation of target and masker speech (e.g., Friesen et al., 2001; Shannon et al., 2004; Fu and Nogaki, 2005; Luo and Fu, 2009).

Cortical measures have been used to characterize NH and CI listeners' auditory processing. Auditory event-related potentials (ERPs) reflect the brain's response to changes in an ongoing stimulus (e.g., deviant stimuli in the context of frequent stimuli in an oddball paradigm). Exogenous, pre-attentive responses (e.g., P1, N1, P2, N2 peaks) typically occur within the first 250 ms and do not reflect cognitive processing (e.g., Martin et al., 2008; Lightfoot, 2016). The latency of the endogenous P3 (or P300) response is typically between 250 and 400 ms, and is thought to reflect attention and/or arousal (e.g., Polich and Kok, 1995; Kok, 2001). Recording of P300 responses requires some sort of behavioral response to the deviant stimulus (e.g., counting the number of deviant stimuli during a test run, indicating when a deviant stimulus was heard, etc.). P300 latency has been shown to be related to the speed of information processing (e.g., Ritter et al., 1972; Kutas et al., 1977; Parasuraman and Beatty, 1980; Donchin and Coles, 1988). P300 amplitude has been shown to decrease with increasing task difficulty (e.g., Parasuraman and Beatty, 1980). Uncertainty in discrimination of sounds may be reflected in reduced P300 amplitude (e.g., Sutton et al., 1965; Hillyard et al., 1971; Squires et al., 1973; Picton, 2011).

There is great variability in CI outcomes that is largely unexplained but may be related to individual central auditory processing capacities (e.g., Dunn et al., 2005). In CI users, ERPs may be used to observe detection (exogenous components) and discrimination (endogenous components) of stimulus contrasts. Assuming there are no cognitive deficits, device-related factors (e.g., the number of implanted electrodes, frequency allocation) and patient-related factors (e.g., the electrode-neural interface, patterns of neural survival, etc.) may affect ERP responses. As such, it is important to select stimuli that are sufficiently contrastive when measuring ERPs. Some studies have used pure-tone contrasts (e.g., Groenen et al., 2001; Beynon et al., 2002; Sasaki et al., 2009; Obuchi et al., 2012; Calderaro et al., 2020; Van Yper et al., 2020; Wedekind et al., 2021) while others have used phonemic contrasts (e.g., Groenen et al., 2001; Beynon et al., 2002, 2005; Beynon and Snik, 2004; Henkin et al., 2009; Micco et al., 1995). ERPs have also been used to observe the evolution of auditory processing after cochlear implantation in longitudinal studies (e.g., Kubo et al., 2001).

P300 is closely related to cognitive processes involving auditory discrimination, selective attention, and working memory (e.g., Polich, 2007). Segregation of competing speech has been shown to involve cognitive processes (e.g., Francis, 2010). Some CI studies have compared P300 responses to standard clinical measures such as word recognition in quiet (e.g., Kileny et al., 1997; Groenen et al., 2001; Grasel et al., 2018; Abrahamse et al., 2021; Amaral et al., 2021). Others have compared P300 responses to phoneme recognition in quiet (e.g., Groenen et al., 2001; Beynon et al., 2002) or to speech recognition in steady noise (e.g., Iwaki et al., 2004). Kileny et al. (1997) found a significant correlation between P300 amplitude and sentence recognition in pediatric CI users. Groenen et al. (2001) found a significant correlation between P300 amplitude and word/phoneme recognition in quiet in adult CI users.

Bimodal listening [CI in one ear, hearing aid (HA) in the other ear] provides important low-frequency temporal fine-structure cues that benefit pitch-mediated perception (e.g., music, talker identity, prosody) and segregation of target speech and maskers (e.g., Gifford et al., 2007; Cullington and Zeng, 2008; Dorman et al., 2008; Yoon et al., 2012; Crew et al., 2015; Liu et al., 2019). Previous studies have shown more robust P300 responses with bimodal than with CI-only listening. Iwaki et al. (2004) found that sentence recognition in noise was significantly better and P300 latency was significantly shorter with bimodal than with CI-only listening. Sasaki et al. (2009) also reported shorter P300 latency and better word recognition in quiet with bimodal than with CI-only listening. However, the relationship between P300 responses and segregation of competing speech with bimodal listening remains unclear.

In this study, P300 responses to pure-tone stimuli were recorded in NH listeners and bimodal CI users; speech recognition was measured in the presence of steady noise or competing speech. Given that the present participants used bimodal listening in daily life, only bimodal listening was tested. Also, previous studies have shown more robust P300 responses with bimodal than with CI-only listening (e.g., Iwaki et al., 2004; Sasaki et al., 2009). Consistent with previous studies (e.g., Beynon et al., 2005; Obuchi et al., 2012; Grasel et al., 2018), we expected greater P300 amplitudes and shorter P300 latencies in NH than in CI listeners. Given the great variability in speech performance among CI users (e.g., Stickney et al., 2004; Cullington and Zeng, 2008) and given that P300 is sensitive to auditory task difficulty (Parasuraman and Beatty, 1980; Polich, 1987; Causse et al., 2016), we expected that P300 responses would be related to masked speech recognition, especially for the more difficult segregation of competing speech by CI users.



METHODS


Participants

Eleven Mandarin-speaking CI listeners (six females, five males) participated in the study; the mean age at testing was 21.5 ± 9.2 years. All were users of Med-El devices. All except for CI-4 were implanted with the Sonata ti10 device with the Standard electrode array (31.5 mm); CI-4 was implanted with Concerto device and the Flex 28 electrode array (28 mm). All used the Opus 2 processor, and all used the FS4 strategy. All were bimodal listeners, using a CI in one ear and a hearing aid in the other ear in every day listening. The mean duration of deafness prior to implantation was 12.8 ± 6.5 years. The mean CI experience was 2.0 ± 1.9 years. CI participants C1, C2, A2, A3, A6 were prelingually deaf, and C3, A1, A4, A5, A7, A8 were postlingually deaf. Table 1 shows demographic information for the CI participants. Eleven Mandarin-speaking NH listeners (seven females, four males) also participated in the study; the mean age at testing was 22.1 ± 9.5 years. A t-test showed no significant difference in age at testing between the CI and NH groups [t(20) = 0.2 p = 0.882]. All participants were recruited from Department of Ear, Nose, and Throat, The First Affiliated Hospital of Soochow University. The Ethical Committee from The First Affiliated Hospital of Soochow University specifically approved this study (Approval number 2021122). All participants provided written informed consent before participating in the study; parental approval was obtained for pediatric CI and NH listeners.


Table 1. Demographic information of CI participants.
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Speech Perception

The Closed-set Mandarin Speech (CMS; Tao et al., 2017) test materials were used to test speech recognition with the different maskers. The CMS test materials consist of familiar words selected to represent the natural distribution of vowels, consonants, and lexical tones found in Mandarin Chinese. Ten keywords in each of five categories (Name, Verb, Number, Color, and Fruit) were produced by native Mandarin talkers.

Speech reception thresholds (SRTs), defined as the target-to-masker ratio (TMR) that produced 50% correct keyword recognition, were adaptively measured using a modified coordinate response matrix test (Brungart, 2001). Two target keywords (randomly selected from the Number and Color categories) were embedded in a five-word carrier sentence uttered by a male target talker [mean fundamental frequency (F0) across all words = 136 Hz]. The first word in the target sentence was always the Name “Xiaowang,” followed by randomly selected words from the remaining categories. Thus, the target sentence could be (translated from Mandarin) “Xiaowang sold Three Red strawberries” or “Xiaowang chose Four Brown bananas,” etc. (Name to cue target talker in bold; target keywords in bold italic).

Recognition of the target keywords was measured in the presence of steady state noise (SSN) or competing speech; maskers were co-located with the target (0° azimuth). The spectrum of the SSN was matched to the long-term average spectrum of the target talker, averaged across all words. For competing speech, the masker was a female talker (mean F0 across all words = 248 Hz) or a different male talker (mean F0 = 178 Hz). Masker sentences were randomly generated for each test trial; words were randomly selected from each category, excluding the words used in the target sentence. Thus, the masker sentence could be “Xiaozhang saw Two Blue kumquats,” “Xiaodeng took Eight Green papayas,” etc. (competing keywords in italic).

All stimuli were presented in the sound field at 65 dBA via a single loudspeaker; subjects were seated in a sound-attenuated booth, directly facing the loudspeaker at a 1-m distance. For CI participants, SRTs were measured using the clinical settings for their devices, which were not changed throughout the study. During each test trial, a sentence was presented at the desired TMR; the initial TMR was 10 dB. Participants were instructed to listen to the target sentence (produced by the male target talker and beginning with the name “Xiaowang”) and then click on one of the 10 response choices for each of the Number and Color categories; no selections could be made from the remaining categories, which were grayed out. If the subject correctly identified both keywords, the TMR was reduced by 4 dB (initial step size); if the subject did not correctly identify both keywords, the TMR was increased by 4 dB. After two reversals, the step size was reduced to 2 dB. The SRT was calculated by averaging the last six reversals in TMR. If there were fewer than six reversals within 20 trials, the test run was discarded and another run was measured. Two test runs were completed for each condition and the SRT was averaged across runs. The masker conditions were randomized within and across participants.



P300 Recordings

P300 ERPs were recorded using the Smart EP software (Intelligent Hearing System, Miami, FL, USA) and a multichannel recording paradigm. Disposable electrodes were placed at the high forehead (non-inverting electrode), both sides of the mastoid (inverting electrode), and low forehead (ground electrode). Absolute impedances and inter-electrode impedances were <5 and 3 kΩ, respectively. Responses were filtered online using a band-pass filter between 1 and 100 Hz. Pure-tone acoustic stimuli (1 or 2 kHz) with 50-ms duration and 5-ms rise and decay times were presented to the subjects every 1 s. Pure-tone stimuli were used instead of speech stimuli because pure-tone stimuli show better P300 reproducibility (e.g., Perez et al., 2017). The intensity of the stimuli was 20–30 dB above the aided PTA thresholds at 1 or 2 kHz to ensure that stimuli were clearly and comfortably audible for all participants.

Participants were seated in an electrically-shielded, sound-attenuated examination room. The stimuli were presented via two loudspeakers placed at ear level, 1 m away, ±45° relative to center. The probability was set at 80% for the frequent stimulus (1 kHz tone) and 20% for the rare stimulus (2 kHz tone). Participants were instructed to count the number of 2 kHz stimuli (oddball paradigm). All participants were able to discriminate between 1 and 2 kHz with 100% accuracy. In each run where all 20 oddball stimuli were identified, 20 ERPs for the rare stimuli were averaged. The recording window was comprised of a pre-stimulus baseline of 200 ms and a 500 ms post-stimulus epoch with a sampling rate of 1,000 Hz. Artifact rejection level was set at 100 mV. To avoid artifacts due to eye blinks, participants were instructed to close their eyes during the recording (Groenen et al., 2001). To reduce unwanted alpha rhythm, the inter-stimulus-interval was jittered by ±0.1 s (±10%), which made stimulus presentation less predictable and participants more attentive. Also, alpha rhythm was partially canceled out during the average processing because the onset of the P300 ERP is random relative to the phase of the alpha wave (Talsma and Woldorff, 2005).

P300 amplitude was calculated between the most positive point in the waveform between ≈250–400 ms and the following most negative point. This approach was chosen because the following most negative point was more distinct than the previous negative point. P300 latency was identified according to the P300 positive point. A minimum of three runs were tested, with more as needed if the participant did not identify all 20 oddball stimuli; only test runs where all 20 oddball stimuli were identified were included in analyses. Rest periods were taken between sessions to keep the participants alert.




RESULTS

Figure 1 shows SRTs with SSN or with a competing male or female talker for the NH and CI listeners. SRTs were much lower (better) for NH than for CI listeners. For NH listeners, mean SRTs progressively improved from SSN (−11.3 ± 1.1 dB) to the male masker (−17.0 ± 9.0 dB) and then to the female masker (−24.9 ± 7.3 dB). For CI listeners, mean SRTs were poorer with the competing male (5.5 ± 3.1 dB) or female talker (3.2 ± 3.3 dB) than with SSN (1.1 ± 5.9 dB). A mixed-design analysis of variance (ANOVA) was performed on the SRT data, with masker (SSN, male, female) as the within-subject factor and group (NH, CI) as the between-subject factor. Results showed significant effects of group [F(1,40) = 125.1, p < 0.001] and masker [F(2,40) = 10.7, p < 0.001]; there was a significant interaction [F(2,40) = 16.8, p < 0.001]. Post-hoc Bonferroni pairwise comparisons showed that for the NH group, SRTs were significantly higher (poorer) with SSN than with the male (p = 0.016) or female masker (p < 0.001), and significantly higher with the male than with the female masker (p < 0.001). There were no significant differences among the maskers for the CI group. SRTs were significantly lower (better) for the NH than for the CI group for all maskers (p < 0.001 for all comparisons).
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FIGURE 1. (Left): SRTs with SSN, competing female, or competing masker for individual NH participants; mean SRTs across NH participants are shown at right. (Right): Same as left panel, but for CI participants. In both panels, participants are ordered in terms of age at testing, with “C” indicating child listeners and “A” indicating adult listeners. The error bars show the standard deviation.


Figure 2 shows waveforms with the peak P300 response averaged across the three test runs for individual NH and CI listeners. Note that the intra-class correlation coefficient was 0.99 and 0.97 for P300 amplitude and latency, respectively, suggesting good test-retest reliability across the three runs. Because RM ANOVAs showed no significant effect of test run for NH or CI participants (p > 0.05 for all analyses), data were averaged across runs. Mean P300 amplitude was higher for the NH group (8.9 ± 3.5 μV) than for the CI group (3.2 ± 2.2 μV); mean P300 latency was shorter for the NH group (305 ± 23 ms) than for the CI group (338 ± 28 ms). T-tests showed that P300 amplitude was significantly higher for the NH than for the CI group [t(20) = 4.6, p < 0.001], and that P300 latency was significantly shorter for the NH than for the CI group [t(20) = −3.1, p = 0.006].
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FIGURE 2. Individual age-matched NH (red) and CI listener (blue) waveforms showing P300 responses averaged across the three test runs. The downward arrows show P300, and the upward triangles show the following negative point; P300 amplitude was calculated between P300 and the negative point. Panels are ordered in terms of age at testing; the top row shows data for child (“C”) participants and the next two rows show data for adult (“A”) participants. The panels at bottom right show boxplots of P300 amplitude and latency across all three runs for NH (red) and CI listeners (blue); the boxes show the 25th and 75th percentiles, the error bars show the 10th and 90th percentiles, the filled circles show outliers, the horizontal lines show the median, and the white stars show the mean.


Figure 3 shows SRTs with SSN or with a competing male or female talker for the NH and CI groups as a function of P300 amplitude and latency; each data point shows the mean across three test runs. When all NH and CI data were combined, and after Bonferroni correction for multiple comparisons (adjusted p = 0.016), Pearson correlation analysis showed significant relationships between P300 amplitude and SRTs with SSN (r = −0.65, p = 0.001), and with the male (r = −0.62, p = 0.002) and female maskers (r = −0.60, p = 0.003). A significant relationship was observed between P300 latency and SRTs with SSN (r = 0.60, p = 0.008), but not for SRTs with the male or female masker. For the CI group, Pearson correlation analysis showed a significant relationship only between P300 amplitude and SRTs with the male masker (r = −0.78, p = 0.005); the correlation remained significant after controlling for age at testing, duration of deafness, and CI experience (r = −0.81, p = 0.016). No significant correlations were observed between P300 amplitude and SRTs with SSN or with the female masker, or between P300 latency and SRTs with any of the maskers. For the NH group, no significant relationships were observed between P300 amplitude or latency and SRTs with any of the maskers. For the CI group, a significant correlation was observed between P300 amplitude and unaided PTA thresholds (across all frequencies; r = −0.87, p < 0.001); there were no significant correlations between P300 amplitude and aided PTA thresholds. Significant correlations were observed between P300 latency and unaided PTA thresholds (r = 0.67, p = 0.025) and aided PTA thresholds (r = 0.68, p = 0.021). Note that statistical power was >0.80 for all of the above correlations, except for P300 latency vs. unaided PTA thresholds (power = 0.63) or aided PTA thresholds (power = 0.65).
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FIGURE 3. (Top) Scatter plots of SRTs with SSN (left) or with a competing male (middle) or female talker (right) as a function of P300 amplitude, for the NH (red triangles) and CI listeners (blue circles). The diagonal line shows the linear regression across all data; the correlation coefficient and p value are shown near the line. Correlation coefficients and p values are shown for the CI data and NH data in the legend. Significant relationships after Bonferroni correction for multiple comparisons are indicated by asterisks. (Bottom) Same as top, but for SRTs as a function of P300 latency.




DISCUSSION

Consistent with previous studies (e.g., Kubo et al., 2001; Beynon et al., 2005; Obuchi et al., 2012; Soshi et al., 2014; Grasel et al., 2018; Han et al., 2020), P300 amplitudes were significantly larger and latencies were significantly shorter for the NH group than for the CI group. For the present bimodal CI listeners, mean P300 amplitude and/or latency values were comparable to those observed in previous studies with CI listeners (e.g., Iwaki et al., 2004; Sasaki et al., 2009; Grasel et al., 2018; Abrahamse et al., 2021; Calderaro et al., 2020; Van Yper et al., 2020). P300 responses were elicited in all CI participants, consistent with Obuchi et al. (2012).

Mean SRTs for all maskers were lower (better) for the NH group than for the CI group, and values were comparable to those in previous studies using similar methods and stimuli (Tao et al., 2018; Zhang et al., 2020). Different from previous CI studies that showed lower SRTs in SSN than in competing speech (e.g., Cullington and Zeng, 2008; Croghan and Smith, 2018; Tao et al., 2018; Liu et al., 2019), there was no significant difference in SRTs between the SSN and competing speech maskers within the CI group. Note that CI listeners were tested while wearing contralateral hearing aids, which likely aided in segregation of competing speech, thereby reducing the deficit relative to SSN.

Across all NH and CI listeners, significant correlations were observed between P300 amplitude and SRTs with the SSN, male, and female maskers; a significant correlation was also observed between P300 latency and SRTs with SSN. These correlations were largely driven by across-group differences in speech performance and P300 responses. In general, higher P300 amplitude and shorter P300 latency were associated with better masked speech recognition.

In the NH group, there were no significant correlations between P300 responses and SRTs with any of the maskers. In the CI group, a significant correlation was observed only between P300 amplitude and SRTs with the male masker, the most challenging listening condition with the greatest informational masking. The correlation between P300 amplitude and SRTs with the male masker suggests some common relation to informational masking, a central auditory process. With the female masker, informational masking was reduced, and SSN produced largely energetic masking. Given the correlations between unaided PTA thresholds and P300 amplitude and latency and between aided PTA thresholds and P300 latency, differences in P300 response across CI listeners may have represented differences in segregation of the competing male talkers with residual acoustic hearing that provided low-frequency pitch cues.

Different from Soshi et al. (2014), we observed a significant correlation between P300 amplitude and SRTs with the male masker, but not between P300 amplitude and SRTs with SSN. Differences in cortical measure stimuli (1 vs. 2 kHz contrasts; consonant contrast), speech tests, methods, and CI patients (bimodal vs. CI-only listening) may have contributed to differences in results across studies. The 1 and 2 kHz stimuli used for ERP recording were presented at 20–30 dB above the aided thresholds, meaning that the aided acoustic hearing should have contributed to the response.

In the present study, ERPs and speech performance were measured only with bimodal listening. Some studies have shown greater P300 response and speech performance with bimodal than with CI-only listening (e.g., Iwaki et al., 2004; Sasaki et al., 2009). Interestingly, Wedekind et al. (2021) found no significant difference in P300 response between the NH ear and the CI ear in unilaterally deaf CI recipients; speech recognition in noise was better with the CI on than off. While it was not directly measured in Wedekind et al. (2021), speech performance would be expected to be much poorer with the CI ear alone than with the NH ear alone (e.g., Galvin et al., 2019). It is unclear why the P300 response would be similar across ears when speech performance would be different. As shown in Figure 3, significant relationships were observed between P300 amplitude and masked SRTs, presumably due to the underlying spectro-temporal resolution that was much better for NH than for CI listeners. However, some caution is warranted regarding the correlational analyses, given the limited number of participants and test runs. ERPs and speech performance were not measured with the acoustic-hearing ear alone or the CI ear alone in this study. It is possible that strong P300 responses may have been elicited within the acoustic-hearing ear alone, despite the expectedly poor speech performance. In future studies, it would be worthwhile to collect ERPs and speech performance with each ear alone and both ears together to better understand how the peripheral representations might affect the relationship between ERPs and speech performance.

The present results show some evidence that ERPs may be a useful objective measure to predict complex perception such as segregation of competing speech. However, eliciting P300 also requires a behavioral component in the oddball presentation, and the magnitude of the response may depend on the strength of the stimulus contrast. Obuchi et al. (2012) showed increasing P300 amplitude in CI listeners as the stimulus frequency contrast was increased from 1.5 to 4 kHz. Depending on the acoustic-to-electric frequency allocation and the electrode-neural interface (electrode position relative to healthy neurons), small contrasts (e.g., 1 vs. 1.5 kHz) may be perceived differently among CI listeners. The 1 vs. 2 kHz contrast in this study appeared to be sufficiently large to be discriminated by the present MED-EL CI users, most likely resulting in stimulation of electrodes 6 and 8, given the default frequency allocation. Note that there may have been some contribution from residual acoustic hearing for discrimination of the stimuli contrast.



CONCLUSIONS

Auditory ERPs and speech recognition in steady noise or competing speech were measured in NH and bimodal CI listeners. P300 amplitude was larger and latency was shorter in the NH group than in the CI group. Similarly, speech performance was better for the NH group than for the CI group. Significant correlations were observed across all participants between P300 amplitude and SRTs with steady noise and the male and female maskers. Within the CI group, P300 amplitude was significantly correlated with SRTs with the male masker, suggesting some relation between cortical response and informational masking.
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This study aimed to assess the function of the cochlear nerve using electrically evoked compound action potentials (ECAPs) for children with cochlear implants who were diagnosed with cochlear nerve aplasia and to analyze the correlation between preimplantation imaging results and ECAP responses. Thirty-five children diagnosed with cochlear nerve aplasia based on magnetic resonance imaging (MRI) were included. Preimplantation MRI and high-resolution computed tomography (HRCT) images were reconstructed, and the width of the bone cochlear nerve canal (BCNC), the diameter of the vestibulocochlear nerve (VCN), and the diameter of the facial nerve (FN) were measured. ECAP input/output (I/O) functions were measured at three electrode locations along the electrode array for each participant. The relationship between ECAP responses (including ECAP threshold, ECAP maximum amplitude, and slope of ECAP I/O function) and sizes of the BCNC and VCN was analyzed using Pearson's correlation coefficients. Our analysis revealed that ECAP responses varied greatly among individual participants. Overall, ECAP thresholds gradually increased, while maximum amplitudes and ECAP I/O function slopes gradually decreased, as the electrode location moved from the basal to the apical direction in the cochlea. ECAP responses exhibited no significant correlations with BCNC width or VCN diameter. The ratio of the VCN to FN diameters was significantly correlated with the slope of the ECAP I/O function and the maximum amplitude. BCNC width could not predict the function of the cochlear nerve. Compared with the absolute size of the VCN, the size of the VCN relative to the FN may represent an indicator for predicting the functional status of the cochlear nerve in children diagnosed with cochlear nerve aplasia based on imaging results.
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INTRODUCTION

Cochlear nerve aplasia or hypoplasia is defined as an absent (aplasia) or a small (hypoplasia) cochlear nerve based on the results of magnetic resonance imaging (MRI). Clinically, children with deficient cochlear nerves often exhibit severe-to-profound sensorineural hearing loss (SNHL). The main treatment for hearing reconstruction in these children is cochlear implantation. However, children with cochlear nerve deficiency (CND) have poor outcomes after cochlear implantation. Previous studies reported that the benefits of cochlear implants (CIs) in patients with CND were worse than in other children with SNHL who had normal-sized cochlear nerves and varied greatly among individual children (Ehrmann-Muller et al., 2018; Arumugam et al., 2020). Although only a few patients can achieve simple open-set speech perception skills, most patients only exhibit improvements in sound awareness, and a few patients may experience no benefits following implantation (Kang et al., 2010; Kutz et al., 2011; Young et al., 2012; Vincenti et al., 2014). Unfortunately, to date, there are no effective methods for predicting the benefits of CIs preoperatively. Thus, providing appropriate counseling regarding the outcomes of cochlear implantation for children with CND remains challenging, as does determining the optimal ear in cases of unilateral implantation for children with bilateral CND.

Currently, the diagnosis of CND mainly depends on imaging findings. CND is diagnosed if the cochlear nerve is absent or smaller than the adjunct facial nerve (FN) in the internal auditory canal on MRI (Casselman et al., 1997; Sennaroglu and Bajin, 2017). In addition, temporal bone high-resolution computed tomography (HRCT) can be helpful for assessing the health of the cochlear nerve. The cochlear nerve is considered hypoplastic or aplastic when the diameter of the bony cochlear nerve canal (BCNC) is <1.5 mm and the diameter of the internal auditory canal is <2 mm (Miyasaka et al., 2010; Yan et al., 2013). The electrically evoked auditory brainstem response to the application of an intracochlear testing electrode is also an important indicator of the integrity of the cochlear nerve (Lassaletta et al., 2017). However, this assessment is somewhat invasive and traumatic and requires anesthesia. Previous studies have demonstrated that the morphology of the cochlear nerve or vestibulocochlear nerve (VCN) and the width of the BCNC might predict the degree of CND. Several studies have demonstrated that patients with aplastic cochlear nerves tend to perform worse than those with hypoplastic cochlear nerves following cochlear implantation (Kutz et al., 2011; Wu et al., 2015; Peng et al., 2017). Additionally, the width of the BCNC is positively correlated with the diameter of the cochlear nerve, and a narrower BCNC has been associated with more severe hearing loss and lower speech discrimination scores than a wider BCNC (Purcell et al., 2015). Thus, the size of the cochlear nerve or VCN and the width of the BCNC on imaging might be indicators of the severity of CND. However, conflicting results have been reported in previous studies regarding the relationship between preoperative imaging results and postoperative CI outcomes for children with CND. Although some studies have reported better auditory performance in children with normal BCNC than in those with BCNC stenosis (Chung et al., 2018; Kang et al., 2019), other studies have not revealed any predictive value of BCNC width for auditory or speech performance in children with CND (Warren et al., 2010; Tahir et al., 2020). In addition, the results of some studies have indicated an association between a larger VCN size in relation to the FN and better CI outcomes (Yamazaki et al., 2015; Han et al., 2019), while others have found no correlation between the size of the cochlear nerve or VCN and postimplantation auditory performance (Chao et al., 2016; Jain et al., 2020).

Although the health of the cochlear nerve is a critical factor affecting the postoperative effects of cochlear implantation, implantation age, history of hearing aid use, cognitive ability, parental socioeconomic status, and language training are also factors contributing to the outcomes of cochlear implantation. Thus, the relationships between preoperative imaging results and cochlear nerve function remain unclear. A better understanding of the value of preoperative imaging in predicting the degree of the cochlear nerve lesion could enable us to better assess CI candidacy and provide appropriate patient counseling for the benefits of CI for individual children with deficient cochlear nerves.

Recently, electrically evoked compound action potentials (ECAPs) have been widely used to evaluate cochlear nerve function in patients with implants (He et al., 2017). The ECAP response is generated by a group of auditory nerve fibers that are activated by electrical stimuli. It could be recorded using the “reverse” telemetry function implemented in current CI devices. Previous studies have shown that the slope of the ECAP input/output (I/O) function and the ECAP amplitude evoked by the most comfortable level are associated with the density of the surviving neural population, with steeper slopes and larger amplitudes suggesting a larger number of residual neurons (Miller et al., 2008; Pfingst et al., 2015). In addition, the ECAP threshold, which refers to the lowest stimulation level that could evoke an ECAP response, may also reflect the neural population to some extent (Ramekers et al., 2014). Thus, the aims of this study were to assess the function of the cochlear nerve using ECAP responses for individual children diagnosed with cochlear nerve aplasia based on imaging results and to analyze the correlation between imaging results (width of the BCNC and size of the VCN) and ECAP responses.



MATERIALS AND METHODS


Ethics Statements

This study was approved by the Ethical Committee of Shandong Provincial ENT Hospital affiliated with Shandong University (No. XYK20170906). Informed consent was obtained from the legal guardians of participants prior to participation.



Study Design and Population

This cohort study included 35 children (CND1–CND35; 11 boys and 24 girls), with cochlear nerve aplasia diagnosed by MRI. All participants were implanted with the Cochlear® Nucleus device (Cochlear Ltd.) in one or both ears. Children were included only if they had raw HRCT and MRI data that could be reconstructed and reanalyzed.



Radiological Assessment

All participants underwent MRI and HRCT for evaluation of the cochlear nerve status and other inner ear malformations before the operation in accordance with the previously described protocols (Chao et al., 2016). HRCT was performed using a 64-slice multidetector CT scanner (Somatom Sensation Cardiac 64; Siemens, Munich, Germany) using a standard temporal bone protocol. The main parameters for HRCT were as follows: the tube voltage was 120 kV; the tube current was automated tube current modulation (CareDose4D, Siemens); the slice thickness was 0.6 mm; the window width and window level were 4,000 HU and 600 HU, respectively. Axial and coronal images were obtained. Then, the axial images were reconstructed parallel to the lateral semicircular canal in a standard plane. The BCNC was evaluated between the anterior lower part of the bottom of the inner ear canal and the cochlear axis on axial HRCT, and the width of the BCNC was measured in the middle of the BCNC (Figure 1A). BCNC stenosis was diagnosed when BCNC width was <1.5 mm (Figure 1B), and the absence of the BCNC on any plane on HRCT was defined as atresia (Purcell et al., 2015; Lim et al., 2018). The width of the midportion of the inner auditory canal (IAC) was also measured at the level of the porus acusticus, from its posterior margin to the anterior wall of the IAC along a line orthogonal to the long axis of the IAC (Figure 1C) (Purcell et al., 2015). IAC stenosis was defined as an IAC width <3 mm. In addition, the structure of the inner ear was evaluated for any malformations.


[image: Figure 1]
FIGURE 1. (A,B) show the normal BCNC at the mid-modiolar level on the axial plane of HRCT (A) (two short black lines and white arrow) and a case of BCNC stenosis (B). (C) shows the IAC diameter measured at the middle of the IAC on the axial plane of HRCT (short black line). (D) shows the vestibulocochlear nerve and the facial nerve at the cerebellopontine angle on the axial plane of MRI. The blue lines illustrate the plane prescribed for oblique plane sagittal images obtained perpendicular to the nerves of the IAC. (E) shows the cochlear, facial, superior vestibular, and inferior vestibular nerves on a reconstructed image in a patient with a normal cochlear nerve. (F) shows that the cochlear nerve could not be observed for one participant with cochlear nerve aplasia. BCNC, bone cochlear nerve canal; HRCT, high-resolution computed tomography; IAC, inner auditory canal.


Magnetic resonance imaging was performed using a clinical 3.0T MRI system (MAGNETOM Verio; Siemens) equipped with a 64-channel array head and neck coil. MRI sequences included axial T1-weighted and T2-weighted (T2W) imaging and three-dimensional fast spin-echo T2W sequences. Cochlear nerves and VCNs were evaluated on T2W axial and three-dimensional fast spin-echo T2-weighted sequences. The main parameters for the T2W sequences were as follows: the field of view was 162 × 82 mm; the repetition time was 1,200 ms; the echo time was 125 ms; the image matrix was 320 × 164; and the slice thickness was 0.5 mm. The main parameters for the three-dimensional fast spin-echo T2W sequences were as follows: the field of view was 220 × 220 mm; the repetition time was 1,200 ms; the echo time was 129 ms; the image matrix was 320 × 164; and the slice thickness was 0.2 mm. The diameters of the VCN and FN were measured at the cerebellopontine angle (Figure 1D), and the ratio of the VCN diameter to the FN diameter (VCN/FN ratio) was calculated. The VCN was characterized as hypoplastic if the nerve diameter was <1.5 mm or smaller than the FN with normal function (Sennaroglu, 2010). Direct oblique sagittal images perpendicular to the long axis of the IAC were reconstructed to show the cochlear, facial, superior vestibular, and inferior vestibular nerves in the IAC (Figure 1E). Cochlear nerve hypoplasia was diagnosed if the diameter of the cochlear nerve was smaller than that of the adjacent FN or the cochlear nerve in the contralateral ear. Cochlear nerve aplasia was diagnosed if the cochlear nerve could not be identified on any plane of the MRI (Figure 1F). All imaging results were reviewed by two experienced radiologists and an otologist. The results were defined as the average values measured by three persons.



Measurement of ECAPs

Electrically evoked compound action potentials were measured using the advanced neural response telemetry function implanted in the Custom Sound EP (version 4.3) software (Cochlear Ltd., Sydney, Australia). For each participant, the maximum comfort level was tested for each electrode before the ECAP recording. This level was defined as the largest stimulation level at which the participants felt comfortable. For children who could not provide a behavioral response, this level was defined as the largest stimulation level that would not cause discomfort. Two pulse forward masking methods were used to record the ECAP waveforms in this study. The stimulation and recording parameters used to record the ECAP were selected according to a previously described protocol (He et al., 2020). The stimulus was a single cathodic-leading biphasic charge-balanced pulse. The masker-to-probe interval was 400 μs, the probe rate was 15 Hz, the pulse width varied across individuals from 37 to 75 μs/phase, and the inter-phase gap was 7 μs. The recording electrode was placed two or three electrodes away from the stimulating electrode in the basal direction with a sampling delay of 98–142 μs. These parameters were adjusted for each participant to minimize artifacts and obtain optimized ECAP morphologies. First, ECAP responses were recorded from each electrode along the electrode array. Second, the ECAP I/O function was measured at three electrode locations where the ECAP waveforms could be recorded. Electrodes 3, 12, and 21 were selected for participants whose ECAPs could be recorded at all electrode locations. For participants in whom ECAPs could only be recorded at some electrode locations, the selected electrodes were extended to the most apical electrode location with a measurable ECAP, and the testing electrodes were equally separated. The selected electrodes were defined as the basal, middle, and apical electrodes in this study. Figure 2 shows the waveforms of the ECAP response from multiple electrodes for three participants. For CND29, the ECAP was recorded from all electrodes; for CND23, ECAPs were recorded from electrodes 1–9; and for CND2, the ECAP could not be recorded from any electrodes.


[image: Figure 2]
FIGURE 2. Waveforms of ECAP responses were recorded from multiple electrodes in three children with cochlear nerve aplasia diagnosed based on MRI images. For CND29, the ECAP was recorded from all electrodes; for CND23, the ECAP was recorded from electrodes 1–9; and for CND2, the ECAP could not be recorded from any electrodes. Tested electrodes and stimulation levels are shown on the right of each panel. E, tested electrode; nC, stimulation level; ECAP, electrically evoked compound action potential.


For the ECAP I/O function, the probe level was started at the C level and decreased in steps of two to three current levels (CLs) until no response could be visually identified and was subsequently increased in steps of 1 CL until five continuous ECAPs were measured. The ECAP threshold was defined as the lowest stimulation level that could evoke an ECAP with an amplitude ≥5 μV. Another five continuous ECAP traces below the ECAP thresholds were tested using a step size of 1 CL. For each participant, it took approximately 2–3 h to collect all the ECAP threshold data.



Data and Statistical Analyses

All ECAP thresholds were determined based on a mutual agreement between two audiologists who reviewed the data independently. As the pulse widths used among the participants were different, ECAP thresholds were converted to units of electrical charge per phase (nC). The ECAP amplitude was defined as the difference in the amplitude between the N1 and P2 peaks of the response. The slope of the ECAP I/O function was estimated using a sigmoidal regression function, as illustrated in previous studies (He et al., 2018). Figure 3 displays ECAP response traces and ECAP I/O functions measured at three electrode locations in CND29 (upper) and CND23 (lower). ECAP amplitudes were normalized to the ECAP response tested at the maximum stimulation level. For both participants, ECAP thresholds gradually increased, while the maximum amplitudes gradually decreased, from basal to apical electrode sites. In this study, we measured ECAP responses that can represent cochlear nerve function, including the ECAP threshold, ECAP maximum amplitude, and slope of the ECAP I/O function.


[image: Figure 3]
FIGURE 3. ECAP response traces and ECAP I/O functions measured at three electrode locations in CND29 (upper) and CND23 (lower). Participants and electrode numbers are displayed in each panel. The round dots represent normalized ECAP amplitudes measured at different stimulation levels. E, electrode; ECAP, electrically evoked compound action potential; CND, cochlear nerve deficiency; I/O, input/output.


The ECAP results tested at different electrode locations within participants were compared using the repeated-measures analyses of variance (ANOVA) test. In this study, the ECAP threshold, maximum ECAP amplitude, and slope of the ECAP I/O function for individual participants were defined as the mean values of the results tested at the three electrodes along the electrode array. The correlations between ECAP responses and radiological findings for all participants were analyzed using the Pearson correlation test. All statistical analyses were conducted using SPSS Statistics 21 (IBM Corp., Armonk, NY, USA). Statistical significance was set at p < 0.05.




RESULTS


Demographic and Clinical Characteristics

Four children underwent bilateral cochlear implantation, and all other children underwent unilateral cochlear implantation. Except for CND33, all participants were implanted with a contour electrode array, either a 24RE[CA] or CI512, in the test ear. CND33 underwent bilateral cochlear implantation and was implanted with the CI422 in the right ear and CI512 in the left ear. The electrode arrays were fully inserted in each ear. The participants' age at implantation ranged from 0.9 to 7.9 (mean: 2.8; standard deviation [SD]: 1.6) years. The test age ranged from 1.9 to 12.1 (mean: 4.9; SD: 2.6) years. All participants had normal FN function on implanted sides. In addition, no participants exhibited severe developmental delay or genetic-related hearing loss syndrome. The detailed demographic characteristics of the participants are shown in Table 1.


Table 1. Demographic information, imaging results and tested electrodes for each participant.

[image: Table 1]



Imaging Results

Imaging findings for the individual participants are shown in Table 1. All tested ears, except for one, had a BCNC width <1.5 mm. BCNC atresia was observed in two ears, for which the width was defined as 0 mm. The mean BCNC width was 0.76 (SD: 0.28; range: 0–1.62) mm. On MRI, the cochlear nerve was absent on the reconstructed scans traversing the IAC in a perpendicular orientation and any plane of axial T2W sequence in all tested ears. All tested ears except for two had two nerve bundles, namely, the VCN and FNs, in the IAC on axial MRI imaging. The mean diameter of the VCN was 1.46 (SD: 0.36; range: 0.45–2.17) mm, and the mean diameter of the FN was 1.45 (SD: 0.40; range: 0.30–1.99) mm. The diameter of the VCN was smaller than that of the adjacent FN for 17 ears (44%), and the mean ratio of the VCN/FN diameter was 1.07 (SD: 0.32; range: 0.69–2.14). The ratio of the VCN/FN diameter was <1.5 in 31 ears (79%). In addition, the mean diameter of the IAC was 3.47 (SD: 1.10; range: 1.48–5.53) mm. Overall, 12 ears (31%) had IAC stenosis, with the diameter of the IAC ranging from 1.48 to 2.96 mm, while the other 27 ears (69%) had a normal IAC. In addition, five participants had Mondini malformation, and all the others had normal cochlear formation. Nine participants had vestibular or/and semicircular canal malformation, and all the others had normal vestibular and semicircular formation.



Electrically Evoked Compound Action Potential Responses

Electrically evoked compound action potential responses were recorded at all activated electrodes in 22 ears (56%) but could not be recorded at any activated electrodes in two ears (6%). For the remaining 15 ears (38%), the ECAP response could only be recorded at some of the electrodes. The proportion of electrodes with measurable ECAP responses was 74.13%. Electrodes with ECAP responses and the tested electrodes for each participant are displayed in Table 1. Figure 4 shows the ECAP threshold, the maximum ECAP amplitude, and the slope of the ECAP I/O function at the three electrode locations and the mean values. At the basal, middle, and apical electrode locations, the mean ECAP thresholds were 18.80 (SD: 5.95; range: 10.50–36.77) nC, 23.96 (SD: 6.40; range: 13.28–38.32) nC, and 27.26 (SD: 8.58; range: 11.71–47.74) nC, respectively; the mean maximum ECAP amplitudes of ECAP were 74.28 (SD: 74.13; range: 9.73–456.45) μV, 48.02 (SD: 20.95; range: 106.56–24.08) μV, and 41.64 (SD: 26.52; range: 146.52–8.2) μV, respectively; and the mean slopes of ECAP I/O function were 2.33 (SD: 1.94; range: 8.70–0.11), 2.04 (SD: 1.44; range: 6.46–0.02), and 1.55 (SD: 1.36; range: 5.03–0.01), respectively. The ECAP results for each electrode are included in the Supplementary Material 1. As the electrode location moved from the basal to apical direction, the ECAP thresholds gradually increased and the maximum amplitudes and slopes of the ECAP I/O function gradually decreased. The repeated-measures ANOVA indicated that the electrode location had a significant effect on the ECAP thresholds (F = 30.34, p < 0.01), the maximum ECAP amplitude (F = 5.91, p < 0.01), and the slope of ECAP I/O function (F = 4.95, p = 0.01). When analyses were performed according to the participant, the mean ECAP threshold was 23.34 (SD: 5.93; range: 12.55–40.70) nC, mean maximum amplitude was 54.65 (SD: 31.04; range: 14.86–133.87) μV, and the mean slope of ECAP I/O function was 1.98 (SD: 1.34; range: 0.29–5.65).


[image: Figure 4]
FIGURE 4. Means and standard deviations for ECAP threshold, maximum ECAP amplitude, and slope of the ECAP input/output function for basal, middle, and apical electrodes. The mean value of the ECAP at these three electrodes is also shown. ECAP, electrically evoked compound action potential.




Relationship Between Imaging Results and ECAP Responses

Table 2 shows the relationships of the BCNC width, VCN diameter, and VCN/FN ratio with the ECAP threshold, the ECAP maximum amplitude, and the slope of the ECAP I/O function. BCNC width was not significantly correlated with the slope of the ECAP I/O function (r = −0.03, p > 0.05), the maximum amplitude (r = −0.06, p > 0.05), or ECAP thresholds (r = 0.15, p > 0.05). There were also no significant correlations between the VCN diameter and the slope of the ECAP I/O function (r = −0.9, p > 0.05), the maximum amplitude (r = 0.08, p > 0.05), or ECAP thresholds (r = 0.09, p > 0.05). The VCN/FN ratio was significantly correlated with the slope of the ECAP I/O function (r = 0.65, p < 0.01) and the maximum amplitude (r = 0.61, p < 0.01) but not with the ECAP threshold (r = −0.74, p > 0.05).


Table 2. Correlation of bone cochlear nerve canal (BCNC) width, vestibulocochlear nerve (VCN) diameter and VCN to facial nerve (FN) ratio to ECAP threshold, ECAP maximum amplitude and slope of ECAP Input/Output function.
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DISCUSSION

We first aimed to investigate cochlear nerve function using ECAP responses in individual children diagnosed with cochlear nerve aplasia based on imaging. In this study, the ECAP response was recorded in all but two participants. In participants with measurable ECAP responses, the percentage of electrodes with ECAP, ECAP thresholds, maximum amplitude, and slopes of the ECAP I/O function varied greatly among individual children, highlighting the variability of cochlear nerve function in individuals with cochlear nerve aplasia. Such variability may contribute to the various outcomes of cochlear implantation observed in children with cochlear nerve aplasia (Birman et al., 2016; Ehrmann-Muller et al., 2018; Yousef et al., 2021). Furthermore, in our patients, the slope of the ECAP I/O function and the maximum ECAP amplitude tended to gradually decrease, while the ECAP threshold tended to gradually increase, from basal to apical electrodes. This finding demonstrates that the responses of the cochlear nerve to electrical stimulation gradually decreased as the electrode location moved to a more apical location. These results are consistent with those of previous studies, which indicated that the degree of CND gradually worsens from the basal to the apical part of the cochlea in patients with CND (He et al., 2018; Xu et al., 2020). These specific characteristics of the cochlear nerve response to electrical stimulation for children with imaging-diagnosed cochlear nerve aplasia differ from those observed in children with normal-sized cochlear nerves diagnosed by MRI images. Previous studies have demonstrated that the electrode location exerts no significant effect on ECAP responses and that variations in ECAP results are much smaller among children with normal-sized cochlear nerves based on MRI (He et al., 2018). However, it was challenging to evaluate the function of the cochlear nerve for participants with no ECAP response in this study. Of the two participants without ECAP responses, one experienced some improvement in the ability to detect sound, while the other developed some close-set speech discrimination ability. Therefore, the absence of an ECAP response does not indicate the absence of a neural response in children diagnosed with cochlear nerve aplasia based on imaging results. A previous study indicated that the small ECAP responses for children with CND may be contaminated by artifacts related to electrical stimulation (He et al., 2020). In this study, we excluded the two children without ECAP responses from the correlation analysis.

The second aim of this study was to evaluate the possibility of using preoperative imaging results to predict the functional status of the cochlear nerve in children with imaging-diagnosed cochlear nerve aplasia. Research has indicated that the width of the BCNC is significantly smaller in children with imaging-diagnosed cochlear nerve aplasia than in other children with SNHL (Purcell et al., 2015). In this study, all but one child had BCNC stenosis, which further confirms that BCNC stenosis is a positive indicator of CND. Our results are consistent with those of previous reports. One such report indicated that ~84% of ears with BCNC stenosis had a deficient cochlear nerve, while all ears with BCNC atresia had CND (Tahir et al., 2020). Although BCNC stenosis or atresia is used to diagnose CND, BCNC width was not significantly correlated with ECAP responses in our study, indicating that it cannot be used to predict the degree of CND. Several previous studies have reported worse CI outcomes among patients with BCNC stenosis than among patients with a normal BCNC, while these studies performed group comparisons between patients with BCNC stenosis (BCNC width <1.5 or 1.4 mm) and other groups (such as patients with a BCNC width >1.5 mm) (Kang et al., 2016, 2019; Chung et al., 2018). However, almost all participants in our study had BCNC. Whether patients with more severe BCNC stenosis perform worse postimplantation has seldom been reported. Chao et al. reported no significant relationship between BCNC width and auditory/speech performance in 10 children with CND (Chao et al., 2016). Furthermore, ECAP responses were recorded in participants with BCNC atresia in this study, which indicated that there should be some functional spiral ganglion neurons innervating the cochlea even in these patients. Previous studies have also reported that patients with BCNC atresia may experience some benefits with CIs (Warren et al., 2010; Tahir et al., 2020). Our results and those of previous studies indicate that the absence of the BCNC does not preclude the presence of the cochlear nerve. Thus, the collected results indicate that BCNC width is not related to cochlear nerve function in patients with BCNC stenosis who have been diagnosed with cochlear nerve aplasia based on imaging.

Furthermore, we investigated the influence of VCN size on the functional status of the cochlear nerve. Since the cochlear nerve could not be precisely assessed on MR images in children with imaging-diagnosed cochlear nerve aplasia, the size of the VCN was evaluated at the cerebellopontine angle on the axial plane of MRI. The diameter of the VCN tested in this study is significantly smaller than in other children with SNHL reported in previous studies (Nadol and Xu, 1992). Previous histological studies have indicated that the diameter of the VCN is significantly correlated with the number of spiral ganglion neurons (Nadol and Xu, 1992). In this study, there was no significant correlation between VCN diameter and ECAP responses, which indicates that the absolute size of the VCN does not predict cochlear nerve function in children with cochlear nerve aplasia. However, the VCN/FN ratio exhibited a significant correlation with the slope of the ECAP I/O function and ECAP maximum amplitude, indicating that the VCN diameter in relation to that of the FN may predict the functional status of the cochlear nerve. Previous histological studies have also highlighted great variability in the diameter of the VCN or FN in humans with normal hearing and those with hearing loss (Nadol and Xu, 1992; Nakamichi et al., 2013). Therefore, the diameter of the VCN is not suitable for predicting the number of residual spiral ganglion neurons. Herein, all participants had normal FN function, although the range for the diameter of the FN was large. We believe that the ratio of VCN to FN diameter can eliminate the influence of the variation in VCN diameter among patients. Previous studies have also investigated the relationship of the relative size of the VCN with CI outcomes in children with CND (Yamazaki et al., 2015; Chao et al., 2016; Han et al., 2019). Studies by Han et al. and Yamazaki et al. have demonstrated a significant correlation between the relative size of the VCN and Categories of Auditory Performance (CAP) scores. However, Chao et al. reported no significant correlation between relative VCN size and CAP scores. Further analysis showed that only 10 patients were included in Chao et al.'s study and the follow-up time was short, which would affect the differences in outcomes among patients. Overall, the relative size of the VCN may represent a sensitive indicator for predicting cochlear nerve function in children with imaging-diagnosed cochlear nerve aplasia.


Limitations

The main limitation of this study is that only three electrodes were used for each participant. In theory, the average ECAP results of all electrodes in the cochlea should be considered when examining the function of the cochlear nerve in each participant. However, electrodes exhibiting ECAP responses among participants were inconsistent, and it was time-consuming to test each electrode. Therefore, three representative cochlear electrodes were selected for this study. In addition to our study, previous studies have demonstrated that deficiency of the cochlear nerve progresses as a gradual increase from the basal to the apical region of the cochlea in children with CND (He et al., 2018; Xu et al., 2020). Thus, the average ECAP results from the basal, middle, and apical electrodes can roughly represent the function of the cochlear nerve. These three representative electrode sites were also used to estimate the function of the cochlear nerve in a previous study (Skidmore et al., 2020). In addition, patients with cochlear nerve hypoplasia have not been included in this study. It remains unclear whether there are some correlations between the relative size of the VCN and cochlear nerve function in children with cochlear nerve hypoplasia.




CONCLUSION

Children diagnosed with cochlear nerve aplasia based on MRI imaging exhibit variations in the functional status of the cochlear nerve. For children with cochlear nerve aplasia, the width of the BCNC does not predict cochlear nerve function, and the absence of the BCNC does not preclude the presence of the cochlear nerve. Compared with the absolute size of the VCN, the size of the VCN relative to the FN may represent an indicator for predicting the functional status of the cochlear nerve in children with imaging-diagnosed cochlear nerve aplasia. For these children, a larger VCN relative to the size of the FN may be associated with better CI outcomes.
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Cochlear nerve deficiency (CND) is often associated with variable outcomes of cochlear implantation (CI). We assessed previous investigations aiming to identify the main factors that determine CI outcomes, which would enable us to develop predictive models. Seventy patients with CND and normal cochlea who underwent CI surgery were retrospectively examined. First, using a data-driven approach, we collected demographic information, radiographic measurements, audiological findings, and audition and speech assessments. Next, CI outcomes were evaluated based on the scores obtained after 2 years of CI from the Categories of Auditory Performance index, Speech Intelligibility Rating, Infant/Toddler Meaningful Auditory Integration Scale or Meaningful Auditory Integration Scale, and Meaningful Use of Speech Scale. Then, we measured and averaged the audiological and radiographic characteristics of the patients to form feature vectors, adopting a multivariate feature selection method, called stability selection, to select the features that were consistent within a certain range of model parameters. Stability selection analysis identified two out of six characteristics, namely the vestibulocochlear nerve (VCN) area and the number of nerve bundles, which played an important role in predicting the hearing and speech rehabilitation results of CND patients. Finally, we used a parameter-optimized support vector machine (SVM) as a classifier to study the postoperative hearing and speech rehabilitation of the patients. For hearing rehabilitation, the accuracy rate was 71% for both the SVM classification and the area under the curve (AUC), whereas for speech rehabilitation, the accuracy rate for SVM classification and AUC was 93% and 94%, respectively. Our results identified that a greater number of nerve bundles and a larger VCN area were associated with better CI outcomes. The number of nerve bundles and VCN area can predict CI outcomes in patients with CND. These findings can help surgeons in selecting the side for CI and provide reasonable expectations for the outcomes of CI surgery.

Keywords: cochlear nerve deficiency, cochlear implantation, machine learning, stability selection, support vector machines


INTRODUCTION

Cochlear nerve deficiency (CND) is defined as a small or absent cochlear nerve (CN) (Adunka et al., 2007). When the CN is small, it is referred to as cochlear nerve hypoplasia (CNH). When the CN is absent, it is referred to as cochlear nerve aplasia (CNA). The estimated prevalence of CND is 18% among children with congenital sensorineural hearing loss (SNHL) (Jallu et al., 2015).

Cochlear implant (CI) was an effective treatment to restore hearing for patients with SNHL. The mechanism of cochlear implantation (CI) involves converting acoustic signals into electrical signals, directly stimulating the spiral ganglion neurons (SGNs), and transmitting the signals through the CN fibers to the auditory brainstem. Recent years, optics has been proposed to stimulate CN such as optical wireless CI and all-optical CI (Trevlakis et al., 2019, 2020). These architectures could convert acoustic to optical signals which improved the reliability and the efficiency of the transcutaneous link (Boulogeorgos et al., 2021).

In CND patients, due to the decrease in the absolute number of CN fibers, SGNs are insufficient and the stimuli that can be received are limited. In early studies, CND was considered a contraindication for CI (Shelton et al., 1989). However, a large number of studies have shown that some patients with CND can benefit from CI (Kang et al., 2010; Wu et al., 2015; Wei et al., 2017). When compared with patients without CND, patients with CND need higher stimulation to induce a CN response (Yousef et al., 2021). Generally, children with CND perform worse than those without CND (Wei et al., 2017; Yousef et al., 2021) and some patients even experience no benefit at all (Colletti et al., 2004). Due to the low incidence of CND and the uncertainty regarding the effects of CI surgery, there has been no study involving a large sample of patients with CND. At the same time, patients with CND were far more likely to exhibit inner ear malformations than patients without CND (Wu et al., 2015), which affected the number of SGNs and further limited the CI outcomes, making it difficult to determine whether the surgical results were different due to the differences in the surgical methods and electrode positions (Shi et al., 2019). Some studies have revealed the predictive role of radiographic information for CI outcomes in CND patients (Wu et al., 2015), but they did not include the patients with inner ear malformations.

Over the past 5 years, machine learning has been increasingly used to automate intelligent processes and improve the efficiency of medical processes. For example, cochlear implants can be enhanced by adopting machine learning techniques, which have been applied to create predictive models (Crowson et al., 2020; Velde et al., 2021) (see Velde et al., 2021 for a recent review). In addition, machine learning algorithms have been used to predict cochlear implantation (CI) outcomes. The prediction of postoperative CI performance from preoperative data may allow practitioners to evaluate implantation candidacy, estimate performance expectations from non-modifiable predictors, and optimize the procedure by intervening in modifiable predictors (Crowson et al., 2020). Han et al. (2019) established a multiple regression model for 25 CND patients with normal cochlea to predict CI postoperative outcomes, explaining 66% variance of the Categories of Auditory Performance (CAP) scores for patients with 2-year CIs. They concluded that the postoperative effect of CI in patients with CND was related to the preoperative auditory brainstem response (ABR) and the area ratio of the vestibulocochlear nerve (VCN) to the facial nerve (FN). Preoperative counseling based on this model helped determine the treatment modalities for hearing rehabilitation.

In this study, we analyzed the CI surgery-related factors in CND patients with normal cochlea, based on a relatively larger sample. We used a data-driven multivariate approach based on machine learning to evaluate postoperative hearing and speech rehabilitation in patients with CND and the influencing factors. We retrospectively analyzed the clinical data of CI surgery from 70 patients with CND and normal cochlea. Then, we measured and averaged audiological and radiological features of patients with CND to form feature vectors. Data-driven methods (i.e., stability selection and SVM) were applied to data from patients with CND to relate various factors to the CI outcomes and to build the corresponding predictive models. In addition, stability selection, a machine learning method that identifies highly consistent and representative features, was used to examine the factors that best differentiate the effects of postoperative hearing and speech rehabilitation in patients with CND.



MATERIALS AND METHODS


Participants

This study was approved by the Research Ethics Board of Tongren Hospital, Beijing, China. We considered 70 CI pediatric recipients (37 males and 33 females; ages 7–54 months) with CND who were diagnosed using three-dimensional MRI and who underwent CI between January 2012 and August 2018 in this study. All children failed to pass the newborn hearing screening sequence and the ear with better residual hearing was selected to undergo CI. Thirty-four patients were implanted with Med-El (Innsbruck, Austria) devices, 22 with Cochlear (Sydney, Australia) devices, 14 with AB (California, United States) devices. Table 1 lists the demographic details with quantitative variables shown as count, mean, standard deviation, minimum, maximum, and quantile, and qualitative variables shown as count. Hearing impairment was classified according to the World Health Organization classification (Olusanya et al., 2019) into mild (26–40 dB), moderate (41–60 dB), severe (61–80 dB), and profound (81 dB or greater). The inclusion criteria were as follows: (1) the diameter of the CN smaller than that of the FN or less than four nerve bundles within the internal auditory canal (IAC), (2) bilateral severe to profound SNHL, (3) no inner ear malformation or other congenital syndromes, (4) history of CI, and (5) completion of 2-year follow-up after CI.


TABLE 1. Descriptive statistics of patients.
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Radiographic Examinations

High-resolution computed tomography was used to evaluate inner ear malformations according to Sennaroglu’s classification (Sennaroğlu and Bajin, 2017). Normal cochlea was diagnose when normal cochlear appearance shown with current MRI and CT. The diameter of the bony cochlear nerve canal (BCNC) with the width of the canal at the midportion of the IAC fundus (Figure 1A) and the widest diameter of the IAC (Figure 1B) were measured on computed tomography images. The CN traverses along the fundus of the IAC to the base of the modiolus through the BCNC. Magnetic resonance imaging (MRI) was performed to determine the condition of the CN using a 1.5 Tesla scanner or a 3.0 Tesla scanner. The scan sequence is a 3D FIESTA water imaging sequence. Oblique sagittal reconstruction was performed perpendicular to the plane of the IAC. The areas of the VCN and FN at the cerebellopontine angle (CPA) were evaluated, as the cross-sections of these nerves were well visualized as this level. The area ratio of the VCN to the FN was evaluated at the CPA using MRI (Figure 1C). In addition, the number of nerve bundles was counted within the IAC (Figure 2).


[image: image]

FIGURE 1. (A) Measurement of the bony cochlear nerve canal diameter using high-resolution computed tomography (distance between the two black arrows). (B) Measurement of the internal auditory canal diameter using high-resolution computed tomography (distance between the two black arrows). (C) Measurement of the area ratio of the vestibulocochlear nerve to the facial nerve at the cerebellopontine angle using magnetic resonance imaging (black arrows).
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FIGURE 2. The number of nerve bundles (indicated by the white arrows) in the internal auditory canal on oblique sagittal magnetic resonance imaging. (A) No nerve bundle, (B) one nerve bundle, (C) two nerve bundles, (D) three nerve bundles, (E) four nerve bundles (thin), (F) four nerve bundles (normal); CN: cochlear nerve, FN: facial nerve, IVN: inferior vestibular nerve, SVN: superior vestibular nerve.




Preoperative Auditory Evaluation

The diagnostic protocol for children with suspected hearing loss incorporated behavioral testing, acoustic emittance, distortion product otoacoustic emission (DPOAE), ABR, cochlear microphonics (CM), and 40-Hz auditory-evoked related potential (40-Hz AERP). The average hearing threshold was assumed to be 5 dB HL greater than the maximum output of the audiometer and was averaged across 0.5, 1.0, 2.0, and 4.0 kHz of pure-tone or behavioral testing.



Cochlear Implantation Device and Activation

The CI device was selected by the parents with the support and counseling by the CI team. Typically, the first mapping was initiated at 3–4 weeks after the surgery. During the programming sessions, observation and conditioned behavioral audiometry techniques were used to determine the electrical threshold and comfortable listening levels. Usually, a stable map can be achieved at 3–6 months after the initial stimulation.



Evaluation of Cochlear Implantation Outcomes

Postoperative speech evaluation was performed at 3, 6, 12, 18, and 24 months after CI. Since most of the patients had stable outcomes at 2 years, we selected the 2-year outcomes as the predicted results. The CAP, Speech Intelligibility Rating (SIR), Infant-Toddler Meaningful Auditory Integration Scale (IT-MAIS, for patients aged < 3 years) or Meaningful Auditory Integration Scale (MAIS, for patients aged > 3 years), and Meaningful Use of Speech Scale (MUSS) were used to evaluate hearing and speech in the patients 24 months after CI surgery. The CAP has eight levels of sound perception (0–7), ranging from no awareness of the environment (0) to use of telephone with known users (7). The CAP is intended to reflect the real-life auditory capabilities of children. The SIR is a highly reliable and time-effective measure of children’s speech production in real-life situations and ranks children’s spontaneous speech into five categories, ranging from connected speech is unintelligible (1) to connected speech is intelligible to all listeners (5). To distinguish the degree of patients’ auditory performance and speech perception, we divided the patients into two groups according to CAP and SIR. Figure 1 shows the initial distributions of CAP (Figure 3A) and SIR (Figure 3C) and the distributions of CAP (Figure 3B) and SIR (Figure 3D) after grouping. For CAP, the patients were divided into spoken language understanding (CAP of 5–7) and no spoken language understanding (CAP of 0–4). For SIR, the patients were divided into intelligible speech (SIR of 2–5) and unintelligible speech (SIR of 1).


[image: image]

FIGURE 3. Patient distribution before and after considering CAP and SIR grouping. (A) Initial CAP distribution. (B) Distribution of CAP after grouping. (C) Initial SIR distribution. (D) Distribution of SIR after grouping. CAP, categories of auditory performance; SIR, speech intelligibility rating.




Feature Selection

Feature selection is essential in feature engineering as it aims to find an optimal subset of features and eliminate redundant features for classification. The effectiveness of hearing and speech rehabilitation after receiving a CI depends on various complex and interdependent factors. By considering the experience of doctors, we collected and measured these influencing factors. We measured the radiological and audiological characteristics of patients with CND multiple times and averaged the results. Radiological features include the bony cochlear nerve canal diameter, internal auditory canal diameter, number of nerve bundles, VCN area and area ratio of the VCN to the FN. Audiological features include residual hearing, 40-Hz AERP, ABR, CM, DPOAE, and acoustic immittance. In addition to radiological and audiological features, we considered the implantation age of patients with CND. To build a simple model, we applied feature selection to these 12 features. For feature selection, the variance threshold and stability selection are important methods. In brief, the variance threshold removes all features whose variance does not meet a certain threshold. By default, it removes all zero-variance features, that is, features with the same value across samples.1 In this study, we performed preliminary feature selection using the variance threshold, graphical method and correlation method and then applied stability selection to the remaining features. These features were used as inputs to an SVM classifier and stability selection coupled with SVM. As usual for classifiers, we applied min-max normalization to the data before classification and stability selection to ensure that all features had a common scale and range.



Stability Selection

A robust model should be sufficiently complete to allow generalization and interpretation. Hence, the most salient discriminating features consistent across a range of model parameters should be selected. Stability selection achieves state-of-the-art feature selection while preventing overfitting and enabling data interpretability. In general, representative features do not score 0 for similar features or associative features. We used randomized logistic regression and the randomized least absolute shrinkage and selection operator (LASSO) for stability selection. Labels CAP and SIR are discrete variables. Labels MAIS and MUSS are continuous variables. Therefore, the remaining 6 features and the label CAP or SIR were entered into the randomized logistic regression model; the remaining 6 features and the label MAIS or MUSS were entered into the randomized LASSO model. The stability score of the features to the labels was obtained, and the feature selection was made according to the stability score.

Stability selection used a randomized logistic regression algorithm, which worked by subsampling the training data and fitting a L1-penalized logistic regression model. By performing this double randomization several times (running logistic regression algorithms on different subsets of data and features), the method assigned high scores to features that were repeatedly selected across randomizations. In short, the features selected more often were considered as representative features (Meinshausen and Bühlmann, 2010). Stability selection used a randomized LASSO algorithm, which worked by subsampling the training data and computing a Lasso estimate (Meinshausen and Bühlmann, 2010). In stability selection, the feature stability increases as a feature is increasingly selected over repeated subsampling processes (Nogueira et al., 2017). As stability selection includes internal randomization over many interactions, it yields a more reliable and consistent feature set than conventional filtering or other multivariate approaches (Mahmud et al., 2020).

We considered the regularization parameter C of 1, the scaling parameter of 0.5, a sample fraction of 0.75 and 200 resampling processes to implement randomized logistic regression. The scaling parameter was used to randomly scale the features (Meinshausen and Bühlmann, 2010). We considered regularization parameter alpha = “aic,” sample fraction = 0.75, scaling = 0.5, number of resamples = 200 in our implementation of randomized LASSO. This was not the alpha parameter in the stability selection article which was scaling (Meinshausen and Bühlmann, 2010). Randomized LASSO was able to select the optimal alpha based on “AIC.” The feature scores were scaled between 0 and 1, where 0 was the lowest score (i.e., irrelevant feature) and 1 was the highest score (i.e., most representative or stable feature). Over 200 resampling processes, stability selection provided the overall feature scores (0–1) based on the selection frequency, and a variable was selected. The stability scores were ranked to identify the most important, consistent, stable, and invariant features (i.e., demographic, audiological, and radiological features) over a range of model parameters. We used the ranked features and corresponding class labels in an SVM classifier. Based on the input stable features, the SVM classified patients with CND for different stability thresholds.



Support Vector Machine Classification

Data-driven multivariate analysis is widely used for modeling complex data and understanding relations between the considered variables. Parameter-optimized SVM classifiers can provide robust discriminative models with small sample sizes, being suitable for human neuroimaging studies (Tan et al., 2015; Feng et al., 2018; Skidmore et al., 2020). The classification performance is greatly affected by the choice of kernel functions, which can map non-linearly separable data onto a linearly separable space. Other tunable parameters, such as the kernel, regularization coefficient C, and γ (γ is an argument having the RBF function as the kernel), also determine the performance. Thus, we used grid search to find the optimal kernel, C, and γ. For kernel functions, we considered the linear function and radial basis function, whereas for C, we considered values from 1 to 10 in increments of 1, and for γ, we considered values of 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5. Both C and γ were evaluated using a radial basis function kernel. We randomly split the data into training and test sets containing 80% and 20% of the available samples, respectively.

During training, we fine-tuned parameters C and γ to find the values that maximally distinguish observations from the CI postoperative CAP and SIR in good and poor recovery groups. The SVM learned the support vectors from the training data containing the attributes (e.g., age in months, residual hearing) and class labels (e.g., spoken language understanding). The resulting hyperplanes were fixed with maximum margin of separation between classes and used to predict unseen test data by providing the unlabeled attributes to the model. The classification performance was evaluated using common measures: accuracy, F1-score, and area under the receiver operating characteristic curve (AUC) (Saito and Rehmsmeier, 2015). The AUC describes the degree to which a model can distinguish between classes. An excellent model has an AUC close to 1, indicating high separability, whereas a poor model has an AUC close to 0, indicating poor separability.



Technology Roadmap

The experimental process is shown in Figure 4. We input the CND dataset. First we made a preliminary feature selection. As shown in Figure 5, we removed three features according to the variance threshold. As shown in Figure 6, we removed two features according to the effect of the features on the labels, that is, the graphical method. As shown in Figure 7, we removed one feature according to the correlation. Stability selection was made for the remaining six features. We entered 6 features and a label CAP or SIR into a randomized logistic regression model. We entered 6 features and a label MAIS or MUSS into a randomized LASSO model. We got the stability score of the features on the labels and sorted the stability scores as shown in Figure 8. According to the sorted features, the features were added to the SVM model in turn, and the models labeled CAP and SIR were established, respectively. Accuracy and AUC of each model were output, and the best models were selected, respectively, as the prediction models for predicting auditory and speech performance after CI.
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FIGURE 4. Technology Roadmap.
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FIGURE 5. Feature distribution of (A) ABR, (B) CM, and (C) DPOAE according to auditory response. ABR, auditory brainstem response; CM, cochlear microphonics; DPOAE, distortion product otoacoustic emission; Y, response; NR, no response.
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FIGURE 6. 40-Hz AERP and acoustic immittance for CAP and SIR. (A) CAP: 0 indicates no spoken comprehension, and 1 indicates spoken comprehension. (B) SIR: 0 indicates unintelligible connected speech, and 1 indicates intelligible connected speech. CAP, categories of auditory performance; SIR, speech intelligibility rating.
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FIGURE 7. Correlation coefficient matrix.
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FIGURE 8. Stability scores for feature selection. Effect of features on (A) SIR, (B) CAP, (C) MAIS, and (D) MUSS. The stability score in 0–1 is shown as range per bin.





RESULTS


Feature Selection

The distributions of ABR, CM and DPOAE are shown in Figure 5. For ABR, 68 patients showed no hearing response (NR), and 2 patients had a hearing response (Y), while for CM, 65 patients had NR and 5 had Y, and for DPOAE, 67 patients had NR and 3 had Y. Variance selection removed the ABR, CM, and DPOAE. The influences of the 40-Hz AERP and acoustic immittance on the labels are shown in Figure 6. As these two features had less influence on the SIR and CAP labels, they were removed. The correlation coefficient matrix is shown in Figure 7. Considering that the correlation coefficient between area ratio of the VCN to the FN and VCN area is 0.63, it has a high correlation. Area ratio of the VCN to the FN is removed.

The six remaining features and the corresponding labels were processed using stability selection to obtain the most representative factors affecting the postoperative hearing and speech rehabilitation of patients with CND and CI. Figure 8 illustrates the importance of stability selection. Among the factors affecting the postoperative CAP and SIR in patients with CND, VCN area and number of nerve bundles were highly stable and important. Therefore, these features were selected to establish a prediction model of postoperative CAP and SIR in patients with CND. Among the factors affecting the postoperative MAIS in patients with CND, VCN area was the most stable, and the stability scores of the number of nerve bundles, residual hearing, and internal auditory canal diameter were similar. Among the factors affecting the postoperative MUSS in patients with CND, VCN area was the most stable, with a stability score of 1, followed by the number of nerve bundles. Overall, characteristic VCN area and number of nerve bundles were more stable and showed the greatest influence on the postoperative hearing and speech rehabilitation of patients with CND.



Support Vector Machine Classification of Hearing and Speech Rehabilitation Effects Using Vestibulocochlear Nerve Area and Number of Nerve Bundles

We only used VCN area and number of nerve bundles to analyze the effects of postoperative hearing and speech rehabilitation in patients with CND. These features and the corresponding category labels were used to train the SVM. In addition, we applied sevenfold cross-validation and grid search during training to determine the optimal SVM parameters. The optimal parameters for the maximum classification performance listed in Table 2 were C = 5 and γ = 0.02 for CAP and C = 6 and γ = 0.2 for SIR.


TABLE 2. Maximum performance (%) of SVM classifier for distinguishing hearing and speech rehabilitation effects (good and poor).

[image: Table 2]
We then selected the best model and performance measures from the predicted class labels, which were obtained from the unseen test data and corresponding ground truth. We applied the SVM classifier using VCN area and number of nerve bundles to identify the effects of hearing and speech rehabilitation. Table 2 shows that for the hearing rehabilitation effect considering VCN area and number of nerve bundles, the accuracy of spoken language understanding prediction after CI surgery in patients with CND was 71%. For the speech rehabilitation effect considering those two features, the accuracy of intelligible connected speech prediction after CI surgery in patients with CND was 93%. These results indicate suitable prediction of the effects of postoperative hearing and speech rehabilitation after receiving a CI.

The SVM classification results on the test dataset are shown in Figure 9. As a correct prediction is shown with a black circle, a model with fewer red circles is preferable, whereas numerous red circles indicate a low generalization ability of the SVM classifier. In fact, each red circle indicates a misclassified patient with CND. Figure 9A shows four red circles, indicating four patients with misclassified CAP and a classification accuracy of 71%. Figure 9B shows one red circle, indicating that the SIR of only one patient was misclassified and a classification accuracy of 93%.
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FIGURE 9. Prediction using SVM classifier for (A) CAP and (B) SIR.




Stability Selection for Support Vector Machine Training

We then used stability selection to identify the most representative stable features to separate groups without overfitting. We evaluated stability thresholds yielding different classification performances. The effect of the stability selection threshold on the classification performance is shown in Figure 10A for CAP and in Figure 10B for SIR. The histogram shows the distribution of feature scores.


[image: image]

FIGURE 10. Effect of stability score threshold on model performance for (A) CAP and (B) SIR. The stability score ranges from 0 to 1.


The feature scores for stability selection were first determined. As shown in Figure 8, for CAP, stability in descending order was obtained for VCN area, number of nerve bundles, internal auditory canal diameter, bony cochlear nerve canal diameter, residual hearing, and age in months; for SIR, this order was obtained for the VCN area, number of nerve bundles, bony cochlear nerve canal diameter, residual hearing, age in months, and internal auditory canal diameter.

The features obtained by stability selection were used in the SVM, whose performance depended on the stability threshold. For CAP and SIR, 66.7% of features scored between 0 and 0.1. Hence, most features were selected less than 10% of the time over 200 model iterations and thus carried near-zero importance for separating groups. Therefore, 66.7% of the features were not related to the grouping of CAP or SIR.

For CAP, the maximum classification performance with 71% accuracy, 71% AUC, and F1-score of 67% was achieved for a stability score threshold of 0.10. For this threshold, two out of the six features were selected. For SIR, stability selection provided two out of the six features (33.3%), reaching an accuracy of 93%, AUC of 94%, and F1-score of 93%. Below the optimal threshold of 0.2, the classifier performance reduced owing to the inclusion of unrelated features, while above the threshold, some representative features for distinguishing the effects of hearing and speech rehabilitation were discarded. Even when choosing a stability threshold of 0.5 as a conservative selection, CAP classification reached 64% accuracy with one selected feature, and SIR classification reached 57% accuracy with one selected feature. Thus, predicting the effects of CIs on postoperative hearing and speech rehabilitation in patients with CND may require only a few representative features to notably outperform the random level of classification.




DISCUSSION

The present study included 70 patients diagnosed with CND with normal cochlea according to computed tomography and MRI findings. All subjects underwent unilateral CI. We summarized the age at operation, preoperative audiological findings, and preoperative imaging characteristics of CND patients with normal cochlea and analyzed their correlation with the 2-year postoperative outcome of CI. In our study, the overall mean scores of the CAP, SIR, IT-MAIS/MAIS, and MUSS after 2-year CI activation were 4.10 ± 1.32, 1.87 ± 0.92, 25.14 ± 10.47 and 11.96 ± 10.32, respectively. Among the 70 participants, 36 (51.4%) achieved an understanding of common phrases or the ability to carry on a conversation without lip-reading (CAP 5–7) and 39 (55.7%) patients achieved intelligible speech (SIR > 1). We also obtained a prediction model of the CAP and SIR scores at 2 years after surgery based on these associated factors. We observed that the CAP and SIR scores at 2 years after CI surgery were strongly correlated with the number of nerve bundles and the VCN area.

In our study, the mean age at CI was 27.31 ± 13.92 months (range: 7–54 months). All children failed to pass the newborn hearing screening sequence. Age at CI is known to potentially influence the CI outcomes (Peng et al., 2017). Cochlear implantation provides a unique opportunity to study cortical plasticity associated with long-term deafness and restoration of the auditory modality (Lee et al., 2006). Children who underwent implantation at a younger age have been reported to demonstrate greater gains in speech perception over time than those who underwent implantation at an older age (Zwolan et al., 2004). In our study, we did not find a strong correlation between age at CI and CI performance. This might be due to the limited amount of CN and auditory stimulation. The results were consistent with those of previous studies (Birman et al., 2016; Han et al., 2019).

The residual hearing threshold is one of the most important prognostic factors correlated with the CI outcomes (Chiossi and Hyppolito, 2017). It represents the number of SGNs and the integrity of neural pathways including the SGNs and the CN. Patients with residual hearing displayed significant improvements in language development (Carlson et al., 2015) after CI surgery. However, we did not find a significant correlation between the average residual hearing threshold and CI performance, which is consistent with the finding in a previous study (Han et al., 2019). This might be attributed to the poor residual hearing of these CND patients. Moreover, we assumed the average hearing threshold of the absence of measurable response in pure-tone audiometry or behavior test to be equal to the maximum output or 5 dB greater than the maximum output of the audiometer for the purpose of evaluation. The calculated mean residual hearing threshold was 108.17 ± 14.07 dB (range: 81–125 dB), which might have reduced the difference between cases with and without residual hearing.

Auditory brainstem response (ABR) represents the efficacy of hearing aids and cortical development with acoustic stimulation before CI. It was significantly correlated with CI performance in a previous study (Han et al., 2019). However, we did not observe any significant correlation between the ABR and CI outcomes. This finding might be due to the fact that only 2 patients (2/70, 2.86%) exhibited an ABR. Therefore, the sample size was too small to obtain reliable results. Three patients (3/70, 4.27%) exhibited the presence of DPOAE and 5 patients (5/70, 7.14%) exhibited the presence of CM with absent ABR, which suggested a gross discrepancy between the measures of cochlear and neural function in the auditory system diagnosed with auditory neuropathy (AN) (Buchman et al., 2006). The responses of DPOAE as well as CM did not show a statistically significant correlation with CI outcomes, probably due to the small sample size.

Due to the limitations of the current imaging techniques, it is difficult to measure the CN parameters directly. Clinically, the IAC diameter, BCNC diameter, area of the VCN, area ratio of the VCN to the FN, and IAC grade can indirectly determine the condition of the CN. These parameters have been reported to predict the effect of CI after surgery (Shelton et al., 1989; Minami et al., 2015; Birman et al., 2016; Wei et al., 2017; Chung et al., 2018; Han et al., 2019). The maximum diameters of the IAC and the BCNC can indirectly reflect the number of CN fibers and are generally considered to be related to CND (Shelton et al., 1989; Chung et al., 2018). In a previous study (Clemmens et al., 2013), BCNC had a sensitivity of 84% and a specificity of 98% for predicting CND, while IAC had a specificity of 98% and a sensitivity of 44%. In our study, the mean IAC diameter was 2.47 ± 0.85 mm and the mean BCNC diameter was 0.83 ± 0.58 mm. The IAC and BCNC diameters exhibited a weak correlation with CI performance.

Cochlear nerve deficiency (CND) diagnosis mainly relies on MRI (Cerini et al., 2006). Measuring the CN parameters on MRI is the most direct way to determine the condition of the CN. However, due to the limited resolution of the currently used MRI devices, the CN is not clearly visualized. In some cases, although CN fibers are present, they are not reflected in the data regarding CN diameter measurements on MRI and the CN cannot even be visualized. VCN contains all the CN fibers. Hence, some scholars defined CND as VCN deficiency or the absence or thin branches of the VCN (Yamazaki et al., 2015). Measuring the VCN diameter at the CPA indirectly reflects the number of CN fibers. In our study, the VCN area showed a strong correlation with CI performance.

Since direct measurement of the VCN diameter is difficult, some scholars have opted to measure the area ratio of the VCN to the FN. The size of the VCN is generally 1.5–2 times the size of the FN and the size of the CN is similar to that of the FN (Giesemann et al., 2012). Minami et al. (Minami et al., 2015) reported the relationship between the relative sizes of the VCN and FN after CI. They observed that 83% of the patients with IAC stenosis had an FN larger than the VCN. Patients whose FN was larger than the VCN had an average score of 1.1 for auditory behavior after CI, while patients whose FN was smaller than the VCN exhibited an average CAP score of 4.1 after CI. Han et al. (2019) found that the area ratio of the VCN to the FN was significantly correlated with the CAP and IT-MAIS scores at 2 years after CI. In our study, this ratio showed a strong correlation with the CAP and SIR scores, but the correlation was weaker than VCN area. However, due to the presence of thinner FN in some patients, the area ratio of the VCN to the FN was still large despite a thin VCN, which interfered with the accuracy of the results.

Oblique plane sagittal IAC views can show four nerve bundles on MRI: CN, FN, inferior vestibular nerve, and superior vestibular nerve (Govaerts et al., 2003). Since it is difficult to distinguish the CN from other nerves on MRI, Birman et al. (2016) suggested classifying CND according to the number of nerves within the IAC. From oblique plane sagittal IAC views on MRI, IAC nerve grades 0, I, II, and III represent no nerves, one, two, and three nerve bundles, respectively, inside the IAC. These grades correspond to CNA. Grade IV represents four nerves and a thin CN and corresponds to CNH. Previous studies have reported that the IAC nerve grading system was significantly related to the postoperative effect of CI (Birman et al., 2016; Wei et al., 2017; Han et al., 2019). In our study, a higher number of nerve bundles was associated with higher CAP and SIR scores in CND patients. The number of nerve bundles showed strong correlations with the CAP and SIR scores.

In the stability selection analysis for CI outcomes in patients with CND, the VCN area and the number of nerve bundles within the IAC were most representative stable features affecting the CAP and SIR scores at 2 years after CI. For CAP, the accuracy rate was 71% for both the SVM classification and the AUC, whereas for SIR, the accuracy rate for SVM classification and AUC was 93% and 94%, respectively. Only about half of the CND patients in our study were expected to show relative good outcomes (CAP 5-7 or SIR > 1). Our models can help surgeons select the appropriate side for CI and at the same time, provide reasonable expectations regarding the effects of CI surgery. For patients who show inadequate benefit following CI, auditory brainstem implantation should be considered despite the risk of serious complications such as cerebrospinal fluid leakage, meningitis, intracranial bleeding, stroke, cranial nerve damage, and even death (Freeman and Sennaroglu, 2018). In our model, we included only the CND patients with normal cochlea and patients with cochlear malformations and other systemic complications were excluded. Therefore, the application of this model requires complete audiological and imaging evaluations before surgery.



CONCLUSION

CI in CND with normal cochlea is associated with variable outcomes. We observed that postoperative CAP and SIR scores of CND patients showed a strong correlation with the VCN area and the number of nerve bundles within the IAC. However, age at implantation and residual hearing did not show any strong correlation. Results from our study can help surgeons select the appropriate side for CI and provide reasonable expectations regarding the outcomes of CI surgery.
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Introduction: The cause of tinnitus improvement in cochlear implant (CI) users is not understood. On the basis that a spatially limited dysfunction in the auditory pathway could cause tinnitus, we used single-channel stimulation to evaluate any variation of tinnitus-perceived loudness and identify the cochlear regions involved.

Materials and Methods: It was an observational prospective case-crossover study. After the first mapping, 21 adults with unilateral CI and chronic tinnitus expressed their tinnitus loudness based on the Visual Analog Scale (VAS) score (0–10) at baseline (L0), during a 10 s single-channel stimulation with C-level of electric current (L1) and 30 min after CI activation (L2). Tinnitus reduction [RT = (L0 – L1) × 100/L0] > 50% was considered significant. VAS outcomes were compared between baseline (L0) and (each) single-channel stimulation (L1) to find the channel with the greatest RT (suppressive channel-SC), whose frequency range revealed the cochlear region involved. Seven patients with asymmetric hearing loss underwent the pitch-matching test to identify the actual frequency evoked by the SC. We compared selective (L1) and non-selective (L2) intracochlear stimulation using paired t-test. Preoperative Tinnitus Handicap Inventory (THI) score was compared with those at 1, 6, and 12 months with paired t-tests to evaluate long-term tinnitus perception.

Results: We observed a significant reduction of tinnitus loudness during the experimental procedure [L0 (6.4 ± 2.4) vs. L1 (1.7 ± 2.7), p = 0.003]. A total of 15/21 patients (71.4%) had a significant (RT > 50%) and selective improvement, reporting a mean L1 of 0.4 ± 2.0 (p = 0.0001). In 10/15 (66.6%) patients, the SC was in the apical turn, within 1,000 Hz; in 5/15 patients (33.4%) within 4,000 Hz. The cochlear region 125–313 Hz was the most affected by tinnitus improvement (p = 0.0074). Targeted stimulation was more effective than non-selective stimulation [L1 vs. L2 (4.3 ± 2.5), p = 0.0022]. In 3/7 patients, the perceived pitch did not fall within the SC frequency ranges. All patients with selective attenuation described tinnitus as monotone. Patients with non-selective attenuation had polyphonic tinnitus and better THI results after 1 year.

Conclusion: Targeted intracochlear electrical stimulation improved chronic tinnitus perception, especially in monotone tinnitus, and the apical region was mainly involved. Our results provide new insights into the pathophysiological mechanisms of tinnitus and targets for innovative therapeutic strategies.

Keywords: cochlear implant, tinnitus, intracochlear electrical stimulation, cochlear regions, pitch match


INTRODUCTION

Subjective tinnitus, consisting of the perception of sounds without a corresponding acoustic stimulus, is a very common and disabling condition with severe effects on health and wellbeing, imposes a substantive economic burden, and has no known cure (Lockwood et al., 2002). Up to 50% of adults report to have experienced transient tinnitus following noise exposure, while 5–15% of people living in industrialized societies suffer from chronic tinnitus with negative effects on their quality of life (Gallus et al., 2015; Bhatt et al., 2016). Hearing loss is a common cause of tinnitus and is experienced by up to 86% of adult cochlear implant (CI) candidates (Quaranta et al., 2004).

Knowledge of the pathophysiological mechanisms that trigger and maintain chronic tinnitus is one of the major challenges of tinnitus research whose ultimate purpose is to find a cure (Haider et al., 2018). Peripheral lesions, including loss of hair cells, dysregulated endocochlear potential, and cochlear spontaneous overactivity, could explain the temporary tinnitus occurring immediately after an acute noise trauma (Norena and Eggermont, 2003). In contrast, the finding that bilateral auditory nerve sectioning does not always eliminate tinnitus (Pulec, 1984) suggests that a peripheral lesion is not sufficient to maintain tinnitus and rather represents the trigger of a cascade of neuroplastic changes involving retro-cochlear auditory structures (Henry et al., 2014; Fetoni et al., 2015). Neural reorganization can occur within multiple levels of the central auditory pathway, including the dorsal cochlear nucleus, ventral cochlear nucleus, and inferior colliculus of the brainstem, whose hyperactivity resulting from the downregulation of inhibitory signals has been extensively studied in tinnitus models (Mulders and Robertson, 2009; Zeng et al., 2009). In addition, the medial geniculate body of the thalamus, a major gate of sensory signals to the cortex, the limbic system (Rauschecker et al., 2010), and the primary auditory cortex itself were deemed centers of tinnitus due to the reorganization of the tonotopic map (Eggermont and Roberts, 2004; Knipper et al., 2013; Noreña, 2015). Increasing evidence shows that auditory deprivation leads to chronic subjective tinnitus caused by the overrepresentation of adjacent cortical areas with similar characteristic frequency, known as “edge frequencies,” due to the lack of lateral inhibition phenomena (Eggermont and Roberts, 2004). Thus, maladaptive plastic changes in the central auditory pathways may be involved in maintaining tinnitus in a sort of “vicious circle” (Fetoni et al., 2015). Therapeutic implications are significant since it was first supposed that only peripheral tinnitus could be masked by sounds as opposed to tinnitus powered by central generators (Haider et al., 2018). Hence, the pathogenesis is still unclear and multiple mechanisms at various levels of the auditory system are likely to concur.

To date, only a few tinnitus treatments are available, but there is no pharmacological approach approved by the major drug agencies. Electrical stimulation delivered both transcutaneously (Steenerson and Cronin, 2003; Aydemir et al., 2006) and transtympanically (Konopka et al., 2001; Rubinstein et al., 2003; Di Nardo et al., 2009) has been proposed as a promising approach to suppress peripheral tinnitus. It has been suggested that electric current could act both at a presynaptic level, with the reduction in the spontaneous release of neurotransmitters from inner hair cells (Konishi et al., 1970), and with a postsynaptic mechanism by reducing the opening of voltage-gated sodium channels, with a direct effect on the membrane potential of the cochlear fibers (Shepherd and Javel, 1999). On this basis, central tinnitus, which becomes independent of cochlear residual spontaneous activity, should not respond to this treatment (Noreña et al., 2015). Interestingly, in the experimental model, brain stimulation induced by the anodal transcranial direct current affects the structural plasticity of the auditory cortex and compensates for the effects of sensory deprivation following cochlear damage by increasing dendritic spine numbers and rearranging synaptic networks (Paciello et al., 2018) in the primary auditory cortex. Therefore, attempts have been made to relieve chronic intractable tinnitus by delivering different electrical stimuli directly to the auditory cortex (De Ridder et al., 2006; Seidman et al., 2008) with doubtful results and many possible side effects related to the invasiveness of the method.

Nowadays, the different methods used and the uncertainty of clinical efficacy have made it impossible to guide technological development toward a real therapy (Assouly et al., 2021). Considering this scenario, the intracochlear electrical stimulation via CI could represent a putative approach to tinnitus treatment. Moreover, the evaluation of the effects of electrical stimulation should improve the general knowledge of tinnitus mechanisms. Beneficial effects on tinnitus have been previously reported in many CI users (Quaranta et al., 2004; Di Nardo et al., 2007b; Ramakers et al., 2015; Peter et al., 2019), but the cause is still not understood: experimental studies on animals suggest that CI can restore a certain degree of normal discharge in the cochlear nerve through the inhibition of spontaneous activity or even a reflex increase in microcirculation in the auditory pathway (Runge-Samuelson et al., 2004). In contrast, the long-term stable effects of the CI on tinnitus would require the reorganization of the central auditory cortex. The masking theory, which is secondary to hearing relief, is unlikely since most patients report persistent improvement of their tinnitus even at night when CI is off (Quaranta et al., 2004). It has been proposed that auditory stimulation could reverse the tinnitus-related central changes, but the presence of degenerated cochlear fibers hinders the process of restoring the pre-hearing loss distribution of sensory inputs to the auditory centers (Noreña, 2015). In addition, recent attempts to optimize intracochlear electrical stimulation to reduce tinnitus have not led to clear results (Arts et al., 2015, 2016), suggesting that the characteristics of the stimulus for tinnitus reduction are highly subject-specific. Furthermore, the most effective target of intracochlear electrical stimulation was not investigated by previous studies.

Assuming that the stimulation of a limited area of the cochlea involved in triggering and maintaining chronic tinnitus could improve tinnitus in CI users, as opposed to the non-specific stimulation of the entire cochlea, we aimed to further investigate the intracochlear electrical stimulation and identify the electrical channel(s) of the CI array that suppress/attenuate tinnitus.


Objectives

The major aim of our study was to measure in each patient the variation of the subjectively perceived tinnitus loudness during short-term single-channel stimulation and to find the best-performer channel (i.e., the channel that caused the greatest tinnitus reduction). Furthermore, the correlation between the reduction of tinnitus loudness and the position of the channels inside the cochlea has been evaluated in all patients to define the cochlear regions involved in tinnitus improvement.

We also aimed (i) to compare the impact of short-term single-channel electrical stimulation with the normal functioning of the whole CI in the early phase of activation in terms of tinnitus improvement, (ii) study long-term results of CI on the subjective perception of tinnitus, and (iii) evaluate whether qualitative characteristics of tinnitus (monotone vs. polyphonic tinnitus) could influence the results of short- and long-term intracochlear electrical stimulation on tinnitus loudness.




MATERIALS AND METHODS


Subjects

It was an observational prospective case-crossover study. Subjects were enrolled from January 2021, and the study lasted for 1 year. Before enrollment, all patients received complete and comprehensible information regarding the tests administered and gave their written consent, in agreement with the ethical standards of the Declaration of Helsinki. The study was approved by our institution’s ethics committee under protocol no. 0023756/21.

All candidates for unilateral cochlear implantation surgery at our institution preoperatively underwent an accurate medical history focused on duration, type and cause of hearing loss, and onset and characteristics of tinnitus. A complete audiological evaluation was performed, including otoscopy, tympanometry, and acoustic reflex measurement (Grason Stadler Tympstar), as well as standard pure-tone audiometry, testing conventional frequency ranging from 0.25 to 8 kHz (Amplaid 319 audiometer, Amplaid Inc.) in a double-walled, soundproof room. Preoperative pure tone average (PTA) (average of hearing threshold levels at 500, 1,000, 2,000, and 4,000 Hz) was measured on both ears in all patients. All patients had bilateral sensorineural HL, which was severe to profound (PTA > 70 dB HL) in the worst ear and slight to profound in the other ear (Table 1). Inclusion criteria were as follows: age ≥ 18 years; chronic (at least 6 months) tinnitus perceived in the worst hearing-impaired ear; intracochlear placement of the implant through the (extended) round window membrane; and the ability to read, understand, and fill in the assigned questionnaires and sign an informed consent form.


TABLE 1. Patients’ demographic characteristics, causes, and duration of hearing loss (HL) and preoperative audiometric data.
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Patients with tinnitus onset after surgery were not enrolled. Other exclusion criteria were pulsatile tinnitus, congenital malformation of the auditory system detected with preoperative CT and MR imaging of the inner ear and brain, history of vestibular schwannoma, active middle ear disease, and complications during or after surgery (i.e., flap necrosis, improper electrode placement, facial nerve problems, infection, facial nerve stimulation, vertigo). Cases with incomplete/difficult insertion of the array into the cochlea were also excluded. The insertion of the CI in the cochlea was demonstrated in all patients with intraoperative X-ray static fluoroscopy (Garaycochea et al., 2020) to avoid possible extracochlear array misplacement (e.g., semicircular canal, vestibule, middle ear), tip rollover, kinking, or lopping. All patients underwent the intraoperative electrophysiological test to verify the neural response from all the CI’s electrical channels.

Patients with a history of psychiatric disorders, depression, and use of antidepressant treatments, as well as patients affected with neurodegenerative diseases, especially Alzheimer’s and Parkinson’s diseases, were also excluded from the study.



Study Design


Study Questionnaires

All patients underwent the assessment of tinnitus characteristics by using self-administered questionnaires as follows:


-The Tinnitus Characteristics Questionnaire for CI recipients used by Wang et al. (2017) was translated into Italian and administered immediately before surgery to define the qualitative characteristics of hearing loss and tinnitus (cause, laterality, grading, duration), typology (subjective, objective), year of onset, localization (bilateral, unilateral right or left, central), components (monotone or polyphonic, intermittent, or continuous), subjectively defined type of tinnitus (cicadas, roar, crackle, rain, wind, hum, whistle, music), and aspect of greatest influence on daily life (sleep, hearing, emotion, work, memory).




-The Tinnitus Handicap Inventory (THI) in its validated Italian version (Monzani et al., 2008) was administered before surgery, 1 month (immediately before CI activation), 6 months, and 1 year after surgery to study long-term CI effect on tinnitus. THI was administered according to the model proposed by Newman (Newman et al., 1996) and graded according to the McCombe grading system (McCombe et al., 2001). The THI questionnaire is composed of 25 questions, each with three quantifiable answers (yes = 4, sometimes = 2, no = 0). The final total score (0–100) defines the degree of subjective perception of tinnitus in the last week: grade 1, very slight (THI score 0–16); grade 2, mild (THI 18–36); grade 3, moderate (THI 38–56); grade 4, severe (THI 58–76); grade 5, catastrophic (THI 78–100).




-Visual Analog Scale (VAS), which is used in clinical research to measure the intensity of symptoms, was administered to patients to assess perceived tinnitus loudness. Patients were asked to rate the perceived loudness of their tinnitus on a horizontal scale oriented from right to left, from 0 (inaudible) to 10 (loud like never before). VAS was administered before surgery (LS); 4 weeks after surgery (immediately before CI activation) to define the baseline loudness of tinnitus (L0); on the day of activation during the experimental procedure via the single electrical channel stimulation (L1); and on the day of activation, 30 min after the whole CI was first turned on (L2). This scale expresses the subjective perception of tinnitus, namely, absent (0–1), mild (2–3), moderate (3–6), severe (6–8), and very serious (9–10).





Study Procedures

Enrolled patients underwent the following procedures:


-CI activation and mapping: CI was activated 4 weeks after surgery. All channels were sequentially activated. The maximum comfort level (C-level) and mean threshold level (T-level) were determined based on subjective responses. The full CI frequency range was distributed to the different electrical channels in accordance with the CI manufactures’ standards that are based on the Greenwood’s function (Greenwood, 1961).




-Experimental procedure – single electrical channel stimulation: The short-term effect of electric current on tinnitus was evaluated during the stimulation of the different electrical channels with the C-level, for 10 s, one by one, starting from the cochlear apex toward the base, with a recovery time of 30 s between one channel and the next. The basic stimulation parameters for each brand are shown in Table 2. For each channel, the patients were asked to rank their perceived tinnitus during electrical stimulation on the VAS. The level of tinnitus reduction was expressed in percentiles relative to the baseline loudness and calculated using the following equation:
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where RT represents the amount of tinnitus reduction, and L0 represents the baseline perceived tinnitus loudness before stimulation. The loudness ranked on the VAS during stimulation is denoted as L1. A tinnitus reduction of 0% corresponds to no change in perceived tinnitus loudness, while positive values correspond to tinnitus reduction and negative values correspond to a worsening of tinnitus.


TABLE 2. Detection of cochlear regions most involved in the attenuation/suppression of tinnitus: electrical channel with the greatest attenuation capacity on tinnitus in each patient [suppressive channel (SC)]; minimum current level suppressing tinnitus (MCLT) (μA).
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According to Arts et al. (2016), RT was considered significant when > 50%, and it was graduated as follows, namely, complete suppression of tinnitus (90% < RT ≤ 100%), relevant attenuation (50% < RT ≤ 90%), mild attenuation (10% < RT ≤ 50%), and no effect on tinnitus (RT ≤ 10%).

RT was measured in each patient for each channel of the CI. The attenuation/suppression effect of electrical stimulation on tinnitus perception was considered “selective” when it was possible to find an electrical channel with a significantly higher tinnitus-reducing effect than the other channels [suppressive channel (SC)]; otherwise, the effect was considered “non-selective.” The frequency ranges assigned to the SCs were considered to establish their location inside the cochlea. Multiple comparisons between mean L0 and mean L1 measured for each frequency range have been done to find the cochlear area most affected by tinnitus improvement in our sample.

Once the channel with the highest attenuation effect on tinnitus was identified, the intensity of the current was gradually reduced until tinnitus occurred again in the patient to identify the minimum current level suppressing tinnitus (MCLT) (μA).


-Pitch-matching procedure: The variability in the cochlear size and, above all, the different insertion depths of the array can create a mismatch between the default frequencies assigned to each channel and their actual location in the cochlea (Di Nardo et al., 2007a,Di Nardo et al., 2010). Patients with hearing residues in the non-implanted ear underwent the procedure of mismatch evaluation (Di Nardo et al., 2011), consisting of the pitch comparison between the electrical and acoustic stimuli sent independently to the two ears. Each pitch comparison trial consisted in first stimulating an electrical channel of the CI with a 5 s electric stimulus, followed by a 5 s acoustic pure tone presented to the other ear to find the corresponding frequency. The patient was asked to verbally report the tone sent to the other ear as higher, lower, or similar in pitch. The frequency of the acoustic stimulus was adaptively changed by 1/12th of an octave up or down, depending on the subject’s response. A minimum of three matching attempts were conducted. Both stimuli could be presented in a random order where either electrode stimulus or acoustic tone was presented first. The procedure can be repeated for all channels, but for the purpose of the study it was sufficient to find the SC pitch. The procedure requires a good degree of auditory rehabilitation; therefore, it was performed 6 weeks after CI activation.






Statistical Analysis

Statistical analysis was performed using Microsoft Excel (Microsoft Corporation, Redmond, WA, United States). Continuous values, such as the THI score, are expressed as mean ± standard deviation (SD). Qualitative variables were summarized with absolute and percentage frequency tables.

The primary objective of this study was achieved by calculating the greatest reduction of the perceived loudness of tinnitus (RT) on a VAS in each patient during short-term single-channel stimulation, with the abovementioned formula [RT = (L0 – L1) × 100/L0], considering RT to be significant when it was > 50%. The electrical channel with the greatest RT compared to the other channels was found in each patient. Multiple t-test comparisons between mean L0 and mean L1 measured for each frequency range have been done to find the cochlear area most affected by tinnitus improvement in our sample. The secondary objective, consisting of the comparison between continuous VAS scores obtained during single-channel stimulation and after CI activation, was achieved using the t-test for paired data. Long-term CI results on tinnitus perception were measured through THI before surgery, 1 month, 6 months, and 1 year after surgery; mean THI score obtained for each time point was compared to the preoperative score using t-test for paired data. The intergroup comparison considering the qualitative characteristics of tinnitus (incidence of monotone vs. polyphonic tinnitus) was performed using the chi-square test. The results were considered significant for p values < 0.05.




RESULTS


Patients

A total of 21 adult patients suffering from profound sensorineural hearing loss (HL) and subjective chronic tinnitus undergoing unilateral cochlear implantation were finally included (Table 1): 13 women (61.9%) and 8 men (38.1%) aged between 20 and 80 years (mean: 53.5 ± 15). Table 1 summarizes the patients’ demographic characteristics, side of deafness, grading and causes of hearing loss, as well as preoperative audiometric data.

The implanted devices used were Cochlear (Cochlear Ltd, Melbourne, Australia) (17/21), MED-EL (MED-EL Corp., Innsbruck, Austria) (3/21), and Advanced Bionics (Advanced Bionics LLC, Valencia, CA) (1/21). Table 2 describes the implanted devices, characteristics of the electrodes, strategy, pulse width, and frequency of stimulation used.



Tinnitus Characteristics

The patients in question had been suffering from chronic tinnitus for an average of 18.5 (± 13.6) years. The questionnaire developed by Wang et al. (2017) regarding the characteristics of tinnitus showed that 8/21 (38.1%) patients had unilateral tinnitus (ipsilateral to the CI) while 13/21 (61.9%) patients had bilateral tinnitus.

Tinnitus was described as monotone in 16/21 (76.2%) patients and polyphonic in 5/21 (23.8%). A total of 21/21 (100%) patients were affected by continuous tinnitus.

Tinnitus loudness assessed using the VAS before surgery (LS = 6.5 ± 2.5) and 4 weeks after surgery (before the activation) (L0 = 6.4 ± 2.4) did not change significantly (p > 0.05). Also, 30 min after CI activation and mapping (CI turned on), the mean VAS value (L2) was 4.3 ± 2.5. CI activation induced a significant reduction of subjective perception of tinnitus as measured by the VAS (L0 vs. L2; p = 0.0095), even in the early stage of stimulation (Figure 1). Specifically, 10/21 (47.6%) patients reported a significant improvement in VAS (RT > 50%) after CI activation, whereas in 2/21 (9.5%) the tinnitus worsened when the CI was turned on. In 2/21 (9.5%) patients, CI activation had no effect on subjective perception of tinnitus.
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FIGURE 1. The Visual Analog Scale (VAS) was used to assess tinnitus modification. Patients were asked to rate the perceived loudness of their tinnitus on a numeric scale, from 0 (inaudible) to 10 (loud like never before). L0, basal loudness of tinnitus (mean 6.4 ± 2.4); L1, minimal loudness of tinnitus at 10 s single-channel stimulation (mean 1.7 ± 2.7); L2, loudness of tinnitus after 30 min of whole CI activation (4.3 ± 2.5). Median values are displayed as a horizontal line, mean values as x, standard deviation as σ. We used t-test for statistical analysis. ∗∗p < 0.01, ∗p < 0.05.




Short-Term Effect of Single-Channel Stimulation and Detection of Cochlear Regions Involved in the Attenuation/Suppression of Tinnitus

The experimental procedure showed that 8/21 patients (38%) experienced complete suppression of tinnitus (90% < RT ≤ 100%) through the activation of a specific channel (SC); 7/21 (33.3%) experienced a significant but not full attenuation of tinnitus (50% < RT ≤ 90%) with the SC (Figure 2).
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FIGURE 2. The Visual Analog Scale (VAS) was used to assess tinnitus modification. Patients were asked to rate the perceived loudness of their tinnitus on a numeric scale, from 0 (inaudible) to 10 (loud like never before), during short-term single-channel stimulation. The figure shows the cochlear regions involved in each patient. Only the frequency bands corresponding to the best-performer channels are depicted in the figure, not the entire cochlear tonotopy. L0, basal loudness of tinnitus; L1, loudness of tinnitus at 10 s single-channel stimulation; RT, greatest percentage of tinnitus reduction.


In 4/21 patients, the tinnitus effect was non-selective: 3/21 (14.3%) reported a significant (50% < RT ≤ 90%) but non-selective attenuation, 1/21 (4.7%) reported a mild and non-selective attenuation (10% < RT ≤ 50%). 2/21 (9.5%) had no tinnitus effect (RT ≤ 10%). No one reported worsened tinnitus symptoms during or after stimulation.

Considering the mean baseline loudness L0 6.4 ± 2.4, the mean VAS score reported by patients during the experimental procedure (L1) was 1.7 ± 2.7, with a significant difference (p = 0.003) and a mean reduction in loudness of 74.9%. Consequently, short-term targeted stimulation was more effective than the stimulation with the whole CI in our sample (L1 vs. L2, p = 0.0002) in the early phase of activation (Figure 1).

A total of 15/21 patients (71.4%) had a significant RT via the stimulation of a specific channel, reporting a mean L1 of 0.4 ± 2.0 (L0 vs. L1, p = 0.0001), with an average reduction in loudness of 93%. Thus, for most patients, tinnitus improvement was caused by the stimulation of a narrow area of the cochlea. The characteristics of the electrodes (12/16 perimodiolar-positioned and 3/6 lateral wall) and their length, as shown in Table 2, did not influence tinnitus perception. We identified the best-performer channel as reported in Figure 2 and Table 2. Namely, for Cochlear implants (17/21), the selective stimulation on channel number 22 (188–313 Hz band) significantly reduced the tinnitus perception in 6/17 (35.3%) patients, Cochlear number 19 (563–688 Hz) in 1/17 (5.9%), Cochlear number 17 (813–938 Hz) in 1/17 (5.9%), Cochlear number 11 (1,813–2,063 Hz) in 2/17 (11.8%), and Cochlear number 6 (3,563–4,063 Hz) in 3/17 (17.6%). For MED_EL CIs (3/21), channel number 1 (70–170 Hz) reduced tinnitus in 1/3 (33.3%) patients; MED-EL channel number 4 (491–710 Hz) in 1/3 (33.3%).

Seven patients with hearing residues in the non-implanted ear were able to perform the pitch-matching test. In three patients (N1, N2, N5), the pitch heard during the procedure did not fall within the frequency range empirically assigned to the SC: patient N1 (channel 22 – 125 Hz); patient N2 (channel 6 – 3,400 Hz); and patient N5 (channel 17 – 625 Hz). Table 3 shows the results of the pitch-matching procedure.


TABLE 3. Results of the pitch matching procedure.
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When considered together, our results showed that the best-performer channels fell within the following frequency bands: 125–313 Hz in 7/15 (46.6%); 563–688 Hz in 3/15 (20%); 1,813–2,063 Hz in 2/15 (13.3%); 3,063–3,563 in 1/15 (6.6%); and 3,563–4,063 Hz in 2/15 (13.3%) (Figure 2 and Table 2). Based on cochlear tonotopy, in 10/15 (66.6%) patients the SC was found in its apical turn, within 1,000 Hz, whereas in 5/15 patients (33.4%) it was found within 4,000 Hz.

Comparing mean L0 with mean L1 measured for each frequency band, the one corresponding to 125–313 Hz resulted as the cochlear area most affected by tinnitus improvement in our sample (p = 0.0074).

To assess the intensity of electric current necessary to suppress tinnitus, for each SC, the MCL value was identified: it was on average 388.5 ± 173.4 μA. For the different frequency bands, 381 μA (125–313 Hz); 522.2 μA (563–688 Hz); 368 μA (813–938 Hz); 225.5 μA (1,813–2,063 Hz); 244.4 μA (3,063–3,563 Hz); 417.2 μA (3,563–4,063 Hz) (Table 2). We observed that the intensity of electric current was not related to the baseline loudness of tinnitus measured with the VAS (Pearson R = 0.03), nor to the THI (Pearson R = 0.03). Conversely, it was shown to be independent of the subjective perception of tinnitus. Table 2 shows the results of the test for each patient.

All patients undergoing the experimental procedure were retested to verify that the best-performer channel described in the early phase of activation was the same after 2 weeks. The repeatability rate of our experimental procedure, calculated as the percentage of patients whose measures were found to be the same after 2 weeks, was 95%, obtaining the same results in 20/21 patients. The results only changed between the two settings in one patient (N5) [channel number 21 (range 313–438 Hz) instead of channel 17].



Tinnitus Effect on Daily Life and Long-Term Effect of Intracochlear Electrical Stimulation

When asked to complete the Qian Wang questionnaire, 8/21 (38%) patients reported that the most serious impairment was related to quality of sleep, 6/21 (28.6%) to hearing and speech perception, 4/21 (19%) to emotional state, 2/21 (9.5%) to memory and ability to concentrate, and 1/21 (4.7%) to work activity.

The mean preoperative THI was 39.7 ± 27.2. Four weeks after surgery, the mean THI was 40.3 ± 26.7 (before activation), with no statistically significant difference (p > 0.05); in 6/21 (28.6%) patients, the tinnitus worsened in the immediate postoperative period showing an increased grading class, while 5/21 (23.8%) patients reported tinnitus improvement following surgery with a decreased grading class.

Six months after activation, the THI was 27.8 ± 29.5 with a statistically significant difference compared to the preoperative value (p = 0.0325). Mean THI at 1 year (26.7 ± 28.9) was also significantly higher (p = 0.0244). There were no significant changes between 6 months and 1 year. Figure 3 shows the trend of THI score in our sample.
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FIGURE 3. The Tinnitus Handicap Inventory (THI) trend in our sample: before surgery (mean 39.7 ± 27.2), 4 weeks after surgery (mean 40.3 ± 26.7), after 6 months (mean 27.8 ± 29.5) and after 1 year (mean 26.7 ± 28.9). Median values are displayed as a horizontal line, mean values as x, standard deviation as σ. We used t-test for statistical analysis. ∗p < 0.05.




Qualitative Characteristics of Tinnitus and Long-Term Results (Intergroup Comparison)

The qualitative characteristics of tinnitus were analyzed and compared between the group of patients who had a best-performer channel (15/21), the patients who had a non-selective attenuation (4/21), and the two patients who had no tinnitus changes during the experimental procedure (2/21).

The four patients who had a non-selective attenuation were compared to patients with selective suppression (Table 4). They had a more recent onset of tinnitus (11 vs. 20.8 years, p < 0.05), a higher incidence of subjectively defined polyphonic tinnitus (3/4 – 75% vs. 0/15 – 0%, p < 0.05), a lower baseline VAS with CI off (4.5 vs. 6.6, p < 0.05), and with CI on (2.5 vs. 4.5, p < 0.05), a lower THI pre-implantation (36.5 vs. 40.6, p > 0.05), on the day of CI activation (23 vs. 44.6, p < 0.05), and 1 year after surgery (18.5 vs. 30.5, p < 0.05).


TABLE 4. Intergroup comparison.
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The two patients who did not report changes during the experimental procedure, compared to patients having selective suppression, had subjectively defined polyphonic tinnitus (2/2 – 100% vs. 0/15 – 0%, p < 0.05), a higher VAS with CI off (8 vs. 6.6, p < 0.05), and on (6.5 vs. 4.5, p < 0.05), a higher THI 1 year after surgery (40 vs. 30.5, p < 0.05).

Therefore, patients in whom it was possible to obtain a short-term suppression of tinnitus with a specific channel had a subjectively defined monotone tinnitus of longer duration and a greater subjective perception of tinnitus. On the other hand, the non-specific attenuation was related to better long-term results measured with THI, possibly due to a lower perceived loudness and the possibility to attenuate the tinnitus by stimulating the entire cochlea rather than selectively stimulating a single electrical channel, which is the way the CI normally works. Patients who reported no changes in tinnitus perception during the experimental procedure also had poor long-term results with 1-year THI.

The research had no missing data for any of the measured variables.




DISCUSSION

Our results showed that the intracochlear electrical stimulation significantly reduced the subjective tinnitus perception, in agreement with previous reports (Quaranta et al., 2004; Ramakers et al., 2015; Peter et al., 2019). In detail, we observed a significant improvement of tinnitus handicap severity 6 months after CI activation as measured with the THI (from 39.7 ± 27.2 to 27.8 ± 29.5; p = 0.0325). It is reasonable to expect that tinnitus can be partially alleviated by increasing auditory stimulation, considering the current consensus that chronic tinnitus is the result of maladaptive plasticity of the auditory cortex consequent to sensorial deprivation (Engineer et al., 2011). Increasing evidence indicates that electrical current is a promising treatment itself, independently of auditory stimulation (Shepherd and Javel, 1999; Konopka et al., 2001; Rubinstein et al., 2003; Steenerson and Cronin, 2003; Aydemir et al., 2006; De Ridder et al., 2006; Seidman et al., 2008; Di Nardo et al., 2009; Noreña et al., 2015; Paciello et al., 2018). To define which stimulation patterns should be optimized for tinnitus relief, a deeper understanding of the mechanisms involved in tinnitus suppression is needed (Assouly et al., 2021). CI represents the main tool to investigate the effects of intracochlear electric current in patients with chronic tinnitus.

The experimental animal models revealed that the mechanism behind the efficacy of electric current on tinnitus was the reversal of the reorganization of the auditory structures involved in chronic tinnitus, rather than the shift in attention from tinnitus to external sounds (Noreña et al., 2015; Paciello et al., 2018). This mechanism, based on the effectiveness of electrical hearing, could explain the evidence of persistent tinnitus reduction in many patients after the CI stimulation is turned off (Quaranta et al., 2004). Interestingly, previous studies showed short-term tinnitus suppression via CI, independently of environmental sound stimulation, by interfering with the fitting software (Arts et al., 2015, 2016). Accordingly, it was suggested that the coding of environmental sounds is not required to reduce tinnitus.

However, it remains unclear whether the beneficial results on tinnitus observed with CI, in a percentage of patients that varies from 25 to 72% (Ramakers et al., 2015), depend on the undifferentiated stimulation of the whole cochlear partition or on a spatially limited alteration induced by electric current.

Therefore, we aimed to evaluate whether the single-channel stimulation of CI could improve tinnitus perception and whether it was possible to identify a region in the cochlea whose stimulation would cause beneficial effects on tinnitus. To exclude that the effects on tinnitus perception could depend on electrical hearing and avoid any possible alteration of baseline tinnitus characteristics induced from electric current, the experimental procedure was performed in the early phase of CI activation. We introduced a new procedure to be combined with CI mapping in patients affected by chronic tinnitus, showing that electric current delivered on a single channel of the CI for 10 s constituted the “trigger” of tinnitus suppression in 71.4% of our sample [L0 (6.4 ± 2.4) vs. L1 (1.7 ± 2.7), p = 0.003]. Patients in whom it was possible to identify a best-performer channel reported a significant reduction in their tinnitus-perceived loudness as measured with the VAS during stimulation (L1 = 0.4 ± 2.0, p = 0.0001), with an average reduction in loudness of 93%. The results suggest that tinnitus subjective perception could be partially or totally alleviated by an electrical stimulus targeted to a limited region of the cochlea rather than to the entire cochlear duct.

Furthermore, short-term targeted stimulation was more effective than stimulation involving the whole CI in the early phase of activation [L1 (1.7 ± 2.7) vs. L2 (4.3 ± 2.5), p = 0.0022]. The possibility to find a more sensitive area to tinnitus attenuation even in postverbal deaf patients with an almost completely compromised cochlea suggests that tinnitus probably arises from a limited area of the basilar membrane and secondarily involves other relays of the auditory pathway. For this reason, we hypothesized that the stimulation of a specific region of the damaged cochlea could be the most involved in long-term tinnitus improvement and in the reversal of cortical reorganization maintaining chronic tinnitus (Haider et al., 2018).

Another important challenge was to understand whether and how the location of the electrical channels along the CI array and their corresponding frequency were related to the reduction of tinnitus. Several concerns affect the knowledge of the exact tonotopic position of the channels inside the cochlea, including the different electrodes used, their different insertion depths, and the variable tonotopic organization in damaged cochleae (Rak et al., 2020; Niu et al., 2021). Consequently, it is very difficult to determine exactly the regions stimulated by the channels, except in patients with asymmetric hearing thresholds. Despite these issues, the exact pitch of the best-performer channel was identified in seven patients who underwent the pitch-matching procedure, showing that the most effective stimulation frequencies were those at the apex of the cochlea, from 125 to 313 Hz (p = 0.0074). This finding seems to run counter to the experimental model of tinnitus consequent to acoustic trauma or ototoxic drugs and suggests that in most cases the initial dysfunction is in the basal turn of the cochlea (Ralli et al., 2014; Paciello et al., 2020). However, our patients were affected by severe to profound hearing loss, indicating extensive cochlear damage. Furthermore, since CIs stimulate the spiral ganglion fibers, it is reasonable to assume that their unpredictable number and particularly their distribution also influence the results (Dhanasingh et al., 2020). As it stands, we do not know if the cochlear region with the greatest attenuation capacity on tinnitus is that of initial cochlear damage triggering tinnitus. Considering that cochlear damage was demonstrated to determine the overrepresentation of the edge frequencies in the cortex due to the loss of lateral inhibition phenomena (Eggermont and Roberts, 2004), we hypothesized that the electrical stimulation of the overrepresented area can mask or reverse mechanisms favoring tinnitus. While some studies have localized the tinnitus pitch at the edge of hearing loss, others found that it occurs in the region of maximum hearing loss (Sereda et al., 2011). We were not aware of the real tinnitus pitch in our sample as it was only subjectively defined with the Qian Wang questionnaire because of the severe-to-profound hearing loss of the patients and the impossibility to evaluate it with the audiometry. In addition, this study, by nature, evaluates tinnitus through subjective scores (THI, VAS), by asking participants to rate their tinnitus several times during the experiments, which could have influenced the results. To select a cohort of patients with single-sided deafness or asymmetric thresholds, it should be essential in the future to define whether the tinnitus pitch falls within the frequency band assigned to the suppressive electrical channel and rate the tinnitus loudness using audiometry to further deepen our understanding of the pathophysiological mechanisms of tinnitus. Nevertheless, considering our results, the electrical stimulation of the apical side of the cochlea could represent how to turn off the mechanisms that feed tinnitus.

Coherently with our findings, it has been reported that electrical stimulation in the first 10 mm of the basal part of the scala tympani is not sufficient to reduce tinnitus. Conversely, the stimulation over the complete CI length produced an immediate tinnitus reduction (Punte et al., 2013), suggesting that the stimulation of the basal channels is ineffective for tinnitus attenuation.

Interesting results emerged from the 1-year follow-up with regard to the THI questionnaire: patients with significant tinnitus attenuation achieved through non-selective electrical stimulation, all reporting polyphonic tinnitus, showed lower THI scores compared to CI users with monotone tinnitus in whom the suppressive channel was detected. We assume that the better long-term results in patients with polyphonic tinnitus were related to the effective non-selective attenuation of tinnitus by stimulating along the cochlea through multichannel stimulation. In other words, patients with monotone tinnitus who reported immediate tinnitus attenuation from a single-channel stimulation could not achieve similar long-term results by alternatively stimulating the various frequency bands, which is how the CI normally works. A possible explanation is that a selective continuous amplification of the channel identified by the experimental procedure could be essential in those patients to obtain lasting effects on tinnitus. The long-term CI effects on tinnitus have been assessed by Arts et al. (2015) through the establishment of a sort of “tinnitus implant,” that is, a CI suitably programmed in the different variables considering the parameters subjectively evaluated as more effective in the suppression of tinnitus. These authors, however, do not consider the possibility that a spatially targeted electrical stimulation could offer an additional advantage. Major findings are needed to confirm the correspondence between the stimulation of the cochlear apical turn and tinnitus improvement. Thus, the amplification of the suppressive electrical channel could represent an effective “tinnitus implant” for future clinical use.

In conclusion, the study confirmed the improvement of long-term tinnitus with intracochlear electrical stimulation in CI users. We experimented a procedure focused on the identification and characterization of the suppressive channel obtaining evidence of tinnitus reduction through a targeted electrical stimulation only in patients affected by monotone tinnitus, independently of the tinnitus pitch. We demonstrated that the cochlear apical stimulation is more effective in tinnitus suppression, opening new scenarios for the knowledge of the pathophysiology of tinnitus and future therapeutic applications. The data collected could be helpful for the future development of an implantable stimulator or optimize the CI parameters for tinnitus suppression.
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Catchy utterances, such as proverbs, verses, and nursery rhymes (i.e., “No pain, no gain” in English), contain strong-prosodic (SP) features and are child-friendly in repeating and memorizing; yet the way those prosodic features encoded by neural activity and their influence on speech development in children are still largely unknown. Using functional near-infrared spectroscopy (fNIRS), this study investigated the cortical responses to the perception of natural speech sentences with strong/weak-prosodic (SP/WP) features and evaluated the speech communication ability in 21 pre-lingually deaf children with cochlear implantation (CI) and 25 normal hearing (NH) children. A comprehensive evaluation of speech communication ability was conducted on all the participants to explore the potential correlations between neural activities and children’s speech development. The SP information evoked right-lateralized cortical responses across a broad brain network in NH children and facilitated the early integration of linguistic information, highlighting children’s neural sensitivity to natural SP sentences. In contrast, children with CI showed significantly weaker cortical activation and characteristic deficits in speech perception with SP features, suggesting hearing loss at the early age of life, causing significantly impaired sensitivity to prosodic features of sentences. Importantly, the level of neural sensitivity to SP sentences was significantly related to the speech behaviors of all children participants. These findings demonstrate the significance of speech prosodic features in children’s speech development.

Keywords: natural speech perception, prosodic feature, neural response, cochlear implantation, speech communication ability, temporal cortex


INTRODUCTION

Catchy utterances, such as proverbs (i.e., “No pain, no gain” in English), verses, and nursery rhymes, contain strong-prosodic (SP) features and are child-friendly in speech repeating and memorizing (Yuzawa and Saito, 2006). Prosodic features can be recognized by the variation in pitch, loudness, and duration (Everhardt et al., 2022) and play an important role in children’s speech development. Behavioral studies found successful prosody perception facilitated children’s speech acquisition in that they used speech prosodic information to segment words (Jusczyk et al., 1999; Johnson and Jusczyk, 2001), discriminate emotion (Scheiner et al., 2006; Flom and Bahrick, 2007), and eliminate syntactic ambiguity (Snedeker and Yuan, 2008). Considering that childhood is the critical period of neural plasticity and that neural function development for speech prosody perception can be highly related to both biological growth and the environment (Werker and Hensch, 2015), the correlation between speech development and neural functional development for speech prosody perception in children is worth investigating.

However, neither the underlying neural mechanism of children’s prosody perception nor its specific relationship with children’s speech development has been studied extensively. One possible reason is that the widely used neural functional imaging technique, such as functional magnetic resonance imaging (fMRI) is noisy and highly sensitive to motion artifacts, hence is particularly not applicable for young children (Soltanlou et al., 2018). Functional near-infrared spectroscopy (fNIRS), however, is well accepted as a child-friendly optical neuroimaging technique (Quaresima et al., 2012; Saliba et al., 2016). A few fNIRS studies have explored single acoustic aspects of speech prosody for children, such as rhythm perception (Kovelman et al., 2012), intonation perception (Arimitsu et al., 2011), and prosodic emotion perception (Grossmann et al., 2010), which identified the active role of regions in the right hemisphere. Besides the limited number of studies, another limitation in previous studies is that most studies used single words or artificial utterances to test the neural processing of prosodic features. Little is done targeting directly the actual catchy utterances being used in daily life. In this study, we postulated that there is a specific neural sensitivity in normally developing children for their perception of catchy speeches, and furthermore, such sensitivity facilitates speech development as children’s speech-related neural network development benefits from it. Thus, we expected that the neural responses in perceiving SP sentences would somehow associate with children’s speech communication abilities.

Studies of sensory loss can provide a model for understanding the mechanism of neural function development. With respect to pre-lingually deaf children, the maturation of the auditory cortex (Knudsen, 2004; Ni et al., 2021) and their speech development (Venail et al., 2010) have been influenced due to hearing deprivation. Although cochlear implantation (CI) has become widely used to restore severe-to-profound deafness for pre-lingually deaf children (Sharma et al., 2015), the cochlear device cannot accurately deliver all kinds of sound information, especially prosodic features, possibly because of its limited number of electrodes (Svirsky, 2017). Behavior studies found CI users had difficulty in perceiving pitch changes (Gfeller et al., 2007; Jung et al., 2010), especially in the higher frequency range and discriminating intonation and tones (Peng et al., 2012), which are all related to the speech prosody. Their impaired ability to perceive low frequency pitch changes was also identified and found to be correlated with the overall speech rehabilitation outcomes. Adult CI users were also found to have lower accuracy in discriminating word stress, vowel length, compound words, or phrases (Morris et al., 2013). Nevertheless, a study found that sentences with stronger prosodic features were easier for adult CI users to understand and repeat, which implies the importance of natural catchy sentences for speech communication abilities (Aarabi et al., 2017).

By so far, little is known about the neural processing characteristics of natural catchy sentences with SP features, especially in pre-lingually deaf children after CI. Given the idea that cortical development plays an important role in speech development in pre-lingually deaf children after CI (Liang et al., 2014; Sharma et al., 2015), detecting the neural dysfunction corresponding to SP speech perception in children with CI can offer a window to identify the developmental characteristics of the neural sensitivity to speech prosody and the possible relevance to speech acquisition and shed light on speech development. We then raised the second hypothesis of this study that CI children had characteristic impairments in perceiving the strong prosodic features in catchy speeches, which probably correlates with their speech development.

This study made use of both the child-friendly and CI-safe neuroimaging technique of fNIRS to explore the neural functional characteristics in perceiving SP sentences, and the relation between neural responses and children’s speech communication ability. We expected that SP sentences would induce significantly stronger activation in the right temporal area compared to a weak-prosodic (WP) sentence in normal hearing (NH) children. We also identified CI children’s idiosyncratic deficits in the neural sensitivity to SP features by comparing them with the NH group. Last but not the least, we anticipated correlations between neural responses to SP features and speech communication ability for the participants, which might motivate future studies on the significance of catchy sentences in children’s speech functional neural development.



MATERIALS AND METHODS


Participants

Twenty-five Chinese NH children belonging to the NH group and twenty-two Chinese children with unilateral CI in the right ear were enrolled in this study, whose native language is Mandarin Chinese. In this study, the age of the NH group ranged from 5 years and 1 month (indicated henceforth as 5; 1) to 7; 8, with an average age of 6 years, while the age of the CI group ranged from 5; 0 to 10; 9, with an average age of 6; 8 years old. We intended to explore the possible link between speech prosody perception and speech communication development. It is reported that by 5 years old, children obtain basic oral speech communication ability and begin to develop social communication skills (Eisenberg et al., 1993; Kostelnik et al., 2014). Therefore, we included children older than 5 years in this study. As for children with CI, it was reported that speech improves rapidly through the first 12–18 months after CI (Martines et al., 2013). As a result, we chose children with CI who were older than 5 years and had CI experience of more than 12 months. As children with CI might have delayed speech communication development compared to their peers, we extended the upper limit but kept the average age roughly the same.

All children with CI are pre-lingually deaf. One child with CI was excluded due to an insufficient number of completed trials. The remaining twenty-one CI subjects and all NH participants were right-handed as confirmed by the Edinburgh Handedness test (Oldfield, 1971) and had no history of neurological illness. All participants were native Chinese speakers with no neurocognitive or motor impairments and had a normal or corrected-to-normal vision. All NH participants had no known hearing problems and passed a pure tone audiometry air-conduction hearing screen performed at 0.5, 1, 2, and 4 kHz at 20 dB HL in both ears [test adapted from the British Society of Audiology (2011)]. The Wechsler Abbreviated Scale of Intelligence-Second Edition (WASI-II) (Wechsler, 2011; McCrimmon and Smith, 2013) was administered to assess intelligence, and all the participants were determined to have normal intelligence. More details of participants are shown in Table 1 and Supplementary Appendix I.


TABLE 1. Demographic information of participants.

[image: Table 1]

Parents of all participants provided written informed consent prior to the experiment. The experiments were approved by the Ethical Committee of Sun Yat-sen Memorial Hospital, Sun Yat-sen University.



Experimental Procedure

Before the start of the neural experiment, all participants were asked to respond to a set of questionnaires evaluating handedness, health state, and intelligence. CI participants additionally answered a questionnaire consisting of CI-related questions, such as the duration of deafness and the duration of cochlear device usage.


Neural Experiment

The experiments were carried out in a quiet, shielded room. The participants were instructed to sit in front of the computer screen. After wearing the fNIRS cap, the signal quality of the channel formed between optodes was tested. During the experiment, the subjects were asked to keep still, relax, and listen to the auditory stimuli carefully. They were also informed that no response was required. The experimental materials were randomly played at 75 dB. After each stimulus, there was a 15-s resting period to allow for the hemodynamic response to return to baseline (Figure 1). The duration of the whole experiment was approximately 15 min.


[image: image]

FIGURE 1. Slow event-related experimental design. One trial lasted 18 s, including 3 s of the auditory stimulus and a 15-s resting period (shown by dark gray brackets). The total procedure includes 40 trials.


Participants were exposed to an auditory task in an event-related format, which included two types of natural utterance stimuli (see Figure 2). The first condition contained natural SP sentences frequently used as proverbs in daily life. The proverb sentences have an identical rhyming scheme, and each one was formed by two clauses with parallel meters (indicated by the “/” in the following examples), and stress, as well as an identical number of syllables. The ending syllable in each clause rhymes with each other. With such acoustic and prosodic features integrated into one sentence, the SP sentences all have a strong sense of rhythmic harmony. Counterpart examples in English, though not as common as in Chinese, are “No pain, no gain,” “A friend in need is a friend indeed,” etc. Proverbs have fixed interpretations and are commonly used in daily life to express some sort of principles, knowledge, beliefs, etc. Here is an example of the usage of the proverb in Example (1): “You must practice more for this race, since ‘one minute on stage takes ten years of practice.”’


[image: image]

FIGURE 2. Waveform of samples from two types of experimental stimuli, with strong-prosodic (SP) in the left column and weak-prosodic (WP) in the right one. The boxes with dashed lines indicate the meters of the sentence. The shapes of sound waves show the parallel construction of rhythm and stress within each SP, together with parallel meters as indicated by the boxes with dashed lines; the ending syllables in the two parallel clauses rhyme with each other, as shown by the underlined international phonetic signs in SP samples.
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The second condition contained WP sentences, which are commonly used in daily conversations. The well-designed prosodic features existing in the SP were avoided in the WP condition, for instance, parallel meters and stress [refer to an example (2)]. Prosodic features in two types of stimuli were illustrated in the following figure of the waveform. Acoustic records of all the materials are available on https://pan.baidu.com/s/1vgiYoU_XqVd4vWRLSjA0VA?pwd=nirs.

No significant difference was found between the two groups of stimuli for the word frequency (mean: 1,820.43 vs. 2,094.60 pre-million, p = 0.20, based on Chinese Word Frequency Corpus, BLCU) to make sure every character occurs frequently in the daily life. Furthermore, 10 Mandarin Chinese-speaking university students and 10 children at the age of six were invited to grade the frequency of utterances heard and said in daily life by using a 5-point scale for this familiarity rating. The average scores of stimuli with and without SP features rated by university students were 4.90 and 4.80, respectively, while the average scores of children were 3.20 and 3.50, respectively. We also controlled the grammar of the sentences. The two groups of sentences shared five commonly used syntactic composition rules in parallel, including subject-predicate, verb-object, modifier-head, passiveness, and coordination. In addition, the semantics of sentences in both conditions were easy to retrieve due to their common usage.

Both conditions contained 20 trials of sentences. The experimental materials were recorded by a professional male announcer in standard Mandarin. Due to the slow event-related experimental design (for detailed denotations and explanations, refer to Aarabi et al., 2017) with longer intervals (15 s) between stimuli, there was no strict requirement for the duration of stimulation materials to be accurate to milliseconds. The audio was edited by Audacity to cut the blank segments, ensuring that the duration of the stimuli was 2–3 s, about 2.5 s on average. Only 100–500 ms of blanks in long pauses of the utterances caused by the announcer were cut so that the naturality of the speech sentences was well kept.



Functional Near-Infrared Spectroscopy Measurements

Measurements were carried out with a total of 16 optodes arranged in two 2 × 4 arrays (each containing four sources and four detectors). The distance between the source and detector was set at 3 cm, and the optodes were positioned crosswise from each other. Hemodynamic responses were measured at the midpoints between the source and detectors, which were called “NIRS channels,” by the fNIRS imaging system (LIGHTNIRS; Shimadzu Co., Ltd., Tokyo, Japan). The arrays were placed on both sides of the head (Figure 3A), aiming primarily to measure cortical activation in the bilateral temporal cortex, inferior frontal cortex, and inferior parietal cortex.
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FIGURE 3. (A) The photograph of the optode array placed on the head of one of the participants (with consent). Red and blue labels on the optodes indicate optical sources and detectors, respectively. (B) The channel positions following registration to a brain atlas with different numbers (channels 1–10 left-hemisphere, channels 11–20 right-hemisphere).


Three different wavelengths (780, 805, and 830 nm), each with a pulse width of 5 ms, were used to calculate hemodynamic responses. The details of the head cap and the systems were described previously (Takeuchi et al., 2009; Takamoto et al., 2010; Takakura et al., 2011). After the recording, the three-dimensional (3D) locations of the optodes were measured by a 3D Digitizer (Nirtrack; Shimadzu Co., Ltd.) in reference to the bilateral tragus, nasion, and Cz. The measurement was performed by the “Spatial registration of NIRS channel locations” function of the NIRS-SPM Version 3 software, which is a SPM8- and MATLAB-based software package for the statistical analysis of NIRS signals (Ye et al., 2009). The channel positions are shown in Figure 3B.




Speech Communication Ability Evaluation

The speech communication ability of participants was tested following Zhang et al. (2020)’s speech elicitation procedure. The procedure included three types of tasks: picture description, video content statement, and free conversation. In the 15-min test, children were asked to describe the content of two pictures, two videos, and freely talk about familiar personal experiences (e.g., family situations, favorite games, or cartoons).

Each participant’s test performance was scored by a specifically designed deep-learning framework (Zhang et al., 2020), which gave an evaluation of five major linguistic aspects of speech and language: pronunciation, expression efficiency, fluency, grammar, and semantics (Table 2). The overall speech communication ability score was calculated by averaging the five scores of their different linguistic aspects. The detailed scoring method is described in Supplementary Appendix II.


TABLE 2. Speech communication ability (SCA) evaluation scores on three levels.
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Data Analysis

As Beta weight was reported to be a better parameter reflecting the activation level of certain cortex area to specific stimuli (Plichta et al., 2007; Ye et al., 2009) while oxygen-hemoglobin concentrations (HbO) provided information about how the activation level changed with time, we used both parameters to investigate activation patterns of SP stimuli. To explore how activation patterns differ for SP vs. WP stimuli in children with NH (the first research question), we compared the Beta weights, HbO concentrations, and functional connectivities between SP and WP conditions in the NH group. To verify our second hypothesis related to the abnormal pattern of prosodic perception in the CI group, comparisons between groups were conducted using Beta weights, HbO concentrations, functional connectivities, and laterality in response to SP and WP conditions. Furthermore, to investigate the relationship between neural responses to SP features and SCA (the third research question), we calculated the correlations between Beta weights of both conditions and SCA scores based on Pearson’s correlation.


Beta Weights Analysis Based on the General Linear Model

The present study focused on the changes in the oxygen–hemoglobin concentration, which has been reported to be sensitive to neuro-hemodynamic relationships (Hoshi et al., 2001; Strangman et al., 2002; Yamamoto and Kato, 2002).

Based on the general linear model (GLM), NIRS-SPM version 3 was used for analysis along with SPM 8 (Plichta et al., 2007; Ye et al., 2009). The time course of HbO was correlated with the design matrix using a boxcar function hemodynamic response function (hrf) to explain the data as a linear combination of an explanatory variable (Beta weight) plus an error term. After preprocessing with DCT detrending, hrf low-pass filtering, 128 Hz high-pass filtering, and Beta weights were obtained using an ordinary least square fit. More details were described by Ye et al. (2009).

Spatial activation maps of two groups under each condition were created using Beta weights and three contrast-model matrices in NIRS-SPM. The three contrast-model matrices were as follows: (1) SP condition [1 0 0] to examine HbO concentrations related to SP perception contrasting to the baseline, (2) WP condition [0 1 0] to examine HbO concentrations related to WP perception contrasting to the baseline, and (3) SP vs. WP condition [1 –1 0] to remove HbO concentrations common to both conditions and the non-task-related activation, which can be interpreted as the background of the brain activities.

To explore how activation patterns differ for SP vs. WP stimuli in NH children, one sample t-test was used to create spatial maps of significant activation at the group level for each of these three conditions in the NH group as shown in Figure 4 (SP and WP conditions) and one-way ANOVA was calculated as shown in Figure 5 in two groups. We conduct the same analysis for the CI group and contrast activation map of both groups to give a general impress of the abnormal pattern of prosodic perception in the CI group. To further explore the activating difference between groups, one-way ANOVA was conducted under SP and WP conditions, respectively (Figure 6). Threshold images for the resulting group data were created using an alpha of 0.05. The value of q specifying the maximum false discovery rate (FDR) was set at 0.05. Areas of significant task-based activity are described in terms of cortical regions as opposed to cortical structures. The Beta values and the statistical results were visualized on spatial maps of the standard head model to indicate channels with significant results.
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FIGURE 4. Cortical activation maps of the normal hearing (NH) group on the normalized brain surface. The color scales represent the T values, with statistically significant activated channels circled in black [pFRD–cor < 0.05]. (A,B) Lateral views of significantly activated channels under strong-prosodic (SP) and weak-prosodic (WP) conditions contrasted against silence, respectively. (C) Lateral views of significantly activated channels by contrasting between conditions, indicating the stronger activated neural areas driven by the SP features in SP sentences.



[image: image]

FIGURE 5. Average oxygen-hemoglobin concentrations (HbO) envelopes of the normal hearing (NH) group in the chosen time windows. (A) Channel 19 (the right middle temporal gyrus) had more significant activation in 7–12 s under strong-prosodic (SP) condition [F(1,48) = 4.086, pFRD–cor = 0.049]. (B,C) Weak-prosodic (WP) stimuli evoked more significant activation in channels 5 [F(1,48) = 9.543, pFRD–cor = 0.003] and 16 [F(1,48) = 4.398, pFRD–cor = 0.041] in 12–18 s. (D,E) Channels 6 [F(1,48) = 4.358, pFRD–cor = 0.042] and 9 [F(1,48) = 4.636, pFRD–cor = 0.036] showed significant stronger responses to SP. *p < 0.05 and **p < 0.01.



[image: image]

FIGURE 6. Group level cortical activation maps by contrasting between groups in the views of the normalized brain surface. The color scales represent the F values, with statistically significant activated channels circled in black [pFRD–cor < 0.05]. (A) Lateral views of significantly activated channels in normal hearing (NH) group under the strong-prosodic (SP) condition than CI. (B) Lateral views of activating difference under the weak-prosodic (WP) condition by contrasting two groups of participants.




Event-Related Oxygen-Hemoglobin Concentrations

Event-related HbO concentrations provided information about how the activation level changed with time right after the stimulus began. Analysis of the data was performed in MATLAB (MATHWORKS, NATICK, and MA) using functions in the HOMER2 package (Huppert et al., 2009) together with custom scripts. The analysis included the following steps:


1.Exclusion of channels influenced by the external CI device. The hemodynamic responses of related channels could not be observed appropriately because the position of optodes overlapped with that of several participants’ external CI devices. Refer to Table 3 below for specific exclusions.




TABLE 3. The excluded channels.

[image: Table 3]

However, other effective data of the channel gained from other subjects would still be retained. The data retention rate of all the channels was up to 98.6%, which did not affect the effectiveness of the overall data.


2.Conversion to optical density. The measured light intensity levels were converted to optical density using the HOMER2 hmrIntensity2OD function, a standard step in fNIRS data analysis (Huppert et al., 2009).

3.Motion-artifact correction. Motion artifacts were suppressed using the HOMER2 hmrMotionArtifact function.

4.Bandpass filtering. The optical density signals were bandpass filtered between 0.01 and 0.1 Hz by the hmrBandpassFilt function to attenuate low-frequency drift and cardiac oscillation.

5.Conversion to estimated changes in hemoglobin concentrations. Optical density was converted to estimated changes in the concentrations of HbO and concentration changes of deoxyhemoglobin (HbR) through the application of the modified Beer-Lambert Law (Huppert et al., 2009). A default value of 6.0 was used for the differential path-length factor at both wavelengths.



To gain the fine-grained observation, data were averaged further within four-time windows to make sure that the duration of every segment was the same as 5–6 s due to the slow change of hemodynamic responses, namely, –3–2, 2–7, 7–12, and 12–18 s. The starting point was set before the stimuli to examine the possible top-down control of attention and the anticipating effect. Among them, the first interval was set before and through the trial onset. This time window was regarded as a relatively stable phase right before any neural activity starts to respond according to hemodynamics (cf. Plichta et al., 2007).

To explore how activation patterns differ for SP vs. WP stimuli in NH children, HbO concentrations of NH group in different time windows were analyzed by one-way ANOVA with IBM SPSS Statistic Version 22.0 (IBM Corporation, Armonk, NY, United States). The Greenhouse–Geisser adjustment to the degrees of freedom was applied to all ANOVAs to correct for the violation of the assumption of sphericity. When significant interactions were found, post hoc tests were performed using tests for the simple effect of one-factorial ANOVA and/or Fisher’s protected least significant difference test. The level of statistical significance was set at p < 0.05. The value of q specifying the maximum FDR was set at 0.05 to make sure the false positive rate was no more than 5% on average in processing the HbO from multiple channels.

To explore our second hypothesis related to the abnormal pattern of prosodic perception in the CI group, we conduct the same analysis in the CI group. As we assumed that the CI group had some deficit in perceiving prosody features, we expected to find that significant differences between SP and WP conditions found in the NH group would not appear in the CI group. Then, we used one-way ANOVA to explore between group differences in different time windows under both conditions.

Furthermore, neural processing of speech and language has been widely found to have effects of lateralization (Belin et al., 1998; Gandour et al., 2004). To explore if the SP perception function is allocated to a specific hemisphere (related to the first research question), we calculated the laterality between the symmetrically matched brain regions in the left and right hemispheres (viewed as a channel pair) for the same condition between the two groups. The laterality index was calculated by the formula (Coito et al., 2015) below. Then, one-way ANOVA was employed to investigate between condition differences in different time windows in two groups.
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Analysis of Functional Connectivity

Functional connectivity (FC) was analyzed to evaluate participants’ cortical network activity while listening to utterances. The brain regions do not process information in an isolated way but work as a network to accomplish certain functions. Hence, FC can indicate the network patterns that possibly differ between conditions and groups.

All channels were included in the FC analysis. A bandpass Fourier filter (0.01–0.1 Hz) in the time series of HbO signals was used, and then the time series was further separated into segments (3 s before the stimuli and 18 s after the stimuli). Each condition (SP and WP) contained 20 segments. Each trial was separated into two time windows (0–9 s and 9–18 s) and the correlation was calculated for each window. We calculated mean coefficients for each pair of channels in each time window among all subjects. Group mean coefficients greater than 0.6 were mapped as significant FCs in each condition, considering that the correlation coefficient smaller than 0.4 increases false-positive rates and the coefficient greater than 0.7 results in FC density maps with lower sensitivity because of reduced dynamic range (Tomasi and Volkow, 2010; Wang et al., 2018).

For statistical comparison of the FCs among the regions with group mean coefficients greater than 0.6 in each condition, three-way repeated measures ANOVA (condition × region pair × group, hereafter RM-ANOVA) was performed in the 0–9 s time window and 9–18 s time window.



Statistical Analysis Between Hemodynamic Responses and Speech Behaviors

To explore the relationship between neural responses to SP/WP features and SCA development, we calculated the correlations between Beta weights of both conditions and speech communication ability scores based on the Pearson correlation coefficient. To determine whether there was a significant relationship in general, we examined the data of both groups as a continuum. This is due to the fact that all children, whether or not they have CIs, have different speech abilities.





RESULTS


Neural Activities Based on Functional Near-Infrared Spectroscopy


Sensitive Neural Responses to Strong-Prosodic Stimuli

To explore if there is any sensitivity or selectivity of neural responses to SP speech, we compared the Beta weights, HbO concentrations, and functional connectivities between SP and WP conditions in the NH group.

The Beta weights were calculated to identify the brain regions that were engaged in processing SP and WP sentences. Channels 1, 2, 5, 8, 10, 11, 13, 14, 15, 16, 17, and 19 responded to the SP condition significantly while the WP condition yielded activation in channels 2, 3, 5, 13, 14, and 16 (refer to detailed statistical results in Supplementary Appendix III), which showed that SP activated a broader scope of the brain areas than WP in both hemispheres.

Figure 4 demonstrates the cortical activation for each stimulation condition at the group level. In the NH group, areas including the left superior temporal gyrus, middle temporal gyrus, fusiform gyrus, angular gyrus and right superior temporal gyrus, middle temporal gyrus, supramarginal gyrus, and subcentral area, responded to SP (Figure 4A), namely, channels 1, 8, 10, 11, 15, 17, and 19.

Under WP, the NH group had more responsive areas in the left primary association cortex (channel 13), right primary auditory cortex, superior temporal gyrus, and middle temporal gyrus (channels 14 and 16), while the two groups shared the same activating areas of the bilateral middle temporal gyrus (Figures 4B, 7B).
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FIGURE 7. Functional connectivity (FC) maps among the activated cortical regions in the normal hearing (NH) group. (A) Blue circles indicate channels, and the orange lines show correlations greater than 0.6 (average across all participants). A significant correlation was found in Ch7-17 [r = 0.6231], Ch17-18 [r = 0.6222], Ch17-19 [r = 0.6194], and Ch19-20 [r = 0.6304] under strong-prosodic (SP) condition in time-window of 0–9 s. Under SP condition in time-windows of 9–18 s, significant correlation was found in Ch17-18 [r = 0.6561], Ch19-20 [r = 0.6088]. Correlation under weak-prosodic (WP) condition in time windows of 9–18 s was found in Ch17-18 [r = 0.6215]. (B) FC in the NH group under SP condition on the standard brain in time-windows of 0–9 s in different views. The blue dots indicate 20 channels, and the yellow lines show correlations greater than 0.6 (average across all participants).


As shown in Figure 4C, no significant main effect of conditions was found in any channel in the NH group (see details in Supplementary Table 3), but a marginally significant stronger response existed in channel 19 (right middle temporal gyrus) [F(1,48) = 3.917, pFRD–cor = 0.054, η2 = 0.075], highlighting the sensitivity of the right middle temporal gyrus on processing SP sentences.

Furthermore, to characterize the HbO concentration in the time course under two conditions, we examined the difference within four time windows and the laterality in the NH group. A higher HbO concentration was observed under the SP condition than under the WP condition in earlier time windows: 2–7 s (channels 6 and 9, Figures 5D,E) and 7–12 s (channel 19, Figure 5A). Among these, the right middle temporal gyrus (channel 19) once again demonstrated its specialization in SP processing. In the later time window of 12–18 s, a higher activation under the WP condition was observed than under the SP condition in channels 5 and 16 (Figures 5B,C).

Laterality results showed that the cerebral activation was significantly right-lateralized when processing SP sentences in channel pair 9–18 in –3–2 s [F(1,48) = 1.324, pFRD–cor = 0.04] and in channel pair 8–19 in 7–12 s [F(1,48) = 0.994, pFRD–cor = 0.001], providing more evidence for the right-lateralization of SP processing in NH group.

Additionally, to test the cross-brain cooperation between different regions, we looked at the FC of two conditions in the NH group. Figure 7 illustrates pairs of regions with FC values greater than a threshold (r > 0.6) in each condition. For the NH group, there were high FCs throughout the trials among channels 17, 18, 19, and 20, which represented cortical regions around the right superior temporal gyrus, the middle temporal gyrus, the supramarginal gyrus, and the angular gyrus. Among them, the right middle temporal gyrus (channel 19) was involved in the broadest FCs. More connectivity results were found under the SP condition than under the WP condition (6 pairs vs. 1 pair), suggesting that SP processing required stronger FC between cortical regions which mainly occurred in the right hemisphere. Only one connection between the LH and RH was found under the SP condition but was not found in the WP condition during the first half of the trials.



Abnormal Neural Response Patterns of Cochlear Implantation Group

To verify our second hypothesis related to the abnormal pattern of prosodic perception in the CI group, we first conducted the same analysis in the Section “Sensitive Neural Responses to Strong-Prosodic Stimuli” for the CI group to see if what we found in the NH group would also be found in the CI group. We conducted direct comparisons between groups using Beta weights and HbO concentrations in response to SP and WP conditions.

As shown in Figure 8, between-condition contrast of Beta weights was also found in the CI group, with larger areas responding to SP than WP in channels 4, 8, 16, and 18 (refer to detailed statistical results in Supplementary Appendix III). In comparison, the CI group had a limited number of activated channels under the SP condition located only in a small area of the left superior temporal gyrus, the middle temporal gyrus, the subcentral area, the fusiform gyrus and the right superior temporal gyrus, the middle temporal gyrus, and the supramarginal gyrus (Figure 8A). As for between condition comparison in the CI group, no significant difference was observed (Figure 8C, refer to Supplementary Appendix III). Contrary to the different activation for the two conditions in the NH group, no significant main effect of condition was found within the CI group for HbO concentration. These results suggested that the CI group lacks neural sensitivity to process speech prosodic contrast.


[image: image]

FIGURE 8. Cortical activation maps of the cochlear implantation (CI) group on the normalized brain surface. The color scales represent the T values, with statistically significant activated channels circled in black [pFRD–cor < 0.05]. (A,B) Lateral views of significantly activated channels under strong-prosodic (SP) and weak-prosodic (WP) conditions contrasted against silence, respectively. (C) Lateral views of significantly activated channels by contrasting between conditions, indicating the stronger activated neural areas driven by the SP features in SP sentences.


Figure 6 demonstrated that responses between group comparison were significantly larger in channels 13 [F(1,44) = 5.259, pFRD–cor = 0.027] and 16 [F(1,44) = 6.861, pFRD–cor = 0.012] in the NH group compared with the CI group under the SP condition. There was no significant difference between the two groups under WP condition.

A similar between-group contrast was also found in HbO concentration. Under SP condition, the NH group generally had higher HbO concentration than the CI group throughout the time window of 2–12 s in channels 5, 14, and 16 (the left superior temporal gyrus, left middle temporal gyrus, right primary and association cortex, right superior temporal gyrus, and the right middle temporal gyrus) and the latest time window of 12–18 s in channel 8 (left middle temporal gyrus and fusiform gyrus) as shown in Figure 9A.
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FIGURE 9. Between-group contrast of average oxygen-hemoglobin concentrations (HbO) envelopes under strong-prosodic (SP) and weak-prosodic (WP) conditions. (A) Hemodynamic responses to SP by both groups in channels 5, 8, 14, and 16. Higher activation by normal hearing (NH) group was found in time window 2–7 s in Ch5 [F(1,44) = 5.186, pFRD–cor = 0.028], Ch14 [F(1,44) = 9.367, pFRD–cor = 0.004], and Ch16 [F(1,44) = 10.162, pFRD–cor = 0.003]; time window 7–12 s in Ch5 [F(1,44) = 5.084, pFRD–cor = 0.029], Ch14 [F(1,44) = 9.736, pFRD–cor = 0.003], and Ch16 [F(1,44) = 11.506, pFRD–cor = 0.001]; and time window 12–18 s in Ch8 [F(1,44) = 8.994, pFRD–cor = 0.004]. (B) Under WP, higher activation by NH group was found in time window 2–7 s in Ch5 [F(1,44) = 5.743, pFRD–cor = 0.021], Ch13 [F(1,44) = 5.185, pFRD–cor = 0.028]; and time window 7–12 s in Ch5 [F(1,44) = 4.483, pFRD–cor = 0.04], Ch7 [F(1,44) = 5.932, pFRD–cor = 0.019], and Ch8 [F(1,44) = 6.606, pFRD–cor = 0.014].


In addition, under WP condition, HbO concentration in the NH group was generally higher during the 2–12 s window (Figure 9B). However, there was no significant difference in –3–2 and 12–18 s time windows, but there were significantly different HbO concentrations in channels where the NH group always elicited stronger activation, including the left superior temporal gyrus, middle temporal gyrus, fusiform gyrus, supramarginal gyrus, and the right middle temporal gyrus (channels 5, 7, 8, and 13). It may be interpreted that children with CI had close-to-normal cortical processing for WP perception in the late phase of speech processing.

To analyze the statistical significance of the FC among the two conditions and the pairs of regions greater than the threshold, three-way RM-ANOVA (2 condition × 4 region pair × 2 group) was performed in the 0–9 s time window. A significant group effect was found [F(1,44) = 39.891, p < 0.001, η2 = 0.476]. However, no significant main effect {condition [F(1,44) = 2.552, p = 0.117, η2 = 0.055], region [F(3,42) = 0.770, p = 0.517, η2 = 0.052]} or interaction effect {group × condition [F(3,42) = 2.258, p = 0.140, η2 = 0.049], group × region [F(3,42) = 0.170, p = 0.916, η2 = 0.012], condition × region [F(3,42) = 0.558, p = 0.646, η2 = 0.038], and group × condition × region [F(3,42) = 1.906, p = 0.143, η2 = 0.120]} was found.

In addition, three-way RM-ANOVA (2 condition × 4 region pair × 2 group) was performed for the 9–18 s time window. A significant group effect was found [F(1,44) = 36.77, p < 0.001, η2 = 0.455]. No significant main effect {condition [F(1,44) = 1.716, p = 0.197, η2 = 0.038], region [F(3,42) = 1.697, p = 0.186, η2 = 0.107]} or interaction effect {group × condition [F(1,44) = 0.505, p = 0.481, η2 = 0.011], group × region [F(3,42) = 0.180, p = 0.909, η2 = 0.013], condition × region [F(3,42) = 0.960, p = 0.421, η2 = 0.046], and group × condition × region [F(3,42) = 0.033, p = 0.962, η2 = 0.007]} was found.




Neuro-Behavioral Correlation


Speech Behavior Assessment

To address the hypothesis that neural responses to SP features are closely related to children’s speech communication ability, we probed all the participants’ SCA development by a behavioral test. Since abnormal neural activities were found in children with CI, we expected deficits to be found in their SCA assessment results.

All child participants in this study completed the SCA assessment, and significant differences were found at multiple observation levels of the evaluation (Figure 10). Children with CI were severely impaired in their speech development, with a significantly lower SCA total score, compared to their peers [F(1,38) = 0.895, p < 0.001]. The aspects of pronunciation [F(1,38) = 10.013, p < 0.001], semantics [F(1,38) = 5.706, p < 0.001], and expression efficiency [F(1,38) = 0.758, p < 0.001] had the most significant differences among the five levels of linguistic aspects. Similar deficits were also found in previous studies (Peng et al., 2004; Wu et al., 2008; Chen et al., 2017).
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FIGURE 10. SCA assessment results. Between groups, significant differences in scores were found in total score, pronunciation, semantics, and expression efficiency. ***p < 0.001.




Neuro-Behavioral Correlation

We associated the scores of participants’ comprehensive speech communication ability with their hemodynamic performance represented by the Beta weights to further explore the connection between children’s neural activation of speech perception and their SCA. To determine whether there was a significant relationship in general, we examined the data of both groups as a continuum. The results of significant correlations under SP and WP conditions are shown in Tables 4, 5, respectively.


TABLE 4. Correlation between neural activation to strong-prosodic (SP) and evaluation scores of speech communication ability (SCA) test.
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TABLE 5. Correlation between neural activation to weak-prosodic (WP) and evaluation scores of speech communication ability (SCA) test.
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More correlations were found under the SP condition than under the WP condition (14 vs. 4), suggesting that the perception of SP was more closely connected to SCA than the perception of WP. The overall level of SCA was predicted by cortical activation in channel 5 and channel 16 under both conditions. Activation in channel 19 (the right middle temporal gyrus) was sensitive to the largest range of evaluation scores (including the total score under the SP condition), which further verified its sensitivity to children’s speech development. The fluency score was related to the cortical activation data of the three channels under the SP condition, but no significant result was found under the WP condition.





DISCUSSION

We characterized the cortical responses to the perception of speech sentences with contrasting prosodic features in NH children and children with CI. In NH children, SP sentences evoked broader and right-lateralized cortical responses compared to WP stimuli. To our knowledge, this is the first time that the neural mechanism underlying the perception of natural catchy speech was investigated among children.

In addition, we identified deficits in cortical activation of SP speech perception in children with CI and examined the relationship between their speech behavioral performance and cortical responses. Consistent with previous findings (Luo and Fu, 2007), we observed significantly weaker activation in response to speech perception in the CI group. Moreover, more inhibited neural activities were found under SP than WP conditions for the CI group, suggesting that children with CI had a significantly impaired sensitivity to strong prosodic features of speech. Last, the neural responses to the SP sentences were found to correlate with the speech communication abilities of all the child participants.


Strong-Prosodic Information Evoked Right-Lateralized Cortical Responses in the Early Processing Phase

Based on the direct comparison of Beta weights and FC results between SP and WP stimuli in the NH group, sentences with SP features evoked a larger brain network than speech with WP features (see Figure 8). Although previous studies on prosodic perception have found broad activation in both hemispheres (Gandour et al., 2004; Tong et al., 2005; Witteman et al., 2011), this is the first time that cortical responses to SP sentences are characterized in direct contrast to utterances with WP features.

As to the lateralization patterns, the results converge on the finding that SP sentences evoked right-lateralized activation and WP sentences activated left lateralized responses. For NH children, a higher HbO concentration was found during the middle time course in the right middle superior gyrus than that in the contralateral area (indicated by the laterality index in channel pair 8–19). An opposite result was observed between the identical pairs of the brain areas under the WP condition, which indicated the left lateralization of WP perception. The laterality index calculated on clustered data of each hemisphere also showed right-lateralized activation in the 7–12 s window in the SP condition. Furthermore, the connectivity results under the SP condition showed strong right laterality with five interhemispheric connectivities on the right and one bilateral connectivity. The different laterality tendency suggests the functional sensitivity of the right hemisphere for the auditory processing of slowly changing acoustic cues (i.e., slow F0 movements along the pronunciation of the whole sentences) that finally give a strong sense of utterance “catchyness.” This finding is in line with previous studies which found the specialization of RH on slow-changing prosodic signals (Meyer et al., 2002; Geiser et al., 2008).

Furthermore, the timewise HbO dynamics revealed selective responses to SP information in the early processing phases. In the first (2–7 s) and middle (7–12 s) time windows, higher activation to SP was found in the LH than in the RH (i.e., channel 19, Figure 7), which was consistent with the results of the Beta weights. In contrast, there was a higher HbO concentration in response to the WP condition than in the SP condition in both hemispheres in the late phase (12–18 s), suggesting a late selective response sensitivity to the speech with WP features. The FC results along the time course further proved this observation, with more significant pairs of connectivities observed under the SP condition in the early time window than in the late window (4 pairs vs. 2 pairs), and connectivity under the WP condition was only found in the late time window.

One possible reason for such time-wise imbalanced selectivity was that the rhythmic features in SP speech could be integrated in a short time and facilitate semantic retrieval. In EEG studies that had a high temporal resolution, prosodic information, such as rhyme congruity (Chen et al., 2016; Hahn et al., 2021) was shown to be processed as early as 200 ms after stimuli onset. Its temporal priority in the auditory speech processing was much higher than that of syntactic and semantic information which have been claimed to be processed in the late time window of 400–1,000 ms, i.e., widely recognized ERP components of N400 and P600 (Zhang et al., 2013; Delogu et al., 2019). Considering that the SP stimuli used in our study contained multiple features of prosody, with rhythm, meter, and stress being concordantly combined, such neural enhancement in the early phase of SP speech suggests that the integrated SP features in speech are processed quite fast.

The late higher cortical response in the WP condition was possibly caused by syntactic and semantic integration for sentence interpretation. Although we controlled the semantics of sentences being used in both conditions to include words and phrases commonly used in daily life, the SP sentences had relatively fixed syntactic structures (i.e., the paralleled phrases in each SP sentence use identical syntactic structure) in order to achieve a high level of prosodic harmony, which could facilitate the retrieval of the meaning of the sentence with an alleviative workload of integrating the syntactic and semantic information of the words inside (Martin, 1972; Bubic et al., 2010; Cason and Schön, 2012). Similar observations were also found in studies on formulaic speech perception (Wray, 2002; Jiang and Nekrasova, 2007; Millar, 2011). Extensive studies found that interpretation integration occurred later than phonetic perception (Friederici, 2002; Hickok and Poeppel, 2004; Zhang et al., 2019); hence, higher activation of WP was observed in the late window in trials.



Children With Cochlear Implantation Are More Impaired in Their Neural Sensitivity to Strong-Prosodic Than Weak-Prosodic Sentences

There is well-established (human and animal) literature indicating that early exposure to sound/speech is vital for the proper development of the auditory system (Sharma et al., 2002; Kral and Eggermont, 2007; Kral, 2013), and children with severe-to-profound sensorineural deafness generally lack related experience. With a natural speech perception task in the present study, we found generally decreased activation in the CI group to both SP and WP than in the NH group, which is in line with previous findings. More importantly, characteristic deficits were found in processing SP stimuli, especially in that they showed a general absence of neural distinctiveness for SP vs. WP contrasts.

Inhibited cortical responses in the CI group were found in various ways when processing SP sentences. First, the CI group had particularly weaker activation in the right middle temporal lobe (channels 13 and 16), and no active connection was found in the CI group compared to the normal-hearing children showing as many as 7 pairs of activated FCs. The lower connectivities could result from the immaturity of these areas, as shown by the low activation level generally found in the CI group. Due to hearing deprivation, the function of the language-associated cortex was impaired and thus connection among these areas was still not formed, which might cause a deficiency in processing prosodic information.

Activation of auditory and auditory association brain regions by auditory stimuli after CI was found to be important to speech communication ability (Coez et al., 2008; Kral, 2013). Abnormal neural responses to speech (Lee et al., 2007; Feng et al., 2018b) and lower FC in the auditory tasks (Chen and Wong, 2017; Wang et al., 2021; Yusuf et al., 2021) were found in post-lingually deaf adults with CI. To our best knowledge, this is the first time to identify neural functional deficits in pre-lingually deaf children while perceiving natural SP sentences. Taking into consideration that preservation of neuroanatomical networks in auditory and auditory association brain regions in pre-lingually deaf children was related to better performance after CI (Lee et al., 2007; Feng et al., 2018b), the prohibited neural sensitivity to SP sentences identified here is possibly an important obstacle for the speech development of CI children. Functional recovery of these areas after CI is worth exploring with longitudinal studies for efficient speech rehabilitation.

Moreover, in the direct contrast of neural responses to SP vs. WP perception, different patterns regarding the laterality and time-wise HbO activation were found in NH children, but no between-condition difference was shown by the CI group, suggesting that children with CI had limited sensitivity to contrasting speech prosodic features. This finding was in line with previous studies that found that patients with CI had poorer F0 discrimination and showed a strong deficit in speech prosody perception (Marx et al., 2015; Jiam et al., 2017). Scholars also found that discrimination of lexical stress patterns in infants with CI was reduced compared with that of infants without CI (Segal et al., 2016); they also found that discrimination of lexical stress patterns in infants with CI was one of the prosodic cues that they could utilize in their first steps of speech acquisition. For the first time, our study provided neurological observations and the underlying neural deficits of such reduced prosodic feature sensitivity in pre-lingually deaf children with CI.

It is worth noting that although time-wise comparisons of HbO revealed that children with CI had generally decreased activation throughout the whole processing phase, no difference was found in the late time window of 12–18 s in WP condition, suggesting that in the late phase of speech processing, CI children had close-to-normal cortical responses to perceiving sentences with WP features. These results possibly indicate that syntactic/semantic integration abilities of children with CI were relatively well reserved when excluding the prosody processing requirement, and also further confirmed that the neural auditory development of pre-lingually deaf children was more impaired for perceiving speech prosodic features.

Additionally, we found no laterality effect on children with CI under two conditions, which was different from the right-lateralization under SP, left-lateralization under WP in the NH group. Considering all the children with CI were right-sided implanted, there is a possibility that the laterality of neural activities was influenced by the implantation laterality. However, there was a study suggesting that cortical processing of speech showed no influence on the implantation side in children (Wang et al., 2022). Thus, we postulated that the laterality of CI was not an essential factor for this result.

Considering the broad significant correlations to various aspects of SCA evaluation results (overall evaluation, pronunciation, semantics, expression efficiency, and fluency) found in the right superior and middle temporal gyrus, the neural sensitivity of this area to SP sentences plays an important role in SCA. It is promising to focus on this area in speech development for pre-lingual deaf people. The neural abnormalities regarding catchy utterance perception found in our study may be used to offer an objective assessment technique for young individuals with CI without speech foundations to evaluate speech-related neural development status and predict their rehabilitation outcomes. As speech perception abilities are the foundation for the development of speech expression (Curtin et al., 2017); it was hence worthy to explore if prosodic materials have a positive effect on speech training in the future.



Children’s Neural Responses to the Strong-Prosodic Sentences Are Closely Related to Their Speech Communication Development

A striking finding in this study is that the neural responses to the SP sentences were widely correlated with the speech communication abilities of all the child participants. Compared to the WP condition, more activation regions in the SP perception were found to have a positive correlation with the SCA evaluation scores (Table 5). We speculate that children’s neural perception sensitivity to SP features in sentences is predictive of their speech development. Similar findings were found in a few behavioral studies (Falk, 2004; Wells et al., 2004; Nygaard et al., 2009; Herold et al., 2011). SP utterances (i.e., catchy sentences, sung speech, etc.) were found to enhance children’s working memory performance (Yuzawa, 2002; Roy and Chiat, 2004; Yuzawa and Saito, 2006), promote speech production (Adams and Gathercole, 1995; Baddeley, 2003), and facilitate speech acquisition (Mehler et al., 1988; Leong et al., 2017; Amichetti et al., 2021). The findings in our study highlight the significance of catchy utterance materials in the speech development of children. Nevertheless, the current results alone are unable to inform claims about the causal relationship between children’s SCA and their neural responses to prosodic perception. The wide range of correlations could plausibly stem from assortative processes involved in prosodic features in speech. The link may lie in that brain activities induced by catchy utterances help neural functional development, such as cortex maturation and FC formation. Future work could test this possibility by combining the forms of data collected in the current study with longitudinal studies to test the possible causality mechanism.

The right middle temporal gyrus (channel 19) was particularly sensitive to SP information as indicated by multiple results, such as significantly stronger activation measured both by Beta weights and HbO to SP than WP. HbO concentrations to SP were found to be significantly lateralized in this area compared to its contralateral part. Besides, broader connectivities were also found in this area, with significant connections to areas of the right middle superior gyrus, suggesting that the whole region around the right middle superior gyrus was particularly sensitive to SP perception. Most importantly, the response to SP in this area correlated to 4 items of SCA evaluation scores, including the overall score, semantics, expression efficiency, and fluency. As previous studies showed, the middle temporal gyrus was widely recognized as a part of the ventral stream in language processing, involved in mapping sound onto meaning (Hickok and Poeppel, 2004; Saur et al., 2008). The selective activation of this area for SP sentences suggests that natural catchy utterances might enhance the connections between prosodic auditory perception and semantic retrieval in children, which in turn accounts for the fast priming of neural processing for SP stimuli found in this study.

Past studies rarely focused on the integrated processing of natural catchy sentences with various prosodic features, as we focused on in the present work. The stimuli employed in previous studies were at the word level (Gandour et al., 1998, 2000; Hsieh et al., 2001; Li et al., 2003; Feng et al., 2018a), pseudo-sentences without semantic processing (Hurschler et al., 2013), or speech that only carries one aspect of prosody, such as intonation (Gandour et al., 2003; Tong et al., 2005), rhythm (Geiser et al., 2008), and stress (Tong et al., 2005; Sato et al., 2013). Our study provided the first insight into the neural responses responsible for the integrated processing of natural catchy sentences for children. This processing required a broader activation of the brain network in both hemispheres and was prominent in the area of the right middle temporal gyrus. Such processing patterns, as indicated by the close links to the speech behaviors, might be crucial for children’s speech development, and deficits in the neural processing would cause speech impairment, as discussed in the following section.




CONCLUSION

We identified the characteristics of cortical responses to the perception of natural sentences with SP features in children. In NH children, SP sentences evoked broader and right-lateralized cortical responses than WP sentences. Stronger activation and functional connectivities were observed in the earlier phase of SP sentence processing, highlighting children’s neural sensitivity to integrated prosodic features of sentences. In addition, we identified more inhibited patterns in the perception of SP than WP utterance for pre-lingually deaf children with CI, manifested as less and weaker activation, lack of right-lateralization, as well as late response-onset and the abnormalities centered in the right superior and middle temporal gyrus.

Importantly, the neural activities to SP sentences were highly correlated with the speech communication performance of both normal and CI children, suggesting that neural sensitivity in speech prosody perception may be meaningful for children’s speech development.

The idiosyncratic neural responses to SP sentence perception in children with pre-lingual hearing loss shed light on the potential efficacy of SP utterances in their speech development, which is worthy of exploration in longitudinal studies.

Despite these insights, some limitations should also be recognized, aiming to provide opportunities for future work. First of all, the sample size in this study was small, with 25 individuals in the control group and 21 people with effective data in the CI group. Another limitation is the fact that we did not conduct actual longitudinal studies targeting the influence of SP sentences on children’s speech development and speech rehabilitation of children with CI. Meaningful results from such studies should be further interpreted in future studies and incorporated into clinical practice.
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A musical interval is the difference in pitch between two sounds. The way that musical intervals are used in melodies relative to the tonal center of a key can strongly affect the emotion conveyed by the melody. The present study examines musical interval identification in people with no known hearing loss and in cochlear implant users. Pitch resolution varies widely among cochlear implant users with average resolution an order of magnitude worse than in normal hearing. The present study considers the effect of training on musical interval identification and tests for correlations between low-level psychophysics and higher-level musical abilities. The overarching hypothesis is that cochlear implant users are limited in their ability to identify musical intervals both by low-level access to frequency cues for pitch as well as higher-level mapping of the novel encoding of pitch that implants provide. Participants completed a 2-week, online interval identification training. The benchmark tests considered before and after interval identification training were pure tone detection thresholds, pure tone frequency discrimination, fundamental frequency discrimination, tonal and rhythm comparisons, and interval identification. The results indicate strong correlations between measures of pitch resolution with interval identification; however, only a small effect of training on interval identification was observed for the cochlear implant users. Discussion focuses on improving access to pitch cues for cochlear implant users and on improving auditory training for musical intervals.
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Introduction

Cochlear implants have successfully restored speech perception to people with severe hearing loss. Most cochlear implant users achieve high levels of speech recognition and spoken language skills (Shannon et al., 2004; Wilson and Dorman, 2008). However, cochlear implant users struggle to understand speech in noisy environments and many complain about the sound of music (Fetterman and Domico, 2002; Kong et al., 2004; McDermott, 2004; do Nascimento and Bevilacqua, 2005; Fu and Nogaki, 2005; Nimmons et al., 2008). Studies have shown that current cochlear implant technology is limited in its ability to convey the musical percepts of pitch and timbre (Drennan and Rubinstein, 2008; Limb and Rubinstein, 2012). This has resulted in both pitch resolution and timbre recognition being markedly diminished for cochlear implant users compared to their normal hearing peers (Gfeller et al., 2002b,2007; McDermott, 2004; Drennan et al., 2008; Goldsworthy et al., 2013; Limb and Roy, 2014; Goldsworthy, 2015; Luo et al., 2019). This loss of resolution and fidelity has several potential causes including limited number of implanted electrodes, electrode array placement, broad current spread, sound processing designed for speech rather than music, poor coding of timing cues for pitch, and poor neural health (Finley et al., 2008; Rebscher, 2008; Crew et al., 2012; Limb and Roy, 2014; van der Marel et al., 2014; Würfel et al., 2014; Zeng et al., 2014; Landsberger et al., 2015; Venail et al., 2015; Nogueira et al., 2016; Caldwell et al., 2017; Dhanasingh and Jolly, 2017; Mangado et al., 2018).

These technological and physiological constraints limit how music is transmitted by the implant and, consequently, limits music enjoyment for cochlear implant users. Studies have assessed adult cochlear implant user’s listening habits and music enjoyment through questionnaires (Gfeller et al., 2000; Looi and She, 2010). They found that many were dissatisfied and spent less time listening to music post-implantation. Assessment studies have also shown that cochlear implant users have more difficulty than normal hearing listeners with pitch-based perceptual tasks, including frequency discrimination and melody recognition (Gfeller et al., 2002a,2005, 2007; Penninger et al., 2013; Goldsworthy, 2015).

Melody is a fundamental aspect of music made up of a sequence of musical intervals which not only relies on the detection and direction of pitch changes, but also their magnitude. Even for those who casually listen to music, identifying the magnitude between pitches is a basic component which allows a listener to readily recognize a melody whether sung in a different register or played in a different key. If a difference in frequency cannot reliably be heard as an equivalent change in pitch, then the intended melody sounds cacophonous and out-of-tune. This has been confirmed by Luo et al. (2014) who found that cochlear implant users perceived melodies as out-of-tune more often than normal hearing listeners. Furthermore, the ability to perceive musical intervals also has implications for the emotion and tension conveyed by music. A single semitone difference between two pitches will determine the tonality of the interval (e.g., major, minor, diminished, perfect, or augmented) which, along with other important cues like timbre and tempo, will affect the listener’s emotional response to a melody (Luo and Warner, 2020; Camarena et al., 2022). The ability to reliably distinguish intervals requires listeners to have a resolution of at least a semitone (McDermott et al., 2010), and it is well established that most cochlear implant users have pitch resolution that is worse than a semitone (e.g., Pretorius and Hanekom, 2008; Goldsworthy, 2015). Without accurate perception of a musical interval, it is likely that tonality and emotion intended to be conveyed by music will be lost and this is likely a contributing factor to decreased musical enjoyment in cochlear implant users.

Musical interval labeling is an important skill for musicians and any individual who desires to participate in musical activities such as playing an instrument or singing. It is difficult to master identifying musical intervals, even in normal-hearing listeners and musicians (McDermott et al., 2010). Given the evidence discussed that suggests that musical interval perception is distorted in the context of melody perception for cochlear implant users, it is likely that cochlear implant users struggle to identify musical intervals as well. It is necessary for cochlear implant users to take steps to regain access to interval cues for musical tension and emotion. They must first undergo a period of focused aural rehabilitation to learn how the lower-level pitch cues are provided by electrical stimulation via their device (Gfeller, 2001), then develop the higher-level association between specific musical intervals and intent through further musical interval training (Fujioka et al., 2004).

Despite the importance of intervals to melody, there is only a small body of research investigating musical interval perception in cochlear implant users. Existing studies have shown that cochlear implant users have poor interval identification compared to their normal-hearing peers, especially above middle C. Pitch and relative intervals can be conveyed by stimulation timing (i.e., the modulation or stimulation rate) but with much variability in pitch salience and in the upper frequency that can be conveyed by stimulation rate (Pijl and Schwarz, 1995a,b; Pijl, 1997; Todd et al., 2017). Place cues for pitch (i.e., active electrodes and stimulation configuration) provide a strong sense of pitch but one that is compressed compared to normal (Stupak et al., 2021). Stupak et al. (2021) found consistent warping of intervals amongst cochlear implant users, suggesting the ability to perceive intervals is likely not linked to duration of deafness. Spitzer et al. (2021) investigated musical interval distortion in cochlear implant users who had normal hearing in their non-implanted ear (i.e., single-sided deafness). They found that the musical interval needed to create a match in the implanted ear was, on average, 1.7 times greater than the corresponding interval in the acoustic hearing ear.

Given the distorted representation of pitch and the issue of frequency compression in current cochlear implant signal processing, experience and training may be required to improve interval identification and enable access to melody through clinical devices. Interval identification is challenging for normal-hearing people and cochlear implant users alike, which makes it a demanding task for training. Moore and Amitay found that pitch training with a more difficult, or even impossible, task resulted in more robust learning (Moore and Amitay, 2007). Musical interval training in normal hearing listeners has led to improvement in both the trained and untrained tasks (Little et al., 2019). There are currently no studies investigating the effectiveness of musical interval training in cochlear implant users.

In the present study, we use an interval labeling task to evaluate subject’s ability to strengthen the association between specific musical intervals and musical intent and to consistently label intervals across an ecologically relevant musical range (i.e., the typical vocal range of humans). We note the connection between musical intervals and musical intent does not require the ability to label intervals, for example, a listener may readily associate a song in a major key as happy or bright and a song in a minor key as sad or dark (Camarena et al., 2022) without being able to label the interval pattern being used. However, given that we are interested in the restoration of a stable interval percept in cochlear implant users, we chose to use a labeling task as an important intermediary to quantify the consistency of interval labeling across musical octaves when those cochlear implant users are provided with training to the interval cues. This training task requires participants to attend to multiple musical interval presentations, associate interval magnitudes with specific labels (e.g., major third, octave), and compare presentations to intervals heard in preceding trials.

The present study has two objectives. First, to examine the performance on the trained task of interval identification and on a battery of untrained musical tasks, including frequency discrimination and tonal and rhythm comparisons before and after a two-week musical interval training program. Second, to characterize the relationship between the dimensions of music perception with low-level psychoacoustics and higher-level rhythm and tonal comparisons, interval identification, and musical sophistication. The overarching hypothesis motivating this study is that both low-level psychophysical access to pitch cues as well as higher-level labeling of intervals limits interval identification accuracy in cochlear implant users, and, to a certain extent, those with no known hearing loss. The results show that the low-level psychophysical tasks probing pitch resolution serve as predictors of higher-level measures of music perception. The results also clarify the extent that interval training improves access to the low-level and higher-level cues necessary for music perception. Discussion focuses on the importance of basic elements of pitch perception for reestablishing musical interval perception for cochlear implant users and on methods for improving training programs for musical interval identification.



Materials and methods


Overview

Participants with no known hearing loss and cochlear implant users completed assessments before and after 2 weeks of interval training. The pre- and post-assessments included measures of pure tone detection, pure tone frequency and fundamental frequency discrimination, tonal and rhythm comparisons, and musical interval identification (the trained task) administered on the Team Hearing website coded in JavaScript. The measures of pure tone detection, pure tone frequency, and fundamental frequency discrimination used synthesized stimuli generated using JavaScript. The measures of tonal and rhythm comparisons used marimba notes rendered using Finale Version 3.5.1 software (Coda Music), and the measures of interval identification for both training and assessment used piano notes rendered using MuseScore 3 software1. Figure 1 shows typical normal hearing neural response patterns (left subpanel) and Cochlear Corporation cochlear implant stimulation patterns (right subpanel) for representative musical notes, highlighting the difference in frequency representation between the two groups. In the left subpanel, the 110 Hz and 220 Hz place cues can be visualized at the fundamental as well as the ascending harmonic frequencies and temporal cues can be observed with a doubling of the rate for 220 Hz. In the right subpanel, the place and temporal cues are not as clearly visualized, with the harmonic structure coarsely represented and the fundamental frequencies conveyed only through weak amplitude modulation. The place and temporal representation in cochlear implant stimulation is poor compared to the cues available for pitch perception in the normal auditory system. This representation reinforces the basis of the first part of the hypothesis, that cochlear implant users are limited in low-level psychophysical access to pitch cues. A permalink for this experiment can be found at: https://www.teamhearing.org/81, after entering the site, press the “Homework” button to enter the experiment.
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FIGURE 1
Visualizations of musical notes. The left subpanel shows auditory nerve response to musical notes for normal hearing using physiology modeling software (Zilany et al., 2014). The right subpanel shows cochlear implant stimulation patterns emulated using the Nucleus MATLAB Toolbox (Nucleus MATLAB Toolbox version 4.42, Swanson and Mauch, 2006). For both visualizations, the two notes being compared are A2 (110 Hz) and A3 (220 Hz).




Participants

Thirteen adult cochlear implant users, with six bilaterally implanted and seven unilaterally implanted, and seven listeners with no known hearing loss took part in this experiment. All participants completed the 2-week interval training protocol. Participant ages ranged from 23 to 77 years old with an average age of 62.9 years in the cochlear implant user group and 42.3 years in listeners with no known hearing loss. Relevant subject information is provided in Table 1. Participants provided informed consent and were paid for their participation. The experimental protocol was approved by the University of Southern California Institutional Review Board.


TABLE 1    Subject information.
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Training

All assessments and the musical interval training program were completed remotely by participants using a web application. For training, participants complete six listening exercises each day requiring approximately 20 min each day for 2 weeks. Each listening exercise included twenty trials of interval identification for which participants needed to identify 80% of the intervals correctly to proceed to the next difficulty training level. Levels were organized into thirty-six increasingly difficult levels with fewer comparisons and larger interval spacings on lower difficulty training levels.

For each trial, listeners were presented with an ascending musical interval and asked to indicate the interval that they heard. The online interface displayed two to four response buttons on screen depending on the level, with specific musical interval labels provided for selection. In total, training was provided for six different ascending melodic intervals consisting of two sequentially presented piano notes. The intervals presented and the corresponding semitone spacings between notes are listed in Table 2. Practice was provided for intervals with base notes near A2 (110 Hz), A3 (220 Hz), and A4 (440 Hz). These training levels were divided into 6 different interval groupings with 6 base note frequencies within each interval grouping. The interval groupings, described in semitone spacing between notes, were [2,12], [2,7], [7,12], [4,7,12], [2,4,7], and [1,2,3,4]. The base note frequencies within each interval grouping were (1) A2 (110 Hz) no variation, (2) A2 (110 Hz) +/- 6 semitones, (3) A3 (220 Hz) no variation, (4) A3 (220 Hz) +/- 6 semitones, (5) A4 (440 Hz) no variation, and (6) A4 (440 Hz) +/- 6 semitones. See Supplementary Table 1 for more information about the training levels. Feedback was displayed after each response on the response button selected with a green check mark for correct answers and a red “X” for wrong answers. For wrong answers, participants were given the correct answer on screen and the option to replay the interval comparison as needed.


TABLE 2    Interval notation with the corresponding semitone spacing between notes.
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Pre- and post-training assessments

Participants completed pre- and post-training assessments to characterize the effect of training on the trained task and on untrained measures of pitch discrimination and music perception. The assessments included pure tone detection, pure tone frequency discrimination, fundamental frequency discrimination, tonal and rhythm comparisons, and musical interval identification.


Calibration procedures

Before completing the assessments, participants completed two procedures to characterize relative loudness levels with their devices (computer, audio device, hearing device, etc.) kept how the subject would normally listen. First, participants were asked to use a method of adjustment to set a 1 kHz pure tone to subjective “soft,” “medium soft,” “medium,” and “medium loud” intensity levels in dB relative to the maximum output level of sound card without clipping. Second, pure tone detection thresholds were measured in dB relative to the maximum output level of sound card at 250, 1,000, and 4,000 Hz to provide a comparison of relative detection levels across frequencies. Stimuli were 400 ms sinusoids with 20 ms raised-cosine attack and release ramps. At the beginning of a measurement run, participants set the volume to a “soft but audible” level. The detection thresholds were then measured using a three-alternative, three-interval, forced-choice procedure in which two of the intervals contained silence and one interval contained the gain-adjusted tone. Participants were told via on-screen instructions to select the interval that contained the tone. The starting gain value was a threshold level as specified by the participant through method of adjustment. This value was reduced by 2 dB after correct answers and increased by 6 dB after mistakes to obtain the true detection threshold level. A run continued until three mistakes were made and the average of the last four reversals was taken as the detection threshold. This procedure converges to 75% detection accuracy (Kaernbach, 1991). Relative dynamic range could then be calculated by subtracting the detection threshold from the comfortable listening intensity level set at 1,000 Hz. The remainder of the assessments and interval training were conducted at the volume the participant set as “comfortable.”



Pure tone frequency discrimination

Pure tone frequency discrimination was measured for pure tones near 250, 1,000, and 4,000 Hz. Stimuli were 400 ms in duration with 20 ms raised-cosine attack and release ramps. Discrimination was measured using a two-alternative, two-interval, forced-choice procedure where the target stimulus had an adaptively higher frequency than the standard. Participants were provided with on-screen instructions to choose the sound that was “higher in pitch.” Each measurement run began with a frequency difference of 100% (an octave) between the standard and target stimuli. This frequency difference was reduced by a factor of [image: image] after correct answers and increased by a factor of two after mistakes. For each trial, the precise frequency tested was roved to add perturbations which contribute to the ecological relevance of the stimulus (e.g., vocal pitch fluctuations) while avoiding both artifactual effects (e.g., sidebands outside of the filter, beating) and habituation to the base note frequency. The frequency roving was done within a quarter-octave range uniformly distributed and geometrically centered on the nominal condition frequency. Relative to the roved frequency value, the standard frequency was lowered, and the target raised by [image: image]. The gain of the standard and target were roved by 6 dB based on a uniform distribution centered on the participant’s comfortable listening level. A run ended when the participant made four mistakes and the average of the last four reversals was taken as the discrimination threshold.



Fundamental frequency discrimination

Fundamental frequency discrimination was measured for fundamental frequencies near 110, 220, and 440 Hz for low pass filtered harmonic complexes. Stimuli were 400 ms in duration with 20 ms raised-cosine attack and release ramps. These fundamental frequencies were chosen as representative of the fundamental frequencies used in the interval identification assessment and training. A total of nine measurement runs were conducted consisting of three repetitions of the three fundamental frequencies. The condition order was randomized for each repetition. Harmonic complexes were constructed in the frequency domain by summing all non-zero harmonics from the fundamental to 2 kHz with a low pass filtering function. All harmonics were of equal amplitude prior to filtering. The form of the low pass filtering function was:
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where gain is the gain expressed as a linear multiplier applied to each harmonic component, f is the frequency of the component, and fe is the edge frequency of the passband, which was set as 1 kHz for the low pass filter. Note, as thus defined, the low pass filter gain is zero above 2 kHz. Fundamental frequency discrimination was measured using a two-alternative, two-interval, forced-choice procedure where the target had an adaptively higher fundamental frequency compared to the standard. The same adaptive procedure, amplitude and frequency roving, and scoring logic were used as for pure tone frequency discrimination but with adaptive control over fundamental frequency.



Tonal and rhythm comparisons

Participant performance on tonal and rhythm comparisons was measured using a two-alternative, two-interval, forced-choice procedure. The stimuli were the same as those generated and used by Habibi et al. (2016). In each trial, participants were presented with two 2.5 s long pre-rendered melodies rendered with marimba-like timbre, which contained 5 distinct pitches corresponding to the first 5 notes of the C major scale with fundamental frequencies ranging from 261 to 392 Hz (Habibi et al., 2016). The melodies were either the same or differed on a single note in terms of tonality or rhythm, and the listener had to choose between the on-screen options: “Same” or “Different.” The tonal and rhythm comparison procedures tested the subjects ability to identify deviations in either tonality or rhythm between pairs of unfamiliar 5-note melodies based on Western classical rules (Habibi et al., 2013, 2014, 2016). Tonal, or pitch, deviations involved the pitch change of a single note in the 5-note melody. The pitch deviations were restricted to the first 5 notes of the C major scale. Rhythm deviations involved the prolongation of a single note creating a delay in the subsequent note, the duration of which was consequently shorter so that the offset time was unchanged. The duration of each note ranged from 125 ms to 1,500 ms to create rhythmic patterns. The standard melody had no deviations in pitch or note duration. This assessment consisted of three repetitions of each set, consisting of twenty-four trials, half of which were tonal comparisons and half of which were rhythm comparisons. Performance was measured as the percentage of correct responses for each comparison domain.



Interval identification

Performance on musical interval identification was assessed with piano notes for three note ranges near A2, A3, and A4 (110, 220, and 440 Hz, respectively). Participants were presented with two sequentially played piano notes separated by 4, 7, or 12 semitones to represent a major 3rd, perfect 5th, or octave interval, respectively. Note, these specific test conditions corresponded to training levels 20, 22, and 24 of the training program. Responses were collected using a three-alternative forced-choice procedure where the participant had to choose between the on-screen options: “major 3rd,” perfect 5th,” or “octave.” Each measurement run consisted of twenty trials and there were three repetitions of each condition (A2, A3, A4) for a total of nine measurement runs. The musical interval chosen on any trial was randomly selected. In total, each participant completed 180 trials during the interval identification assessment and was presented with approximately 60 presentations of each of the three intervals utilized in this assessment. The base note of the comparison was roved within an octave range centered on the nominal condition note.




The goldsmith musical sophistication index

The level of prior musical experience was measured using the Goldsmith Musical Sophistication Index Self-Report Inventory (MSI), a 39-item psychometric instrument used to quantify the amount of musical engagement, skill, and behavior of an individual (Müllensiefen et al., 2014). The questions on this assessment are grouped into five subscales: active engagement, perceptual abilities, musical training, singing abilities, and emotion. Questions under the active engagement category consider instances of deliberate interaction with music (i.e., “I listen attentively to music for X hours per day”). The perceptual abilities category includes questions about music listening skills (e.g., “I can tell when people sing or play out of tune”). Musical training questions inquire about individuals’ formal and non-formal music practice experiences (“I engaged in regular daily practice of a musical instrument including voice for X years”). Singing abilities questions inquire about individuals’ singing skills and activities (e.g., “After hearing a new song two or three times I can usually sing it by myself”). Questions under the emotion category reflect on instances of active emotional responses to music (e.g., “I sometimes choose music that can trigger shivers down my spine”). These topics together consider an individual’s holistic musical ability, including instances of formal and non-formal music training and engagement. The composite score of these subscales makes up an individual’s general musical sophistication score. All items, except those assessing musical training, are scored on a seven-point Likert scale with choices that range from completely disagree to completely agree (Müllensiefen et al., 2014).




Results


Data analysis

Results from each procedure were analyzed using a mixed-effect analysis of variance. The analysis factors depended on the procedure, but all analyses included test group (cochlear implant users versus listeners with no known hearing loss) as a between-subject factor and test session (pre- versus post-training) as a within-subject factor. Planned comparisons were made between test group and test session for all assessment tasks to test whether musical interval identification training would improve the performance of the two groups on different musical tasks from pre- to post-training. Effect size was calculated using Cohen’s method (Cohen, 1992) and significance levels using multiple comparisons with Bonferroni adjustments. Comparisons between individual results across measures were performed using Pearson’s correlation coefficients.



Pure tone detection thresholds

Figure 2 shows the pure tone detection thresholds measured as a calibration procedure in dB relative to soundcard at 250, 1,000, and 4,000 Hz for those with no known hearing loss and for cochlear implant users. The difference in average detection thresholds between groups was significant exhibiting a large effect size (F1,18 = 10.1,p = 0.005,dCohen = 1.5) with cochlear implant users setting the average software volume higher (29.2=11.8) than those with no known hearing loss (12.3=10.4). Importantly, these thresholds are measured relative to the system volume that participants adjust their computers for at-home listening. These results are not indicative of absolute detection, but they do indicate that when participants adjust their computers and listening devices to be comfortable, cochlear implant users had elevated detection thresholds. It is important to note as well that relative to the self-selected comfortable listening level at 1,000 Hz, cochlear implant users had elevated detection thresholds, or a smaller relative dynamic range (F1,18 = 3,14,p = 0.09,dCohen = 0.7). For relative detection thresholds, the effect of frequency was significant (F2,36 = 17.3,p = 0.001) as was the interaction between frequency and participant group (F2,36 = 4.1,p = 0.024). The interaction effect is evident in the particularly elevated thresholds at 250 Hz for the cochlear implant users. The effect of session (pre- versus post-training) was not significant (F1,18 = 2.4,p = 0.14) nor was the interaction between session and participant group (F1,18 = 2.0,p = 0.17). The interaction effect of frequency and session (pre- versus post-training) was not significant (F2,36 = 0.09,p = 0.91) nor was the interaction for frequency, session, and participant group (F2,36 = 0.4,p = 0.68).
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FIGURE 2
Stimulus level associated with detection threshold for 250, 1,000, and 4,000 Hz for those with no known hearing loss (left subpanel) and for cochlear implant users (right subpanel). The gain is in decibels with a gain of 100 dB corresponding to the maximum gain of the listening device. Smaller symbols indicate individual thresholds. Individual thresholds for CI users with implants from Cochlear Corporation are represented with a circle, Advanced Bionics with a diamond, and MED-EL with a square. Larger circles indicate group averages for each session with error bars indicating standard errors of the means.




Pure tone frequency discrimination

Figure 3 shows pure tone frequency discrimination for all participants before and after training. The cochlear implant users had poorer discrimination compared to those with no known hearing loss (F1,18 = 12.84,p = 0.002). Average discrimination thresholds across frequencies and sessions was 7.04% (or 1.18 semitones) for cochlear implant users and 1.05% (or 0.18 semitones) for those with no known hearing loss (dCohen = 1.6). There was a small effect of frequency (F2,36 = 1.95,p = 0.09) as well as a small effect for the interaction between frequency and participant group (F2,36 = 2.15,p = 0.074). The interaction effect can be seen in that discrimination improved with increasing frequency for those with no known hearing loss, but cochlear implant users had best discrimination near 1 kHz. The effect of test session was not significant (F1,18 = 0.03,p = 0.87) nor was the interaction between session and participant group (F1,18 = 0.006,p = 0.94). The interaction effect of frequency and session (pre- versus post-training) was not significant (F2,36 = 1.63,p = 0.21) nor was the interaction for frequency, session, and participant group (F2,36 = 0.0003,p = 0.99).
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FIGURE 3
Pure tone frequency discrimination thresholds as percent difference on logarithmic scale (left y axis) and semitones (right y axis) for frequencies 250, 1,000, and 4,000 Hz for participants with no known hearing loss (left subpanel) and for cochlear implant users (right subpanel). Smaller symbols indicate individual thresholds. Individual thresholds for cochlear implant users with implants from Cochlear Corporation are represented with a circle, Advanced Bionics with a diamond, and MED-EL with a square. Larger circles indicate group averages for each session with error bars indicating standard errors of the means.




Fundamental frequency discrimination

Figure 4 shows fundamental frequency discrimination thresholds for all participants before and after training. The cochlear implant users had poorer discrimination compared to those with no known hearing loss (F1,18 = 19.3,p = 0.001). Average discrimination thresholds across frequencies and sessions was 11.8% (or 1.93 semitones) for cochlear implant users and 0.9% (or 0.16 semitones) for those with no known hearing loss (dCohen = 2.1). The effect of fundamental frequency was significant (F2,36 = 8.6,p = 0.001) as well the interaction between fundamental frequency and group (F2,36 = 4.5,p = 0.017). The effect of fundamental frequency is evident in that discrimination generally worsened with increasing fundamental frequency, which is more pronounced in the cochlear implant users. The effect of test session was not significant (F1,18 = 2.0,p = 0.18) nor was the interaction between session and participant group (F1,18 = 0.33,p = 0.57). Averaged across groups and conditions, the effect of training on discrimination was small but positive (dCohen = 0.13). The interaction effect of frequency and session (pre- versus post-training) was not significant (F2,36 = 0.49,p = 0.62) nor was the interaction for frequency, session, and participant group (F2,36 = 0.07,p = 0.93).
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FIGURE 4
Fundamental frequency discrimination thresholds as percent difference on a logarithmic scale (left y axis) and semitones (right y axis) for fundamental frequencies 110, 220, and 440 Hz for participants with no known hearing loss (left subpanel) and for cochlear implant users (right subpanel). Smaller symbols indicate individual thresholds. Individual thresholds for cochlear implant users with implants from Cochlear Corporation are represented with a circle, Advanced Bionics with a diamond, and MED-EL with a square. Larger circles indicate group averages for each session with error bars indicating standard errors of the means.




Tonal and rhythm comparisons

Figure 5 shows performance on tonal and rhythm comparisons for all participants before and after training. Cochlear implant users had poorer performance on tonal comparisons compared to those with no known hearing loss (F1,18 = 13.2,p = 0.0019). Average performance across sessions was 69.1% correct for cochlear implant users and 91.3% correct for those with no known hearing loss (dCohen = 1.85). The effect of test session was not significant (F1,18 = 0.35,p = 0.56) nor was the interaction between session and participant group (F1,18 = 0.01,p = 0.92). Neither group significantly improved on tonal comparisons across sessions.
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FIGURE 5
Tonal and rhythm comparisons as percentage of correct responses for listeners with no known hearing loss (left subpanel) and for cochlear implant users (right subpanel). Smaller symbols indicate individual thresholds. Individual thresholds for cochlear implant users with implants from Cochlear Corporation are represented with a circle, Advanced Bionics with a diamond, and MED-EL with a square. Larger circles indicate group averages for each session with error bars indicating standard errors of the means.


Cochlear implant users also had poorer performance on rhythm comparisons compared to those with no known hearing loss (F1,18 = 21.5,p = 0.001). Average performance across sessions was 76.8% correct for cochlear implant users and 92.5% correct for those with no known hearing loss (dCohen = 1.9). The effect of test session was not significant (F1,18 = 1.75,p = 0.2) nor was the interaction between session and participant group (F1,18 = 1.1,p = 0.31). Neither group significantly improved on rhythm comparisons across sessions.



Interval identification

Figure 6 shows performance on interval identification for all participants before and after training. Cochlear implant users had poorer interval identification compared to those with no known hearing loss (F1,18 = 9.0,p = 0.009). Average performance across sessions was 52.4% correct for cochlear implant users and 79.2% correct for those with no known hearing loss (dCohe = 1.5). There was a no effect of frequency (F2,30 = 2.05,p = 0.15) but a small effect for the interaction between frequency and participant group (F2,30 = 2.94,p = 0.068). The effect of test session was not significant (F1,18 = 3.6,p = 0.076) nor was the interaction between session and participant group (F1,18 = 2.0,p = 0.17). Planned comparisons of the performance before and after training indicated that, on average, the cochlear implant users improved from 48.6 to 58.2% correct (dCohen = 0.63). The interaction effect of frequency and session (pre- versus post-training) was not significant (F2,30 = 0.2,p = 0.82) nor was the interaction for frequency, session, and participant group (F2,30 = 0.6,p = 0.56).
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FIGURE 6
Interval identification as percentage of correct responses for participants with no known hearing loss (left subpanel) and for cochlear implant users (right subpanel) at 110, 220, and 440 Hz. Smaller symbols indicate individual thresholds. Individual thresholds for cochlear implant users with implants from Cochlear Corporation are represented with a circle, Advanced Bionics with a diamond, and MED-EL with a square. Larger circles indicate group averages for each session with error bars indicating standard errors of the means.




Correlation analysis

Correlations were calculated between results from different procedures based on averages across conditions. Correlations were calculated for all participants (Table 3) and for the two participant groups separately [Table 4 (no known hearing loss) and Table 5 (cochlear implant)]. While the current measures of statistical significance for these tables are p = 0.05 (*), p = 0.01 (**), p = 0.0024 (x) and p = 0.001 (***), only the correlations with p = 0.0024 (x) or p = 0.001 (***) were statistically significant for the stringent Bonferroni-adjusted criteria which adjusts alpha from 0.05 to 0.05/21 or 0.0024. Considering the correlations for all participants in Table 3, all correlations, except between detection thresholds and tonal comparisons (p = 0.07), were significant indicating the general trend that the best performing participants were consistent across procedures. While detection thresholds were correlated with other measures, the explained variance was not as high as for the other comparisons. These correlations with detection thresholds were likely driven by group effects with cochlear implant users having elevated detection thresholds and consistently poorer performance on other measures. This notion is supported by the fact that none of the within-group correlations were significant for comparisons with detection thresholds. The low-level measures of pure tone and fundamental frequency discrimination were highly correlated with the higher-level measures of tonal and rhythm comparisons and interval identification. The strength of these correlations generally held when considering correlations within each participant group. For cochlear implant users, both pure tone and fundamental frequency discrimination were particularly well correlated to interval identification. The strong relationship between frequency discrimination and interval identification suggests that training on one of these dimensions could strengthen the other, although it is important to note that no training effects were found in this study. While fundamental frequency discrimination produced the highest correlation with interval identification, the other assessments were all significantly correlated with interval identification as well. Multiple regression analyses were calculated to determine which pairs of assessments including an interaction term provided the highest joint correlation with interval identification. The highest correlation was observed between interval identification with a multiple regression analysis of fundamental frequency discrimination and MSI scores, which produced a correlation coefficient of 0.97 when the interaction between measures was included and 0.94 when the interaction was not modeled. In general, the correlation between assessments were strongly interdependent (additional variance was not well explained by combining measures), with the most notable exception that jointly modeling MSI scores and fundamental frequency discrimination produced the largest correlation.


TABLE 3    Correlations between results from different procedures averaged across conditions.
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TABLE 4    As for Table 3 but only including those with no known hearing loss.
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TABLE 5    As for Table 3 but only including cochlear implant users.
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As an example of specific relationships, Figure 7 compares performance on pure tone frequency discrimination, tonal and rhythm comparisons, and interval identification with fundamental frequency discrimination. Participants who had better fundamental frequency discrimination for complex tones tended to have better performance on all other measures. As a second example of specific relationships, Figure 8 compares performance on detection thresholds, pure tone frequency discrimination, fundamental frequency discrimination, tonal comparisons, rhythm comparisons, and interval identification with MSI scores. Participants who had higher MSI scores—in particular, those with normal hearing—tended to have better performance on all other measures.
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FIGURE 7
Comparisons of individual results from different procedures based on averages across conditions. For each comparison, each symbol represents the average measure for each individual participant averaged across conditions and repetitions. Individual thresholds for cochlear implant users with implants from Cochlear Corporation are represented with a circle (red), Advanced Bionics with a diamond (dark red), and MED-EL with a square (light red).
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FIGURE 8
Comparisons of Musical Sophistication Index (MSI) with individual results from different procedures based on averages across conditions. For each comparison, each symbols represents the average measure for each individual participant averaged across conditions and repetitions. Individual thresholds for cochlear implant users with implants from Cochlear Corporation are represented with a circle (red), Advanced Bionics with a diamond (dark red), and MED-EL with a square (light red).




Details of the training program

Figure 9 shows the number of cumulative failed runs during training across difficulty levels for individual participants. The purpose of reporting training progress in terms of cumulative fails was to highlight which subjects had the most difficulty completing the training task at specific difficulty training levels and overall. Subjects H2, H6, and H7 had perfect performance on all difficulty training levels, so their data points overlap and only H7 is visible. Subject H5 had impressive performance as well. These four subjects were all accomplished musicians, which is reflected in their exceptional performance. The other three subjects (H1, H3, and H4) were non-musicians, with H4 struggling the most in this group. Subject C2 was a musician from a young age before getting the cochlear implant, which may have contributed to the great performance. Subjects C16 and C32 were both avid musicians who passed most difficulty training levels with ease. Subject C22 was an accomplished musician but also a bimodal listener who has not had much focused rehabilitation of the cochlear implant alone, which may have contributed to the difficulty getting past even the first level.
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FIGURE 9
Number of cumulative failed runs across levels for individual participants. Each line ends when the participant completed 2 weeks of training or reached the final level of the training program. Note, the ordinate has a different scale for the two participant groups. The assessment conditions used for interval identification correspond to training levels of 20, 22, and 24.





Discussion

The primary aim of this study was to characterize performance on assessment tasks for cochlear implant users and listeners with no known hearing loss before and after 2 weeks of online musical interval training. Pre-training and post-training assessments measured pure tone and fundamental frequency discrimination, tonal and rhythm comparisons, and interval identification. The overarching hypothesis motivating this study is that both low-level psychophysical access to pitch cues as well as higher-level labeling of intervals limits identification accuracy in cochlear implant users, and, to a certain extent, those with no known hearing loss. Strong correlations were found between low-level measures of frequency and fundamental frequency resolution with higher-level rhythm and tonal comparisons, interval identification, and musical sophistication, thus supporting the first part of the overarching hypothesis. Furthermore, dedicated training on interval identification during this study provided cochlear implant participants opportunity to build (or rebuild) the association between interval and naming convention, along with experience with assessment tasks requiring pitch judgments.

The strength of the relationship between interval identification and frequency discrimination is well explained by separating the skills needed to perform interval identification into two components. The listener must first, hear the difference in pitch between two successive notes and second, label the magnitude of the pitch difference with the corresponding interval. Challenged in this way, participants use increasingly fine distinctions between interval magnitudes to determine the interval label. It was surprising then that a few listeners with no known hearing loss had pitch resolution at or worse than 1 semitone (note, one semitone is approximately a 6% difference in fundamental frequency). This could have been a function of age (p < 0.02 for correlations with PT, F0, II, and MSI), experience, unknown hearing loss, or even attention. Most cochlear implant users had pitch resolution worse than two semitones, and although age was not a factor. This poor resolution makes it difficult to form magnitude judgments, except for stark interval comparisons such as a major 2nd versus an octave. One cochlear implant user, who had pitch resolution better than a semitone, was able to correctly label 80% of intervals on the assessment task. While it was not guaranteed that the higher-level task of interval labeling would directly influence performance on lower-level psychoacoustic tasks in this brief training, given the strength of the relationship between interval identification and frequency resolution, it is possible that more extensive practice at interval labeling may transfer to simpler tasks such as pitch ranking and melodic contour identification, although this study did not find any evidence for this claim. It has also been shown that incidental listening to musical materials can improve resolution of those materials (Little et al., 2019).

The absence of significant learning in both participants groups should be taken into consideration when evaluating the effectiveness of training strategies. It has been proposed that auditory perceptual learning requires both stimulus exposure and execution of the task to be learned—provided in the current study by task practice—and a sufficient amount of practice per day (Wright, 2013). These requirements for learning must be balanced with common barriers to training paradigm success—fatigue and attrition. Studies of computer-based auditory training programs for individuals with hearing loss have varying definitions of retention and many studies do not report their compliance level (Henshaw and Ferguson, 2013). The present study aimed to make musical interval training accessible and convenient by providing an online training program that participants could use at home and by limiting training sessions to 20 min per day for 2 weeks. This is a relatively brief training protocol compared to other training programs for cochlear implant users (Looi et al., 2012). While this brief period of training likely contributed to the 100% retention rate, it may not have provided enough practice needed for learning, leading to the lack of improved performance on the trained task. Further investigation into musical interval identification training in cochlear implant users is necessary to clarify the optimal amount of daily and total training needed for learning.

An additional consideration is the difficulty of using the online interface given the age of participants in the cochlear implant user group. Technological literacy is generally lower among older populations and the mean age of the cochlear implant users was 62.9 years compared to 42.3 years for the listeners with no known hearing loss. Multiple participants reported difficulty using the online interface throughout the study. This may have made learning through the online interface difficult and training sessions may not have progressed as intended. While age did not significantly correlate with performance in the cochlear implant group, it did for the group with no known hearing loss for pure tone frequency discrimination (p = 0.014), fundamental frequency discrimination (p = 0.017), and interval identification (p = 0.001).

The assessment used for interval identification may also have been too difficult for the cochlear implant users. The conditions for the assessment procedure presented the participants with three types of intervals (major 3rd, perfect 5th, and octave) over three root note frequency ranges (octave ranges centered on A2, A3, and A4). These conditions correspond to training levels 20, 22, and 24 of the training program. Many participants in the cochlear implant group did not progress beyond level 22 within the 2-week training period. Therefore, one explanation for the lack of improvement in musical interval identification after training is that some participants may have only been exposed to easier levels of musical interval identification.

Our training protocol required participants to learn a difficult task in a brief amount of time. Musical intervals are a relatively abstract concept and represent the pitch ratio, a concept that is difficult to grasp without prior musical training. Given that it is well known that interval labeling is a skill that cannot be learned without dedicated musical training, a control group of participants who did not train on interval labeling was not included. It is possible that task familiarity had a small impact on participant performance that cannot be assessed without a control group, since tasks in the pre- and post-training assessments were identical. However, task familiarity is unlikely to have contributed significantly in this study given that there were no significant improvements in performance found across sessions. Furthermore, the interval labeling task was chosen due to its challenging nature, requiring participants to attend to multiple musical interval stimuli in order to progress through the difficulty training levels. Studies have suggested that an auditory task must be sufficiently difficult to result in learning since adequate amounts of attention is a requirement of learning, but there is evidence that exceptionally difficult tasks can still facilitate perceptual learning (Amitay et al., 2006; Moore and Amitay, 2007). However, the extent that task difficulty limits the higher-level labeling aspect of interval identification is poorly understood.

Musical interval identification also requires a listener to distinguish between two pitches and many listeners without prior musical training have poor resolution. McDermott et al. (2010) demonstrated that normal hearing non-musicians and even some amateur musicians had pitch interval thresholds greater than a semitone for pure and complex tone conditions. They found that interval resolution was up to 8 times worse than frequency resolution, indicating that the frequency resolution necessary to discriminate between intervals of one semitone difference in width (e.g., minor second vs major second) may need to be better than 1 semitone.

Even poorer pitch resolution is demonstrated in cochlear implant users (e.g., Pretorius and Hanekom, 2008; Goldsworthy, 2015). The ability to distinguish between two pitches is affected by the cues (temporal and place-of-excitation) provided by the processor for different stimuli (see Figure 1 for representative encoding of musical notes). Cochlear Corporation (9/13 subjects) generally discards temporal fine structure while providing temporal cues through F0 envelope modulation, MED-EL (2/13 subjects) and Advanced Bionics (2/13 subjects) attempt to encode more temporal cues through their processors, especially at lower frequencies (Arnoldner et al., 2007; Gazibegovic et al., 2010; Wouters et al., 2015). Swanson et al. (2019) unpacked the temporal and place-of-excitation cues for pure tones and harmonic complexes for the Cochlear Corporation signal processing strategy. They showed that pure tones provide only place cues to pitch, with the filter bandwidth at different frequencies having a substantial effect on the pitch resolution. For pure tones near 1,000 Hz, variation in pure tone frequency will produce variation in the relative amplitude of two neighboring filters, hence variation in currents on neighboring electrodes. For pure tones near 250 Hz, this mechanism does not work as well because the lowest filter is centered at 250 Hz, so there is no lower neighbor. For pure tones near 4,000 Hz, the filters are much wider, and if two tones are both within one filter passband, then there may be little difference in the two corresponding stimulation patterns. This may explain the general pattern of results in Figure 3 with poor resolution at both lower (<250 Hz) and higher (>4 kHz) frequencies and better resolution between 250 and 4 kHz (Pretorius and Hanekom, 2008). Our rationale for using pure tones of 250, 1,000, and 4,000 Hz is to broadly characterize spectral resolution as conveyed by place-pitch cues across the electrode array. Pure tones primarily provide place-pitch cues with the exception of strategies that attempt to provide timing cues for pure tones. While MED-EL and Advanced Bionics would attempt to provide temporal cues for 250 Hz pure tones, it does not appear to have broad effect on individual performance in Figure 3. Harmonic complexes below 220 Hz would have good temporal cues provided by amplitude modulation at the fundamental because the individual harmonics are not resolved by the ACE filter bank, between 220 and 440 would have a mixture of the two cues, and above 440 Hz would have only place cues because the individual harmonics are resolved (Swanson et al., 2019). The results of Figure 4 suggest that subjects may have been more sensitive to temporal pitch cues than place pitch cues. Interval identification was done with musical piano notes to provide the richest encoding of musical tonality (von Helmholtz, 1885; Siedenburg et al., 2019). The cues provided by these notes varied based on frequency, with trials presenting place, temporal, or a mixture of cues. Although the higher-level assessments could have been designed with stimuli to isolate a single pitch cue, as was done by Vandali et al. (2015), the present study focused on providing musical notes with the most potential cues for pitch and interval judgments, leaving the cues chosen up to each subject’s clinical signal processing strategy.

Considering the relationships between pitch resolution and music perception, this study demonstrates that pure tone frequency and fundamental frequency discrimination are both highly correlated with musical interval identification. This correlation is anticipated given that a musical interval is comprised of two different pitches. These correlations suggest that improving access to low-level cues for pure tone frequency and/or fundamental frequency perception could improve higher-level musical abilities. To improve perception of complex listening situations and musical perception for cochlear implant users, future signal processing strategies should improve access to stimulation cues that support pitch perception, whether that be through better coding of place-of-excitation cues, better coding of temporal modulation cues, or a synergy of these two (Fu and Shannon, 1999; Leigh et al., 2004; Laneau et al., 2006; Arnoldner et al., 2007; Riss et al., 2008, 2014, 2016; Stohl et al., 2008; Firszt et al., 2009; Lorens et al., 2010; Vermeire et al., 2010; Luo et al., 2012; Müller et al., 2012; Grasmeder et al., 2014; Francart et al., 2015; Rader et al., 2016; Erfanian Saeedi et al., 2017). Concomitant with better signal processing, structured aural rehabilitation programs should be designed to reintroduce cochlear implant users to the subtle stimulation cues for pitch perception. Given the correlations of low-level pitch perception with higher-level musical perception tasks, improvement in signal processing and dedicated aural rehabilitation will likely improve musical enjoyment and appreciation for cochlear implant users.
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Cochlear implants (CIs) are commonly used to restore the ability to hear in those with severe or profound hearing loss. CIs provide the necessary auditory feedback for them to monitor and control speech production. However, the speech produced by CI users may not be fully restored to achieve similar perceived sound quality to that produced by normal-hearing talkers and this difference is easily noticeable in their daily conversation. In this study, we attempt to address this difference as perceived by normal-hearing listeners, when listening to continuous speech produced by CI talkers and normal-hearing talkers. We used a regenerative model to decode and reconstruct the speech envelope from the single-trial electroencephalogram (EEG) recorded on the scalp of the normal-hearing listeners. Bootstrap Spearman correlation between the actual speech envelope and the envelope reconstructed from the EEG was computed as a metric to quantify the difference in response to the speech produced by the two talker groups. The same listeners were asked to rate the perceived sound quality of the speech produced by the two talker groups as a behavioral sound quality assessment. The results show that both the perceived sound quality ratings and the computed metric, which can be seen as the degree of cortical entrainment to the actual speech envelope across the normal-hearing listeners, were higher in value for speech produced by normal hearing talkers than that for CI talkers. The first purpose of the study was to determine how well the envelope of speech is represented neurophysiologically via its similarity to the envelope reconstructed from EEG. The second purpose was to show how well this representation of speech for both CI and normal hearing talker groups differentiates in term of perceived sound quality.
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Introduction

Sound quality is classically estimated from the physical difference of an utterance produced by a talker from its standard reference and is used as a metric to quantify “how well” the talker has spoken (Loizou, 2011), which may not align well with outcomes obtained perceptually. Perceived sound quality-based listener judgments may be a more direct way to determine “how well” talker has spoken, however, the outcome can vary greatly from one listener to another. Adding physiological data measurement (i.e., cortical activity) to the behavioral sound quality judgments may facilitate the needed consistency and consensus across listeners.

A cochlear implant (CI) is a common device used to restore the ability to hear and provide the necessary auditory feedback to produce and monitor speech for hard-of-hearing individuals. However, there remains a large variability in speech production proficiency among implant recipients, which could be attributed to the age of implantation, duration of hearing loss, duration of device used and remaining residual hearing (Ruff et al., 2017; Kim et al., 2018; Gautam et al., 2019). In this study, we obtained perceived sound quality ratings of speech produced by both a CI talker group and a normal-hearing (NH) talker group and captured their cortical entrainment to the speech as indicated by associated cortical activities of the normal-listening listeners. The first purpose of the study was to determine how well the actual envelope of speech is represented neurophysiologically via its similarity to the envelope reconstructed from the co-fluctuating electroencephalogram (EEG) activities using a re-generative model (Crosse et al., 2016). The second purpose was to show how well the speech envelope was represented in response to both CI and NH talker groups and differentiated the groups in terms of their perceived sound quality. The goal is to achieve a metric to assess “how well” hard-of-hearing talkers have spoken and the auditory feedback they received in their current aural compensation.

Neurophysiological processing of sound is usually examined using event-related potentials (ERPs). The P3 component has been recently used to evaluate the effects of perceived quality changes in speech (Uhrig et al., 2019a,b) and it was reported that the peak amplitude and latency were modulated by sound quality. Likewise, others studies (Martin et al., 1997; Martin and Stapells, 2005; Antons et al., 2010, 2012; Porbadnigk et al., 2013) also showed that, as the level of degradation decreases when compared to the standard stimulus, which means it is harder for listeners to discriminate the deviant stimulus from the standard stimulus, the amplitude and latency of the P3 component become lower and longer, respectively. These ERP techniques commonly utilize auditory stimuli of short duration, which are not optimal to use to make perceptual sound quality judgments.

Cortical entrainment to the envelope of speech may serve as a useful alternative to investigate the neurophysiologic processing of continuous speech, as evidence has shown that the dynamic cortical activity tracks the envelope of continuous, natural speech (Aiken and Picton, 2008; Lalor and Foxe, 2010). This phenomenon reflects the activity of distinct neural populations that implement different functional roles including encoding acoustic features (for a review, see Ding and Simon, 2014) and can be captured by EEG (Aiken and Picton, 2008). The temporal envelope, a slow variation of the amplitude of speech is considered to be one of the most important cues for speech intelligibility (Peelle and Davis, 2012) and speech perception (Shannon et al., 1995). Particularly in delta (1–4 Hz) and theta (4–8 Hz) frequency bands, neural activity is known to track the amplitude envelope of speech (Ding and Simon, 2014).

This cortical tracking of the speech envelope can be inferred from the correlation between the actual speech envelope and the speech envelope predicted/decoded from the EEG/magnetoencephalography (MEG). Many studies have demonstrated that the speech envelope can be decoded from single-trial EEG/MEG recordings obtained by presenting the stimulus only once (Ding and Simon, 2012, 2013; Di Liberto et al., 2015; O’Sullivan et al., 2015). A multivariate linear model (Crosse et al., 2016) was developed to map the multi-channel EEG signal into a single-channel speech envelope with the intent of minimizing the mean-squared error between the actual speech envelope and the reconstructed envelope. To accomplish this, the time-shifted version of the EEG channels is first obtained by applying a range of delays also known as the temporal integration window (e.g., 0 and 500 ms) to each channel, then all of the delayed channels are weighted, to linearly reconstruct the envelope of speech. The actual speech envelope and the reconstructed envelope are then correlated with each other, which yields a measure of envelope entrainment. Using this technique, previous studies have examined the cortical entrainment to the envelope of speech and correlated the degree of entrainment to behavioral speech intelligibility (Ding and Simon, 2013; Kong et al., 2015; Vanthornhout et al., 2018). It has been shown that higher speech intelligibility coincides with improved cortical entrainment to the speech envelope. This technique was also used as an EEG-based measure of attention decoding in a cocktail party environment (O’Sullivan et al., 2015).

Likewise, we used this technique to study the cortical entrainment to the speech envelope in relation to sound quality as perceived by normal-hearing listeners, and developed a metric to differentiate speech spoken by CI and NH talker groups. Bootstrapped Spearman correlation between the actual speech envelope and the envelope reconstructed from the EEG was computed to quantify the cortical entrainment to the speech envelope, and compared to the sound quality as perceived by the listener. We hypothesized there would be closer cortical tracking of the speech envelope (higher correlation) when speech is of higher perceived sound quality. We therefore anticipated that closer cortical tracking of speech envelope would be obtained with speech passages spoken by NH talkers than with those spoken by CI talkers.



Materials


Participants

Eleven normal-hearing listeners were recruited from the University of Texas at Dallas student population for this study. Their age ranged from 19 to 29 years (mean age = 21.5 years; 5 female, 6 male). All normal-hearing listeners were screened by presenting pure tones at 20 dB HL from 250 HZ to 8 kHz at octave frequencies and had normal hearing thresholds < 20 dB HL. This study was approved by the Institutional Review Board at the University of Texas at Dallas. All participants signed the informed consent forms prior to participation in the experiment and were paid for their participation.



Talkers

Two groups of 8 talkers each were selected from the “Corpus of deaf speech for acoustic and speech production research” database collected at the University of Memphis (Mendel et al., 2017). This corpus is a pool of speech recordings digitally sampled at 44,100 Hz, spoken by NH talkers and hearing impaired (HI) talkers. The entire “Rainbow Passage” spoken by each talker was recorded by the authors using a Shure SM93 prolog dynamic microphone. We selected speech passages read by 8 CI talkers (4 female; 4 male) and 8 NH talkers (6 female; 2 male) for our present study. The two groups of talkers are, respectively, referred to as CI talker group and NH talker group. Table 1 shows the duration of speech passage recorded by each talker in both talker groups with mean and standard deviation across each talker group.


TABLE 1    Duration of the stimuli.

[image: Table 1]

Table 2 presents the demographic details of the chosen CI talkers from the database (Mendel et al., 2017). The CI talkers are aged between 16 and 77 years with an average age of 47.5 years. Other than CI talker #3, the rest of the CI talkers were post-lingually deaf. This should not be confused with the participants in our study who are normal-hearing listeners listening to the speech passages produced by these CI talkers and NH talkers.


TABLE 2    Demographic details of the CI talkers from the deaf speech corpus.

[image: Table 2]




Methods

Figure 1 shows the overall setup for both behavioral and electrophysiological experiments. Normal-hearing listeners listened to the speech passages produced by both CI talkers and NH talkers. The behavioral sound quality assessment experiment was always conducted first, followed by the EEG experiment, which were performed on the same day. For each listener, the total duration of the behavioral and EEG experiments varied between 2 and 3 h. In the behavioral experiment, each listener was presented with speech passages spoken by 8 CI talkers and 8 NH talkers in a randomized order and was asked to rate the perceived sound quality of each speech passage. In the electrophysiological experiment, the single-trial EEG responses of the same listeners were recorded while they were presented with the same speech passages they heard in the behavioral experiment. The stimulus presentation order was randomized across the two experiments.


[image: image]

FIGURE 1
Behavioral and EEG experiment setup.


From each speech passage, the envelope was extracted and referred as the actual speech envelope. Then the envelope of the speech was reconstructed from its associated EEG signal using a decoder referred to as the reconstructed/predicted envelope. The bootstrapped Spearman correlation between the actual speech envelope and the reconstructed envelope is employed as a metric that measures the cortical entrainment to the actual speech envelope in each normal-hearing listener. Then the sound quality and the cortical entrainment to the speech envelope were compared for the speech passages produced by two groups of talkers.


Behavioral experiment

For the sound quality assessment, listeners were seated in a soundproof booth in front of a touch screen computer monitor. They were seated 1 m from a loudspeaker at 0°azimuth at their ear height. The speech passages were presented via the loudspeaker at 65 dB SPL. Each normal-hearing listener was asked to perform two trials of behavioral sound quality assessments. In one trial, the speech passages spoken by 8 CI talkers and 8 NH talkers (total of 16 passages) were presented one at a time in a randomized order to a listener. Each speech passage was presented only one time. Listeners were instructed to listen to the speech passages and to rate the sound quality of each passage on a Likert 10 point scale (Sangthong, 2020), with 1 being the most distorted and 10 being the most undistorted using a touch screen monitor. In the second trial, the same speech passages were randomly presented and listeners again rated the sound quality. The perceived sound quality rating of each speech passage was computed as the average of the ratings obtained across the two trials.



Electroencephalogram experiment

EEG recording was performed after the behavioral sound quality rating assessment. A 64-channel actiCHamp amplifier EEG setup (Brain Products GmbH, Munich, Germany) was used to record the ongoing EEG in response to the same passages produced by two groups of talkers used in the behavioral test. The EEG signals were recorded using an electrode cap (actiCAP, Brain Products GmbH, Munich, Germany) placed in accord to the 10–20 system (Oostenveld and Praamstra, 2001). The ground channel and the reference channel were located at FPz and FCz, respectively. To monitor eye-movement artifacts, the HEOG was monitored from electrodes placed at the lateral outer canthi and the VEOG was recorded from electrodes placed above and below the left eye. All electrode impedances were maintained below 10 kOhms. Each listener was asked to minimize body movement and watch a silent, captioned movie while EEG recording was in progress. EEG data were recorded with a sampling rate of 1,000 Hz. The EEG recordings were time aligned with the stimulus based on a trigger event inserted at the onset of each passage.



Electroencephalogram preprocessing

All EEG data were analyzed offline using custom scripts in MATLAB_R2021a (MathWorks, Natick, MA, United States). EEG data were preprocessed using the EEGLAB toolbox (Version14.1.2b; Delorme and Makeig, 2004) in MATLAB to prune unwanted artifacts. The portion of the EEG contaminated with artifacts related to muscle was removed by visual inspection. Artifacts from the eye blink, lateral eye movement, and heart beat were pruned from the EEG using independent component analysis (ICA) in the EEGLAB toolbox. To prune the independent components reflecting eye blinks and lateral eye movements, the fully automated Eye-Catch approach (Bigdely-Shamlo et al., 2013) was used. After the artifact removal procedure, the data were re-referenced to a common average reference (CAR) and the reference channel FCz was added back to the data.



Signal processing: Electroencephalogram and speech envelope


Electroencephalogram

Cortical tracking of the acoustic features of speech is typically analyzed in specific frequency bands, including delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–14 Hz), beta (14–30 Hz), low-gamma (30–70 Hz), and high-gamma (70–100 Hz). Cortical activities in delta (1–4 Hz) and theta (4–8 Hz) frequency bands are particularly known to track the amplitude envelope of speech (Ding and Simon, 2014) and are the focus here. To extract the EEG activity in the delta and theta frequency bands, the preprocessed EEG signal was band-pass filtered between 0.5–4 Hz (delta) and 4–8 Hz (theta) using a zero-phase Butterworth filter with 80 dB attenuation at 10% outside the passband (Vanthornhout et al., 2018; Lesenfants et al., 2019a,b). The zero-phase filtering was performed using the filtfilt command in MATLAB. Figure 2 presents the magnitude responses of the Butterworth filters in delta (Figure 2A) and theta (Figure 2B) frequency bands designed at sampling frequency = 1,000 Hz. The computed order of the Butterworth filters was 136 and 118 (68 and 59, 2nd order in cascade), respectively, to realize the delta and theta frequency bands. We chose this filter to have a sharper roll-off at the edge of the pass band as delta and theta are consecutive frequency bands. The performance of the filters was shown in Figure 2.


[image: image]

FIGURE 2
Magnitude responses of the Butterworth filter showing sharper roll-off at the edge of the pass bands in (A) delta and (B) theta frequency bands.




Speech envelope

The Hilbert transformation was first applied to the speech signal, to obtain the complex-valued output. The absolute value of the complex-valued output was computed which provides the instantaneous amplitude of the signal followed by low-pass filtering at 40 Hz to extract the speech envelope. In our study, we also filtered the extracted speech envelope into 0.5–4 Hz (delta) and 4–8 Hz (theta) to match the bandwidth of the EEG signals. The extracted speech envelope was resampled to 1,000 Hz to match the sampling rate of EEG signals before applying the zero-phase Butterworth filters shown in Figure 2. All speech envelopes and EEG data were further downsampled to 128 Hz (Crosse et al., 2016) to reduce the computation time.




Speech envelope reconstruction

A linear decoder as proposed in Crosse et al. (2016) was used to predict and reconstruct the speech envelope from the associated EEG activity. The decoder acts as a spatiotemporal filter that linearly maps the EEG to the speech envelope thereby reconstructing the speech envelope estimated from the corresponding EEG response recorded when listening to the speech passages. The time-shifted version of the EEG channels was obtained by applying a range of delays (in general, between 0 and 500 ms) to each channel, then all of the delayed channels were weighted, in order to linearly reconstruct the envelope. The actual speech envelope and the reconstructed envelope were then correlated with each other, which yields a measure of cortical entrainment to the actual speech envelope. The process is explained as follows:

Given a linear decoder g(τ, n) representing the linear mapping from the EEG response, r(t, n), back to the stimulus envelope s(t), a single estimate of the stimulus envelope [image: image](t) was computed as follows:

[image: image]

with t ranges from 0 to T, length of the signal. τ is the integration window length and n is the index of the N EEG channels. The decoder g(τ, n) was derived by minimizing the mean-squared- error (MSE) between the actual stimulus envelope s(t), and the estimated stimulus envelope [image: image](t), i.e.,

[image: image]

The decoder computation can be expressed using the following matrix operation:

[image: image]

where the superscript T represents the transpose of a matrix, I is the identity matrix and λ is the ridge/regularization parameter chosen to make the decoder less prone to overfitting. R represents the lagged time series of EEG response matrix r, for N channels, the dimensions of matrix R is T × Nτwindow, where τwindow = τmax - τmin with τmin and τmax represent the minimum and maximum time lags (in samples), respectively. The stimulus envelope, s, is a column-wise vector of length T and the resulting decoder, g, would be a vector of Nτwindow samples.

Figure 3 illustrates the procedure of reconstruction of a speech envelope in a single listener. For each normal-hearing listener, 16 decoders were obtained, corresponding to the 16 speech passages combined from the two groups of talkers. These 16 decoders were, respectively, computed as Eq. 3 using each of the 16 speech envelopes extracted from the 16 spoken speech passages by 8 CI and 8 NH talkers and their associated EEG signals collected from the normal-hearing listeners listening to these speech passages. Later, the reconstructed envelope which corresponds to the speech passage produced by CI talker #1 was obtained by correlating an “Average decoder” with the EEG signal recorded from the listener while listening to spoken passage by CI talker #1 as shown in Eq. 1. This “Average decoder” was computed as the average of the remaining 15 decoders, i.e., decoder 2 to decoder 16. This “leave-one-out” model approach was repeated to reconstruct the envelope corresponding to the remaining 15 speech passages in the same listener. Finally, to compute the bootstrapped Spearman correlation between the actual speech envelope and the reconstructed envelope, we randomly permuted the reconstructed envelope 1,000 times and calculated Spearman’s correlation between the result and the actual speech signal for each permutation. The final correlation value was evaluated as the averaged value of the resulted 1,000 correlation values.


[image: image]

FIGURE 3
Flowchart illustrating the stages involved in the reconstruction of a speech envelope.


The sample size for this study is supported by a power analysis conducted on the data. Cohen’s “d” (Cohen, 1988) was computed on the paired samples t-tests for the sound quality and envelope entrainment data. Assuming a significance level, alpha = 0.01 and power of 80%, the sample sizes were, respectively, estimated as “8” and “14” with the behavioral and EEG experimental results and our current study’s sample size falls between the estimated sample sizes.




Results


Behavioral results

Figure 4 presents the perceived sound quality ratings as rated by individual normal-hearing listeners for the speech passages produced by the two talker groups. Figure 4 also shows the mean and standard deviation of the perceived sound quality ratings for the spoken speech passages by CI talker (red curve) and NH talker (black curve) groups across the normal-hearing listeners. The perceived sound quality ratings for the speech passages spoken by CI talkers varied widely along the range. Whereas for those spoken by the NH talkers, there was little difference in the sound quality ratings across the NH talker group as each of the speech passage spoken by NH talkers was rated almost equally high in sound quality. Within the CI talker group, CI talker #2 was rated with highest mean sound quality of 9.2 and CI talker #8 was rated with lowest mean sound quality of 1.2. In addition, there was a larger relative difference in the standard deviation for the speech passages spoken by CI talkers compared to the speech passages spoken by the NH talkers especially in case of CI talker #1, #4, and #7.


[image: image]

FIGURE 4
Individual listener assessed sound quality data point for the speech passages spoken by CI and NH talkers and also showing the mean and SD of the sound quality ratings for the CI and NH talker groups.



Statistical analysis

Statistical analysis was performed using MATLAB_R2021a and R studio (version 3.3.0). First, a paired-samples t-test on perceived sound quality between the CI talker group and NH talker group was performed to investigate whether there is a significant difference in perceived sound quality ratings for these two groups of talkers. For paired-samples t-test, the two dependent samples contained one entry for each listener with a single averaged perceived sound quality across CI talker group and NH talker group. The results showed that the mean sound quality ratings for the NH talker group were significantly higher than that of the CI talker group [t(10) = 9.8, p < 0.001]. To appropriately model our dataset statistically and to assess the relevant factors such as talker group (CI/NH), talker gender (male/female), and duration of the utterance of spoken passages (referred to as duration; Table 1) contributing to perceived sound quality, we used a linear mixed effects regression (lmer) model using the lme4 package (Bates et al., 2015). The above three fixed factors are, respectively, referred to as TALKERGROUP, TALKERGENDER, and DURATION. In the lmer model, the perceived sound quality, as rated by the listeners, was considered as the outcome variable and the listener as the random factor. By constructing two hierarchical regression models, we assessed how the three fixed factors/predictors such as TALKERGROUP, TALKERGENDER, and DURATION modulated the perceived sound quality. The hierarchical regression analysis consisted of two models: Model 1 (m1) used only TALKERGROUP as a predictor, while Model 2 (m2) used TALKERGROUP, TALKERGENDER, and DURATION as predictors. Model comparison between the simpler and the complex model, i.e., m1 and m2, respectively, was obtained with the R-function ANOVA that uses the chi-square test. The improvement in the model fit for adding more predictors was determined by comparing the Akaike Information Criterion (AIC; Akaike, 1974) of the simpler and the complex model. If the AIC of the more complex model was smaller than that of the simpler model with p < 0.05 (statistically significant), the more complex model was considered to have a better fit. The best-fitting model was then investigated for the modulation of the outcome variable by various fixed factors. The results showed that the complex model m2 yielded the lower AIC (AIC = 704.10) whereas the simpler model m1’s AIC was significantly higher (AIC = 781.78) [chi-square(6) = 81.68, p < 0.001].

Speaking of the effects of the fixed factors on the perceived sound quality, the effect of TALKERGROUP was significant (beta = −0.857, F(1,162) = 6.89, p = 0.009), also the talker-group related differences in perceived sound quality in listeners can be observed in Figure 4, which demonstrates that the mean quality rating for the NH talker group ([image: image]: 9.4, s.d: 0.8) was higher than that of the CI talker group ([image: image]: 6.9, s.d: 3). A significant effect of the TALKERGENDER factor was also observed [beta = −0.094, F(1,162) = 10, p = 0.002] and Figure 5A visualizes the talker-gender related differences such that the median value of the perceived sound quality across the speech produced by female talkers (median = 9.5) was higher than that of the speech produced by male talkers (median = 8.6). Figure 5B visualizes the duration related difference in perceived sound quality across the listeners, and the effect of DURATION on the perceived sound quality was also statistically significant [beta = −0.973, F(1,162) = 92.9, p < 0.001]. In general, the perceived sound quality was higher for the speech of shorter duration of utterances.


[image: image]

FIGURE 5
(A) Perceived sound quality vs. talker gender. (B) Perceived sound quality vs. duration of the spoken passage across two talker groups.





Envelope entrainment in response to speech spoken by cochlear implant talkers and normal-hearing talkers

An optimal regularization parameter λ that minimizes the MSE between the actual speech envelope and the reconstructed envelope was first selected to train the decoder, and followed by choosing the optimal integration window over which the decoder integrates the EEG to reconstruct the speech envelope. With these optimal parameters, the correlation between the actual speech envelope and the reconstructed envelope was computed as the metric to quantify the degree of cortical entrainment to the speech envelope. The computed metric is then compared between the two talker groups in relation to their perceived sound quality.


Entrainment to speech envelope (<40 Hz)


Selection of parameters to train decoders

An optimized λ was chosen from a set of values (10–1, 100,…, 103, 104, 105,.., 1010) which minimizes the MSE between the actual speech envelope and the reconstructed envelope as in Eq. 2. In both delta EEG band and theta EEG band, an optimal λ value was evaluated for each listener, and the value, however, turned out to be 106 for all the listeners. In general, an integration window is chosen from the range of time lags between 0 and 400/500 ms (Crosse et al., 2016). Likewise, we varied the temporal integration window of the decoder from 0–20 ms to 0–400 ms with a step size of 20 ms and chose an integration window of 0–400 ms for all the listeners, as there was no consistent peaking of correlation vs. time lags was observed across spoken speech passages by CI talkers and NH talkers.

The decoders are trained using these chosen parameters to reconstruct the envelope of speech from delta and theta EEG bands separately. Some instances of the reconstructed envelope and the actual speech envelope, and also the bootstrapped Spearman correlation “rho” between those two envelopes are shown in Figure 6 (Listener 6’s data). The correlation values shown at the top of the respective waveforms is considered as a metric reflecting the degree of cortical entrainment to the respective actual speech envelope. In general, a higher correlation value between the actual speech envelope and the reconstructed envelope indicates higher cortical entrainment to the actual speech envelope. Using the delta or theta EEG band and speech envelope < 40 Hz, the linear decoder poorly reconstructed the envelope from the EEG when correlated to the actual speech envelope. The highest value of correlation between the actual (for the speech passage spoken by NH talker #6) and predicted envelope observed was 0.1 using delta EEG band.


[image: image]

FIGURE 6
Plots showing instances of actual speech envelopes (blue) and the reconstructed envelopes (red dotted) and bootstrapped Spearman correlation (rho) between them. The decoders were trained using EEG in delta (A) and EEG in theta bands (B), with speech envelope < 40 Hz.


Figure 7 presents the cortical entrainment to speech envelope (<40 Hz) with EEG in the delta (top panel) and theta (bottom panel) frequency bands for the speech passages spoken by two groups of talkers (CI and NH). The mean sound quality rating as assessed by normal-hearing listeners for each speech passage in the two talker groups is also shown over the entrainment boxplots to show their perceived sound quality. Overall, the range of correlation values computed between the speech envelopes and the reconstructed envelopes from the EEG was higher using the delta EEG band (Figures 7A,B) than those obtained using the theta EEG band (Figures 7C,D). The above observation was true for the two groups of talkers as well. Comparing the envelope entrainment between the two groups of talkers, a higher variation in the median values of the envelope entrainment among spoken speech passages within the CI talker group was observed as compared to the NH talker group using delta EEG band (Figures 7A,B). Similar to the sound quality ratings, the variability in the median value of the envelope entrainment among spoken speech passages is less obvious within the NH talker group using delta EEG band (Figure 7B). Also, the range of correlation values were reduced greatly from delta to theta bands in both talker groups and no difference could be observed between the two talker groups using the theta EEG frequency bands.
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FIGURE 7
Cortical entrainment to speech envelope (<40 Hz) in the normal-hearing listeners is shown for each of the speech passages from the CI talker group (A,C) and NH talker group (B,D) using EEG in delta and EEG in theta bands, respectively. The data are represented in the form of the boxplots depicting medians (center mark) and interquartile ranges (the bottom and top edges of the box indicate the 25th and 75th percentiles). The boxplot shows the entrainment data variance across listeners, and the individual listener’s data points are plotted over it. Each listener is shown with a different symbol. The perceived sound quality curve (gray) is also shown for comparison.




Statistical analysis

Statistical analyses was conducted to investigate whether there was a significant difference in envelope entrainment (correlation values) in response to the speech passages produced by the two talker groups. A paired-samples t-test was performed on the Spearman correlation values for the 11 listeners, each entry of the listener with a single averaged correlation value across CI talker group and NH talker group as two dependent samples in the delta and theta EEG bands separately. The t-test results showed no significant difference in the envelope entrainment between the two talker groups using the delta EEG band [t(10) = 0.28, p = 0.79] or using theta EEG band [t(10) = 1.9, p = 0.09]. Using delta EEG band, the mean value of the envelope entrainment across the NH talker group 0.17 and the mean value of envelope entrainment across the CI talker group was 0.15. Whereas, using the theta EEG band, the mean value of envelope entrainment across the NH talker group was 0.16 and that of the CI talker group was 0.13.




Entrainment to speech envelope filtered to match bandwidth of delta (0.5–4 Hz) and theta (4–8 Hz) bands


Selection of parameters to train decoders

For each listener, an optimal λ value was evaluated in both delta and theta bands and the values are tabulated in Table 3. Figure 8 presents the Spearman correlation as a function of different time lags in each talker group across 11 normal-hearing listeners (spoken speech passages by 8 talkers in each talker group*11 NH listeners = 8*11 curves). Overall, there was quite a large variability in the Spearman correlation curves across the time lags observed in both Figures 8A,B showing the inter-stimulus (talker) and inter-subject (listener) differences except for the earlier integration window of 0–150 ms. The earlier integration window of 0–150 ms resulted in comparatively lower correlation values across the listeners and the correlation values seem to increase as the upper bound of the time lag increases. Hence, the integration window to train a decoder was chosen as 150–400 ms across the NH listeners. The decoders are trained using these chosen parameters to reconstruct the envelope from the EEG in both delta and theta bands and some instances of improved correlation with the inclusion of band-pass filtered versions (delta and theta) of speech envelopes in the same listener shown previously (Figure 6) are presented in Figure 9.


TABLE 3    Individual best λ for NH listeners.
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FIGURE 8
Spearman correlations between the actual speech envelope and the reconstructed envelope for (A) CI talker group and (B) NH talker group across the time lags. The thick dotted lines represent the mean values, and the shaded areas represent the standard deviation across the listeners.
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FIGURE 9
Plots showing instances of actual speech envelopes (blue) and the reconstructed envelopes (red dotted) and bootstrapped Spearman correlation (rho) between them in delta (A) and theta (B) bands.


Figure 10 presents the envelope entrainment in response to the speech passages spoken by two groups of talkers (CI and NH), where the speech envelopes were also band-pass filtered into the delta (top panel) and theta (bottom panel) frequency bands. Overall, the range of correlation values observed in the delta band were broader (Figures 10A,B) compared to the range observed in the theta band (Figures 10C,D). Comparing the envelope entrainment between the two groups of talkers in the delta band, a higher variation in the median values of the envelope entrainment within the NH talker group (Figure 10B) as compared to the CI talker group (Figure 10A). In contrary with the results of entrainment to speech envelope (<40 Hz) (Figure 7A), the variability in the median value of the envelope entrainment is less obvious within the CI talker group in the delta band (Figure 10A). Looking at the behavioral sound quality, between the talker #1, #2, and #3 in both the talker groups, the speech passage spoken by talker #2 had a higher sound quality compared to that of talker #1 and #3. A similar trend was also observed in the entrainment data, i.e., median value of the envelope entrainment for the speech passage produced by talker #2 is higher compared to that of talker #1 and #3. The above observation was true in both delta and theta bands and in both groups of talkers. Compared to the decoder trained using the actual speech envelope (<40 Hz), the decoders trained using the speech envelopes filtered to match delta and theta EEG bandwidths were able to achieve a higher correlation and better quantify the difference observed from the speech passages spoken by CI talkers and NH talkers.
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FIGURE 10
Cortical entrainment to speech envelope (filtered to match delta and theta bandwidth) in the normal-hearing listeners is shown for each of the speech passages from the CI talker group (A,C) and NH talker group (B,D) in delta and theta band, respectively. The data are represented in the form of the boxplots depicting medians (center mark) and interquartile ranges (the bottom and top edges of the box indicate the 25th and 75th percentiles). The boxplot shows the entrainment data variance across listeners, and the individual listener s data points are plotted over it. Each listener is shown with a different symbol. The perceived sound quality curve (gray) is also shown for comparison.




Statistical analysis

A paired-samples t-test was performed on the Spearman correlation values for the 11 NH listeners between the CI and NH talker groups in the delta and theta bands separately. In the theta band, the t-test did not reveal a significant difference in the envelope entrainment between the two talker groups [t(10) = 1.47, p = 0.17] that the mean value of envelope entrainment across the NH talker group was 0.09 and that of the CI talker group was 0.08. Whereas in the delta band, the t-test results showed a significant difference in the envelope entrainment between the two talker groups [t(10) = 3.2, p = 0.009]. The mean value of the envelope entrainment across the NH talker group ([image: image]: 0.12) was significantly higher than the mean value of envelope entrainment across the CI talker group ([image: image]: 0.08). Furthermore, in the delta band, we performed the similar lmer analysis presented before by replacing the outcome variable with Spearman correlation between the actual speech envelope and the reconstructed envelope. We assessed how the fixed factors TALKERGROUP, TALKERGENDER, and DURATION modulated Spearman correlations by fitting two separate hierarchical models: m1 and m2. Model comparison was carried out between the simpler model with the only fixed factor: TALKERGROUP, and the complex model comprising all the fixed factors: TALKERGROUP, TALKERGENDER, and DURATION. The ANOVA results show that there was no significant difference between the simpler model m1’s AIC (AIC = −533.29) and the AIC of the complex model m2 (AIC = −529.33) [chi-square(6) = 0.0318, p < 0.98]. The addition of the TALKERGENDER and DURATION fixed factors did not affect the goodness of fit of the model. With the simpler model m1, the lmer analysis results showed the TALKERGROUP had a significant effect on envelope entrainment [beta = −0.21, F(1,162) = 20.84, p < 0.001].






Discussion


Cochlear implant talker group vs. their speech quality

The database (Mendel et al., 2017) provided limited information about the individual CI talkers and this information is summarized in Table 4. As can be seen in Table 4 showing the demographic details of the chosen CI talkers, CI talkers #2, #5, and #6 were aided later than the others (marked in gray), presumably meaning a later onset of hearing loss. Therefore, better perceived speech quality likely reflects their greater degree of time in sound. The opposite occurred for CI talkers #7 and #8. These two talkers were aided earlier (marked in yellow), presumably indicating an earlier onset of hearing loss. Further, CI talker #8 used sign language only for communication whereas the others used oral communication and/or oral communication plus sign language. Their poorer speech quality likely reflects these factors.


TABLE 4    Demographic details of the selected CI talkers from the deaf speech corpus showing the mean sound quality rating of their spoken speech passages.
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Cortical entrainment to speech envelope

Correlation between the actual speech envelope and the reconstructed envelope was higher using the speech envelope filtered to match delta (0.5–4 Hz) and theta (4–8 Hz) bandwidth, when compared to the speech envelope with fluctuations < 40 Hz (Vanthornhout et al., 2018). In this scenario, between the delta and theta bands, in general, a closer cortical tracking to speech envelope was observed in the delta band. The observation was found in both talker groups. Previous study (Vanthornhout et al., 2018) has shown that cortical activity in delta band can serve as an indicator of how well a listener can recognize speech in the presence of noise. It is also known to carry the prosodic information (Goswami and Leong, 2013) to predict speech intelligibility (Ding and Simon, 2013; Vanthornhout et al., 2018). In alignment with the above studies, our results also suggest the cortical entrainment in delta band can serve as an indicator of the perceived sound quality by the listeners.

This preliminary research employed a linear model to predict and reconstruct the speech envelope from the EEG signal. The correlation values between the actual speech envelope and the reconstructed envelope obtained mainly ranged from −0.1 to 0.2. The reason for observing low correlation values between the two envelopes could be the assumption of a linear relationship between the speech envelope and the evoked neural response. A simple linear decoder is probably not a good fit to handle all the complexity of the auditory system and the brain (Vanthornhout et al., 2018). Also, neurons are known to respond to a complex stimulus like speech in a non-linear manner (Theunissen et al., 2000) and most likely, a non-linear decoder is needed to reconstruct the speech feature more accurately from the cortical responses. This idea is also supported by an EEG study conducted by Yang et al. (2015) which showed that compared with the linear regression model, the reconstructed spectrograms from the deep neural network achieved a higher average correlation with the actual spectrograms. Additionally, it is still not clear whether the envelope was a good representation of speech relevant to the perception of speech quality in normal-hearing listeners. Therefore, in the future, other speech features such as the spectrogram and phoneme-related features can be included as well in an attempt to improving the performance of a decoder (e.g., Di Liberto et al., 2015; Lesenfants et al., 2019a).



Perceived sound quality vs. envelope entrainment to spoken speech passages by cochlear implant talkers and normal-hearing talkers

By looking at the results of behavioral sound quality ratings, we inferred that the higher average correlation between the actual speech envelope and the reconstructed envelope was found for the NH talker group who produced the speech with higher sound quality. This helped to prove our hypothesis that closer cortical tracking of speech envelope (higher correlation) was observed when speech was of higher perceived sound quality. However, we did not associate the sound quality ratings with the envelope entrainment results to find the relationship between them due to the difference in which the behavioral experiment was conducted compared to the EEG experiment. The behavioral data were collected when listeners were actively listening to speech passages, whereas EEG data were obtained when listeners were listening passively. Cortical entrainment has been seen in both active and passive paradigms of listening (for review, see Ding and Simon, 2014). A number of studies have shown that the cortical entrainment to speech is strongly modulated by attention and it has been shown that the reconstructed envelope depends strongly on the attentional focus of the listener and resembles the envelope of the attended speech (Kerlin et al., 2010; Ding and Simon, 2012). Hence, it is known that passive/active listening (Di Liberto et al., 2015; O’Sullivan et al., 2015) to speech affects the degree of cortical entrainment, and the difference in the two experimental setups would make it more difficult to extract appropriate conclusions about differences or similarities between behavioral and EEG results and this is one of the limitations of this study. In the future, the neural responses of the same normal hearing listeners using EEG while they paid attention to the speech passages can be recorded and how well the perceived sound quality ratings are correlated with the entrainment results can be analyzed. Our previous study (Akbarzadeh et al., 2021) has psychophysically validated the perceived sound quality measure with consistency to speech recognition scores and cortical entrainment outcome with normal hearing and hearing impaired listeners. The perceived sound quality measure adopted in the study is limited to the same perspective as previously studied. More work on the perceived sound quality measure will continue to cover a wider perspective of the measure.




Conclusion

The present study shows that speech envelope is well-represented neurophysiologically. The speech envelope reconstructed from EEG using the regenerative model (Crosse et al., 2016) shows similarities to the actual speech envelope, particularly when the speech envelope is filtered to match the EEG bandwidth (delta and theta) of interest. Perceived sound quality ratings by the 11 normal-hearing listeners were found to be associated with the cortical activity involved in tracking the speech envelope. Closer tracking of the speech envelope, with higher correlations between the actual speech envelope and the envelope reconstructed from the EEG, was obtained in response to speech produced by NH talkers relative to CI talkers. Our results also show that the perceived sound quality differences rated by the normal-hearing listeners between speech passages spoken by CI talkers and NH talkers can be seen in the cortical tracking of the speech envelope in the same listeners.
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Voluntary stream segregation was investigated in cochlear implant (CI) users and normal-hearing (NH) listeners using a segregation-promoting objective approach which evaluated the role of spectral and amplitude-modulation (AM) rate separations on stream segregation and its build-up. Sequences of 9 or 3 pairs of A and B narrowband noise (NBN) bursts were presented which differed in either center frequency of the noise band, the AM-rate, or both. In some sequences (delayed sequences), the last B burst was delayed by 35 ms from their otherwise-steady temporal position. In the other sequences (no-delay sequences), the last B bursts were temporally advanced from 0 to 10 ms. A single interval yes/no procedure was utilized to measure participants’ sensitivity ([image: image]) in identifying delayed vs. no-delay sequences. A higher [image: image] value showed the higher ability to segregate the A and B subsequences. For NH listeners, performance improved with each spectral separation. However, for CI users, performance was only significantly better for the condition with the largest spectral separation. Additionally, performance was significantly poorer for the largest AM-rate separation than for the condition with no AM-rate separation for both groups. The significant effect of sequence duration in both groups indicated that listeners made more improvement with lengthening the duration of stimulus sequences, supporting the build-up effect. The results of this study suggest that CI users are less able than NH listeners to segregate NBN bursts into different auditory streams when they are moderately separated in the spectral domain. Contrary to our hypothesis, our results indicate that AM-rate separation may interfere with the segregation of streams of NBN. Additionally, our results add evidence to the literature that CI users build up stream segregation at a rate comparable to NH listeners, when the inter-stream spectral separations are adequately large.
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Introduction

Auditory stream segregation (also known as auditory streaming) refers to the process that allows listeners to interpret multiple sounds coming from different sources and assign those sounds to individual sound generators (Moore and Gockel, 2012). For example, normal-hearing (NH) listeners use stream segregation abilities to separate a talker at a noisy party or isolating the violin among the other instruments in an orchestra (Bregman, 1990, Chapter 1). Stream segregation has been shown to be related to the degree of the perceptual differences across sound streams (Moore and Gockel, 2002, 2012) in various domains such as frequency (e.g., Bregman and Campbell, 1971; Warren and Obusek, 1972; Dannenbring and Bregman, 1976), amplitude-modulation rate (AM-rate; e.g., Grimault et al., 2002; Nie and Nelson, 2015), pitch (e.g., Assmann and Summerfield, 1987; de Cheveigné, 1997), etc. When the acoustical inter-stream differences are adequately prominent, NH listeners may perceive separated auditory streams without voluntarily directing their attention to segregating the streams (e.g., van Noorden, 1975). This process is referred to as obligatory segregation and is generally noted to be driven by the stimulus (Bregman, 1990, Chapter 4). Conversely, when these differences are indistinct, listeners will experience obligatory integration, where they perceive only one auditory stream even when attempting to segregate signals into different streams (Bregman, 1990, Chapter 4). When the salience of these differences is ambiguous for the obligatory processing, NH listeners can intentionally direct their attention to perceptually separating or integrating auditory streams (van Noorden, 1975; Bregman, 1990, Chapter 4). These top-down processes are referred to as voluntary segregation and voluntary integration, respectively (Bregman, 1990, Chapter 4).

In everyday life, listeners are in complex auditory scenes where the differences between concurrent signals are often ambiguous, such as conversing in a restaurant or a cocktail party with varying background noises. Therefore, voluntary segregation is frequently employed by listeners to differentiate the interested auditory stream from interferences. Presumably, cochlear implants (CI) users need to engage in voluntary segregation in more listening conditions than do NH listeners, as the degraded auditory cues from cochlear implants may result in increased ambiguity of the differences between auditory streams (e.g., Fu and Nogaki, 2005). Despite such frequent adoption of voluntary stream segregation by CI users, this process remains poorly understood in many aspects. Particularly, the literature is lacking in comparisons between CI users and NH listeners in their ability to voluntarily segregate sound sequences based on the same inter-sequence acoustical differences. Findings of such comparisons may improve the understanding of the cues CI users utilize for sequential segregation with the facilitation of focused attention, which is relevant to speech perception in noise in their daily life (Nogueira and Dolhopiatenko, 2022). The current study was aimed to fill in this gap by comparing the two groups with manipulations of three acoustic attributes of the sound sequences—frequency, amplitude-modulation rate (referred to as AM-rate hereafter), and duration of the sequence.

In laboratory research, auditory stream segregation has been assessed using both subjective and objective paradigms. In subjective paradigms, listeners report their perception of the number of sound streams perceived. In objective paradigms, stream segregation is indexed by behavioral performance in the purportedly-designed listening tasks that can assess either voluntary or obligatory stream segregation. To assess voluntary segregation, the listening tasks may be arranged to be segregation-facilitating, such that they presumably require listeners to make effort to segregate auditory streams to achieve better performance. Thus, better performance in the segregation-facilitating objective paradigms indexes stronger voluntary segregation. To assess obligatory segregation, the listening tasks may be arranged to be integration-facilitating, in other words, segregation-hindering, such that listeners are awarded with better task performance for their mental effort made to integrate the auditory streams. Specifically, better performance in the integration-facilitating objective paradigms indexes stronger obligatory segregation.

One of the drawbacks with using subjective paradigms is the subject bias, such as listeners adopting different perceptual criteria for reporting stream segregation. For CI users, this bias may be partly attributed to the uncertainty of their discernment of auditory streams. CI users are provided signals by way of electrical stimulations with degraded auditory cues, unlike NH listeners. As a result, it is unclear whether CI users comprehend the concept of auditory streams consistently both within the group and when compared with NH listeners. Hence, the subjective reports of stream segregation may not be based on the same perception between CI users and NH listeners as well as among CI users. In contrast, with an objective paradigm, listeners are not required to comprehend the concept of auditory streams. Rather, the listening task typically requires listeners to follow the elements of the stimulus sequences over the course of each presentation and perceptually group relevant elements sequentially and separate the groups into different running auditory streams. As a result, the objective paradigms can reduce the subject bias associated with the subjective paradigms. Additionally, listeners’ desire of providing highest possible performance in the objective paradigms tend to motivate them to execute at their highest capacity. When a separation-facilitating task is used as an objective approach to study voluntary stream segregation, this motivational aspect would elicit stream segregation ability to its highest level. Considering the aforementioned advantages of an objective paradigm, this study employed a segregation-facilitating task which was modified from the task reported in Nie and Nelson (2015). The direction of focused attention on segregation for better performance in the task resembled the top-down processing for speech perception in background noise where listeners direct their attention selectively to interested speech instead of background noise.

Auditory stream formation has been shown to be dependent on the amount of time the target sequence is presented (e.g., Anstis and Saida, 1985; Cusack et al., 2004). The tendency for segregation to occur increases with longer exposure time to the sound sequence. In other words, auditory stream segregation builds up over time. Using subjective methods, researchers have estimated that stream segregation builds up rapidly over about 10 s, then builds more slowly up to at least 60 s (Moore and Gockel, 2012). While the time course of build-up segregation has not been assessed in CI users using objective methods, our past study (Nie and Nelson, 2015) has shown that the build-up can be observed in a period of 3.1 s for NH listeners with a segregation-facilitating objective paradigm. Nie and Nelson (2015) also revealed that both spectral and AM-rate separations could be cues for the build-up; that is, larger inter-stream separations in either spectrum or AM-rate are associated with greater increases of stream segregation over the course of 3.1 s.

It has been hypothesized that CI users are inferior to NH listeners in stream segregation abilities (e.g., Hong and Turner, 2006; Böckmann-Barthel et al., 2014). Growing evidence has supported this hypothesis for obligatory segregation. For example, using objective segregation-hindering paradigms, some works (e.g., Tejani et al., 2017) have shown that CI users experience weaker perceptual segregation than NH listeners for the same amount of inter-stream frequency separation. Additionally, other works (Cooper and Roberts, 2007, 2009) have argued the absence of obligatory segregation in CI users. Generally, the aforementioned findings suggest that CI users have a lower capacity of perceiving salience of inter-stream differences than NH listeners, which can be attributed to the degradation of auditory signals through cochlear implants. Degraded auditory signals tend to present ambiguous cues for stream segregation which may be modulated by voluntary attention. A few works (e.g., Böckmann-Barthel et al., 2014) have used subjective paradigms to show that CI users are able to form segregated auditory streams even with these ambiguous cues. To our knowledge, only one research group (Paredes-Gallardo et al., 2018a,b,c) has specifically studied voluntary stream segregation in CI users. Using an objective segregation-facilitating paradigm with direct electrical pulse stimuli, this group concluded that CI users were able to voluntarily segregate auditory streams of pulses when the inter-stream difference is in electrode position (Paredes-Gallardo et al., 2018b) or in pulse rate (Paredes-Gallardo et al., 2018c), even when the differences were ambiguous.

These findings suggest that CI users are able to segregate auditory streams based on spectral differences—which is related to the inter-stream electrode-position differences, and temporal-pitch separations—a cue elicited by the inter-stream pulse rate separation. While the direct electrical stimuli in Paredes-Gallardo et al. studies (Paredes-Gallardo et al., 2018b,c) allowed more robust control of stimuli, the acoustic signals and direct electrical stimuli do not activate the electrodes in the identical manner. Thus, the ability to utilize spectral and temporal-pitch cues remains to be examined with acoustic stimuli in CI users. Segregating auditory streams has been suggested to contribute to speech recognition in noise in CI users (Hong and Turner, 2006). A wealth of research has shown that CI users are more vulnerable than NH listeners to distractions when recognizing speech (e.g., Cullington and Zeng, 2008) and investigated various underlying mechanisms for CI users’ higher vulnerability (e.g., Oxenham and Kreft, 2014; Goehring et al., 2021). However, no known research has compared voluntary segregation between CI users and NH listeners to study the mechanism of sequential processing. Examining whether the two groups can attain a comparable level of segregation based on the identical acoustical cues would have implications, from the sequential processing aspect, on understanding CI users’ vulnerability when recognizing speech in noise.

The current study was aimed to evaluate the spectral and temporal-pitch cues for voluntary stream segregation and for the build-up of stream segregation in CI users in comparison to NH listeners. We adopted stimulus constructs and procedures similar to those in Nie and Nelson (2015) with modifications. Specifically, the study was conducted using a segregation-facilitating objective paradigm with stimulus sequences of narrowband noise (NBN) that was amplitude modulated. The stimulus sequences differed in either the frequency region of the NBN or AM-rate for the purpose of examining spectral and temporal-pitch cues for stream segregation, respectively. Each noise band was manipulated such that its bandwidth was constrained within the single excited auditory peripheral filter for NH listeners. For CI users, the bandwidth was restricted to be within the frequency passband of the assigned electrode according to their individual clinical MAP. This manipulation allowed the degrees of inter-stream spectral separation between NH and CI users to be similar for the acoustic stimuli, while limiting the cochlear regions stimulated by the electrical output of the NBN for CI users. However, the inter-stream spectral separations in the internal electrical stimulation for CI users are effectively reduced resulting from the nature that certain noise bands activating other electrodes beside the assigned one (for details, see the electrodogram in Materials and methods). Findings of the current study revealed the effects of reduced salience of internal inter-stream spectral separation on stream segregation.

The aim of studying the build-up stream segregation was motivated by poorly understood listening challenges faced by CI users. For example, whether CI users take a longer time to separate running auditory sequences, which has important implications for CI users’ listening in real life. Studying the build-up stream segregation in both CI and NH groups will allow us to compare how fast the two groups can separate auditory streams of the same acoustic stimuli. Together, the aims of this study include using a segregation-facilitating objective approach to compare voluntary stream segregation abilities with NBN noise in NH listeners and CI users based on inter-stream spectral separations and AM-rate separations, as well as build-up segregation.



Materials and methods


Participants

Ten adult listeners between 18 and 69 years of age, three female, seven male, participated in the study. They were divided into two groups: post-lingually deafened cochlear implant (CI) users (6 participants) aged 24–69 years with a mean age of 52.5 years, and normal-hearing (NH) listeners (4 participants) aged 22–60 with a mean age of 37.8 years. All NH listeners had symmetric hearing thresholds no greater than 25 dB HL at audiometric frequencies of 250 to 8,000 Hz, and no greater than a 10 dB difference between ears at the same frequency. All CI users wore only one cochlear implant; if they were bilateral users, they wore the CI on the side perceived to be dominant. All CI participants had no residual hearing, expect one who was a bimodal listener. This bimodal listener did not use their hearing aid in the other ear that was blocked with a foam earplug to avoid the effect of residual acoustic hearing. Table 1 illustrates the demographics of each CI user.



TABLE 1 Participants’ demographics and electrodes to which A and B noise bands were mapped in the moderate and large A-B spectral separations. The center frequencies (CF) of the noise band is also shown.
[image: Table1]



Apparatus

The stimuli were generated live using a customized MATLAB (R2013a) script at a sampling rate of 44,100 Hz, then processed through a Lynx 22 soundcard installed in a Dell Optiplex 9010 computer, which ran through a DAC1 device. The analog output of the DAC1 was amplified via a Tucker Davis Technologies, TDT RZ6 system and presented through a Klipsch RB-51 bookshelf speaker. Stimulus presentation and response recording was controlled by the MATLAB script in conjunction with PsychToolbox (version 3; Brainard, 1997; Pelli, 1997). To record the participants’ responses, an RTbox (Li et al., 2010) was used as the hardware interface. Participants were seated in a sound-attenuated booth at 0o azimuth at a 1-meter distance from the speaker.



Stimulus sequences

The stimulus paradigm consisted of sequences of 9 or 3 pairs of A and B noise bursts, in the pattern of ABABAB…. The paradigm is illustrated in Figure 1. The A and B bursts were NBN generated by passing broadband Gaussian noise through 10th order Butterworth filters with center frequencies and bandwidths described in the following paragraph. In some conditions, amplitude modulation was superimposed on A and B bursts. The A and B bursts differed in either center frequency of the noise band, the AM-rate, or both. The duration of each A or B burst was 80 ms including 8 ms rise/fall ramps. A 50-ms silent gap was included between the offset of a burst to the onset of the next with the A bursts (except the initial one in a stimulus sequence) jittering from their nominal temporal location. The amount of jitter was randomly drawn for each jittered A burst from a rectangular distribution between 0 to 40 ms. In other words, the B bursts were presented steadily with a 180-ms gap between the two consecutive ones, except for the last B burst, in any sequence, while the offset-to-onset gap between an A burst and either adjacent B burst ranged between 10 and 90 ms. In some sequences, namely delayed sequences, the last B bursts were delayed from their otherwise-steady temporal position by 35 ms; in the other sequences, namely no-delay sequences, the last B bursts were temporally advanced by an amount randomly drawn from the rectangular distribution ranging from 0 to 10 ms. As a result, the delayed sequences were 2.325 and 0.665 s in duration when the sequences, respectively, consisted of 9 and 3 pairs of A and B bursts, while the no-delay sequences were 2.28–2.29 s and 0.62–0.63 s when consisting of 9 and 3 AB pairs, respectively.

[image: Figure 1]

FIGURE 1
 Illustration of the stimulus paradigm (adopted from Nie and Nelson, 2015, with permission). The black segments represent the B bursts that form the attended target subsequence. The light gray segments represent the A bursts that form the unattended distracting subsequence. Panels I and II illustrate the delayed sequences: The dark dotted lines to the left side of the last B burst show the delay of 35 ms for the last B burst. Panels III and IV illustrate the no-delay sequences. The I and III panels depict a visual representation of the integrated perception, while the II and IV panels depict the segregated perception. The large A–B spectral separation is depicted here. The AM rates shown on the A bursts and B bursts are 300 Hz and 50 Hz, respectively. The depicted sequences all consist of 9 pairs of A and B bursts with a duration of 80 ms for each burst. The onset-to-onset time between he first A and B bursts is 130 ms consisting of a silent gap of 50 ms between the offset of A and the onset of B. The B–B onset-to-onset time is 260 ms; in other word, the B–B offset-to-onset time is 180 ms as noted in the text. Note, the last eight A bursts are temporally jittered between the two consecutive B bursts resulting in the offset-to-onset gap between an A burst and an adjacent B burst ranging between 10 and 90 ms.


The longer sequences were shortened by approximately 1 s from those in Nie and Nelson (2015) to allow the study of build-up within the time course of 3 s. This was designed to address the question raised in Böckmann-Barthel et al. (2014). Using a subjective approach, Böckmann-Barthel et al. examined the time course for CI users to build up stream segregation of sequences of interleaved harmonic tone complexes differed by varied amounts of f0. They noted that the CI users rarely provided first response within 3 s of the stimulus onset to indicate the number of streams they perceived. The authors argued that the initial time point for studying the course of build-up, in turn, should be normalized to the timepoint when the first response was provided. With the approach of normalizing the initial timepoint, the study has shown that CI users may not require time to build up segregation when the f0 difference between the two streams is substantially large. The authors noted that this trend was comparable to NH listeners who showed the no build-up required when segregating streams of harmonic tone complexes which had large frequency differences (Deike et al., 2012). However, Deike et al. (2012) did not undertake the normalized initial timepoint approach and showed that NH listeners reported perceiving segregation within 2–3 s of the onset of a stimulus sequence. Thus, it remained unclear how CI users would compare with NH listeners in build-up segregation within 2–3 s of stimulus onset. A sequence shorter than 3 s with an objective paradigm allowed us to examine this process in the current study.

Three levels of spectral separation between A and B bursts—no-separation, moderate separation, and large separation—were examined. For the NH listeners, by holding the center frequency of B bursts constant at 1,803 Hz, these A–B spectral separations were achieved by setting the center frequency of the A bursts, respectively, at 1,803, 3,022, or 6,665 Hz. As a result, the center frequencies of A and B bands differed by 0.75 and 1.89 octaves for the moderate and large A–B spectral separations, respectively. The three center frequencies coincided with the center frequencies mapped to the 10, 13, and 16th electrodes through typical 16-channel signal processing strategies of the Advanced Bionics technology, thus were selected for NH listeners to simulate separations of assigned channels between A and B bursts around 3 or 6 electrodes for CI users. Noise bursts were set to the narrowest bandwidths allowing a steady presentation level in the sound field in the participant’s location (Walker et al., 1984). Subsequently, bandwidths of 162 Hz were applied for the noise bands centered at 1,803 and 3,022 Hz, and 216 Hz for noise band centered at 6,665 Hz.

For the CI users, the center frequency of B bursts was customized for each listener so that it coincided with the center frequency of the signal processing channel in which the 1,803 Hz was allocated in the listener’s clinical MAP. Likewise, the center frequency of the A bursts was customized for each CI users to achieve the three spectral separations. As a result, at the moderate and large A–B spectral separations, the center frequencies of the noise bands separated by 0.70–0.91 octaves and 1.83–2.17 octaves, respectively. Table 1 shows the center frequencies and electrode numbers for the A and B bursts at three levels of A–B spectral separation for each CI user. Through the CI processing, in addition to the assigned electrode, a given noise band effectively activated a number of other electrodes. An electrodogram was computed for the B burst and the two frequency regions of A bursts based on the most common frequency allocation among all CI users. Figure 2 shows the electrodogram demonstrating that a given NBN stimulus activated a total of four or five neighboring electrodes adjacent to the assigned electrode. Specifically, the B burst activated electrodes #9, 10, 11, 12, and 13, while the A bursts activated electrodes #6, 7, 8, 9, and 10 in the moderate spectral separation and electrodes #1, 2, 3, and 4 in the large spectral separation.
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FIGURE 2
 Electrodogram illustrating the electrodes activated by A and B narrowband bursts when they were at the moderate and large spectral separations for the three CI users, for whom the frequencies of stimulus bursts were identical. The electrodogram was generated based on the ACE processing strategy all three CI users used with a default frequency allocation (188–7,938 Hz), stimulation rate (900 Hz), and eight maxima. The A and B bursts are labeled with their corresponding center frequencies in the parentheses. The electrodes are ordered vertically starting from the most basal electrode #1 at the top through electrode #13 at the bottom. Direct labeling with underlined numbers indicate those electrodes to which the A and B bursts were assigned. Note that an A or B burst activated four or five electrodes and did not produce any activation on electrodes #5 and #14–20. The electrodes #14–20 are not shown in the figure.


The AM-rate alternatives for A bursts were 0 (i.e., no amplitude modulation), 200, or 300 Hz. B bursts were presented either at an AM-rate of 0 or 50 Hz. Three possible AM-rate separations between A and B bursts included no separation wherein both bursts were not modulated (AM0-0), 2-octave separation with A bursts modulated at 200 Hz and B bursts at 50 Hz (AM200-50), and 2.59-octave separation with A bursts modulated at 300 Hz and B bursts at 50 Hz. The depth of AM was 100%.



Procedure

To account for perceived loudness differences in presentation of frequency-varied stimuli, each participant performed loudness balancing through an adaptive procedure (Jesteadt, 1980) to begin testing. Through the procedure, the levels of an A burst perceived to be equally loud as 60 dB SPL for a B burst were derived separately for the moderate and large spectral separations.

To measure stream segregation abilities based on listeners’ behavioral responses, a single interval yes/no procedure was adopted. On each trial, either a delayed sequence or a no-delay sequence was presented. In a sequence, each B burst was presented at 60 dB SPL and each A burst at the level derived in the loudness balancing procedure. The task was to determine whether the sequence was delayed (i.e., the signal sequence) or no-delay (i.e., the reference sequence). Two graphic boxes on a computer screen, one showing “1 Longer” and one showing “2 Shorter,” respectively, for the delayed and no-delay sequences. The participants responded by pressing number 1 or 2 on the RTbox (Li et al., 2010) to indicate their identification of delayed or no-delay sequence. Feedback was provided following each response by illuminating the box corresponding to the correct answer on the screen. Participants were allowed to take as much time as they needed to make the selection for each trial.

Two blocks of 65 trials were run for each condition with a 50% chance of signal sequences. The first 5 trials served to familiarize participants with the task. The last 60 trials were used to compute the hit rate and false alarm rate from both of which participants’ sensitivity [image: image] to the signal sequence was derived from Equation 1, yielding two [image: image] scores per experimental condition.

[image: image]

where [image: image] and [image: image] respectively, represent the [image: image] transforms of hit rate and false alarm rate. Our previous studies (Nie et al., 2014; Nie and Nelson, 2015) have shown that this stimulus paradigm encouraged participants to segregate the A and B subsequences to achieve higher [image: image] values. In those studies, the baseline performance for the rhythm-based stream segregation, as described at the end of the Procedure, was estimated with a [image: image]value of 1.5 on average with stimulus sequences of 12 pairs of broadband noise bursts.1 Before the experimental sessions, each participant completed a number of 40-trial training blocks that reflected the task of all the experimental conditions. To proceed to the experimental sessions, all participants were required to achieve a [image: image] score of 1.5 or higher in at least one training block for the condition of large spectral separation without AM-rate separation, which suggested their ability to perform the stream segregation task.

A total of 18 experimental conditions were examined, with two sequence durations (9-pair and 3-pair), three levels of A–B spectral separation (no-separation, moderate separation, and large separation), and three AM-rate separations (AM0-0, AM200-50, and AM300-50). The participants undertook these conditions in a pseudorandomized order, such that duration/spectral separation conditions were randomized first, followed by the random order of the AM-rate separations nested under the duration/frequency separation conditions. The two repetitions of the same condition were conducted in two consecutively blocks.

It is noteworthy that the rhythm embedded in the stimulus sequences has been shown to enable voluntary stream segregation (Devergie et al., 2010; Nie et al., 2014). Thus, the stimulus sequences with no inter-stream spectral separation (i.e., the no-separation condition) and no AM-rate separation (i.e., the AM0-0 condition) effectively served as the control condition that provided the baseline performance in the absence of both spectral and AM-rate separations between the A and B streams.



Data analysis

The statistical package of IBM SPSS for Windows (Version 27.0) was used for data analysis. With either the Shapiro–Wilk test or graphical inspection of histograms, the [image: image] scores were found to have violated the assumption of normal distribution overall or for most of the groupings. Thus, a complex Linear Mixed Effects (LME) model was fitted to the [image: image] scores of both listener groups. The [image: image] data of each listener group were also fitted with an LME model separately to examine the effects of spectral separation separately for each group. The residuals of these LME models were found normally distributed for most of the groupings. For readability, variables fitted in the LME models are specified in the Results section. When pairwise comparisons were performed, the reported [image: image] values have been corrected with the Bonferroni approach to control for the familywise error rate.




Results

Figure 3 depicts the [image: image] values for both CI users and NH listeners in different experimental conditions. The [image: image] values were higher for the 9-pair than for the 3-pair sequences and highest for the large A–B spectral separation condition out of the three separations. The effectiveness of the listeners training was investigated by comparing the full model with a simpler one. This simpler model excluded the Repetition effect but was otherwise identical to the full model with random effects of individual participants and their intercepts.2 The simpler model is referred to as the complex model and assessed the fixed-effects factors of Listener Group (or Group), Sequence Duration (or Duration), Spectral Separation, AM-rate Separation (or AM Separation), and all their two-way interactions, two three-way interactions (i.e., Group X Spectral Separation X Duration and Group X AM Separation X Duration).
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FIGURE 3
 Boxplots illustrating [image: image] values for each listener group in different experimental conditions. The boxes show the 25–75th percentile, the error bars show the 5th and 95th percentile, the plus signs show outliers, the solid horizontal line shows median performance. The rows show different sequence durations while the columns show the condition of AM-rate separation. NS = No-Separation. Each participant’s [image: image] mean of the two repetitions in each condition is also depicted with a unique symbol for the same listener across all conditions.


With respect to the main fixed effects, three out of four were found to be significant, Spectral Separation [F(2, 328) = 165.508, [image: image] < 0.001], AM-rate Separation [F(2, 328) = 4.197, [image: image] = 0.016], and Duration [F(1, 328) = 45.167, [image: image] < 0.001]. Post-hoc pairwise comparisons revealed that [image: image] values progressively increased with the spectral separation, increasing by 0.254 ([image: image] = 0.004) from no-separation to the moderate separation and 1.079 (p < 0.001) from the moderate separation to large separation, as illustrated in Figure 4. The main effects of AM Separation and Duration are shown in Figure 5: The [image: image] score was significantly poorer ([image: image] = 0.018) for the largest AM separation (AM300-50) than for the condition with no AM separation (AM0-0) by 0.216; no other pairwise comparisons among the AM separations were found to be significant. In addition, the [image: image] mean difference of 0.427 was consistent with higher stream segregation ability with the 9-pair sequences than the 3-pair sequences. The Group effect was not significant [F(8, 328) = 4.554, p = 0.065].
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FIGURE 4
 Boxplots for [image: image] values across three A–B spectral separations in the CI and NH groups. The boxes show the 25–75th percentile, the error bars show the 5 and 95th percentile, the circle symbols show outliers, the solid horizontal line shows median performance. The statistically significant differences reported in the Results is indicated by asterisks.
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FIGURE 5
 Boxplots for [image: image]values in the three AM-rate separations (left panel) and in the two sequence durations at different A–B spectral separations (right panel). The boxes show the 25–75th percentile, the error bars show the 5 and 95th percentile, the circle symbols show outliers, the solid horizontal line shows median performance. The statistically significant differences reported in the Results are indicated by asterisks.


Results revealed that the interaction of Group and Spectral Separation was significant, F(2, 328) = 3.611, [image: image] = 0.028. The data of each listener group were fitted with a separate LME model with the fixed-effects and random-effects terms same as those in the full model excluding any term associated with Group. As depicted in Figure 4, the[image: image] score was found to progressively increase with the spectral separation for NH listeners ([image: image] < 0.001 for any [image: image] increase). While the CI users showed the highest [image: image] for the large spectral separation ([image: image] < 0.001), their [image: image] score did not differ between the moderate- and no-separations ([image: image] > 0.999).

Results also revealed a significant interaction in the complex model between Spectral Separation and Duration [F(2, 328) = 4.552, [image: image] = 0.011] for both groups. The data of each duration were fitted with a separate LME model with the fixed-effects and random-effects terms same as those in the most complex model excluding any term associated with Duration. As depicted in Figure 6, the [image: image] value was found to progressively increase with the spectral separation for the 9-pair sequences ([image: image] < 0.003 for any [image: image] increase). With the 3-pair sequences, the [image: image] score was highest for the large spectral separation ([image: image] < 0.001), but did not differ between the moderate- and no- separations ([image: image] = 0.712).
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FIGURE 6
 Illustration of mean [image: image] value in the two sequence durations at different A–B spectral separations.


No significance was found for the interactions of Duration X Group, Duration X AM Separation, Group X AM Separation, Group X Spectral Separation X Duration, and Group X AM Separation X Duration.



Discussion

With a segregation-facilitating objective paradigm, the current study compared CI users and NH listeners in their ability to voluntarily segregate streams of NBN bursts based on the inter-stream spectral separation or AM-rate separation. The build-up of stream segregation was also investigated and compared between the two groups. The results suggest that CI users are less able than NH listeners to segregate NBN bursts into different auditory streams when they are moderately separated in the spectral domain. Contrary to our hypothesis, results indicated that the AM-rate separation interfered with the ability to segregate NBN sequences for both listener groups. Additionally, our results add evidence to the literature that CI users build up stream segregation at a rate comparable to NH listeners within around 2–3 s of stimulus onset.


Stream segregation based on spectral separation and AM-rate separation between groups

Consistent with the literature (e.g., Nie and Nelson, 2015; Tejani et al., 2017), the spectral separation of noise bands was shown to be a cue for stream segregation in both NH and CI groups as indicated by the increased [image: image] values with the increase of A–B spectral separation. The progressively improved [image: image] scores in NH listeners indicate their ability to segregate the A and B subsequences into different streams within 2.3 s when the two streams were at least 0.75 octaves apart. Recall that, the amount of moderate A–B spectral separation was 0.75 octaves for the NH listeners. In contrast, the CI users were unable to segregate A and B subsequences that were moderately separated in spectrum (with the separation of 0.70–0.91 octaves) in 2.3 s, even with the facilitation of focused voluntary attentional effort. Although, when the noise bands are largely separated in spectrum by 1.83–2.17 octaves, the CI participants are clearly able to voluntarily segregate noise streams.

Böckmann-Barthel et al. (2014) used acoustic sequences of harmonic tone complexes to investigate the effect of f0 differences across tone-complex sequences on stream segregation. With a subjective paradigm where CI listeners reported the number of streams perceived, the authors found prevalent stream segregation at the 10-semitone (i.e., 0.83 octaves) f0 difference. This differs from our result, which indicates that CI listeners were unable to segregate streams of NBN separated by 0.70–0.91 octaves. The discrepancy may in part be due to the slower stimulus rate in the current study than in Böckmann-Barthel et al.: In the current study, the stimulus rate was 3.8 AB pairs per second, whereas Böckmann-Barthel et al. repeatedly presented harmonic tone complexes in the ABAB group at a rate of 6 Hz, resulting a stimulus rate of 12 AB pairs per second. The slower rate in the current study may have led to weaker stream segregation (van Noorden, 1975). The discrepancy may also be attributed to the longer observational time for participants in Böckmann-Barthel et al. than in the current study. That is, almost all CI users provided their first responses 3 s after the stimulus onset, whereas the observational sequence duration was 2.325 s or shorter for the listeners in the current study. This potential effect of observational time is relevant to the build-up of stream segregation. Future studies using a larger range of varying sequence duration will allow studying the build-up stream segregation based on the cue of moderate spectral separation in CI users.

Note that, while the A and B bursts each were manipulated to be assigned to a single electrode according to a CI user’s frequency allocation, the electrodogram shows that effectively, each acoustic burst activated a group of 4–5 electrodes. This internal spread of activation substantially reduced the A–B spatial separation in the cochlea. As a result, for the moderate spectral separation, contrasting the 4- or 5-electrode separation between A and B bursts according to the frequency allocation, the electrode groups activated by the two bursts are overlapping; for the large spectral separation, the two bursts activated two electrode groups that are four electrodes apart, instead of two single electrodes separated by 9–10 electrodes (for the MED-EL device, it was 5 electrodes apart).

As alluded in Introduction, using acoustic stimuli does not allow precisely controlling the electrode separation of the streams. In contrast, the use of direct electrical stimulation can constrain each stream to discretely activate a single electrode, in turn providing more precise control on the electrode separation. With direct electrical stimulation, (Paredes-Gallardo et al., 2018b) revealed that, on average, a minimum of 2.8-electrode separation is required for CI users to segregate two auditory streams. The patterns of electrode activation by the acoustic stimuli in our study show a similar trend in that CI users have limited ability to form perceptual streams when the internal activations by acoustic streams are not distinctly separated in the cochlea. It is clear that a distinct four-electrode separation is adequate to allow voluntary segregation. Additionally, using acoustic stimuli allows us to relate our finding to the real-world, which highlights that CI listeners experience sequential interference even when acoustic targets and distractors are apart by more than half octaves.

As the significant interaction of Group with Spectral Separation reveals, NH listeners are better able to use spectral separation as a cue for the formation of auditory streams. This interaction also indicates that the performance differences between NH listeners and CI users are not comparable across the three spectral separations. There were smaller group differences at the two extreme A–B spectral separations—no-separation and large separation than at the moderate segregation. This suggests that the focused attention may help CI users segregate the auditory streams when the physical cues, such as spectral difference in this study, become more salient. Recent electrooculography (EEG) studies have reported the facilitation of focused attention for the processing of both non-speech and speech signals in competing maskers for CI users. For example, presenting CI users with melody-like interleaved target and distractor streams through direct stimulations, Paredes-Gallardo et al. (2018a) studied the N1 wave—the neurophysiological marker for the initial sensory registration of auditory stimuli—separately for the target and distractor streams in two attentional conditions—the attentive condition, wherein the CI users selectively focused attention on the target stream to perform a listening task, and the ignore condition, wherein the CI users’ attention was focused on a silent video instead of the auditory stimulation. The study revealed that N1 was enhanced in the attentive condition compared to the ignore condition for the target (i.e., attended) stream but remained comparable between the two attentional conditions for the distractor (unattended) stream, demonstrating the facilitative effect of focused attention on the response to non-speech streams. Nogueira and Dolhopiatenko (2022) used EEG to decode attention to two concurrent speech streams—target (i.e., attended) stream and competing (i.e., unattended) stream and found that the EEG-indexed attentional difference between the attended and unattended streams positively correlated with the CI users’ perception of the target speech stream, demonstrating the facilitative effect of focused attention on speech perception. Our results suggest that NH listeners may require less focused attention in separating auditory streams, even when spectral separations are small as compared to CI users, who may require both larger spectral separations and focused attention.

When comparing the CI listeners to the NH listeners, they showed overall comparable [image: image] scores. This is likely due to the small sample size which has lowered the statistical power. To examine this proposition, we performed a power analysis which, at the [image: image] level of 0.05 and the power of 80% (see the Limitations section for details), estimated the sample size to double in both groups to reveal a significantly higher [image: image] for the NH group than for the CI group. Thus, additional participants would be required to further examine the hypothesized lower overall ability to segregate NBN streams for CI users’ than NH listeners.

In contrast to previous results (Nie and Nelson, 2015; Paredes-Gallardo et al., 2018c) that temporal-pitch separations (generated by differences in AM-rate or pulse rate) aid stream segregation, the current study showed that the large AM separation (i.e., AM300-50) significantly interfered with performance with no AM separation (AM0-0). That is, as AM-rate differences increased, performance decreased. In other words, increased AM-rate differences caused stream segregation abilities to decrease. Considering the process of a listener performing the task, this result suggests that the A stream interferes more strongly with participants’ ability to follow the steady B stream when the A and B bursts were amplitude modulated at 300 and 50 Hz, respectively, than when the two bursts were both unmodulated. In Nie and Nelson (2015), wideband noise carriers were used, whereas the current study used NBN carriers. In line with the lower sensitivity in detecting AM with noise carriers of narrower bandwidth than those with wider bandwidth (e.g., Viemeister, 1979; Eddins, 1993), Lemańska et al. (2002) reported a significantly worse AM-rate discrimination with NBN carriers than with wideband noise carriers, likely due to the interference of larger intrinsic amplitude fluctuations of the NBN on the amplitude changes resulting from the amplitude modulation. As a result, the A-to-B perceptual difference elicited by the reduced sensitivity to AM may be insufficient for stream segregation. On the contrary, the AM-elicited A-to-B perceptual difference increased the interfering effect of A stream on the B stream. This may be attributed to the other stimulus difference between the current study and previous works (Nie and Nelson, 2015; Paredes-Gallardo et al., 2018c) in that the slower AM-rate (i.e., 50 Hz) was presented in the attended stream (i.e., B stream) in the current study. In contrast, the faster rate (e.g., 300 Hz for AM-rate or 300 pulses per second) was in the attended stream in the other two works. The sensitivity to AM has been evidenced to depend on the observational intervals (e.g., Viemeister, 1979; Lee and Bacon, 1997) such that, based on the multiple-looks theory (Viemeister and Wakefield, 1991), as the number of “looks” (commonly regarded as equivalent to the cycles) of AM increase, the sensitivity increases. With the 80-ms duration for each stimulus burst in the current study, the number of “looks” for 50-Hz AM was four which was substantially less than the 24 “looks” for the 300-Hz AM, which may affect the equivalence of perceptual salience between the amplitude modulated A and B streams. Future studies should confirm or equate the perceptual salience elicited by different AM rates or pulse rates to examine the effect of temporal pitch on stream segregation.



Build-up stream segregation in cochlear implant users compared to normal-hearing listeners

Both CI users and NH listeners showed evidence of build-up stream segregation as performance improved with the 9-pair condition relative to the 3-pair condition. Nie and Nelson (2015) used 12-pair sequences to elicit build-up, whereas the current study used 9-pair sequences. This study has shown that even 9-pair sequences are adequately long to elicit build-up stream segregation when compared to 3-pair sequences. That is, over a course of approximately 2.3 s, both NH listeners and CI users increased their performance in segregating the A and B streams with the facilitation of voluntary attention. These results also address the question raised in Böckmann-Barthel et al. (2014) on the build-up stream segregation of CI users within approximately 3 s of the stimulus onset. Recall, in that study where listeners were asked to report the number of streams perceived throughout the course an acoustic sequence of 30 s, the majority of the CI users did not provide their first response until 3 s post the onset of a sequence, leaving the build-up effect uncertain in the short post-onset period. Here, results show that the CI users in our study made use of the short duration of 2.3 s to build up stronger stream segregation for the levels of inter-stream differences specific to this study. These results also suggest that the current stimulus paradigm may be utilized to objectively study CI users’ perception in the earlier period of a listening course in which subjective responses are not readily provided by the listeners.

Our results did not show an interaction between listener group and the duration of the sequence. While this indicates that both participant groups build up stream segregation at comparable rates, the smaller sample size in each group could also be a potential factor. The statistical power of 8.50% estimated in the Limitations section is markedly small, suggesting the likelihood of the non-significant interaction arising from the small sample size is low.

It should note that, the build-up effect revealed in the NH group, at the inter-stream spectral separation of 0.75 octaves or greater in the current study, is not consistent with the Deike et al. (2012) study in which listeners were asked to report the number of streams perceived throughout a course when listening to a sequence composed of two alternating harmonic tone complexes. At the inter-stream f0 separations of 8 semitones (i.e., 0.67 octave) or greater, the likelihood for NH listeners in the Deike et al. study to perceive two separate auditory streams started at the highest level for the first responses (within 1 s of the sequence onset) and remained constant over the entire course of the sequence. In other words, NH listeners did not require time to build up stream segregation in these f0 separations in Deike et al. The faster stimulus rate in the Deike et al., which was 24 AB pairs--the same as in Böckmann-Barthel et al. (2014), may have resulted in stronger segregation which require limited build-up.



Limitations

The main limitation of this study is the small sample size, which raised a question about the adequacy of power for the statistical analyses. To assess this limitation, using an R package SIMR (Green et al., 2016; Green and MacLeod, 2016), we conducted post-hoc power analyses.3 The power analyses started with fitting the [image: image] values in the R package LME4 (Bates et al., 2015) through the comprehensive LME model with the random and fixed effects as reported in Results. Note that the two analysis software programs—R and SPSS revealed comparable statistics. The power of a given main fixed effect was estimated in SIMR through the function “powerSim” based on 1,000 simulations applying the “anova” test method. At the [image: image] level of 0.05, the estimated power values were greater than 80% for the effects of Duration, Spectral Separation, and their interaction (Spectral Separation X Duration), 75.8% for AM-rate Separation, and 67.30% for the interaction of Group X Spectral Separation. The non-significant difference between the NH and CI groups was against our hypothesis. The estimated power was 46.90%, suggesting inadequate sample size. Thus, the sample size required for both the CI and NH groups was estimated based on a minimum of the conventionally desired power of 80% (Cohen, 1977, Chapter 2). Following the procedure described by Green and MacLeod, this sample size was estimated to be 12 for each group with a total of 24 participants. To assess the potential contribution of the small sample size to the non-significant Group X Duration interaction, the statistical power was also estimated to be 8.50%, suggesting the likelihood of the non-significant interaction arising from the small sample size is low. The above power analysis outcomes suggest that most of the significant effects were fair, but non-significant effect of listener group is likely due to the small sample size.

Additionally, it should note that a participant may perform the task based on an alternative mechanism not involving stream segregation; that is, based solely on detecting the gap between the last A and B bursts, instead of following throughout the entire course of a sequence. The [image: image] value in the 3-pair condition with AM0-0 and no A–B spectral separation may approximate the sensitivity to the signal sequences based on this mechanism of gap discrimination. In this condition, the listeners’ rhythm-based stream segregation was limited, if not none, as a result of markedly low observational intervals with three pairs of bursts. With the identical A and B bursts, stream segregation based on the dissimilarity between A and B bursts was not possible. Thus, the participants performed the task primarily by discriminating the A–B gaps and the [image: image] (mean = 0.32, SD = 0.54) in this condition can be considered the baseline sensitivity through this mechanism. Participants achieved [image: image] values substantially higher than this baseline, in conditions with robust cues for stream segregation, such as the 9-pair conditions (mean = 1.73, SD = 0.83) and the large spectral separations (mean = 1.13, SD = 0.98), which suggests that the mechanism of gap discrimination contributed to the task performance to a modest extent.



Summary

In summary, NH listeners were able to separate two NBN streams when their spectral separation was moderate or large within the given conditions. In contrast, CI users appeared only to be able to segregate these streams when their spectral separation was large. Additionally, the significant effect of sequence duration in both groups indicates listeners made more improvement with lengthening the duration of stimulus sequences, supporting the build-up effect within the course of approximately 2.3 s. The results of this study suggest that CI users are less able than NH listeners to segregate NBN bursts into different auditory streams when they are moderately separated in the spectral domain. Contrary to our hypothesis, our results indicate that AM-rate separation somewhat may interfere segregation of streams of NBN. Additionally, our results extend previous findings that cochlear implant users do show evidence for the build-up of stream segregation, which appeared to be comparable to NH listeners.
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Footnotes

1The rhythm-based baseline was anticipated to be lower than 1.5 due to the shorter sequence of 9 pairs AB bursts versus the 12 pairs in our previous reports.

2The effect of Repetition was not significant in the full model, indicating limited learning in the experimental session.

3A priori sample size had been estimated using G*Power (Faul et al., 2009) based on the repeated measures analysis of variance instead of the LME model that was used in the current study. For a medium effect size in Cohen’s f of 0.25, the sample size was 8 in total for the within factors, 2 groups (CI and NH), 36 measures (18 experimental conditions × 2 repetitions), alpha of 0.05, and power of 80%. With respect to the between factors, 28 total participants were predicted based on the same aforementioned statistical parameters, except a large effect size in Cohen’s f of 0.4 was adopted here. The use of a large effect size for the between factors was assumed based on the findings of substantially worse discrimination of acoustic contours based on frequency differences, such as melodic contour discrimination or prosodic discrimination.
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Background: Cochlear implantation (CI) is an effective and successful method of treating individuals with severe-to-profound sensorineural hearing loss (SNHL). Coupled with it’s great clinical effectiveness, there is a risk of vestibular damage. With recent advances in surgical approach, modified electrode arrays and other surgical techniques, the potential of hearing preservation (HP) has emerged, in order to preserve the inner ear function. These techniques may also lead to less vestibular damage. However, a systematic study on this at different follow-ups after CI surgery has not been documented before.

Aims: To investigate changes of vestibular function systematically in recipients at short and long follow-ups after a minimally invasive CI surgery.

Methods: In this retrospective study, 72 patients (72 ears) with minimally invasive CI were recruited. All participants selected had bilateral SNHL and pre-operative residual hearing (RH) and underwent unilateral CI. They were treated to comprehensive care. All patients underwent vestibular function tests 5 days prior to CI. During the post-operative period, follow-up tests were performed at 1, 3, 6, 9, and 12 months. The contemporaneous results of caloric, cervical vestibular-evoked myogenic potential (cVEMP), ocular vestibular-evoked myogenic potential (oVEMP), and video head impulse (vHIT) tests were followed together longitudinally.

Results: On the implanted side, the percent fail rate of caloric test was significantly higher than that of vHIT at 1, 3, and 9 months post-operatively (p < 0.05); the percent fail rate of oVEMP was higher than vHIT of superior semicircular canal (SSC), posterior semicircular canal (PSC), or horizontal semicircular canal (HSC) at 1, 3, and 9 months (p < 0.05); at 3 and 9 months, the percent fail rate of cVEMP was higher than that of SSC and PSC (p < 0.05). There were no significant differences in the percent fail rates among all tests at 6 and 12 months post-CI (p > 0.05). The percent fail rates showed decreased trends in caloric (p = 0.319) and HSC tested by vHIT (p = 0.328) from 1–3 to 6–12 months post-operatively. There was no significant difference in cVEMP between 1–3 and 6–12 months (p = 0.597). No significant differences on percent fail rates of cVEMP and oVEMP between short- and long-terms post-CI were found in the same subjects (p > 0.05). Before surgery, the abnormal cVEMP and oVEMP response rates were both lower in patients with enlarged vestibular aqueduct (EVA) than patients with a normal cochlea (p = 0.001, 0.018, respectively).

Conclusion: The short- and long-term impacts on the vestibular function from minimally invasive CI surgery was explored. Most of the vestibular functions can be preserved with no damage discrepancy among the otolith and three semicircular canal functions at 12 months post-CI. Interestingly, a similar pattern of changes in vestibular function was found during the early and the later stages of recovery after surgery.

KEYWORDS
cochlear implantation, minimally invasive surgery, vestibular function, otolith, canal


Introduction

Cochlear implantation (CI) has been widely applied in individuals with severe-to-profound sensorineural hearing loss (SNHL). Although CI is an effective and safe procedure, there is risk of trauma to the vestibular sensor, causing vertigo, balance disorder, or complete deterioration (Ibrahim et al., 2017; Yong et al., 2019; Li and Gong, 2020; Wang et al., 2021; West et al., 2021). Possible reasons include injury during electrode insertion, loss of perilymph, labyrinthitis, endolymphatic hydrops, and electrical stimulation (Fina et al., 2003). However, little is known about the main factors influencing status of vestibular function after CI.

Nowadays, individuals with residual hearing (RH) are also candidates for CI. Optimization of the electrode array and surgical techniques has resulted in a more effective approach to cochlear function preservation. A meta-analysis based on hearing preservation (HP) in cochlear implant surgery showed that a combination of round window (RW) approach with implanting a straight electrode might result in HP (Snels et al., 2019). Glucocorticoids have also been used for their anti-inflammatory and anti-apoptotic properties (Douchement et al., 2015). A recent study on minimally invasive surgery suggested that minimizing intracochlear pressure (ICP) during electrode insertion was effective for HP (Ordonez et al., 2019). Patients with pre-operative RH implanted through these techniques can extensively preserve their cochlear function in the long term (Skarzynski et al., 2019; Sprinzl et al., 2020).

Recently, vestibular function preservation using minimally invasive CI surgery has been addressed. We hypothesized that these techniques could similarly preserve vestibular function because of the proximity of the cochlea and vestibule. The notion rests on the assumption that the primary and secondary effect of insertion trauma might influence peripheral vestibular receptors and cochlear function alike (Stuermer et al., 2019). Tsukada and Usami (2021) found that the risk of vestibular damage could be reduced through less traumatic surgical techniques, such as a RW approach and flexible electrodes. Sosna-Duranowska found that the RW approach in HP techniques was associated with vestibular function protection (Sosna-Duranowska et al., 2021). Other studies have demonstrated that vestibular function can be seriously damaged, even with a RW approach (Li and Gong, 2020; Boje Rasmussen et al., 2021). Nevertheless, systematic studies of the influence of minimally invasive surgery on vestibular function protection are rare.

In previous evaluation of vestibular function in patients with CI, there was an exhaustive analysis of the horizontal semicircular canal (HSC) by caloric stimulation evaluating the low frequency response, otolith function evaluated by cervical vestibular-evoked myogenic potential (cVEMP) and ocular vestibular-evoked myogenic potential (oVEMP), and three semicircular canals evaluated using the video head impulse test (vHIT) with a high frequency stimulation.

We sought to assess the changes in both canal and otolith functions in patients undergoing minimally invasive CI techniques at different follow-up times.



Materials and methods


Participants

Seventy-two patients (72 ears) with pre-operative low-frequency residual hearing (LFRH) and severe-to-profound SNHL who underwent minimally invasive CI surgery at our auditory implant department between June 2017 and November 2020 were included in this retrospective study. The inclusion criteria was at least one low-frequency pure tone threshold (125, 250, or 500 Hz) ≤85 dB HL before surgery. Patients with severe cochlear malformation, peripheral vestibular disease, auditory synaptopathy/neuropathy, cochlear fibrosis, previous otologic surgeries, and those at risk to show poor participation were excluded, except for those with enlarged vestibular aqueduct (EVA). Computed tomography (CT) of the temporal bone and magnetic resonance imaging (MRI) were performed pre-operatively. An EVA was defined as a vestibular aqueduct diameter of >1.5 mm at the midpoint between the posterior cranial fossa and inner ear vestibule (Valvassori and Clemis, 1978).

Of these patients, 23 were female and 49 were male, and the mean age at implantation was 20.35 ± 19.05 years (range, 3–67 years). Young patients comprised 46 participants <18 years (mean age at implantation: 8.17 ± 3.49 years, 3–17 years), and adults comprised 26 participants ≥18 years (mean age at implantation: 41.88 ± 15.91 years, 19–67 years). Pre-operative CT and MRI revealed bilateral EVA in 33 (45.83%) participants. A total of 33 and 39 recipients underwent implantation in the left and right ears, respectively. The Nucleus CI422, CI522, and CI24RECA electrodes were implanted in 25, 8, and 17 patients, respectively. A MedEL Flex 28 electrode was implanted in 18 patients. Four recipients underwent implantation with a Nurotron CS-10A electrode. The RW surgical procedure was applied to the Nucleus CI422/522, Med-EL FLEX 28, and Nurotron CS-10A electrodes in 55 (76.39%) patients. The extended RW approach was applied to the Nucleus CI24RECA electrode in 17 patients.

Patients underwent vestibular assessments through caloric, cVEMP, oVEMP, and vHIT tests 5 days prior to CI and again at 1, 3, 6, 9, and 12 months post-CI. However, some patients were lost to follow-ups because of the limitations encountered in clinical settings. The processors were all switched off during tests after implantation. Detailed demographic information on the study participants is presented in Tables 1, 2.


TABLE 1    Demographic information of all subjects who participated in this study.

[image: Table 1]
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TABLE 2    Summary the number of patients tested at all the time points.
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Minimally invasive surgical techniques

All participants underwent surgery performed by a single surgeon. Full insertion of the electrode was achieved in all patients. In addition to the approach toward the insertion point during surgery and choice of electrode array, other protective measures included the following: (1) the ossicle chain was kept intact during surgery; (2) rotational speed was reduced to a minimum to avoid sound damage when grinding the bone of the RW niche or extending RW; (3) care was taken to avoid aspiration of perilymphatic fluid; (4) sodium hyaluronate was used before opening the RW membrane; (5) the electrode was inserted steadily, gently, and slowly with an insertion time >1 min; (6) after electrode insertion, a small piece of muscle was gently packed around the RW; and (7) systematic glucocorticoids were administered to all patients 1 day before surgery until 1 week after surgery.



Caloric test

The bithermal caloric test was performed. A video-based system was used (Ulmer VNG, v. 1.4; Synapsys, Marseille, France) to acquire and analyze the eye response. Each ear was irrigated alternatively with a constant flow of air at 24 and 49°C for 40 s. The response was recorded over 3 min. A 7-min interval between each stimulus was observed to avoid cumulative effects. We calculated the maximum slow-phase velocity (SPV) of nystagmus after each irrigation to determine unilateral weakness (UW) according to Jongkee’s formula. In our laboratory, a value of UW less than 20% was judged normal.



Cervical vestibular-evoked myogenic potential

Cervical vestibular-evoked myogenic potential was recorded using the Neuro-Audio auditory evoked potential equipment (Neurosoft Ltd., Ivanovo, Russia). The test was performed with the patients in seated position. Tone burst stimuli (93–100 dB nHL, 500 Hz) were delivered via a standard headphone. Active recording electrodes with respect to the examination were placed on the region of the upper third of the sternocleidomastoid muscle (SCM) on both sides. The reference electrodes were placed on the upper sternum. The ground electrode was on the nasion. The head was rotated toward the contralateral side of the stimulated ear to achieve tonic contraction of the SCM during recording. The stimulation rate was 5.1 Hz. Bandpass filtering was 30–2000 Hz. An amplitude ratio over 30% was considered abnormal if the weaker response was from the implanted ear. In the event of bilaterally absent responses, the absent response was considered abnormal.



Ocular vestibular-evoked myogenic potential

Ocular vestibular-evoked myogenic potential was recorded using the Neuro-Audio auditory evoked potential equipment (Neurosoft Ltd., Ivanovo, Russia). The electromyographic activity of the extraocular muscle was recorded with the patients in the seated position. Tone burst stimuli (93–100 dB nHL, 500 Hz) were delivered via a standard headphone. The active recording electrodes were placed on the infra-orbital ridge 1 cm below the center of each lower eyelid. The reference electrodes were positioned approximately 1 cm below them. The ground electrode was on the nasion. The results were recorded with eyes open and maximal gaze upward. The stimulation rate was 5.1 Hz. Bandpass filtering was 1–1000 Hz. An amplitude ratio over 30% was considered abnormal if the weaker response was from the implanted ear. In the event of bilaterally absent responses, the absent response was considered abnormal (Zhang et al., 2019).



Video head impulse test

The vHIT device (Ulmer II Evolution, France) was used. The patient was instructed to maintain eye fixation on a stationary object on a screen at about 1 m distance while examiner manipulated the patient’s head with quick and precise head movements. The vestibulo-ocular reflex (VOR) gain was calculated by vHIT software based on head velocity and eye velocity curves. In a full test, 5–10 head thrusts were completed per canal for the recording. When the head was turned in the plane of the semicircular canal to be tested, the VOR maintained visual fixation. The breaking of visual fixation, revealed by a corrective saccade, indicated a respective canal disorder. This test was possible as soon as the child could hold his head steady. A VOR gain of the HSC less than 0.8 was considered to be abnormal. For both the superior semicircular canal (SSC) and posterior semicircular canal (PSC), a VOR gain less than 0.7 was considered to be abnormal (Sichnarek et al., 2019).



Statistical analyses

Data were analyzed using the Statistical Package for the Social Sciences (SPSS), version 23.0 (SPSS, Inc., Chicago, IL, USA). The Chi-square test was used to compare the percent fail rates. Statistical significance was set at p < 0.05.




Results


Comparison of percent fail rates among each vestibular end-organ senor on the implanted side at different time points

Of the 72 patients, 25 were evaluated with all four assessments before CI and 1 month after CI. Caloric responses in CI ears were normal in 18 cases pre-operatively and abnormal in 44.44% (8/18) of cases 1 month post-operatively. Similarly, the percent fail rates were 27.27% (6/22) for cVEMP, 47.62% (10/21) for oVEMP, 8.33% (2/24) for SSC, 16.00% (4/25) for vHIT of HSC, and 8.33% (2/24) for PSC at 1 month post-operatively. The chi-square test showed that the percent fail rate of caloric was significantly higher than that of SSC, HSC, and PSC tested under vHIT (p = 0.019, 0.040, and 0.019, respectively). The rate of oVEMP was higher than that of SSC, HSC, and PSC (p = 0.003, 0.020, and 0.003, respectively).

At 3 months post-operatively, the percent fail rate was significantly higher in caloric than in SSC, HSC, and PSC (p = 0.002, 0.036, and 0.009, respectively); the rate of oVEMP was higher than that of SSC and PSC (p = 0.011, 0.039); and the rate of cVEMP was higher than that of SSC and PSC (p = 0.015, 0.049).

At 9 months post-operatively, the percent fail rate was significantly higher in caloric than in SSC, HSC, and PSC (p = 0.002, 0.016, and 0.004, respectively); the rate of oVEMP was higher than that of SSC, HSC, and PSC (p = 0.004, 0.029, and 0.007, respectively); and the rate of cVEMP was higher than that of SSC and PSC (p = 0.020, 0.032).

No statistically significant differences were observed in the percent fail rates among all vestibular function tests at 6 and 12 months after implantation (p > 0.05).

In this part, a different set of patients contributed at each time point for each test. All the post-operative vestibular damages were new damages. cVEMP and oVEMP results are shown in Figure 1. The percent fail rates of all the four tests on the implanted side at each time point are listed in Table 3 and Figure 2.
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FIGURE 1
Cervical vestibular-evoked myogenic potential (cVEMP) and oVEMP responses of Subject 9. All results are obtained in Subject 9. Her right side is implanted. The left side is blue and the right side is red. The cVEMP response (positive P1 first) and oVEMP response (negative N1 first) are recorded at 100 dB HL (500 Hz tone burst). In cVEMP, the horizontal and vertical calibrations are 5 ms and 100 μV between two adjacent row of points, respectively. In oVEMP, the horizontal and vertical calibrations are 4 ms and 20 μV, respectively. The two traces show the responses of the repeat stimulus. The amplitude ratio (AR) is defined as the difference between the amplitudes of two sides divided by the sum of the amplitudes of two sides. (A) Normal bilateral cVEMP responses before surgery. The amplitude is 92.9 μV on the left side and is 82.8 μV on the right, with a AR of 5.7%. (B) Normal left cVEMP response and absent right cVEMP response at 1 month after surgery. The amplitude is 60.5 μV on the left and the AR is 100%. (C) Normal bilateral cVEMP responses at 12 months post-surgery. The amplitude is 113.2 μV on the left and is 71.9 μV on the right, with a AR of 22.3%. (D) Normal right oVEMP response at 12 months post-surgery. The amplitude is 14.6 μV.



TABLE 3    The simultaneous comparison of percent fail rates of vestibular function on the implanted side at all time points.
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FIGURE 2
The percent fail rates of all the four tests on the implanted side at each time point. The percent fail rate of caloric was significantly higher than vHIT at 1, 3, and 9 months post-operatively (p < 0.05). The percent fail rate of oVEMP was higher than that of SSC, HSC, and PSC at 1 and 9 months; the rate was higher than that of SSC and PSC at 3 months post-operatively (p < 0.05). At 3 and 9 months post-operatively, the percent fail rate of cVEMP was higher than that of SSC and PSC (*P < 0.05).




Changes in percent fail rate in each vestibular end-organ function on the implanted side at short (1–3 months) and long (6–12 months) follow-up times after surgery

To study the same set of patients longitudinally we divided the follow-up time points into two groups: early (1–3 months) and late (6–12 months). Nineteen patients in caloric, 35 in cVEMP, 35 in oVEMP, and 38 in vHIT were evaluated before CI, 1–3 months and 6–12 months post-CI. All of these patients had pre-operative normal vestibular functions. In this part, for each test the same group of patients participated at all three time points.

For a patient who had multiple assessments at different evaluation time points during his follow-up, the first assessment from 1 to 3 months was chosen as the short-term result and the latest assessment from 6 to 12 months was chosen as the long-term result.

In the caloric test, the percent fail rates were 47.37% (9/19) and 31.58% (6/19) at 1–3 (1.57 ± 0.90) months and 6–12 (9.63 ± 2.36) months after surgery, respectively. In cVEMP, the rates were 31.43% (11/35) at 1–3 (1.46 ± 0.85) months and were 25.71% (9/35) at 6–12 (9.69 ± 2.31) months. In vHIT of HSC, the rates were 18.42% (7/38) at 1–3 (1.47 ± 0.86) months and were 10.53% (4/38) at 6–12 (9.79 ± 2.28) months.

The percent fail rates showed decreased trends from 1–3 to 6–12 months in caloric (p = 0.319) and HSC tested by vHIT (p = 0.328), but the trend did not reach statistical significance. There was no significant difference in cVEMP between 1–3 and 6–12 months after surgery (p = 0.597). The percent fail rates of oVEMP were the same at 1–3 (1.51 ± 0.89) months and at 6–12 (9.69 ± 2.31) months post-operatively (p = 1.000). The percent fail rates of SSC and PSC were the same at 1–3 (1.47 ± 0.86) months and at 6–12 (9.79 ± 2.28) months (p = 1.000, respectively). The percent fail rates of each end-organ function on the implanted side at short and long follow-up times after surgery are shown in Table 4 and Figure 3.


TABLE 4    The percent fail rate of each end-organ function on the implanted side at all five time points after surgery.
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FIGURE 3
The percent fail rate of each end-organ function on the implanted side at short and long follow-up times after surgery. The percent fail rates showed no significant differences from 1–3 (1.57 ± 0.90) to 6–12 (9.63 ± 2.36) months in caloric (p = 0.319) and from 1–3 (1.47 ± 0.86) to 6–12 (9.79 ± 2.28) months in HSC tested by vHIT (p = 0.328) post-operatively. There was no significant difference in cVEMP between 1–3 (1.46 ± 0.85) and 6–12 (9.69 ± 2.31) months (p = 0.597). The percent fail rates of oVEMP were the same at 1–3 (1.51 ± 0.89) and 6–12 (9.69 ± 2.31) months (p = 1.000). The percent fail rates of SSC and PSC were the same at 1–3 (1.47 ± 0.86) and 6–12 (9.79 ± 2.28) months (p = 1.000, respectively).




Comparison of otolith function variations in the same subjects at short and long follow-up times after surgery

Among these 72 participants, 31 with pre-operative normal otolith functions underwent cVEMP and oVEMP before CI, 1–3 and 6–12 months post-CI simultaneously.

At 1–3 (1.58 ± 0.92) months after surgery, the percent fail rate of cVEMP was 32.26% (10/31), with five children showing decreased responses and five showing absent responses; the percent fail rate of oVEMP was 35.48% (11/31), with three children having decreased responses and eight having absent responses.

At 6–12 (9.87 ± 2.22) months after surgery, the percent fail rate of cVEMP was 25.81% (8/31), with two children showing decreased responses and six children showing absent responses; the percent fail rate of oVEMP was 35.48% (11/31), with two children having decreased responses and nine having absent responses.

There were no significant differences on percent fail rates of cVEMP and oVEMP between short- and long-terms post-CI (p > 0.05).



Comparison of vestibular function between patients with enlarged vestibular aqueduct and patients with a normal cochlea before surgery

Twenty-five patients with EVA and 33 with a normal cochlea underwent all the four tests before surgery. Comparing patients with EVA to normal patients the caloric test showed abnormal responses 32% (8/25) vs. 48.48% (16/33) of the time, respectively; cVEMP 8% (2/25) vs. 36.36% (12/33) of the time, oVEMP 16.00% (4/25) vs. 45.45% (15/33) of the time, vHIT of HSC 4.00% (1/25) vs. 12.12% (4/33) of the time, vHIT of SSC 0.00% (0/25) vs. 3.03% (1/33) of the time, vHIT of PSC 8.00% (2/25) vs. 9.09% (3/33) of the time.

Both the abnormal cVEMP and oVEMP response rates were lower in patients with EVA than patients with a normal cochlea (p = 0.001, 0.018, respectively). There were no significant differences in the abnormal response rates between the two patient groups for caloric test, vHIT of SSC, HSC, and PSC (p = 0.207, 1.000, 0.536, 1.000, respectively).




Discussion

In this report, all 72 patients underwent minimally invasive surgical techniques combining the surgical approach, electrode array, slow insertion of electrode, and systematic glucocorticoids. It is known that this surgical procedure plays an important role in protecting the delicate intracochlear structures (Fina et al., 2003; Eshraghi and Van De Water, 2006; Causon et al., 2015; Kuang et al., 2015; Bruce and Todt, 2018). The concepts of atraumatic electrode insertion include implantation through the RW or extension of the RW (Skarzynski et al., 2002). The RW approach with a straight electrode yielded HP result (Snels et al., 2019). Fifty-one (70.83%) of our patients used flexible electrodes. Although 23.61% of our patients used counter electrodes and four recipients implanted with the Nurotron CS-10A electrode, other protective techniques were used. Only one or two evaluation time points were analyzed in a few previous studies on vestibular function protection with soft surgery (Guan et al., 2021; Sosna-Duranowska et al., 2021; Tsukada and Usami, 2021). The variation in vestibular function at different follow-ups during the first year was analyzed in this study for the first time. Therefore, the trajectory of function variation can be followed dynamically and continuously.

The functional discrepancies in this present study were disparate when all five vestibular end sensor functions were compared simultaneously. Although the subjects’ biases were inevitable among different intervals, the results had definite meanings. In this report, at 1 and 3 months post-CI, the percent fail rates of cVEMP and oVEMP were higher than those of a recent report that showed that 19.2% of patients in cVEMP and 17.4% in oVEMP had post-operative function loss at 1–3 months after HP surgery (Sosna-Duranowska et al., 2021). Regarding the vHIT results 4–6 months post-operatively, a similar difference was observed. The main reason for these differences could be our stricter criteria used to judge abnormal responses. In this study, at 6 months after surgery, the percent fail rates of cVEMP and oVEMP were 9.00 and 30.77%, respectively, and were both 18.18% at 12 months. These results were consistent with previous results at 6–12 months after less traumatic CI surgery (Tsukada and Usami, 2021).

Our results revealed that otolith and low-frequency HSC functions were damaged more seriously than high-frequency canal functions in the short-term post-operatively (1 and 3 months). These short-term outcomes agree with the changes affected by conventional surgery, which showed that the otolith sensors were more damaged than three semicircular canal functions and the canal functions were seldom impaired (Ibrahim et al., 2017; Dagkiran et al., 2019; Yong et al., 2019). No selective impairments were found at 6 and 12 months although they existed in the 9th month, indicating that the impairment discrepancies among all sensors began to decrease at nearly 6 months when the distant or secondary effects come into play. Fluctuating hearing changes have been reported in patients after HP surgery. The foreign body response and intracochlear fibro-osseous reaction may contribute to this fluctuation (Foggia et al., 2019; Snels et al., 2019). The reason for our variation in the 9th month may be the individual disparity or other reasons such as foreign body response or fibro-osseous. However, the exact mechanism is unknown. This study discovered no damage discrepancy at 12 months, in contrast with previous reports with the same duration after conventional implantation (Ibrahim et al., 2017; Yong et al., 2019). Our study demonstrated that the atraumatic techniques could diminish the functional impairment at least 1 year post-surgery, being more obvious in the long-term period. It was meaningful and comprehensive to assess function status at multiple time points to display the continuously functional variations.

To deeply explore the status of each function, we evaluated it within the same patient group for each vestibular sensor. Our otolith function damage was less than most of the results through conventional surgery (Verbecque et al., 2017; Wang et al., 2022) and our canal functions were seldom damaged. These results verified the validity of protective surgical techniques. In addition, our results showed a similar status of all the functional variations from 1–3 to 6–12 months although there were decreased tendencies of damage in HSC and saccular functions. Finally, we analyzed the otolith function variation on the same cohort subjects and found the same results. A recent study revealed that conventional surgery could injure all five vestibular end-organ functions and the damage of some functions increased with time (Kwok et al., 2022). Conversely, a different tendency was observed in this report.

With regard to our injury trends, we speculated that the instant mechanical injury produced by electrode insertion might not be the primary damage because the electrode does not come in direct contact with the vestibular organs, although the instant damage could be diminished through our protective methods. Besides this, the secondary or distant effects of surgery may threaten vestibular function, such as inflammation, fibrous tissue formation, or ossification (Fayad et al., 2009). Cochlear fibrosis and new bones can be induced by a traumatic electrode insertion (Fayad et al., 2009; Jia et al., 2016). The acute inflammatory response is due to electrode insertion. Then a chronic phase replaces it because of the foreign body reaction involving macrophages, their derivatives, and lymphocytes (Seyyedi and Nadol, 2014). These influencing factors may mainly participate in vestibular damage (Stuermer et al., 2019). Our surgical methods are believed to diminish the damage from inflammation, fibrous tissue information, or ossification to avoid producing an increased damage with time.

Thirty-three (45.83%) participants revealed an EVA and their abnormal otolith function was less common than patients with a normal cochlea before surgery in this study, consistent with our previous results (Wang et al., 2021). It is hypothesized that the presence of a third window might allow for the activation of VEMP, making the otolith organs more excitable and sensitive to sound stimulation (Govender et al., 2016; Wang et al., 2021). However, the influence of the cochlear anatomical malformation on our results were not analyzed because of the inconsistencies in patients pools at different follow-ups. We mainly focused on the overall effect of protective surgical techniques on vestibular function variations and will explore the influence factors in the future.



Limitations

The main limitation was that some patients were lost to follow-ups after implantation in the clinic. The number of patients evaluated were disparate in the first part of our results. In the next step, we will evaluate vestibular function variations at five continuous follow-up times in the same cohort of subjects for each vestibular sensor.



Conclusion

In this study, the variation of vestibular function in the short and long terms after a minimally invasive CI surgery during a 12 months period was explored. Most of the vestibular functions can be preserved with no damage discrepancy among the otolith and three semicircular canal functions at 12 months post-CI. Interestingly, a similar pattern of changes in vestibular function was found during the early and the later stages of recovery after surgery. Both the instant influence of electrode insertion and the indirect or secondary factors show a similar trend on the functional variation of each vestibular end sensor after a minimally invasive CI surgery.



Data availability statement

The original contributions presented in this study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved by Medical Ethics Committee of Shandong Provincial ENT Hospital. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author contributions

LX, HW, RW, and XC contributed to the conception of the work. JL and ZF contributed to the experimental design. RW selected data and performed the analysis. All authors contributed to the interpretation of the data and were involved in writing the manuscript.



Funding

This work was supported by the National Natural Science Foundation of China under grants (numbers: 81670932, 81600803, and 82071053).



Conflict of interest

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



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Boje Rasmussen, K. M., West, N., Tian, L., and Thomasen, P. C. (2021). Long-term vestibular outcomes in cochlear implant recipients. Front. Neurol. 12:686681. doi: 10.3389/fneur.2021.686681

Bruce, I. A., and Todt, I. (2018). Hearing preservation cochlear implant surgery. Adv. Otorhinolaryngol. 81, 66–73. doi: 10.1159/000485544

Causon, A., Verschuur, C., and Newman, T. A. (2015). A retrospective analysis of the contribution of reported factors in cochlear implantation on hearing preservation outcomes. Otol. Neurotol. 36, 1137–1145. doi: 10.1097/MAO.0000000000000753

Dagkiran, M., Tuncer, U., Surmelioglu, O., Tarkan, O., Ozdemir, S., Cetik, F., et al. (2019). How does cochlear implantation affect five vestibular end-organ functions and dizziness? Auris Nasus Larynx 46, 178–185. doi: 10.1016/j.anl.2018.07.004

Douchement, D., Terranti, A., Lamblin, J., Salleron, J., Siepmann, F., Siepmann, J., et al. (2015). Dexamethasone eluting electrodes for cochlear implantation: Effect on residual hearing. Cochlear Implants Int. 16, 195–200. doi: 10.1179/1754762813Y.0000000053

Eshraghi, A. A., and Van De Water, T. R. (2006). Cochlear implantation trauma and noise-induced hearing loss: Apoptosis and therapeutic strategies. Anat. Record A Discov. Mol. Cell. Evol. Biol. 288, 473–481. doi: 10.1002/ar.a.20305

Fayad, J. N., Makarem, A. O., and Linthicum, F. H. (2009). Histopathologic assessment of fibrosis and new bone formation in implanted human temporal bones using 3D reconstruction. Otolaryngol. Head Neck Surg. 141, 247–252. doi: 10.1016/j.otohns.2009.03.031

Fina, M., Skinner, M., Goebel, J. A., Piccirillo, J. F., Neely, J. G., and Black, O. (2003). Vestibular dysfunction after cochlear implantation. Otol. Neurotol. 24, 234–242. doi: 10.1097/00129492-200303000-00018

Foggia, M. J., Quevedo, R. V., and Hansen, M. R. (2019). Intracochlear fibrosis and the foreign body response to cochlear implant biomaterials. Laryngoscope Invest. Otolaryngol. 4, 678–683. doi: 10.1002/lio2.329

Govender, S., Fernando, T., Dennis, D. L., Welgampola, M. S., and Colebatch, J. G. (2016). Properties of 500 Hz air- and bone-conducted vestibular evoked myogenic potentials (VEMPs) in superior canal dehiscence. Clin. Neurophysiol. 127, 2522–2531. doi: 10.1016/j.clinph.2016.02.019

Guan, R. R., Wang, Y. Q., Wu, S. S., Zhang, B., Sun, J. W., Guo, X. T., et al. (2021). Vestibular function in children and adults before and after unilateral or sequential bilateral cochlear implantation. Front. Neurol. 12:675502. doi: 10.3389/fneur.2021.675502

Ibrahim, I., da Silva, S. D., Segal, B., and Zeitouni, A. (2017). Effect of cochlear implant surgery on vestibular function: Meta-analysis study. J. Otolaryngol. Head Neck Surg. 46:44. doi: 10.1186/s40463-017-0224-0

Jia, H., François, F., Bourien, J., Eybalin, M., Lloyd, R. V., Van De Water, T. R., et al. (2016). Prevention of trauma-induced cochlear fibrosis using intracochlear application of anti-inflammatory and antiproliferative drugs. Neuroscience 316, 261–278. doi: 10.1016/j.neuroscience.2015.12.031

Kuang, H., Haversat, H. H., and Michaelides, E. M. (2015). Impairment of caloric function after cochlear implantation. J. Speech Lang. Hear. Res. 58, 1387–1395. doi: 10.1044/2015_JSLHR-H-15-0010

Kwok, B. Y. C., Rosengren, S. M., Kong, J. H. K., Birman, C. S., Hoskisson, E., Young, A. S., et al. (2022). Impact of Cochlear Implantation on Canal and Otolith Function. Otol. Neurotol. 43, 304–312. doi: 10.1097/MAO.0000000000003459

Li, X., and Gong, S. S. (2020). The effect of cochlear implantation on vestibular evoked myogenic potential in children. Laryngoscope 130, e918–e925. doi: 10.1002/lary.28520

Ordonez, F., Riemann, C., Mueller, S., Sudhoff, H., and Todt, I. (2019). Dynamic intracochlear pressure measurement during cochlear implant electrode insertion. Acta Otolaryngol. 139, 860–865. doi: 10.1080/00016489.2019.1640391

Seyyedi, M., and Nadol, J. B. (2014). Intracochlear inflammatory response to cochlear implant electrodes in humans. Otol. Neurotol. 35, 1545–1551. doi: 10.1097/MAO.0000000000000540

Sichnarek, J., Mrazkova, E., Zathurecky, E., and Tomaskova, H. (2019). Comparing results from vestibular caloric stimulation and vHIT from a specialised outpatient clinic. Int. Tinnitus J. 23, 1–5. doi: 10.5935/0946-5448.20190001

Skarzynski, H., Lorens, A., D’Haese, P., Walkowiak, A., Piotrowska, A., Sliwa, L., et al. (2002). Preservation of residual hearing in children and post-lingually deafened adults after cochlear implantation: An initial study. ORL J. Otorhinolaryngol. Relat. 64, 247–253. doi: 10.1159/000064134

Skarzynski, H., Lorens, A., Dziendziel, B., Rajchel, J. J., Matusiak, M., and Skarzynski, P. H. (2019). Electro-natural stimulation in partial deafness treatment of adult cochlear implant users: Long-term hearing preservation results. ORL 81, 63–72. doi: 10.1159/000497060

Snels, C., IntHout, J., Mylanus, E., Huinck, W., and Dhooge, I. (2019). Hearing preservation in cochlear implant surgery: A meta-analysis. Otol. Neurotol. 40, 145–153. doi: 10.1097/MAO.0000000000002083

Sosna-Duranowska, M., Tacikowska, G., Gos, E., Krupa, A., Skarzynski, P. H., and Skarzynski, H. (2021). Vestibular Function After Cochlear Implantation in Partial Deafness Treatment. Front. Neurol. 12:667055. doi: 10.3389/fneur.2021.667055

Sprinzl, G. M., Schoerg, P., Edlinger, S. H., and Magele, A. (2020). Long-term hearing preservation in electric acoustic cochlear implant candidates. Otol. Neurotol. 41, 750–757. doi: 10.1097/MAO.0000000000002627

Stuermer, K. J., Kluenter, H. D., Lang-Roth, R., Schwarz, D., Hüttenbrink, K. B., and Anagiotos, A. (2019). Preservation of vestibular function and residual hearing after round window cochlear implantation. Otol. Neurotol. 40, 878–882. doi: 10.1097/MAO.0000000000002257

Tsukada, K., and Usami, S. I. (2021). Vestibular preservation after cochlear implantation using the round window approach. Front. Neurol. 12:656592. doi: 10.3389/fneur.2021.656592

Valvassori, G. E., and Clemis, J. D. (1978). The large vestibular aqueduct syndrome. Laryngoscope 88, 723–728. doi: 10.1002/lary.1978.88.5.723

Verbecque, E., Marijnissen, T., De Belder, N., Van Rampaey, V., Boudewyns, A., van de Heyning, P., et al. (2017). Vestibular (dys) function in children with sensorineural hearing loss: A systematic review. Int. J. Audiol. 56, 361–368. doi: 10.1080/14992027.2017.1281444

Wang, R. J., Chao, X. H., Luo, J. F., Zhang, D. G., Xu, J. L., Liu, X. F., et al. (2022). Objective vestibular function changes in children following cochlear implantation. JVR 32, 29–37. doi: 10.3233/VES-190763

Wang, R. J., Zhang, D. G., Luo, J. F., Chao, X. H., Xu, J. L., Liu, X. F., et al. (2021). Influence of cochlear implantation on vestibular function in children with an enlarged vestibular aqueduct. Front. Neurol. 12:663123. doi: 10.3389/fneur.2021.663123

West, N., Tian, L., Vang Petersen, L. K., Bille, M., Klokker, M., and Thomasen, P. C. (2021). Objective vestibular test battery and patient reported outcomes in cochlear implant recipients. Otol. Neurotol. 42, e416–e424. doi: 10.1097/MAO.0000000000002959

Yong, M., Young, E., Lea, J., Foggin, H., Zaia, E., Kozak, F. K., et al. (2019). Subjective and objective vestibular changes that occur following paediatric cochlear implantation: Systematic review and meta-analysis. J. Otolaryngol. Head Neck Surg. 48:22. doi: 10.1186/s40463-019-0341-z

Zhang, D. G., Lv, Y. F., Han, Y. C., Li, Y. W., Li, X. F., Wang, J., et al. (2019). Long-term outcomes of triple semicircular canal plugging for the treatment if intractable Meniere’s disease: A single center experience of 361 cases. J. Vestibul. Res. 29, 315–322. doi: 10.3233/VES-190682





[image: image]


OPS/images/fnins-16-885263/fnins-16-885263-e000.jpg
@
_]_‘
)
x 100/,
LO





OPS/images/fnins-16-885263/fnins-16-885263-g001.jpg
* %k

10

X

)

M~ O S} < oM

IHO0IS (SYA) 31VIS DOTVYNY TVNSIA

BLOOL1 OL2





OPS/images/fnins-16-885263/fnins-16-885263-g002.jpg
VAS

VAS

VAS

VAS

10

" 100% R’
T t 100% R’
— 1\ 1
—N2
N3
3
1 ! 1 1 1 ! 66.6% R"
Lo L1(125-313Hz) L1(563-688Hz) L1(813-938Hz) L1(1813-2063Hz) L1 (3063-3563Hz) L1 (3563-4063Hz)
\ 100% R’
75%R’

s 80%RT N7

—N8
NS
1
Lo L1(125-313Hz) L1(563-688Hz) L1(813-938Hz) L1(1813-2063Hz)L1 (3063-3563Hz) L1 (3563-4063H2)
S = < = “ - 9 0% R’
- - ) # - 8 & 0%R'
83.3%R’
v —N13
—N14
N15
Lo L1(125-313Hz) L1(563-688Hz) L1(813-938Hz) L1(1813-2063Hz)L1 (3063-3563Hz) L1 (3563-4063Hz)
100% R"
12.5%R’
s w— N 19
— N20
N21
2 2 2 2 2 2 60% R

Lo L1(125-313Hz) L1(563-688Hz) L1(813-938Hz) L1 (1813-2063Hz) L1 (3063-3563Hz) L1 (3563-4063Hz)

VAS

VAS

VAS

87.5%R’

6 100% R”

« S0%R’

0
L11(125-313Hz) L1 (563-688Hz) L1 (813-938Hz) L1 (1813-2063Hz) L1 (3063-3563Hz) L1 (3563-4063Hz)

Lo

Lo

0
L1 (125-313Hz)

L1 (125-313Hz2)

L1 (563-688Hz)

L1 (563-688Hz)

83.3%R’

1 1 ! 1100% R'
100% R'

L1(813-938Hz) L1(1813-2063Hz)L1 (3063-3563Hz) L1 (3563-4063Hz)

s 88.8% R’

100% R’

1 87.5%R’

L1(813-938Hz) L1(1813-2063Hz)L1 (3063-3563Hz) L1 (3563-4063Hz)

— 10
——N11

w——N16
~—N17
N18





OPS/images/fnins-16-885263/fnins-16-885263-g003.jpg
TINNITUS HANDICAP INVENTORY (THI) SCORE

100

90

80

70

60

50

30

20

10

B Before surgery @ 1 month 0O 6 months O 1 year






OPS/images/fnins-16-895560/fnins-16-895560-g010.jpg
S

Frequency

w ©0

—— Frequency
—— Accuracy
—— AUC
071  0.71
64 064 0.64
/ 064 064 0.64
57
0 0.1 0.2 0.3 0.4 0.5

Stability score

11.0

10.8

10.6

10.4

10.2

.8.0

Accuracy

11.0

10.8

10.6

10.4

10.2

0.0

AUC

Frequency

6 11.0
0.94 0.94 —— Frequency
—— Accuracy
— AUC
5L
0. 10.8
0.
4
2 0.62 0.62 0.62 0.62 0.62
10.6
. ¥
3t
10.4
2L
10.2
1t

Stability score

0o 01 02 03 04 05 06 07 08 09°

Accuracy

5.0

0.8

0.6

0.4

0.2

0.0

AUC





OPS/images/fnins-16-895560/fnins-16-895560-t001.jpg
Count Mean Standard deviation Min 25% 50% 75% Max.
Age (months) 70.00 27.31 13.92 7.00 14.00 25.50 38.00 54.00
Residual hearing (dB) 70.00 108.17 14.07 81.00 97.50 106.88 124.69 125.00
Bony cochlear nerve canal diameter (mm) 70.00 0.83 0.58 0.01 0.35 0.83 1.17 2.28
Internal auditory canal diameter (mm) 70.00 2.47 0.85 0.41 1.91 2.51 2.96 4.42
Number of nerve bundles 70.00 1.71 0.80 1.00 1.00 2.00 2.00 4.00
Vestibulocochlear nerve area (mm?) 70.00 1.32 0.55 0.30 0.91 1.27 1.71 2.78
Area ratio of the vestibulocochlear nerve to the facial nerve 70.00 1.50 0.48 0.44 1.22 1.47 1.69 2.63
40-Hz auditory-evoked related potential 70.00 - - - - - - -
Auditory brainstem responses 70.00 - - - - - - -
Cochlear microphonics 70.00 - - - - - - -
Distortion product otoacoustic emissions 70.00 - - - - - - -
Acoustic immittance 70.00 - - - - - - -
CAP 70.00 410 1.32 2.00 3.00 5.00 5.00 7.00
SIR 70.00 1.87 0.92 1.00 1.00 2.00 3.00 4.00
MAIS 70.00 25.14 10.47 3.00 18.00 26.50 33.75 40.00
MUSS 70.00 11.96 10.32 0.00 3.00 8.00 21.75 33.00

Not available values (=) indicate discrete variables without mean, standard deviation, maximum, minimum, and quantile.
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SIR

Measure CAP

Accuracy 71 93
AUC 71 94
F1-score 67 93

F1-score = 2 (precision x recall)/(precision + recall).
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A i B SIR

Features Features

Vestibulocochlear nerve area 0.585 Vestibulocochlear nerve area 0.835
Number of nerve bundles Number of nerve bundles
Internal auditory canal diameter Bony cochlear nerve canal diameter | 0.0
Bony cochlear nerve canal diameter Residual hearing |0.0
Residual hearing Age in months |0.0
Age in months Internal auditory canal diameter | 0.0
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.2 0.4 0.6 0.8 1
Stability score Stability score
C MAIS D MUSS
Features Features

Vestibulocochlear nerve area Vestibulocochlear nerve area

Number of nerve bundles Number of nerve bundles
Residual hearing Age in months
Internal auditory canal diameter Bony cochlear nerve canal diameter
Bony cochlear nerve canal diameter

Residual hearing

Age in months Internal auditory canal diameter

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Stability score Stability score





OPS/images/fnins-16-895560/fnins-16-895560-g009.jpg
Label

CAP

1.0 1 L ® & ® &
0.8 4
0.6 4

® Actual

® Predicted
0.4 1
0.2+
0.0 4 ® O o o o o ® o o

4 6 8 10 12

Testing samples

Label

SIR

0.8

0.6 1

0.4 1

0.2

0.0 A

® Actual
® Predicted

® L]
e o o
6 8

Testing samples






OPS/images/fpsyg-13-927854/fpsyg-13-927854-M44.jpg





OPS/images/fpsyg-13-927854/fpsyg-13-927854-M43.jpg





OPS/images/fpsyg-13-927854/fpsyg-13-927854-M42.jpg





OPS/images/fpsyg-13-927854/fpsyg-13-927854-M41.jpg





OPS/images/fpsyg-13-927854/fpsyg-13-927854-M40.jpg





OPS/images/fpsyg-13-927854/fpsyg-13-927854-M4.jpg





OPS/images/fpsyg-13-927854/fpsyg-13-927854-M39.jpg





OPS/images/fpsyg-13-927854/fpsyg-13-927854-M38.jpg





OPS/images/fnins-16-892894/fnins-16-892894-g002.jpg
SP sample 1 - thai** sans!/ san®s / fen®s tsun®s, WP sample 1 - tha5/mei214 thizen55/touss xueisl/ tehy51/ ta5! fshais! g5}/ mai2l4 tshais!

o ———— - \\{" ot o, e
1
1

________ \
1
1

/
1
|
|

1

1

___________ |
-

[ S a—p—— - - —— —— o —

thai3s giasl / §135/ nien3s kun5s

WP sample 2 - suei®! teiaqus! / tehizen3s / uo214/xueist/khransilian214tei3® / tieens! g\51 teys5?

——
———

—
- - —
—— e — —

teiqust ti’1 /  ti5! / pu?!3lin2l4






OPS/images/fnins-16-892894/fnins-16-892894-g003.jpg





OPS/images/fnins-16-892894/fnins-16-892894-g004.jpg
SP

WP

SP-WP






OPS/images/fnins-16-885263/fnins-16-885263-t004.jpg
Patients Polyphonic tinnitus mean VAS (Cl off - LO) mean VAS (Clon -L2)

Selective attenuation of tinnitus15/21 0% 6.6 45
Non-selective attenuation of tinnitus4/21 75%* 4.5* 2.5"
No effect on tinnitus2/21 100%* 8" 6.5*

mean THIlpre-op.

40.6
36.5
72"

mean THI1 year

30.5
18.5"
40*

*Statistically significant difference compared to patients with specific attenuation on tinnitus, p < 0.05.
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Patient Sex

N1 Female
N2 Female
N3 Male
N4 Male
N5 Female
N6 Male
N7 Female
N8 Female
N9 Male
N10 Female
N11 Male
N12 Female
N13 Male
N14 Female
N15 Male
N16 Female
N17 Female
N18 Female
N19 Female
N20 Female
N21 Male

Age (yrs)

53
65
68
62
22
58
68
58
53
56
20
59
55
46
64
47
38
63
49
80
40

Hearing Loss (HL) cause

Meéniere’s disease
Otosclerosis
|diopathic
Idiopathic

Sudden HL
Idiopathic
Otosclerosis
Cogan syndrome
Otosclerosis
|diopathic

CMV

latrogenic (aminoglycosides)
Auditory neuropathy
Hereditary genetics
Otosclerosis
Idiopathic
Idiopathic
Otosclerosis
Sudden HL
Otosclerosis
Otosclerosis

HL, duration (yrs)

16
43
18
53
10
58
50
24
30
13
16
46
13
10
19
20
14
30
30
30
10

PTAR (db)

45
68
120
84
102
115
120
63
102
120
120
93
67
62
68
120
76

84
107
99

PTA L (db)

114
120
99
103
99
115
114
120
102
120
120
101
T
72
91
106
76
112
93
120
75

PTA, pure tone average (average of hearing threshold levels at 500, 1,000, 2,000, and 4,000 Hz); R, right ear; L, left ear.
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Patient SC

N1 22
N2 d

N3 Nf
N4 Nf
N5 17
N6 4

N7 11
N8 22
N9 22
N10 6

N11 22
N12 22
N13 11
N14 Nf
N15 Nf
N16 22
N17 1

N18 6

N19 19
N20 Nf
N21 Nf

Frequency MCLT (rA) CI model

125-313
3063-3563
/

/
563-688
491-710
1813-2063
125-313
125-313
3563-4063
125-313
125-313
1813-2063
/

/
125-313
100-198
3563-4063
563-688
/

/

2154
244.4
/

/
7355
368
235,7
3445
613,9
348,9
204
4435
2154

560,9
397
485,5
309
/

/

Cochlear Cl612Peri-modiolar
Cochlear ClI512Peri-modiolar
Cochlear CI632Peri-modiolar
MED-EL Mi1200Flex28Lateral-wall
Cochlear CI512Peri-modiolar
MED-EL Mi1200Flex28Lateral-wall
Cochlear ClI512Peri-modiolar
Cochlear CI24RE CAPeri-modiolar
Cochlear CI512Peri-modiolar
Cochlear Cl422Lateral-wall
Cochlear ClI512Peri-modiolar
Cochlear Cl612Peri-modiolar
Cochlear ClI512Peri-modiolar

AB Hires 90KJLateral-wall
Cochlear Cl422Lateral-wall
Cochlear CI24RE CAPeri-modiolar
MED-EL Mi1200Flex28Lateral-wall
Cochlear Cl612Peri-modiolar
Cochlear Cl612Peri-modiolar
Cochlear CI512Peri-modiolar
Cochlear CI512Peri-modiolar

Electrodelength Strategy of stimulation Frequency of stimulation Pulsewidth

19mm
19mm
17mm
28mm
19mm
28mm
19mm
19mm
19mm
25mm
19mm
19mm
19mm
20mm
25mm
19mm
28mm
19mm
19mm
19mm
19mm

MP3000
MP3000
ACE
FS4
ACE
FS4
ACE
ACE
ACE
ACE
ACE
MP3000
ACE
HRes Optima-S
ACE
ACE
FS4
ACE
ACE
ACE
ACE

900
900
900
1237
900
1660
900
900
900
900
900
900
900
1258
900
900
1277
900
900
900
900

25

25

25
25.42-30.42

25
12.08-17.92

25

25

25

25

25

25

25

53

25

25
17.08-33.75

25

25

25

25

CI, cochlear implant model; nf, not found.
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Patient

N13
N17
N19

SC

22 Cochlear
6 Cochlear

17 Cochlear
22 Cochlear
11 Cochlear
1 MED-EL

19 Cochlear

Frequency band

188-313 Hz
3563-4063 Hz
813-938 Hz
188-313 Hz
1813-2063 Hz
100-198Hz
563-688 Hz

Real pitch

125 Hz
3400 Hz
625 Hz
225 Hz
2000 Hz
170 Hz
625 Hz

In three patients (N1, N2, N5), the actual pitch measured (bold values) did not fall
924 within the frequency range empirically assigned to the suppressive channel

(SC).
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Participant Sex Age attest Dur deaf Clexp Clear Etiology PTA Mean HA gain

(yrs) (yrs) (yrs) (dB HL) (dB)
Cl-C1 M 6.5 34 33 R Congenital 942 333
Cl-c2 F 106 8.0 08 L Congenital 81.7 40.8
CI-C3 F 149 79 05 R Unknown 825 292
Cl-A1 F 201 15.0 08 R Progressive 917 383
Cl-A2 F 203 20.3 35 R Congenital 90.8 202
Cl-A3 F 20.7 20.0 06 L Congenital 85.8 250
Cl-A4 M 238 14.8 12 L Unknown 85.0 233
Cl-AS M 239 129 1.0 L Unknown 69.2 225
Cl-A6 M 241 21.0 6.7 R Congenital 81.7 20.0
CI-A7 M 318 15.0 06 R Progressive 86.7 4.7
Cl-A8 F 40.2 25 25 R Sudden 833 175

Al participants were users of Med-£l devices, and all were everyday bimodal listeners (Clin one ear, hearing aid in the other ear)
Unaided PTA thresholds were calculated across 0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 kHz. The mean HA gain was calculated as the mean difference between unaided and aided PTA
thresholds. Dur deaf, duration of deafness before cochlear implantation; Cl exp, experience with the Cl device; CI-C, Cl children; CI-A, Cl adult.
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Width of BCNC  Diameter of VCN  VCN/FN ratio

(=37 (n=35) (n=35)

ECAP thresholds r=0.15 =009 =007
P=059 P=067

ECAP maximum r=-008 061
amplitude P=096 P <001

Siope of ECAP r=-0.09 =065
P=058 P <001

input/output function

" presents p < 0.01.
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Number

CND1

CND2

CND3

CND4

CNDS

CND6

CND7

CND7

CND8

CND9

CND10
CND11
CND12
CND13
CND14
CND14
CND15
CND16
CND17
CND18
CND19
CND20
CND21
CND22
CND23
CND24
CND25
CND26
CND27
CND27
CND28
CND29
CND30
CND31
CND32
CND33
CND33
CND34
CND35

Gender

mMMMMAMTMMEZAMMAMMMTMZEZMNEZEZEZ N M MEEEZ N M MEZEZEZE A MMEZ T

Ear tested

FFCF I IIFCICDICDCDDDCCCCODCDCDCCCDCODD DD

Ageat
implantation

3.36
0.94
281
155
1.95
1.30
1.86
1.86
2.10
124
131
5.95
236
5.60
134
1.34
4.01
4.44
4.65
793
3.85
1.93
1.40
261
4.06
1.20
257
293
1.62
152
298
1.94
177
1.91
464
263
263
3.08
1.36

Age at
testing

5.4
24
55
4.0
3.4
26
23
2.4
4.1
23
38
8.0
6.5
1.2
22
20
6.9
8.1
6.5
121
6.1
4.1
41
6.8
73
2
43
85
4.0
2.1
4.1
25
37
34
78
34
37
4.2
1.9

Electrode
array

24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
24RECA
Cla22

Cls512

24RECA
24RECA

Width of the
BCNC (mm)

0.37
0.57
0.9
11
08
0.75
0.77
0.69
0.63
068
0.93
0
0.82
0
0.56
0.38
1.04
162
0.97
083
0.77
0.77
1.07
1.07
0.53
0.7
0.76
0.72
091
1.1
0.7
0.9
0.69
08
0.87
0.9
08
06
0.72

Diameter of VCN
nerve (mm)

1.94
19
1.86
T
0.99
1.62
09
16
1.64
16
1.1
1.45
2.08
16
1.32
1.54
1.1
0.81
1.63
1.02
1T
1.67
13
1.15
16
1.43
1.65
217
1.22
05
17
1.55
1.42
2.05

15
12
0.45

VCN aplasia
VCN aplasia

Diameter of
facial nerve (mm)

1.73
1.86
1.48
17
1.36
18
05
14
1.86
1
13
1.42
1.35
14
151
1.99
09
1.05
1.87
1.24
15
1.42
7
1.52
1.64
1.56
161
154
0.57
072
14
1.61
17
157

08
154
03

Width of the IAC

(mm)

3.66
3.98
453
4.82
1.96
1.59
31
3

25
524
553
2.96
4.83
434
3.54
3.68
3.96
148
3.48
265
3.81
535
522
245
473
3.66
3.04
3.69
32

3.16
3.05
452
4.02
36
1.86

2

1.95
28
236

Electrodes with
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Participants Gender Age (Range) Implantation age (Range) Duration of Cl (Range)

Male Female

NH i 13 6:0(5: 1-7: 8) \ \
cl 10 11 6; 8 (5; 0-10; 9) 3;1(1;5-9;7) 3;7(1; 2-5; 6)
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SSC(38)
HSC (38)
PSC (38)

1-3 Months

9,47.37
11,3143
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2,526
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2,526

Number of patients with percent fail rates (N, %)
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Tests

Caloric
<VEMP
oVEMP
SSC
HSC
PSC

*p < 0.05

1 Month N =25

8/18,44.44*
6/22,27.27
10/21, 47.62*
2/24,8.33
4/25,16.00
2/24,8.33

Number of patients tested, Percent fail rate (N,%)

3 Months N =25

9/19, 47.37*
8/22, 36.36*
8/21, 38.10%

1/25,4.00
4/23,17.39
3/25,12.00

6 Months N = 15

2/11,18.18
1/11,9.00
4/13,30.77
4/14,28.57
3/14,21.43
2/14,14.29

9 Months N =20

7115, 46.67*
5/16,31.25*
7/17,41.18*
0/22,0.00
1/19,5.26
0/19,0.00

12 Months N = 16

2/12,16.67
2/11,18.18
2/11,18.18
1/16,6.25
0/16,0.00
0/16, 0.00
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Tests Number of patients tested among all 72 patients

Pre 1 3 6 9 12

Month Months Months Months Months
Caloric 59 28 27 20 21 20
cVEMP 72 43 36 28 30 24
oVEMP 71 43 36 27 29 24
e 70 45 40 32 32 28
HSC 70 45 40 32 32 28

PSC 70 45 40 32 32 28
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$56 M R 6 CA M, E 1,3,6,9,12 Hhhh =t N, 65,75
57 M L 8 CcA M,E 1,3,9,12 — bbb 85,85,90
§58 M R 53 CA Normal 12 TR N, 75,80
$59 F L 28 CA Normal 1,3,6,9 —h bbb 15, 45,80
S60 M L 19 CA Normal 1,3,6,9 b+ 85,85,90
s61 M R 48 CA Normal 1,3 80,80,75
s62 F R 50 CA Normal 6,9,12 2t by 65,75,85
S63 F R 6 CA E L9 by N, 80,90
S64 M L 30 CA Normal 1,3,9 by N, 80, 100
$65 M R 65 CA Normal 3 ==t 75, 80, 80
S66 M L 55 CA Normal L9 B o ki N, 80, 65
867 M R 6 CA M,E 3,9 NN N, 85,105
S68 B L 36 CA Normal L3 iy iy ek 65,70, 100
869 M L 4 CA E 1,9 by oy N, 50, 80
s70 M R 5 CA M,E 3 — bbb N, 80,95
s71 M )i 51 CA Normal 1,3 — b N, 70,70
s72 M R 19 CcA Normal 1,6 oy 65,65, 80

AAL age at implant
N, not tested;
response; HS(

CA, CI4RECA; E, female; M, male; L, left; R, right; M, Mondini; E, enlarged vestibular aqueduct; LERH, low frequency residual hearing (125, 250, 500 Hz);
re-CI VE, vestibular function pre SC); /, n0 tested; +, normal response; —, absent or decreased
horizontal semicircular canal;
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Participant code Age (Years) CIbrand Noise band (B) Noise band (A)

Moderate A-B spectral Large A-B spectral
separation Separation

Electrode#  CF(Hz)  Electrode# CF(Hz) Electrode#  CF (Hz)

cn 53 Cochlear 1 1808 8 2927 2 6418
cr2 69 Cochlear 12 1683 8 2871 2 6,485
c13 69 MED-EL 7 1632 10 3,064 12 2
Cl4 43 Cochlear 1 1741 7 3,002 2 6,828
CIs £ Cochlear 12 1683 8 2871 2 6,485

Cl6 57 Cochlear 2 1,683 8 2871 2 6,485
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FDT

0.26

FoDT

0.28
0.85%%*

TC

0.04
0.58*
0.77%

RC

0.51
0.62*
0.76**
0.77*

II

0.15
0.84%*
0.94%*
0.74**
0.63*

MSI

0.35
0.55
0.63*
0.67*
0.61*
0.55
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FDT FODT

DT 0.14 0.03
FDT 0.97%%*
FODT

TC

RC

TC

0.03
0.88**
0.83*

RC

0.21

0.83*
0.81*
0.94%

II

0.14
0.91**
0.86*
0.86*
0.83*

MSI

0.35
0.79*
0.69
0.68
0.61
0.93*
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FDT FODT TC RC II MSI

DT 0.52* 0.55* 0.41 0.59** 0.46* 0.52*

FDT 0.94%%* 0.8 0.82%%* 0.92%%* 0.72%%*
FODT 0.88* 0.88** 0.93%%* 0.73%%*
TC 0.90%* 0.86*** 0.75%%*
RC 0.82%%* 0.70%%*
1I 0.75%%*

For clarity, only the correlation magnitudes are displayed, but all comparisons were congruent
in that better performance on one measure corresponded with better performance on another.
Correlation coefficients and p-values associated with p-values less than 0.05 are emboldened.
DT, detection thresholds; FDT, frequency discrimination thresholds; FODT, fundamental
frequency discrimination thresholds; TC, tonal comparisons; RC, rhythm comparisons; II,
interval identification; MSI, musical sophistication index; p = 0.05 (*), p = 0.01 (**),
p = 0.0024 (*) and p = 0.001 (***). Note that only the correlations with p = 0.0024 (*)
orp = 0.001 (***) were statistically significant for the stringent Bonferroni-adjusted criteria
which adjusts alpha from 0.05 to 0.05/21 or 0.0024.
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Subject Age Gender Etiology Ear MSI  Ageat Years CI company Implant Duration of Method of
tested  score onset implanted and model deafness streaming
processor before
implanta-
tion
H1 53 No Known  Both 3.61 N/A N/A N/A N/A N/A Apple Earbuds
Hearing Together
Loss
H2 24 No Known  Both 5.89 N/A N/A N/A N/A N/A Koss UR20
Hearing Together Headphones
Loss
H3 66 No Known  Both 35 N/A N/A N/A N/A N/A Apple Earbuds
Hearing Together
Loss
H4 54 No Known  Both 3.83 N/A N/A N/A N/A N/A Free Field through
Hearing Together Dell Optiplex 3080
Loss Speakers
H5 39 No Known  Both 4.33 N/A N/A N/A N/A N/A Free Field through
Hearing Together Panasonic TV
Loss TH-50PX80U
speakers
H6 23 No Known  Both 5.94 N/A N/A N/A N/A N/A Free Field through
Hearing Together Yamaha HS5
Loss Powered Studio
Monitor Speaker
H7 37 No Known  Both 6.39 N/A N/A N/A N/A N/A Beyer Dynamic DT
Hearing Together 770 Pro Headphones
Loss
c2 37 Unknown Both 4.78 15 L9 R:13 Cochlear N7s L:CI24RE (CA) L:5Ri1 Mini Mic2
Together R:CI24RE (CA)
G3 76 Progressive  Both 2.11 40 L:21 R:17 Cochlear N6s L:CI24R (CS) L:1R:5 Cochlear Binaural
SNHL Together R:CI24RE (CA) Cable
C10 46 Ototoxic Left 3.28 12 33 Cochlear N6 CI22M-, 1 Mini Mic
Medicine United States
Cl1 58 Sudden Right 1.83 55 2 Advanced HiRes Ultra3D 1 AB Bluetooth
SNHL Bionics Naida CI CI HIFocus
Q90 Slim]
C13 59 Mumps Right 3.39 14 3 Med-El Sonnet  Sonata 2 Mil260 42 I-loop streaming
Disease
€15 58 Ototoxic Left 2 54 1 Advanced HiRes Ultra3D 1 Bluetooth/Compilot
Medicine Bionics Naida CI with HiFocus
Mid-Scala
Electrode
Cl6 66 Ototoxic Left 4.11 38 18 Cochlear N5 CI24R (CS) 5 Sony MDR-D150
Medicine Headphones
C17 74 Unknown Both 1.78 Birth L:20 R:15 Cochlear N6s L:CI24R (CS) L9R:9 Free Field through
Together R:CI24RE (CA) HP Computer
Speakers
C18 72 MeaslesIn ~ Both 2.56 Birth L:12 R:10 Cochlear N6s L:CI24RE (CA) L:1R1 Free Field through
Utero Together R:CI512 HP Computer
Speakers
C20 67 Unknown Both 4.11 18 L4R:5 L:Cochlear N6 L:CI522 R:CI522 L:14 R:16 Free Field through
Together R:Cochlear N7 iPad Speakers
c22 65 Mumps Left 5.11 5 2 Cochlear N7 CI512 58 Mini Mic
Disease
C28 77 Unknown Both 3.33 60 L2 Rl Med-ElRondo  Synchrony 2 L:1R:2 Bluetooth streaming
Together 3s Mil250 using AudioLink
C32 63 Progressive  Left 6.28 20 13 Cochlear N7 CI24RE (CA) 5 Direct Bluetooth
SNHL streaming from iPad

Age at time of testing and age at onset of hearing loss (when applicable) is given in years. Duration of profound hearing loss prior to implantation (when applicable) is given in years and estimated
from subject interviews. SNHL, Sensorineural Hearing Loss.
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Author Year No. of Age at HL Age at first Cl Follow up Cl performances

patients diagnosed mean(rang) duration
Rodriguez-Ballesteros 2003 10 = - - The results of Cl were successful in terms of sound detection and communication
et al., 2003 skills.
Loundon et al., 2005 2005 1 10m ~4y 12m PTA (mean of 250-2000 Hz): 45dB (vs. 75dB with HA) Speech perception:

100% (vs. 0% with HA); IT-MAIS: 31/40 (vs. 4/40 with HA); NRT: good responses
on the tested electrodes.

Rouillon et al., 2006 2006 2 10m22m 4y25m 18m36m PTA (mean of 250-2000 Hz): 37dB and 45dB (vs. 75dB and 75dB with HA);
Closed-set sentences: 100%; Open-set words and sentences: 45-100%;
MAIS: 40/40 and 31/40 (vs. 4/40 and 4/40 with HA); Nottingham scale: grade 4
and 2; NRT: all the electrodes with positive responses.

Chiu et al., 2010 2010 3 6m6émily - >1y A preliminary evaluation of the speech perception performance revealed excellent
outcomes in all three patients, comparable to cochlear implantees with OTOF
mutations Rodriguez-Ballesteros et al., 2003.

Zadro et al., 2010 2010 3 183m2y30m 46m32m36m 24m24mi12m The patients showed awareness to speech sounds, and hearing perceptive abilities
achieved the identification level.

Wu et al., 2011 2011 1 - 6y 3y CAP: 7 at 3 years.

Runge et al., 2013 2013 2 (siblings) 0.59m 18m16m 3y Speech recognition thresholds: 44dB in quiet, 52dB in noise, and 65dB in quiet,

70dB in noise; Lexical Neighborhood Test Easy: 80% and 44% correct; ECAP
recovery: one patient had a higher recovery exponent than the average of the
pediatric and adult subjects; one had a recovery exponent within the average range.

Zhang et al., 2013 2013 1 12m 20m ~3y PTA (mean of 5004000 Hz): 25dB; NRI: waveform testing was within normal
limits.

Santarelli et al., 2015 2015 6 4dm-2y 2.1 (1-4)y =18y Open-set disyllable recognition test: 90-100%; ECAP: increasing stimulation
levels resulted in a higher amplitude and a slight decrease in the latency.

Miyagawa et al., 2016 2016 1 - - 12m LittIEARS auditory questionnaire: 0, 9, 24, and 30 at 0, 3, 6, and 12 months
after Cl

Zhang Q. et al., 2016 2016 1 30m 4y 2y PTA (mean of 500-4000 Hz): 37.5 dB; Open-set words recognition: 93%;
Open-set sentences recognition: 98%.

Park et al., 2017 2017 5 . - 36 m CAP: 67 at 24 m in early implantees (age < 24 m), and 3-4 at 24 min late
implantees (age > 24 m).

Chen et al., 2018 2018 1 18m 45y 24 m PTA (mean of 5004000 Hz): 31.25dB at 18 m, 30dB at 24 m; Open-set words:
90% at 18 m, 95% at 24 m.

Hosoya et al., 2018 2018 4 - 27.8 (21-40)m e CAP: no significant difference among the patients with OTOF, GJB2, SLC26A4
mutations and CMV infection; EABR: longer wave V, wave lll, and Wave lll-Wave V
latencies.

Kim et al., 2018 2018 107 e 19.2(13-26) m 36 m CAP: 4-5at12m, 4-7 at 26 m, 7 at 36 m.

More rapid improvement in early implantees (age < 18 m) than late implantees
(age > 18 m).
Wu et al., 2018 2018 10 - 2.9 (1-5.6)y 3m-5y Speech discrimination score: 77.5 &+ 37.1% at 3 years; CAP and SIR: no

significant difference among the patients with OTOF, GJB2 and SLC26A4
mutations. NRT and NRI: all 10 patients revealed robust ECAPs.

*One case may be shared with Loundon et al. (2005); tsome cases may be shared with Park et al. (2017); m: month(s); y: year(s); PTA: pure tone audiometry; CAP: categories of auditory performance; CMV:
cytomegalovirus; Cl: cochlear implant(s); EABR: electrically evoked auditory brainstem responses; ECAP: electrically evoked compound action potential; HA: hearing aid(s); HL: hearing loss; IT-MAIS: infant-toddler
meaningful auditory integration scale; MAIS: meaningful auditory integration scale; NRI: neural response imaging; NRT: neural response telemetry; SIR: speech intelligibility rating.
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CI talker Age
(years)
#1 37
#2 38
#3 16
#4 77
#5 62
#6 60
#7 57
#8 33

Gender

Male
Female
Female
Male
Female
Male
Female

Male

Age of first amplification
use (years)

Right Left
5 5

28 NA!
0.5 2
18 73
38 38
52 52
3 58
NA 3

Onset of
hearing loss

Post-lingual
Post-lingual
Pre-lingual

Post-lingual
Post-lingual
Post-lingual
Post-lingual
Post-lingual

Current type of
amplification
Right Left
CP CI
cl NA
HA3 CI
HA I
CI HA
HA Cl
HA 1
NA 1

Communication
mode

Oral

Oral

Oral

Oral and sign
Oral and sign
Oral and sign
Oral

Sign only

INA, not applicable. 2CI, cochlear implant. *HA, hearing aid. *Oral indicates that the talker used oral speech and language. Sign indicates that the talker used sign language.
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CI talker #1 #2 #3 #4 #5 #6 #7 #8 x s.d
Duration of spoken passage (s) 115 105 115 136 127 108 156 141 125.4 17.8
NH talker #1 #2 #3 #4 #5 #6 #7 #8 x s.d
Duration of spoken passage (s) 78 94 88 88 87 91 104 83 89.1 7.7
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Cluser Gender Type of Cl

user
01 M Unilateral
02 M Unilateral
03 M Unilateral
04 F Unilateral
05 E Unilateral
06 M Unilateral
o7 M Unilateral
08 F Unilateral
09 M Unilateral
10 M Unilateral
11 M Unilateral
12 M Bilateral
13 M Unilateral
14 E Unilateral
15 F Unilateral
16 M Unilateral
17 M Bilateral
18 F Unilateral
19 M Bilateral
20 E Unilateral
21 M Unilateral
22 F Unilateral
23 M Bilateral
24 M Unilateral
25 F Unilateral
26 M Unilateral
27 M Unilateral
28 E Unilateral
29 E Unilateral
30 M Unilateral
31 M Unilateral

Age

51.88
38.89
39.93
34.02
46.42
43.24
18.99
25.05
35.82
42.37
47.98
29.25
35.16
29.29
29.43
36.09
34.79
24.02
37.14
50.35
29.78
18.62
19.13
40.33
17.39
20.68
23.85
256.92
16.25
25.9
45.6

Ear tested

| e o B o S o B e N an w [on o (s o B N e B i i v [ b S N A s v O S N B 0 R s v [ p e v |

By]

Device

Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Listent/LCI-20PI*
Med El/Sonata
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Nurotron/CS-10A*
Med El/Sonata
Med El/Sonata
Nucleus/Cl1522
Nucleus/Cl422
Nucleus/CI24RE(CA)
Listent/LCI-20PI*
Nucleus/CI24RE(CA)
Med El/Sonata
Nucleus/CI24RE(CA)
Med El/Sonata

*Nurotron and Listent were two Chinese domestic cochlear implant brands.

Duration of severe-to-profound
deafness (yr)

4
10
3
10
8
3
10
10
24

13

29

Age at
implantation

51.09
38.21
39.44
33.26
45.86
42.49
18.4
24.36
35.36
41.83
47.47
28.72
34.67
28.75
28.93
35.59
34.29
23.49
36.62
49.79
29.24
17.69
9.27
37.32
15.3
19.88
23.04
24.88
15.43
24.88
45.08

Duration of Cl
use (m)

9.4
8.9
6.02
9.17
6.87
9.79
7.79
9.13
6.27
7.43
6.23
6.37
6.01
6.41
6.02
6.05
6.01
6.34
6.28
6.8
6.51
11.24
118.31
36.14
25.07
9.56
9.69
12.42
9.86
12.19
6.18
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R R2 p

A. Frequency change ACC threshold vs. speech performance

Monosyllabic words -0.270 0.073 0.142
Disyllable words -0.412 0.170 0.021
Sentences in quiet —-0.423 0.179 0.018
SRT in noise 0.571 0.326 0.013

B. Temporal gap ACC threshold vs. speech performance

Monosyllabic words —0.432 0.187 0.015
Disyllable words —0.436 0.190 0.014
Sentences in quiet —0.496 0.246 0.005
SRT in noise 0.086 0.007 0.735

C. 50% F_change ACC potential vs. speech performance

Monosyllabic words —0.008 0.00006 0.965
Disyllable words —0.168 0.028 0.368
Sentences in quiet —0.137 0.018 0.461
SRT in noise —0.235 0.055 0.348

D. 50% F_change ACC amplitude vs. speech performance

Monosyllabic words 0.288 0.083 0.116
Disyllable words 0.378 0.143 0.036
Sentences in quiet 0.385 0.148 0.032
SRT in noise —0.155 0.024 0.538

E. 100ms gap ACC potential vs. speech performance

Monosyllabic words —0.343 0.118 0.074
Disyllable words —0.400 0.160 0.035
Sentences in quiet —0.403 0.162 0.033
SRT in noise 0.334 0112 0.191

F. 100 ms gap ACC amplitude vs. speech performance

Monosyllabic words 0.256 0.066 0.188
Disyllable words 0.445 0.198 0.018
Sentences in quiet 0.295 0.087 0.128
SRT in noise —-0.617 0.381 0.008

The bold numbers indicate p < 0.05.
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Final mode Included variables B t p Excluded variables B t p
R2 F P
A. Multiple regression analyses with monosyllabic words as dependent variable
0.331 14.336 0.001 GDT —-1.71 —3.786 0.001 Temporal gap ACC threshold —-0.212 —1.253 0.221
B. Multiple regression analyses with disyllable words as dependent variable
0.686 27.331 <0.001 GDT —-3.031 -6.235 <0.001 Frequency change ACC threshold ~ —0.084  —0.706 0.487
Temporal gap ACC threshold -0.132 -1.015 0.32
100 ms gap ACC amplitude 8.741 3.699 0.001 50% F_change ACC amplitude 0.013 0.104 0.918
100 ms gap ACC potential 0.126 0.911 0.371
C. Multiple regression analyses with sentences in quiet as dependent variable
055 31.841 <0.001 GDT —3.945 —-5.643 <0.001 Frequency change ACC threshold ~ —0.181 —1.361 0.186
Temporal gap ACC threshold -0172 —-1.134 0.268
50% F_change ACC amplitude 0.153 1.147 0.262
100 ms gap ACC potential —0.05 —-0.322 0.75
D. Multiple regression analyses with STR in noise as dependent variable
0.577 9.562 0.002 100 ms gap ACC amplitude ~ —2.337  —3.073 0.008 FCDT —0.068  —0.203 0.842
GDT 0.61 2.551 0.023 Frequency change ACC threshold 0.029 0.148 0.885
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Case Cl side Surface area (mm?) Volume (mm3)

1 Left 224.80 213.96
2 Right 238.00 225.9
3 Left 145.60 128.22
4 Left 284.70 283.6
5 Right 1565.60 106.1

6 Left 141.10 117.49
7 Left 238.00 225.9
8 Left 187.10 160.48
9 Right 193.80 182.78
10 Left 254.70 285.07
11 Left 226.90 1565.34
12 Left 260.10 291.96
13 Right 97.42 7.7

14 Right 115.90 97.25

15 Left 138.30 113.07
16 Right 224.20 232.94
17 Right 67.85 41.51

18 Right 27.81 122
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Speech T3 T4 NH
recognition test

Symmetric Cl ear better HA ear better Symmetric Cl ear better HA ear better Symmetric Designated CI  Designated
Ns 13 (%) Nci,13 (%) Nua,13 (%)  Ns 14 (%) Nci,14 (%) Nua,14 (%)  Ns,nH (%) ear better HA ear better
Nci,nH (%) Nua,NH (%)

FBE 5(33.3) 2(13.3) 8(53.3) 2(13.3) 5(33.3) 8(53.3) 14 (100) 0 0
0Olsa S0 3(20.0) 4(26.7) 8(53.3) 1(6.7) 7 (46.7) 7 (46.7) 7 (50) 4(28.6) 3(21.4)
OlSa SONO 6 (40.0) 2(13.3) 7(46.7) 8(53.3) 5(33.3) 2(13.3) 14 (100) 0 0
OlSa SONjpgi 5(33.3) 2(13.3) 8(53.3) 6 (40.0) 4(26.7) 5(33.3) 9(64.3) 1(7.9) 4(28.6)
0OISa SONcontra 4(26.7) 2(13.3) 9 (60.0) 8(53.3) 3(20.0) 4(26.7) 9(64.3) 2(14.3) 3(21.4)
Mean 4.6 (30.7) 2.4 (16.0) 8(53.3) 5(33.3) 4.8 (32.0) 52(347)  106(75.7)  1.4(10.0) 2(14.3)
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Age Mean + SD (range) in
years

Sex female/male

Cl ear left/right

Lifetime with hearing
impairment Mean + SD in %

HA use at future Cl ear
yes/no

Clgroup (Ng; =15)  NH group (Nny = 14)

57.67 + 14.95 (27-78) 57.21 £ 13.69 (24-76)

12/3 12/2
8/7 10/4

Cl ear: 53.72 £ 39.01
HA ear: 24.21 + 19.01

12/3
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Method Dependent variable Independent variable Coefficient (B) t P R?

2D Age at implantation 0.006 0.631 0.529 0.163
Differentiability Duration of Cl use 0.050 4.851 <0.0001**
A x DA —0.007 —2.952 0.004*
Age at implantation 0.011 1.266 0.207 0.178
Hit rate Duration of Cl use 0.046 5.372 <0.0001**
A x DA —0.006 —3.199 0.002*
3D Age at implantation 0.010 0.862 0.390 0.154
Differentiability Duration of Cl use 0.569 4773 <0.0001**
A x DA —0.007 —2.696 0.008*
Age at implantation 0.025 1.953 0.052 0.189
Hit rate Duration of Cl use 0.076 5.833 <0.0001**
A x DA —0.010 —3.602 0.0004**

AA x D stands for the interaction between Age at implantation and Duration of Cl use. * indicates a p of <0.05, ** indicates a p of <0.001.
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<0.0001 0.030
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<0.0001
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0.021 0.001 0.005 0.011
SUn 0.603

0.023
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<0.0001
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<0.001 0.003

Pearson correlation coefficients r and corresponding p values (in italics) are shown.
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SFG, Superior Frontal Gyrus, medial area BA10 8,193

SFG, Superior Frontal Gyrus, medial area BA10 7,635 =

MFG, Middle Frontal Gyrus, area 46 6,299 25.16 (—2.19)

MFG, Middle Frontal Gyrus, lateral area BA10 6,643 . 5178(-276)

OrG, Orbital Gyrus, orbital area BA12/47 3,726 33.76 (—2.04)

IFG, Inferior Frontal Gyrus, rostral BA45 2,971 34.26 (—1.90)
OrG, Orbital Gyrus, lateral area BA12/47 4,059 39.10 (—2.10)

OrG, Orbital Gyrus, lateral area BA12/47 4,714 24.37 (—1.15)
Temporal lobe

STG, Superior Temporal Gyrus, medial area BA38 5,294 32347 (—2.15)

STG, Superior Temporal Gyrus, lateral area BA38 2,166 41.92 (—2.31)

STG, Superior Temporal Gyrus, area 41/42 1,489 49.93 (1.88)
MTG, Middle Temporal Gyrus, rostral area BA21 7,515 88 27 (=2.0i)

Parietal lobe

SPL, Superior Parietal Lobule, rostral area BA7 3,178 32.35 (1.79)

SPL, Superior Parietal Lobule, intraparietal BA7 3,590

IPL, Inferior Parietal Lobule, caudal BA39 9,422 20.83 (1.30)

IPL, Inferior Parietal Lobule, rostrodorsal BA39 7,928

IPL, Inferior Parietal Lobule, rostroventral BA39 10,691 -

POG, Postcentral Gyrus, area BA1/2/3 4,775 325 (1.61)
Insula

INS, Insular Gyrus, ventral agranular insula 1,698 _

INS, Insular Gyrus, hypergranular insula 2,074 34.81 (1.66)
Cingulate Gyrus

CG, Cingulate Gyrus, subgenual BA32 3,250 20.28 (—1.91)

Brain areas with a significant activation difference between monaural and binaural listening condition in the N1 time interval in at least 20% of their voxels are listed. Red
shading is used for differences in the right hemisphere, while blue shading represents differences in the left hemisphere. Darkest shading indicates a significant difference
in at least 75% of the voxels, lightest label is used for differences in less than 25% of the voxels, and tones in between represent categories 50-75% and 25-49% of voxels
with a significant monaural vs. binaural difference. Positive t values indicate a larger N1 with bimodal listening, while negative t values indicate a smaller N1 with bimodal
hearing. If available, Brodmann areas (BA) are indicated. Note that the spatial extent of differences is larger and pertains to language-associated cortex in Cl listeners.
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