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Several putative origins of the cochlear response are the cochlear microphonic from inner and outer hair cells, summating potential, changes to the lateral wall potential from slow or sustained current through hair cells, excitatory postsynaptic potentials, compound action potentials from onset or phase locked sound pressure variations, and spontaneous excitation of single-auditory-nerve fibers. Auditory Nerve Neurophonic (ANN), a cochlear response, evoked from opposing tone burst polarities (green and blue) can be subtracted (white) or averaged (red). Averaging cancels the hair cell responses and the neural firing, originally out of phase by one half cycle, is overlapped, thus yielding a response which oscillates at twice the frequency of the tone burst. This is the Auditory Nerve Overlapped Waveform (ANOW).
Image: “Making Waves” Jeffery T. Lichtenhan.

Electrocochleography (ECochG) is an approach for making objective measurements of physiologic responses from the inner ear. Measurements have classically been made from electrodes placed in the outer ear canal, on the tympanic membrane, the round window niche, or inside the cochlea. Recent innovations have led to ECochG being used for exciting new purposes that drive clinical practice and contribute to the basic understanding of inner ear physiology. Cochlear implant recording electrodes can monitor the preservation of residual, low-frequency acoustic hearing, both in the operating room and post-operatively. ECochG measurements can be used to understand both the vestibular and auditory portions of the intact ear. These advances in ECochG provide a way to understand a variety of inner ear diseases and are likely to be of value to many groups in their own clinical and basic research.
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Editorial on the Research Topic
 New Advances in Electrocochleography for Clinical and Basic Investigation



Electrocochleography (ECochG) is a technique for recording evoked potentials from the inner ear, generally believed to originate from hair cells and nerve fibers. It is useful for assessing inner ear function in both laboratory and clinical settings. The abbreviation ECochG is preferable to ECoG, because the latter can be confused with “electrocorticogram” (Ferraro, 1986). ECochG measurements are typically made from the ear canal or eardrum (extratympanic), from the promontory or round window niche (transtympanic), or from inside the cochlea (intracochlear). Extratympanic ECochG recordings are most commonly made with “tiptrodes” (gold foil wrapped around insert earphones) or “tymptrodes” (electrodes placed directly on the tympanic membrane). While the amplitude of tymptrode measurements can be up to an order of magnitude larger than tiptrode measurements (Ferraro and Ferguson, 1989), transtympanic amplitudes can be far more than an order of magnitude larger than those on the eardrum (e.g., Ruth et al., 1988). We thus suggest that extratympanic measurements are best classified as far-field, and transtympanic measurements as near-field.

We will give a brief overview of ECochG before reviewing its traditional uses, and surveying recent advances that promise new applications in the assessment of auditory and vestibular function. References to the 23 papers collected for this Research Topic have been hyperlinked to Frontiers webpages. A more extensive historical overview of ECochG, including its basic features and applications, was provided by Eggermont. A complementary review by Gibson offers tips for optimizing ECochG recordings in different clinical situations. Electrovestibulography (EVestG) is an analogous emerging technique for characterizing vestibular hair cell and nerve function, and was reviewed by Brown et al.

Sensory cells of the inner ear can be manipulated, damaged, or destroyed in varying degrees depending on the ototoxic agent, administration approach, and dose, giving rise to hearing deficits at specific sound frequencies and intensities, as well as vestibular problems. A major long-term goal of ECochG is to help differentiate outer hair cell (OHC) from inner hair cell (IHC) or presynaptic losses, and from auditory nerve fiber (ANF) or postsynaptic losses, which are all presently lumped together as sensorineural hearing loss. Differential diagnosis of different forms of sensorineural hearing loss could prove useful in improving hearing aid fitting, in predicting cochlear implantation outcomes, and in individualized regenerative medicine (McLean et al., 2016, 2017).

ECochG measurements are believed to originate, in general, from at least four distinct cellular sources, the receptor potentials of OHCs and IHCs, and the dendritic potentials and spikes of ANFs. The phases or polarities of these components can vary along the cochlea in a complex fashion that depends on stimulus characteristics and electrode placement, confounding their separation and interpretation (Chertoff et al., 2012). For example, the origins of the commonly measured summating potential (SP) and cochlear microphonic (CM) are still unknown for the wide range of stimulus parameters and recording locations. The older term “cochlear response”, which seems to have become passé, thus remains an adequate descriptor of ECochG recordings as long as their origins remain elusive. A newer term with the same purpose appears to be the “total response” (e.g., McClellan et al., 2014). Continuing the progress toward untangling the different origins of ECochG measurements is essential to advance the clinical utility of ECochG (e.g., Forgues et al., 2014; Lichtenhan et al., 2014; Fontenot et al.).

The first ECochG measurements were obtained somewhat serendipitously by Wever and Bray (1930), who were attempting to record from cat ANFs. Their alternating or AC potential would come to be known as the cochlear microphonic (CM) and its origin was attributed to the hair cells, primarily to the more numerous and sensitive OHCs (Dallos and Cheatham, 1976), which amplify and sharpen sound-induced vibrations before their detection by the sensory IHCs and ANFs. It was later discovered that ANF spiking could also contribute to CM measurements, particularly in response to lower-frequency sounds (< 1–2 kHz), and that IHCs contributed as well (Eggermont, 1974; Chertoff et al., 2002; Lichtenhan et al., 2014). This blend of responses became known as the auditory nerve neurophonic (ANN, e.g., Snyder and Schreiner, 1984; Forgues et al., 2014), which is simply a cochlear response to intense, low-frequency sounds. The Auditory Nerve Overlapped Waveform (ANOW; Lichtenhan et al., 2013, 2014) differs from the ANN in that it is evoked by low to moderate level sounds, and its cellular and spatial origins are known. ECochG measurements can be DC-biased by the summating potential (SP), and show compound action potential (CAP) responses to stimulus onsets and sometimes offsets, reflecting the synchronous spiking of ANFs (Davis et al., 1958; Ruben et al., 1961). The CAP is wave I of the auditory brainstem response (ABR), first characterized by Jewett and Williston (1971).

A long-standing use of ECochG has been to objectively corroborate a symptomatic and case-history diagnosis of endolymphatic hydrops in Meniere's disease and other pathological states (endolymphatic hydrops is not limited to Meniere's). In ears with endolymphatic hydrops, the SP/CAP ratio can be increased, due mainly to an increase in the SP, but also to a decrease in the CAP. Despite much research, it is not known whether the sensitivity and specificity of ECochG for detecting endolymphatic hydrops is high enough to be useful for individual patients. Sass (1998) reported high sensitivity and specificity (87 and 100%, respectively) when transtympanic click and 1 kHz tone burst SP/CAP ratios were combined with the increased CAP latency difference between rarefaction and condensation stimulus clicks that is also typical of ears with endolymphatic hydrops. Others have also reported good sensitivity and specificity by using the SP/CAP area (e.g., Ferraro, 2010). As reviewed by Eggermont and Hornibrook, the results of some other studies have been less encouraging, but there is consensus that tone burst ECochG presently yields the best results (Hornibrook). In a promising new approach, Lichtenhan et al.induced endolymphatic hydrops in guinea pigs using three classical manipulations and found that changes in the ANOW were more sensitive to small degrees of endolymphatic hydrops than were changes in traditional measures such as CAP thresholds and the endocochlear potential, suggesting that the ANOW could be useful in the early detection of endolymphatic hydrops.

ECochG can be used in the diagnosis of auditory neuropathy (Widen et al., 1995; Rance and Starr, 2015), an umbrella term that includes many etiologies such as drug- or hypoxia-induced IHC loss (Harrison, 1998; Salvi et al.), noise- and age-related synaptopathy (Kujawa and Liberman, 2015), hereditary synaptopathy and neuropathy (e.g., mutations of OTOF, OPA1, and other genes; Santarelli et al., 2013), and even acoustic neuroma. While MRI can be useful in confirming some cases of auditory neuropathy (e.g., Roche et al., 2010), it is typically diagnosed when an absent or abnormal CAP or ABR, even at high stimulus levels, co-occurs with a robust CM and/or otoacoustic emissions (OAEs). Speech perception deficits, both in quiet and in noise, are worse than expected from the audiometric loss. Identifying ears with auditory neuropathy is important for predicting cochlear implant outcomes, which are generally poorer compared to non-neuropathic patients (McMahon et al., 2008; Walton et al., 2008; Harrison et al., 2015; Santarelli et al., 2015).

Salvi et al.provided an instructive review of selective IHC loss in chinchillas due to the cancer drug carboplatin. Substantial IHC loss had no measurable effect on OAEs or the CM (however, see Chertoff et al., 2002), but reduced SP and CAP amplitudes. Tone thresholds in quiet were unaffected by IHC losses of up to 80%, but thresholds in noise were elevated (Lobarinas et al., 2016). Importantly, the chinchilla carboplatin studies reviewed by Salvi et al. were also among the first to provide compelling evidence for synaptic gain increases in the central auditory system in response to decreased peripheral input. While increased central gain can lead to improved audibility in quiet conditions (see e.g., Hoben et al.), it might also lead to potentially bothersome tinnitus and hyperacusis (Noreña, 2011; Schaette and McAlpine, 2011; Pienkowski et al., 2014; Brotherton et al., 2015; Paul et al., 2017).

ECochG is a promising candidate for detecting noise- and age-related cochlear synaptopathy (Kujawa and Liberman, 2009, 2015; Sergeyenko et al., 2013). It was recently reported that college student musicians with normal audiometric thresholds up to 8 kHz, but mild hearing losses at 10–16 kHz, showed significantly increased click-evoked SP amplitudes and slightly decreased CAP amplitudes (Liberman et al., 2016), changes reminiscent of endolymphatic hydrops but in this case attributed to noise-induced synaptopathy. Bramhall et al. (2017) found reduced CAP amplitudes in military veterans with high noise exposure histories, and in non-veterans who reported a history of firearm use, compared with veterans and non-veterans with lower noise histories. Importantly, the reduced CAP amplitudes could not be explained by OHC dysfunction, as assessed with distortion product OAEs (DPOAEs). Other studies using CAP or ABR wave I amplitudes (as well as other metrics) have failed to detect evidence of synaptopathy in noise-exposed adults (e.g., Prendergast et al., 2017). However, it may be that people who regularly subject themselves to high recreational noise doses do so because of their “tougher” ears, which sustain less damage than the potentially more “tender” ears of people who avoid loud music and noise (see e.g., Henderson et al., 1993 for a general discussion of this issue).

Grinn et al. reported CAP and DPOAE amplitudes, and Words-in-Noise (WIN) performance in a group of young adults before, and 1 and 7 days after a loud recreational event, typically a concert (average dose of 93 dB A for 4 h, range 73–104 dB A for 1.5–16 h). Consistent with the notion of tough vs. tender ears, there was no correlation between the noise dose and the amount of temporary threshold shift (TTS) measured across study participants. Most showed a 1 day TTS of < 10 dB (with full recovery at 7 days), accompanied by correspondingly small but significant temporary decreases in WIN scores. DPOAE amplitudes were affected at 1 day but only at 6 kHz, whereas CAP amplitudes to clicks and 2–4 kHz tone bursts were not affected. These results argue against the development of synaptopathy after a single recreational noise dose, consistent with laboratory noise exposure that caused a TTS in humans (Lichtenhan and Chertoff, 2008). It is likely that a number of such exposures is needed to produce permanent damage in primates (Pienkowski, 2017; Valero et al., 2017).

To reduce the prevalence of noise-induced hearing loss, tinnitus, and hyperacusis, it would be helpful to identify those with especially tender ears. Maison and Liberman (2000) showed that the strength of the medial olivocochlear (MOC) efferent reflex in guinea pigs, as measured by the contralateral suppression of DPOAEs, was strongly correlated with lower TTS after acoustic trauma. Unfortunately, this finding has yet to be replicated in humans (e.g., Hannah et al., 2014). Smith et al.made measurements of chirp-evoked human CAPs, confirming the original finding that chirps yield larger CAP amplitudes than clicks (Chertoff et al., 2010). Smith et al. found that CAP amplitudes were more strongly contralaterally suppressible than were DPOAE amplitudes, similar to the results of previous animal and human studies (Puria et al., 1996; Lichtenhan et al., 2016). Verschooten et al. made progress in studying the human MOC reflex triggered by ipsilateral sound, by proposing how to separate MOC effects from the confounds of mechanical and neural masking.

This Research Topic reports innovations in recording techniques and signal processing that point to new potentially useful roles for ECochG in clinical practice (Charaziak et al.; Cook et al.; Kennedy et al.). Other innovations have noteworthy applications associated with cochlear implantation. Bester et al., Dalbert et al., Koka et al., and O'Connell et al., used ECochG to objectively assess residual, low-frequency acoustic hearing in ears implanted with hybrid electric-acoustic stimulation devices. He et al. comprehensively reviewed the electrically-evoked CAP or eCAP, including its applications in establishing implant candidacy, in intraoperative monitoring for electrode guidance, and in post-operative device programming and outcome assessment. Riggs et al. made intraoperative measurements from child and adult implantees with and without diagnosed auditory neuropathy, and found results consistent with better hair cell but poorer neural function compared to non-neuropathic patients. While it remains a challenge to accurately estimate ANF survival in implant candidates, Pardo-Jadue et al. suggest that tymptrode measurements of spontaneous ANF firing (in the absence of sound or other stimulation) could be helpful in this regard.

The telemetric innovations of modern cochlear implants have advanced research in intracochlear ECochG. Kim et al. reported the first intracochlear ECochG measurements from cochlear implant (Nucleus Hybrid L24) users. Koka and Litvak performed the first intracochlear ECochG recordings in response to simultaneous electrical and acoustic stimulation in patients implanted with Advanced Bionics HiRes 90K Advantage. The results of these pioneering measurements may point the way forward to objectively programming hybrid cochlear implants and better predicting speech outcomes.

The past informs the present, as the saying goes, and this is certainly true of the field of ECochG. It is usual for even good data to be misinterpreted in the context of the available theories of the day. Likewise, it is usual for previous interpretations to become outdated as new advances are made. Nevertheless, interpretations, not data, are typically the main intellectual drive of textbooks and review articles, and new trainees to a field often begin with these sources. Once a knowledge base becomes firmly entrenched, it can sometimes be difficult and uncomfortable to realize that a framework is no longer adequate to encapsulate new findings, and needs updating. We hope to have clarified some of the main ideas, terminology, and origins of ECochG measurements, and encourage all to study the almost 90 year history of this field.
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Development of electrophysiological means to assess the medial olivocochlear (MOC) system in humans is important to further our understanding of the function of that system and for the refinement and validation of psychoacoustical and otoacoustic emission methods which are thought to probe the MOC. Based on measurements in anesthetized animals it has been hypothesized that the MOC-reflex (MOCR) can enhance the response to signals in noise, and several lines of evidence support such a role in humans. A difficulty in these studies is the isolation of efferent effects. Efferent activation can be triggered by acoustic stimulation of the contralateral or ipsilateral ear, but ipsilateral stimulation is thought to be more effective. However, ipsilateral stimulation complicates interpretation of effects since these sounds can affect the perception of other ipsilateral sounds by mechanisms not involving olivocochlear efferents. We assessed the ipsilaterally evoked MOCR in human using a transtympanic procedure to record mass-potentials from the cochlear promontory or the niche of the round window. Averaged compound action potential (CAP) responses to masked probe tones of 4 kHz with and without a precursor (designed to activate the MOCR but not the stapedius reflex) were extracted with a polarity alternating paradigm. The masker was either a simultaneous narrow band noise masker or a short (20-ms) tonal ON- or OFF-frequency forward masker. The subjects were screened for normal hearing (audiogram, tympanogram, threshold stapedius reflex) and psychoacoustically tested for the presence of a precursor effect. We observed a clear reduction of CAP amplitude by the precursor, for different masking conditions. Even without an MOCR, this is expected because the precursor will affect the response to subsequent stimuli via neural adaptation. To determine whether the precursor also activated the efferent system, we measured the CAP over a range of masker levels, with or without precursor, and for different types of masker. The results show CAP reduction consistent with the type of gain reduction caused by the MOCR. These results generally support psychoacoustical paradigms designed to probe the efferent system as indeed activating the MOCR system, but not all observations are consistent with this mechanism.

Keywords: precursor, human, CAP, ipsilateral elicitor, efferent, medial olivocochlear system, MOC, ECochG

INTRODUCTION

An important property of the cochlea is the ability to “amplify” the mechanical vibrations at the basilar membrane (Dallos, 2008). This process is under the control of the medial olivocochlear (MOC) system via efferent fibers that innervate the outer hair cells. Activation of these efferents, called the MOC reflex (MOCR), hyperpolarizes the outer hair cells (Fuchs, 2002) and decreases the cochlear gain in anesthetized animals (Buno, 1978; Dolan and Nuttall, 1988; Liberman, 1989; Warren and Liberman, 1989; Kawase and Liberman, 1993; Guinan and Stankovic, 1996).

The role of the MOCR in auditory processing is not well-understood. Various proposals have been made, such as increased speech comprehension in noise (Giraud et al., 1997), protection against loud sounds (Kujawa and Liberman, 1997; Brown et al., 1998), and a possible role in the development of cochlear function (Walsh et al., 1998). Further elucidation of the role of the MOCR requires a combination of behavioral and physiological methods.

In humans, 3 basic approaches have been used to study the MOCR. Measurement of otoacoustic emissions while presenting contralateral sounds allows a rather direct probing of effects on outer hair cells (Guinan, 2006), but a drawback is that such measurements do not address effects on the cochlear neural output. This concern is alleviated by the measurement of acoustically evoked neural mass potentials while presenting contralateral stimuli (Folsom and Owsley, 1987; Kawase and Takasaka, 1995; Chabert et al., 2002; Lichtenhan et al., 2016), but in turn these techniques have other issues such as signal quality, state of arousal, and role of pathology in patients. Finally, a range of psychoacoustical paradigms have been developed to study efferent effects (see below). The challenge with behavioral paradigms is to know whether the effects observed indeed reflect the MOCR or whether they involve other neural pathways or phenomena. By probing cochlear neural potentials as directly as possible, in normal hearing subjects, and applying stimulus paradigms as used in psychoacoustical studies, we aim to tighten the interpretation of behavioral and physiological responses with respect to efferent function.

Although in physiological studies the MOCR may be elicited via direct electrical stimulation of the efferent pathway, the MOCR is more naturally activated by sounds to either ear (Gifford and Guinan, 1987). Use of acoustic stimulation of the contralateral ear to trigger efferent activity is appealing because of its technical and interpretational simplicity. However, anatomical and physiological evidence in cat and guinea pig (Liberman and Brown, 1986; Brown, 1989), indicates that the MOCR is more strongly activated by an ipsilateral elicitor than a contralateral one. While this suggests it is important to study ipsilateral elicitors of efferent activation, such elicitors introduce additional effects, such as cochlear suppression and neural adaptation, which complicate the interpretation of the results.

Under certain circumstances, neural responses to tones in noise may increase in amplitude when the MOCR is elicited. This is known as the anti-masking effect and is thought to reflect a decrease in masking due to a reduction in cochlear gain by the MOCR (Kawase and Liberman, 1993; Kawase et al., 1993). Various psychoacoustical paradigms have been developed to study the effect of the MOCR on masking. For example, in studies of the so-called overshoot or temporal effect (Zwicker, 1965), a precursor sound leads to effects which are qualitatively consistent with the neural anti-masking phenomenon (Strickland, 2001, 2004, 2008). The precursor sound is thought to lead to gain reduction by triggering the MOCR. To tease out the role of gain reduction against other cochlear phenomena (neural adaptation, suppression), psychoacoustic experimenters have developed forward masking paradigms in which masking by a short ON- or OFF-frequency masker is compared with and without a precursor (Roverud and Strickland, 2010). In contrast to the simultaneous masking condition, in forward masking the precursor increases signal threshold. However, the precursor increases signal threshold much more when the masker is well-below the signal frequency than when the masker is at the signal frequency, which would be consistent with a reduction in cochlear gain (Jennings et al., 2009; Jennings and Strickland, 2012; Yasin et al., 2014).

The interpretation of psychoacoustical results in terms of MOCR activity would be strengthened by linking psychoacoustical paradigms more directly with physiological measurements. Here, we attempt to electrophysiologically assess the mechanism by which a precursor affects the detection of a masked probe tone. Our stimulus paradigm is similar to the psychoacoustical studies, but modified to extract the compound action potential (CAP) from mass-potentials near the round window. The experiments were performed in two awake subjects. We first examine the impact of a precursor on a probe tone of 4 kHz and then explore the effect of an additional masker. Finally, we compare the results with predictions from simulations.

MATERIALS AND METHODS

This study (S56783) was carried out in accordance with the recommendations of good clinical practice (ICH/GCP), Medical Ethics Committee of the University of Leuven with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol (ECochG-EF-P-2) was approved by the Medical Ethics Committee of the University of Leuven.

Subjects

We recruited volunteers between 20 and 30 years of age via an advertisement. Subjects were requested to avoid exposure to loud sounds such as rock concerts in the days preceding the experimental session. The day before or the morning of the experimental session, the subject's hearing was assessed including an inquiry for hearing problems, a pure tone audiogram (thresholds <20 dB nHL, 125 Hz–8 kHz), tympanometry to assess middle ear function, an otomicroscopy by an otolaryngologist, and the determination of the ipsilateral acoustically evoked middle ear reflex threshold for broadband noise and a 1 kHz tone (ZODIAC 901).

The duration of these experimental sessions varied between 1 and 4 h; subjects could end the session at any time. The experiments were conducted in a double-walled soundproofed and electrically shielded booth (Industrial Acoustics Company, Niederkrüchten, Germany). Subjects chose a comfortable reclined position on a bed and were asked to remain still during the recordings. When in the booth, subjects and experimenters were grounded to the booth via an antistatic wrist strap. During the actual experiment, an observer was present with the subject in the booth to monitor the status of the subject and to act as an intermediary with the experimenters outside the booth. Two female subjects participated in the electrophysiological experiments in this study.

Trans-Tympanic Procedure

A trans-tympanic procedure was used to record evoked mass responses from the human middle ear (Verschooten et al., 2013, 2015). For every subject, a custom silicone ear mold (Dentsply, Aquasil Ultra XLV regular) was made which contained two casted openings to hold tubes of 2 mm diameter for needle insertion, visualization, acoustic stimulation, and calibration. The complete acoustic system was calibrated in situ with a probe-microphone (Etymotic Research, ER-7C) close to the tympanic membrane. The earphone-speaker was connected to one of the openings of the ear mold via a plastic T-piece which also served as access port for a rigid endoscope with camera (R. WOLF, 8654.402 25 degree PANOVIEW; ILO electronic GmbH, XE50-eco X-TFT-USB) to visualize the ear canal and tympanic membrane. During the acoustic calibration all openings were sealed with Audalin acrylic impression compound (Microsonic); a tiny opening in one of the tubes prevented static pressure build-up. Before the needle-electrode was inserted, the tympanic membrane and ear canal were locally anesthetized with Bonain's solution (equal amounts of cocaine hydrochloride, phenol and menthol), which was aspirated after about 30 min. A short sterile plastic tube was inserted in the mold to accommodate the sterile needle-electrode. Ground and reference electrodes were connected to the equipment. The needle-electrode (TECA, sterile monopolar disposable, 75 mm × 26G, 902-DMG75-TP), was inserted and gently placed through the tympanic membrane on the cochlear promontory or in the niche of the round window under visual endoscopic control. To maintain its position and to ensure good electrical contact, the needle-electrode was maintained under slight tension with rubber bands supported by a custom frame, which was positioned over the external ear and fastened around the head with Velcro strips. Subjects usually had a short-lasting and vague sensation of touch during insertion of the electrode. The openings of the tubes were sealed with Audalin and the needle-electrode was connected to the preamplifier. The subject's right ear was studied: there was no experimental manipulation of the other ear. The session was terminated within 4 h or when the subject expressed the desire to stop. At the end of the experiment, the needle electrode and ear mold were removed and an otomicroscopic examination was performed. Subjects were requested to keep the ear dry for 10 days following the recording session. An otolaryngologyst was available during the weeks after the experiment to address any worries or for a second checkup.

Acoustical Stimulation

Stimuli were generated with custom software and a digital sound system (Tucker-Davis Technologies, system 2, sample rate: 125 kHz/channel) consisting of a digital-to-analog converter (PD1), a digitally controlled analog attenuator (PA5), a headphone driver (HB7) and an electromagnetically shielded earphone-speaker (Etymotic Research, ER2, 20 Hz–16 kHz) connected with plastic tubing to the ear mold. The stimuli were compensated for the in situ calibration.

Electrophysiological Recording

Auditory evoked potentials were measured using a low noise differential preamplifier (Stanford Research Systems, SR560). All contacts were made on the ipsilateral side to the recording: the signal input was connected to the needle-electrode; the reference input was connected to an earlobe clamp (with conductive gel) and the ground input was connected to a standard disposable surface electrode placed at the mastoid. For safety, the battery-operated preamplifier was galvanically isolated (A-M systems, Analog stimulus isolator Model 2200) from the mains-powered equipment outside the sound booth. Before the signal was recorded (TDT, RX8, ~100 kHz/channel, max. SNR 96 dB), stored and analyzed (MATLAB), the signal was further amplified (DAGAN, BVC-700A) and band pass filtered (30 Hz–30 kHz, cut-off slopes 12 dB/octave). All stimuli and recorded signals were monitored on-line (LeCroy, WaveSurfer 24Xs) during the session.

Analysis and Stimulus Paradigm

Human acoustically-evoked neural mass responses are smaller than those recorded in common laboratory animals. To improve the signal-to-noise ratio (SNR) of the response, the uncorrelated background noise was reduced by averaging the responses of many repetitions (n = 200). The averaged response was then de-noised (smoothed) with a non-causal low-pass filter using an RLOESS function (MATLAB). The RLOESS is a non-parametric robust local regression function using weighted linear squares and a 2nd degree polynomial model, which assigns lower weight to outliers in the regression (the weights are given by the bisquare function with zero weight for deviations greater than six mean absolute deviations). The span of the filter was chosen such that it corresponded to a low-pass cutoff of ~3 kHz, or ~1 kHz for CAP measurements with low SNR (i.e., heavily masked responses). The magnitude of the CAP was obtained between the first positive and first negative peak (P1-N1).

The recordings in the awake subjects occasionally contained artifacts due to sporadic head movements. These artifacts had a significant impact on the background noise and thus also on the SNR of the CAP. Single responses were selectively removed by measuring the individual contributions to the CAP (Jackknife method), and rejecting those that deviated in order to optimize the SNR. Note that the stimulus level of the precursor was kept below the subject's middle ear reflex threshold (90 dB SPL for subject 1 and 80 dB SPL for subject 2).

Our stimulus paradigm is designed to assess the mechanism by which a broadband noise precursor affects the detection of a tonal probe of 4 kHz. It is based on psychoacoustical paradigms, but modified to extract the CAP response from mass-potentials near the round window. A first modification is that we employ alternating stimulus polarity to cancel the cochlear microphonic (CM). Second, considerable attention was paid to remove masker artifacts—especially for simultaneous and strong forward maskers—and also to minimize drift between CAPs with different precursor conditions. Drift was expected due to the nature of the recording conditions (movements of awake subjects; varying state of arousal). Figure 1 illustrates the two paradigms, for simultaneous masking (upper) and forward masking (lower). Only the first half presentation, to one stimulus polarity, is shown; the second half is the same, but with opposite polarity. The temporal sequence is such that each paradigm consists of 4 segments. The first segment (a) contains all 3 stimulus components: a probe with a masker and a precursor. The second segment (b) is the same as (a), but without a precursor. The third segment (c) is also the same as segment (a) but without the probe, and the last segment (d) contains only the masker. The duration of the precursor was 50 ms, which has been found to be the optimal length for maximizing gain reduction in psychoacoustic experiments (Roverud and Strickland, 2013). The probe and simultaneous masker were set at the same duration as the precursor. The forward masker was short (20 ms) in order to avoid activation of the MOCR, but long enough to mask the tone. The silent periods between the segments were chosen to be long enough (>500 ms) to allow the MOC-system to recover in between trials.
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FIGURE 1. Illustration of the first half presentation of the two stimulus paradigms used in this study. (A) paradigm with simultaneous masker and (B) with forward masker. Each presentation has 4 segments indicated by letters: (a) contains all 3 stimulus components: precursor, masker, and probe; (b) similar but without precursor; (c) similar but without probe; (d) masker only. The probe is always a tone of 4 kHz. The precursor is a broadband noise. The masker can be an ON-frequency (4 kHz) tone; a 2.4 kHz OFF-frequency tone; or a narrowband noise. The second half representation (not shown) is the same as the first, but with all stimuli presented in inverted polarity. A single “condition” consists of the half presentation shown here and the half with opposite polarity. The masker is drawn in dashed lines, indicating the possibility of a condition without masker.



The probe was always a pure tone of 4 kHz, and the precursor was a Gaussian broadband noise (300–8,000 Hz). The masker was not fixed and changed over experiments and subjects. In the case of forward masking, the masker was either an ON- (4 kHz) or OFF-frequency (2.4 kHz) tone and for simultaneous masking, an OFF-frequency (2.4 kHz) tone or Gaussian narrowband noise (2–6 kHz). The level of the probe was 50, 60, or 70 dB SPL, dependent on subject and masker type. The level of the precursor was fixed to 50 dB SPL and below the subject's threshold of the acoustic reflex. The masker level was the independent variable, but did not exceed 95 dB SPL. Note that measurements with different masker levels were measured in blocks, where the masker level was changed across blocks in arbitrary order.

The rationale for the stimulus design (Figure 1) is as follows. The precursor is designed to activate the MOCR: comparison of segments (a) and (b) will therefore reveal the effect of this activation. Because the MOCR is hypothesized to reduce simultaneous masking, and to increase masking by an OFF-frequency masker more than for an ON-frequency masker, the effect of the precursor is assessed by examining the response to a masker-probe combination. More specifically, we are interested in the response to the probe, which should be reduced by the presence of a masker, and this reduction should change in the presence of a precursor. However, the response to the precursor-masker-probe combination (Figure 1, segment a) contains not only the CAP to the probe tone, but also an off- or on-set and ongoing response to the forward or simultaneous masker. Thus, to isolate the response to the probe, we add conditions in which there is no probe stimulus: a condition with precursor and masker (c) and one without precursor (d). To remove the masker response from (a) and (b), we subtract the responses to (c) and (d), respectively. A disadvantage of such a subtraction procedure is an increase in noise: the mathematical operation to remove the transient response increased the CAP's background noise by 3 dB (summation of two signals with independent background noise signals). For heavily masked responses, where the transient responses to the masker are the largest, we used as compensation the average of segment c and d, which was still satisfactory to suppress the masker's transient response but with less increase in background noise due to the averaging of the two independent background noises inside the compensation signals; the increase in background noise is only 1.6 instead of 3 dB.

We examined the effect of an ipsilateral precursor in simultaneous and forward masking paradigms, which have been used in previous physiological and psychoacoustical studies as described in the Introduction. In simultaneous masking, a release from masking (i.e., an increase in probe response) is expected following a precursor, based on previous physiological studies of the CAP (Kawase and Liberman, 1993) and psychoacoustical studies of overshoot (Zwicker, 1965). In forward masking with an OFF-frequency masker, the precursor will decrease the probe response but not the masker response: so more masking is expected for an OFF-frequency masker than for an on-frequency masker, based on previous psychoacoustical studies (Kawase et al., 2000; Jennings et al., 2009; Jennings and Strickland, 2012).

Forward masking paradigms have the advantage that the different stimulus components do not mutually interact (Figure 1) at the level of the cochlea, and do not induce additional cochlear suppression effects, such as two-tone suppression (e.g., Sachs and Kiang, 1968; Ruggero et al., 1992; van der Heijden and Joris, 2005), which complicate the interpretation of the results.

RESULTS

A total of five experiments were conducted: 3 in a single session with subject 1, and 2 in a single session with subject 2. The various stimulus conditions used in the two subjects are chronologically listed in Table 1. In all experiments, the masker level was parametrically varied. The first experiment (SM1n) studied masking of a tone in noise using a simultaneous masking paradigm (upper figure in Figure 1), while the other two experiments used OFF- (FM1off) and ON-frequency (FM1on) tonal maskers in a forward masking paradigm (lower figure in Figure 1). In the second session (subject 2), we used only OFF-frequency maskers and compared results with simultaneous (SM2off) and forward (FM2off) maskers. To facilitate comparison between different experiments, CAP responses are expressed as relative values (in %) with respect to the corresponding response without masker.


Table 1. Experimental conditions.
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Effect of a Precursor without Masker

The precursor is the experimental variable that is intended to activate the MOCR. A difficulty in the study of ipsilateral effects is that the precursor may not only activate efferents but will also have “lingering” or history effects on responses of the same ear to subsequent stimuli even without efferent activation. For convenience, we group such non-efferent history effects (which may contain mechanical, hair cell, synaptic, and neural components) loosely under the term “neural adaptation.” We first examine conditions, present in all experiments, in which there is no effective masker. This gives a first simple assessment of the effect of the precursor on the probe response. Figure 2 shows CAP responses to 4 kHz tones with and without a precursor, from experiment FM2off. Two effects are visible. The CAP amplitude is reduced by the presence of the precursor. Expressing CAP amplitude as the difference in magnitude between the first positive peak P1 and the first negative peak N1, the precursor reduces the CAP magnitude by approximately 20%. Second, the presence of the precursor causes a small delay of 130 μs of N1.
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FIGURE 2. An example of the effect of a broad-band noise precursor of 50 dB SPL on the amplitude and time-course of a human CAP response to a 4 kHz (50 dB SPL) tone, based on >600 averages. The CAP amplitude is measured between P1 and N1. Data is from experiment FM2off.



Using the same precursor, experiments FM1off, FM1on and SM2off showed a very similar reduction of 20%, as shown in Figure 3. Curiously, the only exception is experiment SM1n, which shows a much greater reduction (35%) compared to the others, as well as smaller variability. Importantly, because Figure 3 is for conditions in which there was no masker, and because the probe frequency and precursor were identical in all experiments, the only stimulus differences were in probe level and in the relative timing between precursor and probe. It appears that the high probe level in experiment SM1n somehow caused a larger effect.
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FIGURE 3. Overview of CAP reduction by a precursor for the different experiments in this study. The error bars indicate propagated SEM obtained with bootstrapping.



Notwithstanding that the only experiment with somewhat different stimulus conditions gave a deviating result, it is reassuring that the other experiments—where the stimulus conditions were virtually identical—gave rise to very similar effects across experiments and across the two subjects. In the next session, a masker is added to attempt to tease out efferent vs. neural adaptation effects.

Effect of Masker

Anti-Masking

Figure 4 shows data for all experiments. We first discuss the overall effect of increasing masker levels, and then the influence of the precursor on that effect, while making abstraction of the different experimental conditions. The blue symbols and lines indicate the probe CAP responses without a precursor. A cursory look at Figures 4A–E shows that, as expected, for all masking configurations an increase in masker level caused a decrease in response to the probe. These curves, which we refer to as standard masking functions, show three regions—not distinct in all experiments. At low masker level there is a region without masking; then a region of active masking where the response declines with masker level; then a region of saturation at high masker levels.
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FIGURE 4. (A–E) CAP responses of a 4 kHz masked tone as function of masker levels with (red symbols) and without (blue symbols) BBN precursor, for different experiments. Datapoints on Y-axis are those without masker. (F) CAP response at masking saturation of experiment FM2off, with and without precursor. Signals in background are from Figure 2.



Given that there is masking of the probe response in all experimental conditions, we can look for anti-masking of CAP responses as was shown in anesthetized animals (Kawase and Liberman, 1993), using similar recordings. These investigators found efferent anti-masking effects on CAP responses to tones-in-noise with both forward and simultaneous maskers, which involved both the ipsi- and contra-driven efferent loops. If the noise precursor used here effectively activates the MOCR, the masked response could be larger in the presence of a precursor. This is however never the case (Figures 4A–E): none of the data pairs at any masker level exhibit an increase in response when there is a precursor, so that the red and blue lines and data never cross each other.

The absence of a simple anti-masking effect does not imply that there is no differential MOCR involvement between conditions with or without precursor. The data with a precursor have a similar course (red trendline) as the standard masking curves (blue trendline), but do not asymptote toward the same response values at high masker levels. At low masker levels there is the initial CAP reduction due to the presence of the precursor by itself (Figure 3). This reduction, relative to the condition without precursor, persists at active masker levels. Even at high masker levels, where there is a region of saturation, there remains a constant difference in CAP amplitude between conditions with and without precursor (only exception is at 60 dB for SM1n, Figure 4A, which we consider an outlier). This suggests that the effect of the precursor is not simply one of neural adaptation, because in that case the probe response at high, saturated masker levels would not be affected by the presence or absence of a precursor. We will return to this observation with a quantitative treatment in the final section and figure of Results.

Evidence for Gain Reduction

We now zoom in on a more detailed analysis and comparison of the results of the different experiments and exploit the differences in masker configurations to search for the presence of possible MOCR effects. With tonal ON-frequency maskers, cochlear gain changes due to the MOCR can affect both the probe and masker response. Tonal OFF-frequency maskers, of a frequency lower than the probe, perform masking in the tail of the masker's excitation pattern. Of course, with an OFF-frequency masker, higher masker levels are required to reach masking threshold. OFF-frequency maskers are of interest because they behave linearly with masker level, and, at the tonotopic location of the probe, are believed to be unaffected by the MOCR (Kawase et al., 2000; Cooper and Guinan, 2006). If the precursor indeed triggers the MOCR, this activation will cause a gain reduction for both ON-frequency masker and probe. However, with an OFF-frequency masker a gain reduction due to MOCR activation would only affect the probe and not the masker, effectively making the masker more potent. Thus, the expectation is that, when preceded by a precursor, ON-frequency maskers show a smaller response reduction than OFF-frequency maskers.

Figures 4C,E shows the effect of a precursor on the CAP response to a forward masked 4 kHz tone as a function of masker level. Figure 4E shows the results of the ON-frequency masker (experiment FM1on) and Figure 4C that of the OFF-frequency masker (experiment FM1off). Comparison of the two standard masking curves (blue lines, Figures 4C,E), shows, as expected, a rightward shift of ~40 dB for the OFF-frequency masker (value based on sigmoidal fits, explained in Section Predictions from a simple model). This rightward shift is simply due to the fact that it is only through the tail of its excitation pattern that the masker interferes with the probe. When compensated for this level shift, we observe that at active masker levels (i.e., 70, 80 dB SPL for the OFF-frequency masker and 30, 40 dB SPL for the ON-frequency masker) the CAP reduction by precursor is much larger for the OFF- than for ON-frequency maskers. This is illustrated in Figure 5, which shows the CAP reduction induced by the precursor for both experiments. At low masker levels, the same percentage of CAP reduction is observed for ON- and OFF-frequency maskers. At high masker levels, the percentage of CAP reduction is also similar, and presumably reflects gain reduction of the probe response due to the MOCR (see also Figures 6I,J and the final section of RESULTS). However, at masker levels in between, there is indeed a greater reduction by the precursor for the OFF-frequency masker than for the ON-frequency masker, consistent with a reduction in gain by activation of the MOCR (double arrow).


[image: image]

FIGURE 5. Comparison of CAP response reductions by precursor as function of masker level for ON-and OFF-frequency forward maskers. The masker levels are horizontally offset by 40 dB, according to the midpoint of the masking curves. For each curve, the CAP reduction (in %) is calculated as (CAP response without precursor—CAP responses with precursor)/CAP response without precursor. The datapoint for FM1on at 20 dB is considered an outlier (see also Figure 4E).




[image: image]

FIGURE 6. (A–E) Predicted masked CAP responses in case the reduction by precursor is from masking (dashed red) or due to the activation of the MOCR (solid red). The data points of the masked responses with precursor are indicated by the red squares; those without precursor by the blue dots. These data points were fit by the blue curve, which was used for the predictions. The dashed gray lines indicated the bias level, Lprec. (F–J) Predicted response reductions obtained from the red and blue curves in (A–E). Green dashed curve is for the prediction by masking; the solid green line is the predicted attenuation by the MOCR. The experimental data points are indicated by the black squares.



Residual Reduction at High Masker Levels

In our discussion of Figure 4 (Section Anti-masking), we remarked that standard masking curves saturate to a certain asymptotic level. At these saturated masker levels, a further decrease in probe response is obtained when a precursor is present. We refer to this as a “residual reduction.” This observation is important because it goes against the reasoning that any contribution by the precursor to neural adaptation can be overwhelmed by a stronger forward masker so that in the limit, at high masker levels, the curves with and without precursor should converge. The residual reduction at saturation suggests an MOCR effect. In the next section, we put this reasoning on a more quantitative footing.

The clearest examples of residual reduction are for Experiments SM2off and FM2off (Figures 4B,D double arrows). CAP responses for FM2off at saturation, with (red) or without (blue) precursor, are illustrated in Figure 4F. For comparison, overlaid in the background, are non-masked responses to these conditions. The masked responses exhibit the same precursor effects as the non-masked responses: a reduction in size and presence of a delay for N1 and P1 (red vs. blue traces). Note also the large delay accompanying the size reduction between non-masked and masked conditions (i.e., the delay between the two red curves and the delay between the two blue curves). Similar residual reductions are present at the highest masker levels in experiments SM1n, FM1off, and FM1on, but for these experiments saturation may not have been reached yet.

Examination of Figure 4 suggests that the size of residual masking by the precursor is related to the size of the remaining response at saturation: the larger the response at saturation (i.e., the larger the blue datapoints at high masker levels), the larger the residual adaptation (i.e., the larger the length of the double arrows). More generally, at all masker levels, the reduction in CAP response between non-precursor and precursor conditions seems to be a constant fraction (between 20 and 30%) across experimental conditions. The observation that this fraction extends to saturated levels of masking suggests that the precursor triggers a constant attenuation of the probe response, consistent with a gain reduction by the MOCR. In Figure 6, we explore this with a phenomenological model and further analysis of the data.

Predictions from a Simple Model

Our model examines the effect of the precursor on the standard masking curve, which is fit by a function. For simplification, only the two most important mechanisms are considered, neural adaptation and reduction in gain. Two important assumptions we make are that the MOCR is modeled by an attenuation due to a reduction in gain; and both mechanisms (MOCR and neural adaptation) are assumed to be independent. We consider 3 situations: Case 1, a response reduction due to neural adaptation by the precursor; Case 2, a gain reduction by the MOCR which affects only the probe but not the masker (cf. OFF-frequency masker); and Case3, the same as Case2 but with an additional “masker release” due to the MOC i.e., an MOC effect on both probe and masker (cf. ON-frequency maskers).

Figures 6A–E shows the trend lines from the model, together with the data points. The blue traces are sigmoidal model fits through the standard masking curves, i.e., data points of the masked responses without a precursor (blue symbols). These fits are obtained with an automated fitting procedure using a modified logistic function (Equation 1).
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Here, RCAP is the masked response (in %), Lmid the level of the sigmoid midpoint (dB SPL), k determines the steepness of the sigmoid (dB SPL−1), Rmax is the unmasked CAP response (in %), Rsat is the response at masking saturation (in %), α is an attenuation factor determining the gain reduction by the MOC, and Lmask is the effective masker input level. For the automatic fitting procedure, MATLAB function “fminsearch” was used in search for the parameters (i.e., Lmid, Rmax, Rsat, k) that minimized the RMS-error. Data points were weighted according to their SEM. The data point on the y-axis (Figures 6A–E) is the CAP response without masker (cf. Figure 3): for convenience these are inserted 20 dB below the lowest masker level.

For the standard masker curve, the attenuation (α) was set to 1. In general, the fit to the experimental data is good (Figures 6A–E, blue traces). Note that the data point at the highest masker level in SM1n (Figure 6A) is considered an outlier and was excluded from the dataset. In experiment FM1off (Figure 6D), there were not enough data points in the region of saturation for a proper automated fit, and parameter Rsat was manually chosen based on experiment FM1on.

The red dashed traces in Figures 6A–E represent the predicted trends with precursor for Case 1, thus only including neural adaptation. The same function and fitting parameters were used as for the standard masking curve (blue lines), but with recalculated effective masker input levels (Lm) to include neural masking by the precursor. Masking by the precursor is simply considered as an additional bias on the existing masking. The bias level was obtained from the standard masking curve as the masker level (Lprec) generating a CAP response of the same amplitude as a condition with precursor but without masker (Rprec; see Figure 3). Lmask was then recalculated as the square root of the power of Lmask and Lprec. This is illustrated by the gray dashed lines in Figure 6A. The RCAP function so obtained (Figures 6A–E, dashed red line) matched the observed CAP values quite well for SM2off, but not in the other experiments. Clearly, neural adaptation is not adequate to model the effect of the precursor.

The red solid traces (Figures 6A–E) represent the predictions for Case 2, under the assumption that the MOCR induces a gain reduction of the probe only, matching the experimental conditions with OFF-frequency maskers. The same function and fitting parameters were used as for the standard masking curve (blue lines), but with an additional attenuation (α, constant within an experiment) equal to the initial reduction by the precursor, Rprec. This prediction clearly outperforms that of Case1 and gives a good fit to the masking data with precursor, except for experiment FM1off, where the predicted masking curve is too far to the right.

Finally, the red dashed-dotted traces (Figures 6A–E) represent the predictions of Case 3, where both masker and probe are affected by a gain reduction caused by the MOCR elicited by the precursor—the situation thought to arise with ON-frequency forward maskers. The same function and fitting parameters were used as for Case 2, but with an additional offset to the masker input level (Lmask) to incorporate a gain reduction by the MOC. The size of this additional offset is unknown: we estimate it based on the reduction of the CAP response by the precursor only, as follows. We first determine the maximal slope of the standard masking curve (at Lmid of solid blue line): this slope tells us how to translate a change in CAP response to a change in masker level. We then apply this slope to the reduction of the precursor only (1 – Rprec) as follows: offset = (1 – Rprec)/absmax(slope of the standard making curve). This offset is the masker threshold shift assuming similar gain reduction as for the probe. Note that—whatever the exact estimate of offset—a reduction in gain of the masker will always shift the masker curve to the right, to higher masker levels (Figures 6A–E, red dashed-dotted lines). A rightward shift actually brings the model prediction further from the observed datapoints than for Case2. Thus, whatever the estimated effect of a gain reduction on the masker, a combined reduction of both masker and probe (Case3) does not give better predictions than gain reduction just of the probe (Case2).

To illustrate the effect of the precursor more directly for these three cases, Figures 6F–J show the percent CAP reductions due to the precursor for the model and the data as a fractional change (% reduction with precursor – % reduction without precursor)/(% reduction without precursor). For Case2, the prediction is simply a horizontal line representing an attenuation or constant gain reduction. For the other two cases, the predicted reductions are strongly dependent on masker level. By and large, the horizontal trend of a constant gain reduction seems to best capture the data.

DISCUSSION

We assessed the ipsilateral sound-evoked MOCR in humans using CAPs recorded transtympanically in the middle ear using stimulus paradigms similar to previous MOC studies. We measured CAP responses to forward- or simultaneously-masked 4 kHz tones, preceded in some trials by a precursor designed to trigger the MOCR. Some, but not all, of the findings are consistent with MOCR effects as opposed to effects of neural adaptation. First, a noise precursor has a clear reducing effect on unmasked CAP responses (Figures 2, 3). The reduction observed does not seem entirely explainable in terms of neural adaptation. Second, we find residual masking at high masker levels, i.e., while masking saturates at high stimulus levels, a precursor causes further reduction in CAP responses (Figure 4). The behavior of this residual masking is consistent with a gain reduction due to MOCR activation (Figure 6). Third, a comparison between ON- and OFF-frequency maskers showed a clear difference in response reduction by the precursor, consistent with a gain reduction by the MOCR (Figures 4, 5).

Anti-Masking Effect

Previous CAP recordings in anesthetized animals show that the MOCR can produce an anti-masking effect, in the sense that CAP responses to a probe tone masked by ipsilateral noise increase in amplitude due to MOCR activation (Kawase and Liberman, 1993). In the latter study, involvement of efferents driven by the ipsilateral ear was detected by sectioning of the olivocochlear bundle which carries efferent fibers from the brainstem to the cochlea. A simple prediction for paradigms as employed in the present study, where the MOCR is triggered by a precursor in the ipsilateral ear, would be that masked CAP responses would increase when preceded by a precursor, relative to the responses without precursor. In the present study, such simple anti-masking effect was not found in any of the stimulus configurations (Figure 4): the datapoints with precursor (red) are always below the datapoints without precursor (blue). However, the absence of such simple anti-masking in the paradigms used in human but not in animals is not very informative and it is misleading to make this comparison. Cutting the olivocochlear bundle allows a clean comparison between responses of a system with and without efferents. The same is not true for the responses with and without precursor: the precursor can affect the responses by mechanisms which are separate from the efferent system. More specifically, the precursor also causes neural adaptation. A more pertinent question therefore is: does the presence of the precursor cause less reduction in masked responses than expected? Answering this question requires a means to disentangle effects of neural adaptation from effects of efferent activation.

Residual Reduction by Precursor

Perhaps the most convincing evidence of the presence of an MOCR triggered by the precursor, is the residual reduction of the CAP response at high masker levels. Our reasoning is that exhaustion of neural adaptation manifests itself as saturation of the masking curve at high masker levels (Figure 4). We refer to this as residual reduction, and argue that it is due to a triggering of the MOCR by the precursor. A concern is the reliability of the CAP measurements at high masker levels. Most of the saturated CAPs are quite small and have poor SNR (Figure 4). We took the peak-to-peak amplitude of the CAP to reduce contributions of the summating potential, and also observed that a reduction in amplitude was accompanied by a time delay (Figures 2,4F). Moreover, the presence of residual masking was quite consistent across experiments and across the two subjects. In summary, the data argue that the precursor triggers a process besides neural adaptation which reduces CAP responses.

Forward Masking

One technique used in psychoacoustical experiments to identify an efferent effect is to compare the effectiveness of ON- and OFF-frequency forward maskers. The underlying reasoning is that efferent activity maximally affects basilar membrane vibration near the cochlear location of maximal vibration (active region with gain), and less at more apical or more basal locations with a more linear behavior (Robles and Ruggero, 2001). Thus, while an ON-frequency masker will be rendered less effective by efferent activation, this is less the case for an OFF-frequency masker. We compared the two masker configurations (FM1on and FM1off). Figure 5 shows indeed that the OFF-frequency masker is less affected (remains a stronger masker) by the precursor than for the ON-frequency masker, consistent with a gain reduction for the ON-frequency masker.

Nevertheless, review of the different experiments and quantitative comparisons with predictions from a simple model (Figure 6) reveals a pattern of results that is more complex than anticipated. If the precursor triggers the MOCR so that only the gain to the probe tone (and not to the masker) is affected, a constant CAP reduction is expected across masker levels (horizontal solid line in Figures 6G–I): this is the prediction for an OFF-frequency masker. There is however a tendency in the three experimental conditions with OFF-frequency maskers to display more reduction in fractional change with increasing masker level (i.e., datapoints above the solid horizontal lines in Figures 6G–I). Paradoxically, for the two experiments with ON-frequency maskers, the data very closely do follow the horizontal lines (Figures 6F,J), rather than the prediction for this condition (dash-dotted lines). To put it simply: the results for ON-frequency maskers look as expected for OFF-frequency maskers. The data therefore suggest that in all experiments there is an additional source of reduction of the probe response, which is not adequately modeled by a constant, MOCR-induced, reduction in gain at the probe frequency.

We surmise that a dependency exists between activation of the MOCR and masker level and/or masker type. For example, the shape of the masking curve with precursor might be influenced by the masker level via additional activation of the MOCR by the masker itself. In preliminary experiments (not shown) we have observed that efferent activation seems to be biased toward low-frequency stimuli. Although the short masker and slow MOCR activation make it unlikely, there is still a possibility that the presence of a low-frequency, OFF-frequency, masker increasingly contributes to activation of the MOCR with increasing masker level. This would cause additional reduction of the CAP response to the probe (note that the start of the masker always precedes that of the probe, Figure 1, even in the simultaneous masking paradigm). Such increased MOCR activation may explain why there tends to be more reduction of the CAP response with increasing masker level of OFF-frequency maskers (Figures 6G–I) than predicted by the model. With ON-frequency maskers (Figures 6F,J), we modeled the effect of the precursor as a constant attenuation of masker and probe by the MOCR, resulting in the dash-dotted lines, but again the data show more reduction in fractional change than the model. Increased MOCR activation by the increasing masker may be the cause of this additional reduction.

Other factors may add to the complexities of the results, which have more to do with technical aspects of the recorded signals. One issue is that, as masker level increases and CAP amplitude decreases, the nature of the recorded signal may change with a larger reflection of an IHC summating potential. A hint that this may be the case is that the masking curves do not always asymptote to the typically low values seen in animal experiment (Verschooten et al., 2012). Also, there is a possibility that a reflex contraction of the middle ear muscles (MEM) may have affected the recordings, even though the stimuli were below the clinical reflex threshold. We have several reasons to doubt that this was the case. First, muscle activity generates a large signal that is easily detected through the recording electrode, both during online visual and auditory monitoring of the recorded signal, and in the offline analysis (rejection of samples with artifacts). In another study (other subjects), where we used a more intense and longer broadband noise masker, we sometimes observed muscle activity at sound levels which were consistent with the reflex threshold measured with the clinical apparatus. However, in the subjects in this study, such sound-driven MEM artifacts were not observed. Second, another indicator for MEM activation is a significant and systematic decrease in CM amplitude, which is larger for low frequencies but still significantly present for mid and high frequencies (Pang and Guinan, 1997). In our data we did not find a consistent change in CM amplitude over any of the masker levels, including the highest levels at 95 dB SPL. Third, the masker is the stimulus component that reaches the highest levels, and it is present in all stimulus segments (see Figure 1). Considering the short duration of both the masker (20 ms) and its interval to the probe, and the slowness of MEM activation, it is improbable that MEM activation triggered by the masker would differentially affect the responses obtained with and without precursor. To conclude, we think there are sufficient arguments to rule out the possibility that the MEM-reflex rather than the MOCR underlies the effects observed.

Overshoot Effect?

Overshoot is a phenomenon observed in psychoacoustics, which refers to the enhanced detection of a simultaneously-masked pip-tone in the presence of a precursor. The most common hypotheses are that the overshoot is caused by a reduction in gain due to the MOCR (Strickland, 2004; Jennings et al., 2011; Fletcher et al., 2013) or by a reduction in masking due to the adaptive effect of the precursor (Fletcher et al., 2015). As already mentioned (Section Anti-masking effect), none of our electrophysiological experiments revealed an increase in response by the presence of a precursor. We subjected six subjects to a psychoacoustical experiment with a paradigm identical to SM1n, except that the probe tone was shortened to 6 ms. All subjects showed a clear psychoacoustical overshoot, with a consistent masker level increase of ~5 dB (not shown). The absence of an effect in the physiological recordings but not in the psychoacoustical testing does not provide support for the hypothesis that overshoot is caused by a simple gain reduction due to the MOCR, nor by an adaptive effect of the precursor. Rather, in line with conclusions based on psychoacoustical studies (Fletcher et al., 2013, 2015), it is possible that overshoot is a product of central auditory processing operating on peripheral changes that are not detected by our recording methods.

Effects on CAP Waveform

The CAP waveform reflects the summed synchronized discharge of a population of auditory nerve fibers (AN-fibers; Goldstein and Kiang, 1958; Kiang, 1984). Changes in acoustic input or in the processes leading up to the AN responses can affect this summed synchronized population discharge and thereby affect the waveform of the CAP. The most obvious example is the combined change in the waveform's amplitude and latency with input level (Eggermont, 1976; Chabert et al., 2002; Verschooten et al., 2012). In the present study, we focused on effects of the MOCR on CAP amplitude, but, as shown in Figures 2,4F, the precursor also affects latency and shape of the CAP. Particularly the difference in latency at high masker levels, between conditions with and without precursor, suggests that these temporal aspects of the response may help in disambiguating effects of forward masking vs. MOCR (Figure 4F).

The processes of gain reduction by the MOCR and of neural adaptation affect AN firing and consequently also the CAP waveform. The overall impact of neural adaptation on the CAP waveform is similar to a reduction in input level (Eggermont, 1979). The solid lines in Figure 7A show indeed that with increasing masker level, CAP amplitudes decrease and latencies increase. Formulating an expectation regarding the effect of an MOCR-induced gain reduction on latency, is more difficult. On the one hand, a reduction in gain is expected to cause a decrease in amplitude and an increase in latency similar to a reduction in input level. On the other hand, several studies report that efferent activation only causes a decrease in CAP amplitude but does not cause a change in latency (e.g., Desmedt et al., 1971; Chabert et al., 2002; Elgueda et al., 2011). In our data, the reduction in CAP amplitude caused by a precursor is accompanied by an increase in latency (Figures 4F,7A: compare solid and dashed lines for a given masker level). While this may at first sight suggest that the CAP reductions caused by the precursor do not reflect activation of the MOCR, but rather neural adaptation, it is important to note that other studies have demonstrated latency effects secondary to efferent activation (e.g., Liberman, 1989; Kawase and Liberman, 1993; Aedo et al., 2015). Possibly, these different outcomes in different studies are related to the type of CAP-evoking stimulus, where studies using clicks show no latency effects but studies using tones do. In any case, it is not clear that examination of the effects on latency allow a better disambiguation of effects of neural adaptation vs. effects of the MOCR.
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FIGURE 7. CAP waveforms of experiment FM2off with and without precursor. (A) Different masker levels. (B) Comparison of CAP waveforms for different conditions: masker-only (blue), precursor-only (red), and without either (dashed). The waveform for the masking-only condition was obtained by interpolating the CAPs for masker levels 70 and 75 dB SPL, such that the CAP magnitude was equal to that of the precursor-only condition.



Neural adaptation and gain reduction by the MOCR operate at different peripheral stages and affect AN-fibers differently. These differences may be reflected not only in amplitude and latency, but also in the precise shape of the CAP waveforms. To illustrate, Figure 7B shows an example of a masker-only (blue line) and precursor-only (red line) responses, that resulted in CAPs identical in amplitude and latency but not in exact waveform shape. The CAP without masker or precursor (dashed line) shows several late waves (e.g., N3,P3): such late features are present in the masker-only condition (blue line) but are more subtle in the precursor-only condition. Possibly, examination of such later features may help to reveal the presence of an MOCR, but a better SNR and availability of additional stimulus conditions would be required for such an effort.

General Considerations

Our expectation was to find an anti-masking effect in CAPs, similar to that observed in anesthetized cat by Kawase and Liberman (1993). Three further points merit consideration. First, especially regarding the comparison of our physiological recordings with psychoacoustical results, it should be remembered that the CAP response only captures a certain aspect of auditory nerve activity (synchronous onset responses). Changes in neural activity that are important for behavioral detection of a probe are not necessarily reflected in the CAP response to this probe. Second, there is a possibility that for some reason (e.g., related to the transtympanic procedure) the MOCR was continuously active during the recording sessions, and that the effect of the presence of the precursor cannot be equated to a simple on or off switching of the MOCR. Third, species differences may be important. In experimental animals, the ipsilateral MOC pathway and reflex is about double in size relative to the contralateral component (Warr, 1992; Guinan, 2011). Anatomical data support the existence of both a lateral and MOC system in humans (Arnesen, 1984; Moore et al., 1999) and, more generally, in primates (Bodian and Gucer, 1980; Thompson and Thompson, 1986), but there is to our knowledge no human anatomical data that addresses anatomical size differences between ipsi- and contralateral MOC systems. Human OAE data suggest that there is little difference between the size of ipsilateral and contralateral MOC reflexes (Guinan, 2006), although more recent data show larger effects for ipsilateral elicitors under certain conditions (Lilaonitkul and Guinan, 2009, 2012).

CONCLUSION

It appears that the expected difference between reduction by neural masking and reduction in gain by the MOCR is more subtle and less clear than expected. However, we found several indications of MOC involvement, despite the absence of an anti-masking for tone in noise. Comparison between ON- and OFF-frequency maskers showed a larger reduction by a precursor for OFF than for ON-frequency, consistent with gain reduction. An inconsistency between our model and the data suggests a relationship between the masker level and gain reduction by the MOCR. The most convincing evidence of the presence of a MOCR is the residual response by the precursor at high masker levels.

To conclude, the results in this study show that the response reduction by the precursor is approximately 20–30%. We found that the reduction is fairly independent of masker type, masker level and probe level. These results support psychoacoustical paradigms that are designed to probe the efferent system as indeed activating that system.
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The cochlear microphonic (CM) is created primarily by the receptor currents of outer hair cells (OHCs) and may therefore be useful for identifying cochlear regions with impaired OHCs. However, the CM measured across the frequency range with round-window or ear-canal electrodes lacks place-specificity as it is dominated by cellular sources located most proximal to the recording site (e.g., at the cochlear base). To overcome this limitation, we extract the “residual” CM (rCM), defined as the complex difference between the CM measured with and without an additional tone (saturating tone, ST). If the ST saturates receptor currents near the peak of its excitation pattern, then the rCM should reflect the activity of OHCs in that region. To test this idea, we measured round-window CMs in chinchillas in response to low-level probe tones presented alone or with an ST ranging from 1 to 2.6 times the probe frequency. CMs were measured both before and after inducing a local impairment in cochlear function (a 4-kHz notch-type acoustic trauma). Following the acoustic trauma, little change was observed in the probe-alone CM. In contrast, rCMs were reduced in a frequency-specific manner. When shifts in rCM levels were plotted vs. the ST frequency, they matched well the frequency range of shifts in neural thresholds. These results suggest that rCMs originate near the cochlear place tuned to the ST frequency and thus can be used to assess OHC function in that region. Our interpretation of the data is supported by predictions of a simple phenomenological model of CM generation and two-tone interactions. The model indicates that the sensitivity of rCM to acoustic trauma is governed by changes in cochlear response at the ST tonotopic place rather than at the probe place. The model also suggests that a combination of CM and rCM measurements could be used to assess both the site and etiology of sensory hearing loss in clinical applications.

Keywords: cochlear microphonic, electrophysiology, cochlea, acoustic trauma, hearing loss

INTRODUCTION

The practical application of anticipated pharmacological and genetic treatments for hearing loss will require diagnostic tests that can differentiate between sites and etiologies of the damage. Cochlear microphonic (CM) potentials could aid the diagnosis of sensory hearing loss by revealing cochlear regions with impaired outer hair cells (OHCs). Here, we use an animal model to test whether a new approach to CM measurements allows for detection of a notch-type sensitivity loss resulting from the disruption of OHC function (i.e., moderate acoustic trauma).

The CM is an alternating-current (AC) potential created primarily by the mass receptor currents of OHCs following basilar-membrane (BM) movement (e.g., Dallos and Cheatham, 1976). Conventionally, CM is measured in the steady state as a response to pure-tone stimulation. Despite the use of a tonal stimulus that reaches peak excitation at a specific cochlear location, the CM has poor spatial resolution, as it constitutes a complex sum of potentials produced by all the cells excited by the BM traveling wave. Due to the rapid phase variation of the BM displacement near the characteristic-frequency (CF) place of the tonal stimulus, the currents from OHCs located in that active region tend to cancel and contribute little to the measured CM. As a result, the CM is dominated by contributions from OHCs located in the passive tail region of the BM excitation, where the phase varies little with location and currents sum constructively (Dallos, 1973). Furthermore, the CM depends on the position of the recording electrode relative to the CM sources: both electrical attenuation of the cochlear potentials with distance from the source as well as the spiral shape and complex electroanatomy of the cochlea can affect the measured response (e.g., von Békésy, 1951; Chertoff et al., 2012). Together, these factors limit the CM's place-specificity (i.e., the ability to assess the function of OHCs located near the CF place of the stimulus). A dramatic demonstration of this limitation comes from a classic study by Patuzzi et al. (1989b) in guinea pig. In the study, the ablation of the apical turn of the cochlea had little effect on the CM measured at the round window (RW) in response to a low-frequency tone that would normally have peaked near the apical end. These limitations have hindered the clinical application of the CM, which now serves primarily as a gross indicator of OHC function across the cochlea (e.g., Gibson and Sanli, 2007; Radeloff et al., 2012).

We suggest that the poor sensitivity of the CM to local changes in OHC activity might be overcome by exploiting the properties of cochlear two-tone suppression. Two-tone suppression is observed in the BM responses of a healthy cochlea when the response to one tone (probe) is reduced by the presence of another (suppressor) tone (e.g., Ruggero et al., 1992). The suppressor is believed to act locally, near its own CF place, by saturating the receptor currents of nearby OHCs (Geisler et al., 1990). Two-tone interactions can be also detected in the CM, although, unlike for the single-location BM responses, the secondary tone can result in both reduction as well as enhancement of the probe-tone CM (Legouix et al., 1973; Cheatham and Dallos, 1982; Nuttall and Dolan, 1991; He et al., 2012). Thus, in the context of CM measurements, we refer to this secondary tone as a “saturating tone” (ST) to avoid the implicit assumption that, as in classic BM measurements, a secondary tone leads exclusively to a “suppressed” probe-tone response. The complex behavior of CM two-tone interactions has been explained as the result of changes in the spatial summation pattern of the voltage sources along the BM, which can produce CM enhancement (Nuttall and Dolan, 1991). However, near its own CF place, the ST presumably acts primarily as a “suppressor” of local CM sources (i.e., it saturates the transducer currents of nearby OHCs), as suggested by CM measurements from within the organ of Corti (Nuttall and Dolan, 1991). Thus, it may be possible to extract information about local OHC health by evaluating only the CM component(s) affected by the ST. In theory, this can be accomplished by deriving the complex difference between the probe-tone (PT) CMs obtained both with and without the ST; that is, by measuring the “residual CM” (rCM; Siegel, 2006). Ideally, the rCM represents contributions from the subpopulation of CM sources excited by the probe and suppressed by the ST near its CF place in the cochlea. It may therefore be possible to localize regions with malfunctioning hair cells by varying the probe and the ST frequencies together across the hearing range (e.g., at a constant ratio). In such a case, we expect the rCM to decrease in magnitude when the excitation pattern of the ST reaches the damaged region. A similar method has been successfully employed in otoacoustic emission (OAE) measurements for detecting local changes in cochlear sensitivity (e.g., Martin et al., 2010).

Here, we assess the ability of the rCM measured at the round window to detect a notch-type moderate loss of sensitivity in chinchillas. We induce the change in sensitivity via short exposure to an intense tone, as such trauma has been shown primarily to affect OHC function, resulting in diminished BM nonlinearity (e.g., Pickles et al., 1987; Puel et al., 1988; Davis et al., 1989; Ruggero et al., 1996; Nordmann et al., 2000; Chertoff et al., 2014). We test the hypothesis that rCM represents a response from sources located near the CF place of the ST in the cochlea by obtaining measurements at varying f ST/f PT ratios (ranging from ~1 to 2.6) both before and after inducing the acoustic trauma. If rCM indeed represents responses from CM sources located near the ST place, rCM will drop in level when the ST frequency—but not necessarily the probe-tone frequency—matches the frequency of the sensitivity loss.

Lastly, to test the above prediction and to improve the interpretation of the data, we present a simple phenomenological model of CM generation and two-tone interactions based on published BM data from chinchillas. With this study, we aim to demonstrate that a new approach to CM measurements makes it possible to extract place-specific information about OHC function, thereby enhancing the diagnostic utility of electrocochleography.

METHODS

Animal Preparation

Most of our methods have been described previously (Charaziak and Siegel, 2014, 2015). Adult chinchillas were anesthetized with ketamine hydrochloride (20 mg/kg, injected subcutaneously), followed by Dial (diallylbarbituric acid) in urethane (initial doses 50 and 200 mg/kg, respectively) with additional doses (20% of the initial one) given as necessary. The animals were trachetomized, but forced ventilation was not used. The pinna and the lateral portion of the external auditory meatus were removed. The tip of the microphone probe system was placed near the tympanic membrane (~2 mm) and the probe was sealed with impression material. The bulla was opened, the tensor tympani was sectioned, and a silver-ball electrode was placed on the round window. The reference electrode was inserted in the skin of the contralateral ear, and the ground electrode was attached to the head holder. The rectal temperature was kept at ~37°C. The preparation was monitored via repeated recordings of distortion-product OAEs (not reported), CAP thresholds, and CMs throughout the duration of data collection (~9 h). The data collection involved experiments that were a part of another study (Charaziak and Siegel, 2015; Siegel and Charaziak, 2015). Experimental protocols were approved by the Animal Care and Use Committee of Northwestern University.

Instrumentation

All measurements were carried out in an electrically shielded sound-attenuating booth. Stimulus waveforms were generated and responses acquired and averaged digitally using 24-bit sound card (Card Deluxe-Digital Audio Labs; sampling rate 44.1 kHz) controlled with EMAV software ver. 3.24 (Neely and Liu, 2015). The round-window (RW) electrode signal was differentially amplified (40 dB), band-pass filtered (0.1–30 kHz), and corrected for the acoustic delay of the sound-delivery system, as well as for the delay of the preamplifier filter. The output of the probe microphone (Etymōtic ER-10A) was amplified (20 dB), high-pass filtered (0.15 kHz), and corrected for acoustic delays and mic sensitivity (Siegel, 2007). The stimuli were presented either via two modified Radio Shack RS-1377 Super Tweeters (for CAP/OAE/CM measurements) or via Fostex FT17H Horn Super Tweeter (for tonal overexposures) coupled via plastic tubing to the probe-microphone system. The speakers were grounded and shielded with heavy gauge steel boxes to minimize electrical and magnetic radiation. Potential contamination of the CM signals from the speakers was below the system's noise floor for all stimulus conditions. The stimulus levels were calibrated in situ to maintain a constant pressure level at the inlet of the probe microphone near the eardrum.

Measurements and Analyses

The RW signal was measured in response to stimulation with pure tone(s) (~1.57 s duration, including 10-ms onset/offset ramps). The stimuli were presented in recording blocks, each consisting of four conditions: probe tone (PT) alone, PT + near-probe-frequency saturating tone (ST), PT + high-frequency ST, PT + both STs (not reported). The four conditions were presented in sequence (with ~200 ms gaps in between conditions), and the ST and PT were always delivered via separate sound sources. Each condition was immediately repeated and the responses were stored in separate buffers (A and B). The two response buffers were averaged ([image: image]) and subtracted ([image: image]) from each other to obtain estimates of either the CM or the noise amplitude at the frequency of the probe (via Fast Fourier transform), respectively. In both cases, the first and the last 46.4 ms of the response buffer, were skipped to prevent contamination from responses to onset and offset transients (e.g., CAP). The probe tone (30 dB SPL, f PT: 0.33–10 kHz in steps of 86 Hz), and near-probe ST (55 dB SPL, f PT–43 Hz, f ST/f PT ≈ 1) conditions were fixed, while a different, higher frequency ST (55 dB SPL, f ST/f PT = 1.2, 1.4, 2.1, or 2.6) was used for each recording block (four in total). For the f ST/f PT = 2.6 condition, the value of f PT was limited to 8 kHz to keep f ST below the Nyquist frequency. For convenience, we abbreviate the various f ST/f PT ratio conditions as ST1, ST1.2, and so on, where the number gives the value of f ST/f PT. The rCMs were calculated as vector differences between RW responses to the PT alone and PT + ST presentations for any given PT (e.g., rCMST1 = CMPT–CMPT+ST1). For comparison, the response to the PT alone (i.e., the “conventional” CM) was also evaluated. The same set of measurements was obtained before and after inducing the acoustic trauma. The PT alone and ST1 conditions were retested together with each higher-ST condition and were thus used to evaluate the stability of the preparation (in terms of CM and rCMST1). Unless stated otherwise, the probe-alone and ST1 data reported here were collected in the block of stimuli used to measure the ST2.1 condition.

Although CM measured at the RW may contain contributions from sources other than OHC receptor currents (see Discussion), we adhere to the terminology used previously in the literature and refer to the RW cochlear potential synchronized with the stimulus collectively as CM.

Tonal Overexposure

The acoustic trauma was induced by exposure to an intense 3-kHz tone (100–106 dB SPL) presented in 4-min time blocks until at least 30-dB sensitivity loss was achieved at and/or above 4 kHz as monitored with CAP thresholds (criterion response: 10 μV, see Charaziak and Siegel, 2015 for measurement details). Reaching the target CAP threshold elevation required total exposure durations ranging from 4 to 16 min across the animals (n = 4). When possible, CAP thresholds were re-measured at the termination of the experiment. Because the tone-pip-evoked CAP represents responses from auditory-nerve fibers innervating a region around the CF place of the stimulus (Teas et al., 1962; Özdamar and Dallos, 1978), changes in CAP thresholds faithfully reflect changes in local BM sensitivity following acoustic trauma (Ruggero et al., 1996). Thus, for the purposes of this study we equate the frequency-specific shifts in CAP thresholds with place-specific decreases in OHC-dependent gain.

RESULTS

In the following sections, we present data obtained in four chinchillas. In these four animals, the repeated measures of CM and rCMST1 usually varied by <5 dB within pre- or post-exposure measurement blocks, except for run ST2.6 for animal E23 (last run in the post-exposure block; changes > 20 dB). Thus, the ST2.6 data for E23 were excluded from the analysis. Two out of four animals had initial notch-like elevations in their CAP thresholds that were either preexisting or induced by the surgery (~30 dB near 5.6 kHz for G03, and ~25 dB near 10 kHz for E23). The pre-existing threshold shift abolished neither the distortion-product OAEs evoked with low or moderate level tones nor the CM and rCM, suggesting that functioning OHCs were still present in the affected regions. Because we were interested in detecting changes in CM and rCM due to experimentally induced CAP threshold shifts, these animals were not excluded from the analysis.

Effect of the Acoustic Trauma on CM and rCM

Figure 1 shows examples of CM responses collected before and after the acoustic trauma for a representative animal (F13). Although the acoustic trauma had relatively little effect on CM levels (Figure 1A, dotted red vs. solid blue), rCM levels decreased by up to ~20 dB (B–F). The frequency range of the largest decreases in rCM level varied across the ST conditions, shifting toward lower probe frequencies at higher f ST/f PT ratios.


[image: image]

FIGURE 1. Example of CM (A) and rCM (B–F) levels measured in a chinchilla before (dashed red) and after (solid blue) inducing an acoustic trauma. The black horizontal bar marks the frequency range with CAP sensitivity loss > 20 dB (3–11 kHz, with maximal shift at 6.3 kHz of 32 dB; also see Figure 2B). Noise floors are shown in gray.



The group data are shown in Figures 2A–D, where trauma-induced changes in the CAP thresholds, and CM and rCM levels are plotted against the probe frequency for each animal. The corresponding average data are shown in Figure 3A. The exposure to an intense 3-kHz tone created a ~35 dB (32–50 dB range) notch-type sensitivity loss centered at 4 kHz (red) that could be attributed to malfunctioning OHCs (e.g., Saunders et al., 1991; Ruggero et al., 1996). Despite substantial loss of sensitivity, CM levels decreased on average by no more than ~7 dB (Figure 3A, black; 7–14 dB range, Figures 2A–D), with the largest change occurring at frequencies 0.6–0.7 octaves lower than the frequency of maximal shift in CAP thresholds. If the CM is dominated by potentials from OHCs located in the passive tail region of the BM excitation, the observed drop in CM level is consistent with decreased OHC transduction currents in the traumatized region (Patuzzi et al., 1989a; Nakajima et al., 2000). In contrast, for any ST condition tested, rCM level decreased on average by ~15 dB following the trauma. The range of affected probe frequencies varied systematically with the ratio f ST/f PT: The higher the ratio, the lower the frequency of the maximal shift (Figures 2A–D, 3A also see inset). Typically, a 1 dB of CAP threshold shift resulted in ~0.6 dB of rCM level shift (see values of the scaling factor α in Figures 2E–H; see caption for details).
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FIGURE 2. Shifts in CM (black) and rCM levels (shades of blue, see legend in H) compared to shifts in CAP thresholds (red) resulting from an acoustic trauma in four chinchillas (columns). Note that CAP threshold shifts are plotted on left y-axes while CM and rCM changes are plotted on right y-axes. The CM y-axis was scaled for each animal in an iterative process until the root-mean-square error between rCM level shifts (plotted against ST frequency) and CAP shift was minimized. The scaling factors α are listed on the bottom panels (i.e., rCM or CM level shift equals to α x CAP shift in dB). Data with pre-exposure SNR <6 dB are shown with dotted lines. The CM and rCM shifts were gently smoothed (moving average). In panels (A–D), the rCM changes are plotted against the probe tone (PT) frequency and in (E–H) against the saturating tone (ST) frequency. For animals F13 and F28, CAP thresholds were re-measured at the end of the experiment to confirm the stability of the threshold shift (red dotted).
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FIGURE 3. Mean shifts in CM and rCM levels (shades of blue, see legend in A) compared to mean shifts in CAP thresholds (red) resulting from an acoustic trauma in four chinchillas. In panel (A) the rCM changes are plotted against the probe tone (PT) frequency and in (B) they are plotted against the saturating tone (ST) frequency. The error bars represent standard deviation of a mean (for the CM data error bars are shown every ~0.4 octave). Only data with pre-exposure SNR > 6 dB were included in the average (see solid lines in Figure 2), and the grand average was gently smoothed (moving average). The black arrows in A indicate frequencies at which data were compared to the model (Figures 5, 6). The insets in each panel show the same data plotted with the error bars omitted to emphasize the alignment with the CAP data.



When the changes in rCM levels are plotted against the ST frequency (Figures 2E–H, 3B also see inset), the range of affected frequencies coincides well with the range over which loss of sensitivity was observed (blue lines vs. red). This result supports our hypothesis that rCM originates predominately near the CF place of the ST, rather than the PT. Also note that if the rCM measures changes in OHC-related active amplification of the probe response, then the largest changes in rCM following the trauma should occur at the smallest f ST/f PT ratios. Instead, all rCM levels decreased by a similar amount, independent of the f ST/f PT ratio. These results suggest that rCM depends more heavily on the changes in active amplification of the ST (rather than the PT) response. In the next section, we explore this idea further using a phenomenological model of CM generation.

Modeling CM

Model Description

To explore the mechanisms underlying the sensitivity of rCM to acoustic trauma we developed a simple phenomenological model of CM generation in the chinchilla. In the model, the CM at the round window is calculated as a vector sum of individual CM sources (i.e., hair cells) distributed along the BM. It is assumed that the source excitation is controlled by the local BM displacement via the hair-cell transducer function (He et al., 2004; Cheatham et al., 2011). Published BM data from four different chinchilla cochleae were used to introduce some realistic intersubject variability into the model predictions. For simplicity, the CM and rCMs were calculated for one PT frequency and two ST conditions (ST1 and ST2.1). The effects of acoustic trauma on CM responses at the probe frequency were simulated for two locations of damage: the first centered around the CF place of the PT and the second near the CF place of ST2.1 (i.e., basal to the probe tone CF place). Predicted changes in the CM, rCMST1, and rCMST2.1 due to acoustic trauma were compared with experimental data at the appropriate PT frequency.

Longitudinal BM displacement profiles were derived from published chinchilla data obtained at a single location (CFs from 6.6 to 10 kHz) under the assumption of scaling [data from Rhode (2007) for chinchillas N92 and N157, from Ruggero et al. (1997) for L113, and from Ruggero et al. (2000) for L208]. All derived displacement profiles (magnitudes and phases) were interpolated to a resolution of 2.4 μm over a BM length of 10 mm. (For comparison, the width of a single hair cell is about 10 μm.) The probe-tone displacement profiles derived from BM responses to 30 dB SPL tones were translated using the frequency-position map (Müller et al., 2010) so that they peaked at the 4-kHz CF place (i.e., at x = 7.2 mm, Figure 4, solid black). Although we fixed the probe-tone frequency at 4 kHz for simplicity, model predictions can be compared to data obtained at other frequencies using scaling. The ST displacement profiles, derived from the BM responses to 60 dB SPL tones, were translated to peak at the cochlear location tuned to either 4.4 kHz (x = 6.8 mm; to simulate the ST1 condition, Figure 4 solid red) or 8.4 kHz (x = 4.5 mm; to simulate ST2.1 condition, solid blue). The instantaneous BM displacement at location x was calculated for a duration of 25.6 ms with sampling rate of 800 kHz as:
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for the PT alone condition and as:

[image: image]

for the PT + ST conditions, where A and φ represent BM displacement amplitude and phase at location x in response to stimulation with PT (Figure 4, black) or ST (red or blue). Because the relationship between BM displacement and in vivo transducer nonlinearity is unknown in the chinchilla cochlea, we arbitrarily scaled the BM displacement profiles to a maximum value of 30 dB re 1 nm for the PT stimulus (Figure 4A, black). The scaling of the PT response was chosen so that it roughly matches the “threshold” of the transducer-function nonlinearity (Siegel, 2006), since a 30 dB SPL tone at CF usually corresponds to the onset of BM nonlinearity in chinchillas (i.e., for lower stimulus levels the responses typically scale linearly; Robles and Ruggero, 2001). Subsequently, the BM displacement profiles for STs were scaled to peak at 40 dB re 1 nm to reflect the compressive growth of the BM responses at the CF (assuming a growth rate of ~0.3 dB/dB; Robles and Ruggero, 2001). Additionally, we performed computations for the ST displacement profiles scaled to a maximum value of either 30 or 50 dB re 1 nm. The resulting rCMs were either lower or higher in level, respectively, but the best match with the data was obtained with STs scaled to peak at 40 dB re 1 nm (visual inspection).


[image: image]

FIGURE 4. Longitudinal basilar-membrane displacement profiles for probe tone (PT, black), ST1 (red), and ST2.1 (blue) derived from measurements in chinchilla L208 (Ruggero et al., 2000). The displacement profiles used to calculate CM responses for the normal cochlea are plotted with solid lines, while profiles with reduced mechanical gain are shown with dashed lines (magnitudes and phases are shown in A and B, respectively). The horizontal arrows span BM locations (1.4 octave range) where transduction was assumed damaged (in addition to gain reduction). The gray dotted arrow shows the region of damage centered at the CF place of the probe; the solid black arrow shows the damage located basal to the probe CF place (centered at ST2.1 CF place). The range of damaged locations was chosen to match the frequency range where average CAP thresholds were elevated by at least 20 dB (Figure 3A).



The local BM responses (Equations 1, 2) were subsequently used as the input to an OHC transducer model to estimate the contribution of each “hair cell” to the CM (with an arbitrary scale). The transducer model is a second-order Boltzmann fit to experimentally measured transducer functions in mice:
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where G is the transducer conductance for input signal d(x, t) (Equations 1, 2), Gmax is the maximum conductance, and cm(x, t) is the local contribution of a hair cell's receptor current to the total CM in the time domain (Kros et al., 1995; Lukashkin and Russell, 1998; Siegel, 2006). The equilibrium constants K1 and K2 were set as in Siegel (2006), who used this model to describe properties of the CM and OAEs in chinchillas:
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where α1 = 1.56 (dimensionless), β1 = 24 (nm) and α2 = 0.656, β2 = 42 (nm) for K1 and K2, respectively.

The local CM source excitation at the probe-tone frequency, CM(x, fPT), was found by computing the probe-frequency Fourier component of cm(x, t) for a given stimulus condition (Equations 1, 2). An estimate of the conventional CM at the RW was then calculated as the vector sum of the local sources along the length of the BM in response to the probe-tone stimulus (Equations 1, 3):
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where, w(x) is a weighting function that controls the electrical attenuation with distance from the source. We used [image: image] with attenuation rate A in dB/mm. The rCM at the probe frequency was calculated as the vector difference between the summed CM source responses derived for the PT-alone and PT + ST conditions (Equations 2, 3):
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Because the probe frequency was fixed across all measurement conditions and only relative changes were evaluated (e.g., due to loss of gain), we initially ignored any effects of electrical source attenuation with distance (i.e., A = 0 dB/mm; Section Model results). Because the electrical space constants in the chinchilla cochlea are unknown, we then evaluated attenuation effects separately using a range of hypothetical attenuation rates (Section Effects of Electrical Attenuation).

Acoustic trauma was modeled as a reduction of cochlear mechanical gain at the affected location, either with or without diminishing the transduction currents (Equation 3). While mechanical gain and OHC transduction are tightly linked in a living cochlea, we do not know the exact relationship between the two variables in the chinchilla ear, and we therefore modeled them independently. To simulate reductions of mechanical gain, the BM responses to 80 dB SPL tones (from the corresponding cochlea) were used to create scaled-down displacement profiles for the probe and ST stimuli (Figure 4, the dashed lines). In these cochleae, the mechanical gain decreased by 36 to 41 dB (mean 36.4 dB, SD 4.1 dB) with increasing stimulus levels from 30 to 80 dB SPL (Ruggero et al., 1997, 2000; Rhode, 2007), values that are similar to the loss of CAP sensitivity observed in our sample (Figure 3, red). To simulate changes in transduction following the trauma, we decreased the maximum conductance by either 50% (Gmax = Gmax/2 in Equation 3) or 100% (Gmax = 0) in the affected region (see horizontal arrows in Figure 4), in addition to reducing the mechanical gain. The results were qualitatively similar, and thus only the results with Gmax = 0 are discussed further.

The acoustic trauma was modeled to affect one of two cochlear locations: damage localized around the CF place of the probe tone and damage localized near the CF place of the ST2.1 (i.e., basal to the probe's CF place; see the horizontal arrows, dashed and solid, respectively, in Figure 4). In the first scenario, the BM responses to the PT and ST1 are reduced (black and red dashed lines in Figure 4) but the ST2.1 response remains unaffected (solid blue). In the second scenario, the BM response to the ST2.1 is reduced (dashed blue) while the gain of PT and ST1 responses are not changed (solid black and red). These conditions are summarized in Table 1. The simulations for damage at the probe CF place can be compared to the data measured for probe frequencies of 4–6 kHz where substantial loss of sensitivity was observed (Figure 3, red). The simulations for damage occurring basal to the CF place of the probe can be compared to the results obtained for probe frequencies of ~2 kHz, as the loss of sensitivity was centered at a location with CF about an octave above that of the probe frequency (Figure 3, red). Note that it was computationally easier to “move” the location of the damage relative to the probe CF place than it was to fix the location of the damage and compute various frequency conditions. In a scaling symmetric model, this distinction is irrelevant; in chinchillas, approximate scaling symmetry holds at CFs of 2 kHz and above (Temchin et al., 2008).


Table 1. The BM displacement profiles used for calculating the CM and rCM (Equations 1–3, 5, and 6) responses across different modeling conditions.

[image: image]



The model is derived from real cochlear data obtained in a group of animals different from the ones used in this study. Consequently, we did not attempt to optimize the model parameters to fit our data. Our goal was to evaluate whether a model derived from realistic cochlear responses can explain the data qualitatively. Thus, no statistical testing was performed.

Model Results

First, we evaluated whether the model captures basic properties of the CM and rCM in the normal cochlea. Figure 5 shows modeled rCM levels (re conventional CM) for the ST1 and ST2.1 conditions (red squares) together with the CM data obtained in our sample of animals (black circles). The model correctly predicts that rCM levels for both ST conditions fall below the levels of conventional CM (i.e., note negative y-axis). In the model, the ST interacts only with a subpopulation of CM sources excited by the PT, and thus rCM is always lower in level than the conventional CM. Because the phase of the local CM sources excited by PT follows the phase of the BM displacement, the model also predicts that rCMST1 tends to be lower in level than rCMST2.1 due to destructive interference between the CM sources located near the probe CF place (e.g., see Figure 4B, black curve).


[image: image]

FIGURE 5. The rCM levels (re CM) obtained for a probe tone of 4 kHz for the ST1 and ST2.1 conditions for four animals. Empirical data are shown in black and the results of CM modeling in red (normal gain, Table 1). The errors bars represent means and ± 1SD.



Figure 5 shows the changes in modeled CM and rCMs resulting from different acoustic trauma conditions (red squares and blue crosses), together with corresponding chinchilla data (black and gray circles). When the gain of the BM displacement was reduced at the probe CF place (with transduction intact), the CM response either decreased or did not change much (Figure 6A, red), as the CM sources in that region tend to interfere destructively due to steep BM phase rotation (Figure 4B, black). This result agrees well with the data obtained at either the 4 or 6 kHz probe frequencies (black and gray), where at least 30 dB loss of sensitivity was observed (Figure 3, red, see the down pointing arrows). The modeled rCMST1 response decreased in level following the gain reduction at the probe CF place, as also observed in the data (Figure 6A). On average 1 dB of BM gain loss produced ~0.3 dB shift in rCMST1 (range 0.1–0.6 dB), similar, albeit less, than typically observed in the data (see α listed in Figures 2E–H). The shift in rCMST1 level following the gain reduction at probe CF place is consistent with the ST1 interacting with a small population of sources in the affected region. However, it is not known whether the decrease in rCMST1 level results from decreased BM response to the PT or ST1 or both. To tease these two factors apart, we performed additional simulations where only the gain of one or the other response was changed (e.g., PT: normal gain and ST1: reduced gain vs. PT: reduced gain and ST1: normal gain). There was a tendency for the reduced-gain ST1 only condition to cause a larger decrease in the rCMST1 level compared to a reduced-gain PT only condition (by 1–5 dB), but neither resulted in changes as large as the combined condition (i.e., PT: RG and ST1: RG). This suggests that the change in the rCMST1 due to trauma at the probe CF place depends on both the reduced BM responses to the probe and the ST1, although the latter appears to be more critical (i.e., the lower the ST response the less its ability to saturate the local CM sources).
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FIGURE 6. Changes in the modeled CM and rCM (red) due to reduced cochlear gain at the probe CF place (A) or basal to it (B) compared to the measured responses at frequencies that fit the model assumptions best (black and gray, see legend and text). The acoustic trauma model was expanded to include the possible loss of transduction in the regions with reduced mechanical gain (in blue).



In contrast to rCMST1, the modeled rCMST2.1 was relatively unaffected by the damage at the probe CF place (Figure 6A, red). This is expected if the ST interacts with the CM sources located near its own CF place. The data obtained for probe tone at 6 kHz (Figure 6A, gray) agree well with the model predictions. However, for the 4-kHz probe tone the rCMST2.1 (black) showed larger changes than predicted by the model (particularly so for the two animals, F13 and F28). This could be explained by the fact that in the model the reduction in gain was limited to the CF region of the probe tone, without affecting the CF place of the ST2.1 (Figure 4, dashed black and solid blue). In contrast, in the data the CAP thresholds were elevated over a broader frequency region affecting the ST2.1 frequency (8.4 kHz, Figure 4, red; in individual data for the F13 and F28 animals CAP shifts exceeded 20 dB, Figures 2B,C, respectively). Thus, the 4-kHz data do not match the model assumptions as well as the 6-kHz data where there was still a significant sensitivity loss at the PT frequency (~30 dB on average; Figure 4, red) but there was little change in the CAP thresholds at the ST2.1 frequency (12.6 kHz, ~5 dB on average). In conclusion, the model predicts correctly that the rCMST2.1 levels remain relatively unaffected when the loss of gain is localized to the probe CF region. Including the loss in transduction currents near the probe CF place in the simulations (Figure 4A, gray dashed arrow) did not affect the agreement between the model predictions and the data (Figure 6A, blue).

When the BM gain was reduced near the CF place of ST2.1 (e.g., basal to the probe CF place), the model predicted no change in either CM or rCMST1 levels (Figure 6B, red, also see Table 1), unless the damage to transduction was added to the trauma simulations (blue). Decreased transduction in the basal region (Figure 4A, black horizontal arrow) produced no consistent change in the modeled CM and rCMST1 (Figure 6B, blue), while either no change or decreases were predominately seen in the data (black). These results suggest either that our overexposure paradigm affected the transduction mechanism or that our simplified model does not capture the mechanism and/or the full extent of such damage (Patuzzi et al., 1989a; Nakajima et al., 2000). In contrast, the modeled rCMST2.1 levels decreased by ~20 dB following the gain reduction basal to the probe CF place (Figure 6B, red). Similar, albeit smaller, changes in the rCMST2.1 levels were observed in the data (Figure 6B, black). However, as seen in the data, 1 dB of BM gain loss produced ~0.5 dB shift in rCMST2.1 level (for the data see α listed in Figures 2E–H). Even larger decreases were observed when transduction was impaired as well (blue).

Altogether, our modeling results support the hypothesis that rCM is dominated by contributions from sources located near the CF place of the ST in the cochlea. Furthermore, the model implies that the sensitivity of the rCM to a local gain reduction is dictated predominantly by the decreased gain of the BM response to the ST rather than to the probe-tone stimulus. This is best demonstrated by the results for the ST2.1 condition: Even a small reduction in the BM response to ST2.1 (e.g., Figure 4, solid vs. dashed blue) diminishes the ability of the ST to drive the local CM sources into saturation. As a result, the rCMST2.1 decreases in level even though there is no change in the excitation of the sources evoked by the PT (Figure 4B, Table 1).

Effects of Electrical Attenuation

For a source at given cochlear location, the voltage recorded at the electrode decays approximately exponentially with distance between the source and the electrode (von Békésy, 1951). Thus, for an electrode placed on the RW, contributions from remote sources (i.e., at the cochlear apex) are attenuated relative to those from nearby sources (i.e., at the cochlear base). If the attenuation with distance is strong, the sensitivity of rCM to changes in cochlear gain at more apical locations may be reduced. We evaluate possible effects of electrical attenuation on rCM and CM in the model by weighting the source contributions along the cochlear length with an exponential decay function [w(x) in Equations (5) and (6)]. Because electrical space constants in the chinchilla cochlea are unknown, we present modeling results for several plausible attenuation rates (varied from 0.5 to 10 dB/mm). The resulting weighting functions are shown in Figure 7A (dotted lines) together with illustrative spatial distributions of CM (black) and rCM (ST1: red; ST2.1: blue) sources (phase omitted). As an example, the figure can be interpreted as follows: for A = 1 dB/mm, a single CM source located at the CF place of the PT (x = 7.2 mm) is attenuated by an additional 7 dB compared to a source located at the base (x = 0 mm).
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FIGURE 7. Effects of electrical attenuation on modeled CM and rCM for a PT frequncy of 4 kHz. Panel (A) shows attenuation functions w(x) for different attenuation rates (A, see the legend) using dashed lines, together with examples of spatial distrubutions of CM and rCM sources scaled re CM source strength at the CF place of the PT (solid lines; phase is not shown). The spatial source distributions were computed for normal-gain conditions based on the BM displacement shown in Figure 4. Panel (B) shows average levels (± 1SD; n = 4,) of CM and rCM for varying attenuation constants (x-axis). In (C) the change in CM and rCM levels due to gain reduction either at the CF place of the PT (solid) or basal to it (dashed; CM, and rCMST1 are not shown here, as neither is affected by basal damage; Figure 6, red squares).



In a normal cochlea, increasing the attenuation rate decreases the levels of either rCM more rapidly than it decreases the CM level (red and blue vs. black in Figure 7B). Thus, for higher attenuation rates (e.g., 5 dB/mm) the model predicts that rCM levels fall 33 and 22 dB on average below the CM level for ST1 and ST2.1, respectively. This contrasts with our experimental data, where rCMST1 and rCMST2.1 levels were only 18 and 8 dB lower on average than the CM level, respectively (Figure 5, black). Thus, the use of lower attenuation rates (i.e., less than ~2 dB/mm) results in more realistic model predictions. The complex electroanatomy of the cochlea likely resulted in an attenuation rate at the low end of this range.

In a damaged cochlea, the sensitivity of CM and rCM to gain reduction tends to decrease at attenuation rates above 2 dB/mm (Figure 7C). These effects are most prominent for rCMST1 and damage at the CF place of PT (solid red) and for rCMST2.1 and damage basal to CF place of PT (dashed blue). For instance, on average the rCMST1 level was little affected by the acoustic trauma when the sources were weighted using an attenuation rate of 5 dB/mm or greater (i.e., the sources near the CF place of PT were attenuated by additional 35 dB or more and contributed little to RW signal; Figure 7A). This contrasts with the experimental data where rCMST1 level was reduced by 12 dB on average following the acoustic trauma (Figure 6A, black). For moderate attenuation rates (i.e., less than ~2 dB/mm), the model predictions are not altered much relative to the zero-attenuation case, consistent with our initial assumptions.

DISCUSSION

CM in Assessing the Functional State of the OHCS

Cochlear microphonic measurements have been used clinically mostly as an aid to differential diagnosis (e.g., in auditory neuropathy). However, CM could provide additional (e.g., place-specific) information on OHC health and function (Ponton et al., 1992; Chertoff et al., 2014). For instance, Chertoff and colleagues proposed a technique for detecting cochlear regions with missing OHCs by monitoring the level of CM evoked with a high-level 733-Hz tone-burst embedded in a high-pass masking noise. They hypothesized that the CM level should continue to increase as the cutoff frequency of the masker increased, until the noise frequency reached the region of missing OHCs. While this method is a promising approach for overcoming poor place-specificity of the CM, it does not appear sensitive enough to detect notch-type lesions in the middle cochlear turn or lesions in the apical end. Another approach for deriving place-specific information from CM was proposed by Ponton et al. (1992). In this study, a high-pass noise was used to mask basally located sources, ostensibly exposing the CM that originated at more apical locations. However, the assumptions of the method have not been validated experimentally, and it is not known whether the method provides a sensitive indicator of local damage to OHCs.

In the current study, we demonstrated that the residual CM (rCM) can successfully detect a frequency-specific elevation in neural thresholds most likely resulting from OHC impairment (Figures 2E–H, 3B). Our results suggest that rCM offers good place-specificity and sensitivity to changes in OHC-dependent cochlear gain, as measured using CAP thresholds. Importantly, though, CAP threshold measurements are not themselves free of limitations: the use of tone-burst stimuli and high levels of stimulation (necessary post-trauma) degrade the place-specificity of the CAP due to spectral splatter and spread of excitation, respectively (Özdamar and Dallos, 1978). Thus, it is likely that the CAP thresholds shifts underestimated the range and/or the degree of the cochlear sensitivity loss.

In theory, the place-specificity of the rCM is limited by the region of interaction between the PT and ST excitation patterns on the BM. The model indicates that a moderate level ST can effectively suppress sources near the peak of its own excitation pattern spanning the range of ~1–1.5 mm (i.e., ~0.4–0.6 octaves range; Figure 4; solid blue and red). In our sample, the CAP thresholds were elevated over a broader range of frequencies (Figures 2A–C, red), except for animal G03 (D) where the acoustic trauma created a sharp notch in the CAP thresholds (≥ 20 dB elevation over ~0.6 octave range). Even in this case, the change in rCM levels matched the CAP threshold elevation well, particularly for higher f ST/f PT ratios (Figure 2H, lighter blue lines). The detection of a narrow notch in rCMs levels extracted with lower ratios (e.g., ST1 or ST1.2) can be obscured by the strong rippling pattern observed in the pre-exposure rCM levels (e.g., Figures 1B,C, dotted red). Nevertheless, the data from animal G03 suggest that rCM can detect sensitivity loss spanning a relatively narrow range of frequencies when moderate ST levels are used. The place-specificity of the rCM is likely to degrade at high ST levels due to spread of the ST excitation on the BM. In addition, place-specificity of the rCM may be diminished at low-ST frequencies due to the electrical source attenuation with distance (Section Effects of Electrical Attenuation).

Combining measurements of the rCM with conventional CM recordings may further expand the diagnostic utility of electrocochleography. Whereas, the rCM appears sensitive to changes in the active cochlear gain, the CM may be used to evaluate the state of transduction independently (e.g., Patuzzi et al., 1989a; Nakajima et al., 2000; Fridberger et al., 2002). For example, it may be possible to diagnose a loss of gain that does not depend on the OHC transduction (i.e., a mutation in the prestin protein—the motor behind the electromotility-dependent gain; Cheatham et al., 2011). Our model predicts a possible outcome of such a scenario: As illustrated in Figure 6B (red), when the acoustic trauma is simulated as a reduction in BM gain with the transduction apparatus intact, a large drop in rCMST2.1 level is produced without concomitant changes in CM levels. We speculate further that the combination of these two CM measures may help to understand the mechanisms underlying other OHC-dependent phenomena, such as medial olivocochlear reflex or recovery from temporary threshold shifts (TTS). For instance, it has been suggested that recovery from TTS may involve up-regulation of the prestin protein in surviving cells as a means to compensate for the loss in gain from missing OHCs (Xia et al., 2013). In such a case, one might expect to see large changes in rCM during the recovery period with little change in CM levels. In summary, our measurements and model predictions suggest that rCM provides a unique and insightful window on the health and function of the OHCs.

Optimal Parameters for rCM Measurements

The sensitivity of rCM to local changes in OHC function may depend on the stimulus parameters. In the current study, we varied one important aspect of the stimulus parameter space: the f ST/f PT ratio. We found that rCMs mapped the frequency-range of sensitivity loss well (independent of the f ST/f PT ratio; Figures 2E–H, 3B). However, our modeling results suggest that changes in rCMs obtained with the ST fixed at a frequency considerably higher than the PT are easier to interpret due to the spatial separation of their respective CF places in the cochlea. Using a high-frequency ST also provides the benefit of a better SNR in the mid-frequency range (at least in chinchillas; e.g., Figure 1), which may be crucial for measurements obtained using less invasive techniques (e.g., with the electrode placed on the eardrum rather than on the RW). The use of steady-state tonal stimuli, coupled with time-domain averaging and spectral analysis, presumably allows the extraction of very small signals from the noise. Our model also suggests that the sensitivity of rCM to changes in cochlear gain stems primarily from its effects on the intracochlear response to the ST rather than to the probe tone. Thus, an ST of a moderate level should be used; that is, the ST level should be high enough to saturate the local CM sources but low enough that it is still within the nonlinear range of BM processing (e.g., in chinchillas ~55–80 dB SPL; Robles and Ruggero, 2001; Siegel, 2006). The use of high-level STs is also expected to diminish the place-specificity of the rCM (Section CM in assessing the functional state of the OHCs).

Although our simple model appears to match the trends observed in the data, a more realistic model that captures the interplay between OHC transduction and its effects on amplified BM motion might improve the interpretation of our results. Furthermore, modeling the whole cochlear length with propagating BM traveling waves may be crucial for assessing whether any non-local and dynamic interactions between responses to the probe tone and ST must be considered in interpreting the origin and behavior of rCM (Versteegh and van der Heijden, 2013).

Contamination by Neural Responses

At low frequencies, the RW electrode signal contains phase-locked auditory-nerve action potentials (auditory neurophonics) as well as hair-cell potentials (e.g., Henry, 1995; He et al., 2012; Lichtenhan et al., 2013). Interference between the long-delay neurophonic and the short-delay CM might explain the pattern of irregular sharp peaks and notches in CM levels at low frequencies (<2 kHz, e.g., Figure 1A; note that at higher frequencies the CM microstructure appeared smoother and nearly periodic). The significant contribution of the neurophonic to the RW potential can also be demonstrated by evaluating the phase of the response. For instance, He et al. (2012) showed that in gerbils a steep phase slope of the CM at low frequencies can be abolished by application of the neurotoxin tetrodotoxin. In our sample, similar steep phase slopes were observed in the CM responses at frequencies below ~1.5–2 kHz (data not shown), suggesting significant contamination from the neurophonic. At higher frequencies, however, the CM phase was shallow, suggesting little or no contamination from the neurophonic, as expected due to the low-pass nature of neural phase-locking (Johnson, 1980; Weiss and Rose, 1988). Thus, it seems unlikely that the neurophonic contributed to the sensitivity of rCM to the acoustic trauma centered at ~4 kHz. However, to monitor OHC function at lower frequencies, it may be necessary to separate the CM and neurophonic responses (Forgues et al., 2014; Verschooten and Joris, 2014). The use of high f ST/f PT ratios for rCM measurements may avoid the contamination from the neurophonic, given that the neurophonic originates primarily in neurons innervating the CF place of the probe tone (Henry, 1997; Lichtenhan et al., 2014).

Electrical Attenuation with Distance

Due to electrical attenuation with distance, CM sources more distant from the recording electrode contribute less to the measured response than proximal ones. Thus, for an electrode placed at the RW, contributions from more apical sources are deemphasized relative to those near the base, an effect that can compromise the place-specificity of the CM (Patuzzi et al., 1989b). The use of rCM overcomes some of the limitations of poor place-specificity of the CM. Although our modeling results confirm that strong attenuation can diminish rCM sensitivity to local change in gain (Figure 7C), our data (e.g., Figure 3B) suggest that the electrical attenuation in chinchilla is not strong enough to conceal contributions from the 4-kHz CF place (~7.2 mm away from the RW). Determining whether the rCM will prove equally successful at detecting damage to more apical cochlear locations requires further research.

Although the rate of electrical attenuation with distance in the chinchilla cochlea is unknown, our modeling results suggests that the attenuation rates are relatively small (i.e., <2 dB/mm). In contrast, intracochlear measurements of electrical space constants in other species, while varying widely across studies (from 0.042 to 2 mm), all indicate considerably higher attenuation rates (i.e., ~9–200 dB/mm; von Békésy, 1951; Misrahy et al., 1958; Johnstone et al., 1966; Fridberger et al., 2004; Dong and Olson, 2013). Our data suggest that these intracochlear measurements fail to capture actual CM attenuation rates seen from the RW. For instance, if one assumes a nominal 10 dB/mm attenuation rate, CM sources at the 4-kHz place would be attenuated by 72 dB, implying that rCMST1 would be small (perhaps even undetectable) and unlikely to reveal acoustic trauma at the probe CF place—contrary to our experimental results (e.g., Figure 6A, black and gray). Similarly, Chertoff et al. (2012) concluded that attenuation rates of ~9 dB/mm are too rapid to accurately predict the growth rates of the RW CM with increasing cutoff frequency of the high-pass noise in gerbil. Perhaps the attenuation rate seen at the RW differs from the rate observed intracochlearly because of the different positions of the recording and/or the reference electrodes. Although these relationships are challenging to test experimentally, models that incorporate realistic cochlear dimensions and material properties (e.g., Teal and Ni, 2016) may provide insight on how attenuation is affected by electrode position.

CONCLUSIONS

We demonstrated that remote (e.g., RW) measurements of cochlear-microphonic potentials may serve as sensitive indicators of the reduction in OHC-dependent cochlear gain induced by acoustic trauma. By measuring the residual CM (rCM), which represents the contributions to CM potentials from hair-cell sources located near the CF place of an additional, saturating tone (ST), it appears possible to overcome the limitations of RW recordings, which are otherwise heavily weighted by contributions from sources proximal to the electrode (i.e., at the cochlear base). Our phenomenological model of CM generation and two-tone interactions indicates that the sensitivity of rCM levels to decreased cochlear gain depends on nonlinearity at the CF place of the ST rather than of the probe. This implies that using STs of high levels, so that they do not depend on cochlear nonlinearity, may yield rCMs that are largely insensitive to the loss of gain, especially for high f ST/f PT ratios. Thus, moderate level STs may be preferred in practice. Although all rCMs, independent of the ST condition, showed similar sensitivity to acoustic trauma, in practice, higher-frequency STs (e.g., the ST2.1) offered better SNR, possibly less contamination of rCM from the neurophonic, and easier interpretation of the data (as suggested by the model). This study demonstrates the potential for using rCM to monitor the health of the OHCs.
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Electrocochleography (ECochG) has been used to assess Ménière's disease, a pathology associated with endolymphatic hydrops and low-frequency sensorineural hearing loss. However, the current ECochG techniques are limited for use at high-frequencies only (≥1 kHz) and cannot be used to assess and understand the low-frequency sensorineural hearing loss in ears with Ménière's disease. In the current study, we use a relatively new ECochG technique to make measurements that originate from afferent auditory nerve fibers in the apical half of the cochlear spiral to assess effects of endolymphatic hydrops in guinea pig ears. These measurements are made from the Auditory Nerve Overlapped Waveform (ANOW). Hydrops was induced with artificial endolymph injections, iontophoretically applied Ca2+ to endolymph, and exposure to 200 Hz tones. The manipulations used in this study were far smaller than those used in previous investigations on hydrops. In response to all hydropic manipulations, ANOW amplitude to moderate level stimuli was markedly reduced but conventional ECochG measurements of compound action potential thresholds were unaffected (i.e., a less than 2 dB threshold shift). Given the origin of the ANOW, changes in ANOW amplitude likely reflect acute volume disturbances accumulate in the distensible cochlear apex. These results suggest that the ANOW could be used to advance our ability to identify initial stages of dysfunction in ears with Ménière's disease before the pathology progresses to an extent that can be detected with conventional measures.

Keywords: electrocochleography, cochlear response, auditory nerve neurophonic, endolymphatic space, scala media, endolymphatic hydrops, Ménière's disease, cochlea

INTRODUCTION

The Auditory Nerve Overlapped Waveform (ANOW) originates in the apical half of the cochlear spiral from afferent neural fibers tuned to low-frequencies (Lichtenhan et al., 2013, 2014, 2016). Conventional electrocochleography (ECochG) measurements such as the compound action potential (CAP) do not work adequately at low frequencies (Spoor and Eggermont, 1976; Picton, 2007; Sininger, 2007). The ANOW is derived from the cochlear response recorded from the auditory periphery. The cochlear response is an electrical measurement originating from the cochlear microphonic of inner and outer hair cells, changes to the lateral wall potential from slow or sustained current through hair cells, summating potential, excitatory postsynaptic potentials, CAPs from onset or phase locked neural excitation, and spontaneous excitation of single-auditory-nerve-fibers (Lichtenhan, 2012; Chertoff et al., 2015). When cochlear responses to alternating low frequency tones are averaged, the fundamental component and odd harmonics are canceled and the even harmonics are preserved. At low and moderate stimulus levels, the even harmonics originate from phase locked neural excitation. The result is a waveform with oscillation at twice the probe frequency. The ANOW technique advanced the work done with the auditory nerve neurophonic, which is simply a cochlear response evoked from low-frequency tones (Henry, 1995; Choudhury et al., 2012; Verschooten et al., 2012; Forgues et al., 2014; Verschooten and Joris, 2014; Koka et al., 2017). In particular, Lichtenhan et al. (2014) identified when the origin of the cochlear responses to low-frequency tones is, and is not, neural excitation from the apical cochlear half when stimulus level and recording location are varied.

The approaches used for the experiments reported here were three scala media manipulations that have been classically used to create, and study, endolymphatic hydrops. We found that the ANOW is considerably more sensitive to all of these manipulations than traditional objective measures of CAP thresholds and the endocochlear potential (EP): the amplitude of the ANOW was altered by each manipulation, while there were minimal changes to CAP thresholds or the EP. Hydrops induced by the small manipulations would not be accurately detectable by imaging techniques (Klis et al., 1990; Salt and DeMott, 1994a; Salt et al., 1995)–a consequence of fixative causing Reissner's membrane shrinkage and the transient nature of acute cochlear manipulations. These results suggest that measurements of ANOW amplitude have advantages over classically used measurements that are commonly used in the clinic and laboratory to identify and study endolymphatic hydrops.

MATERIALS AND METHODS

Surgical Access of the Endolymphatic Space

To access the guinea pig endolymphatic space, the bony wall overlying the dark pigmentation of the stria vascularis was thinned with a flap knife and then an approximately 30 μm fenestra was made with a 1/3 mm House oval window pick (N1705 80, Bausch and Lomb Storz). Endocochlear potential (EP) measurements were used to verify the placement of the injection pipette into the endolymphatic space of the second cochlear turn. EP measurements used for experimental purposes were recorded from an additional fenestra in the third cochlear turn that accommodated an EP electrode. When a pipette was inserted into endolymph, there was no fluid leakage at the insertion site, suggesting that the site was effectively sealed. Experimental protocols for this study were approved by the Animal Studies Committee of Washington University School of Medicine in St. Louis (protocol numbers 20120113 and 20130069).

Volume Injection of Artificial Endolymph

Ears with chronic endolymphatic hydrops have an enlargement of the scala media cross sectional area. Injection of artificial endolymph can be used to model acute endolymphatic hydrops. Injections were made using double-barreled glass pipettes with tips beveled to an approximate 15–20 μm diameter. The injection barrel was filled with artificial endolymph (140-mM KCl and 25-mM KHCO3) while the second barrel was filled with 500 mM KCl and used to confirm placement in the endolymph with EP measurements. The pipette was mounted on a micro-syringe pump injector controlled with a micro-syringe pump controller (UMP3 and Micro4, respectively, World Precision Instruments). During the injections of artificial endolymph volumes into the second cochlear turn, EP measurements were made in the third cochlear turn. Injections of artificial endolymph were performed at rates of 5–10 nL/min for 15 min. The characteristic frequencies of our access sites to the second and third cochlear turns were estimated to be 2.5 kHz for second cochlear turn and 650 Hz for the third cochlear turn, based on the frequency-place map derived from guinea pig single auditory nerve fibers (Tsuji and Liberman, 1997) adjusted to the 20.8 mm length of the endolymphatic space.

Iontophoretic Ca2+ Delivery

Ears with chronic endolymphatic hydrops have been shown to have elevated endolymphatic Ca2+ (Ninoyu and Meyer zum Gottesberge, 1986; Meyer zum Gottesberge and Ninoyu, 1987; Salt and DeMott, 1994b, 1997; Fettiplace and Ricci, 2006). Administration of Ca2+ into the endolymphatic space can thus model some aspects of chronic endolymphatic hydrops. Ca2+ was iontophoresed into the endolymphatic space of the second cochlear turn using positive current. Pipettes for iontophoresis applications were made from single barreled glass with internal fiber. The pipette tip was beveled to a 2–3 μm diameter and filled with 160 mM CaCl2. The electrode tips were then filled with 0.5% agarose gel to prevent volume passive displacement of the electrolyte during the experiment (i.e., leakage of the electrolyte into the cochlea). The electrodes were stored with the tips in CaCl2 solution, allowing the electrolyte to equilibrate with the gel. Ca2+ was iontophoresed into endolymph for 15 min with 100 nA of current using a microiontophoresis current programmer (Model 260, World Precision Instruments).

Tonal Exposures

Brief exposures to low frequency tones at high, but non-damaging levels, (e.g., 95–115 dB SPL) have been shown to induce transient endolymphatic hydrops, the origin of the so-called “2-min bounce phenomenon” (Flock and Flock, 2000; Salt, 2004). We presented a 65 dB SPL 200 Hz tone at for 3 min in a closed acoustic assembly with a Sennheiser HD 265. During exposure to the tone, no sound-evoked potentials or acoustic emissions were collected.

Statistics

Statistical analyses were completed in Statistical Analysis System 9.0 (SAS Institute, Cary, NC). A mixed model analysis with autoregressive covariance structure and cases as random factors was used to compare the change between the mean, pre-injection baseline measure (obtained between −10 and −1 min re. injection start) and the post-baseline measure (obtained between 0 and 30 min re. injection start) between the different tone burst frequencies and levels. Estimated marginal means and corresponding 95% confidence intervals were used to report the results of the interaction effect as well as the main effects in the mixed model. All statistical tests were two sided and evaluated at the alpha level of 0.01.

Electrophysiological Measurements

Tucker-Davis System 3 hardware controlled by custom-written software (Visual Basic, Microsoft) on a personal computer was used to make electrophysiologic measurements. A TD-RP2 was used to generate stimuli that were passed through TD-PA5 attenuators, and TD-HB7 headphone amplifiers. Cochlear responses were evoked from 50 tone bursts of alternating polarities. The duration of the tone bursts was 30 ms, and the duration of the linear two-cycle rise and fall times varied with stimulus frequency. Cochlear response measurements were made from 50 averages. An Etymotic ER-10C coupled to the hollow ear bar—a closed sound system—was used to deliver acoustic sound stimuli to the right ear of all guinea pigs. Calibrations were completed in individual ear canals by tracking 70 dB SPL tones from 0.125 to 26 kHz in ¼ octave steps.

Cochlear response measurements were made differentially between an Ag/AgCl ball-tipped electrode near the round window niche and a platinum-needle electrode near the vertex. An Ag/AgCl pellet electrode coupled to exposed soft tissue of the neck with a fluid bridge was used for grounding. ECochG measurements were made with a TD DB4 optically-coupled amplifier (1000x gain, 0.005–15 kHz bandpass filter) routed to an TD-RP2 module for digitization (48.8 kHz) and averaging. No artifact reject was applied.

Measurement names derive from terminology established in Lichtenhan et al. (2014). This terminology was based on stimulus conditions, not assumed cellular origins. The CAP is the commonly used waveform acquired from averaging responses to high-frequency tone bursts of alternating polarity, the CRAVE,ONSET,H. CAP thresholds were quantified with an automated procedure that identified the lowest stimulus level yielding a 10 μV N1 to P1 amplitude. The ANOW-AP is the CRAVE,ONSET,L, or the amplitude measurement of the two-cycle smoothed waveform (Figure 1C) from averaging cochlear responses to alternating polarity low-frequency tones (Figure 1B). The ANOW is the amplitude measured in the middle of the waveform resulting from averaging cochlear response to 500 Hz tone bursts of alternating polarity (CRAVE,MID, Figure 1D). The difference in cochlear responses to low frequency stimuli (CRDIF, Figure 1A) were not used in this study. Our previous work demonstrated that this waveform, which is commonly referred to as the “cochlear microphonic,” has cellular origins that vary with level and recording location (Lichtenhan et al., 2014), thus limiting the usefulness based on unsatisfactory interpretability.
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FIGURE 1. Example measurements used to measure the ANOW-AP and ANOW. These waveforms were evoked from 50 dB SPL 500 Hz tone bursts. Previous work demonstrated that the difference in cochlear responses to alternating tone bursts (CRDIF, A) is a blend of both hair cell and neural responses, but has been commonly referred to in the literature as the “cochlear microphonic” (Lichtenhan et al., 2014). Averaging cochlear responses to alternating tone bursts (CRAVE, B) and two-cycle smoothing (CRAVE,ONSET,L, C) yields the onset response to low-frequency stimuli. The amplitude of the ANOW-AP is the solid red line. Subtracting CRAVE,ONSET,L from CRAVE yields the CRAVE,MID (D), the waveform used to quantify the ANOW amplitude (red sinusoid).



RESULTS

Volume Injection of Artificial Endolymph

Volumes of artificial endolymph were injected into the second cochlear turn endolymphatic space at 5 (five ears), 10 (five ears), or 15 (three ears) nL/min for 15 min (75–225 nL total injection). Measurements made during each of these small, though different, injection rates are expressed together in these panels because each rate is very small, and produced similar effects, compared to classical use of artificial endolymph as a model of endolymphatic hydrops. In particular, the volume of artificial endolymph injected in our experiments were up to 16 times smaller than those used in previous contemporary experiments to create endolymphatic hydrops that was detectable by conventional CAP threshold measures (e.g., Sirjani et al., 2004). Laboratory norms for 500 Hz ANOW threshold is 45 dB SPL. Thus, ANOW to 50 dB SPL was 5 dB re. threshold. Volume injections caused significant reductions to the amplitude of the ANOW response to 50 and 65 dB SPL 500 Hz tone bursts between 0 and 30 min after the start of treatment (Figure 2A, degrees of freedom (df)(47), p < 0.01). Neural onset responses to both ANOW stimuli of either level (ANOW-AP, Figure 2B), the traditional CAP to threshold stimuli (Figure 2C), and EP measurements (Figure 2D) changed significantly (respectively, df(44), p < 0.01 df(47), p < 0.01, and df(10), p < 0.01). While statistically significant, we error on the side of caution and note that the changes to mean ANOW-AP were less than a mere 10%, CAP thresholds were less than 2 dB and EP changed less than 0.5 mV. Moreover, the reduction in ANOW amplitude were consistent and less variable than changes to other measurements. These results show that the amplitude of ANOW response can identify changes that may go undetected by conventional measurements.
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FIGURE 2. ANOW measurements were markedly affected by 75–225 nL of artificial endolymph injected into the second cochlear turn, but other measurements were not. Data in each panel were normalized to the average of 10 min of pre-injection measurements. Artificial endolymph was injected for 15 min, indicated by the thick black horizontal bar near the x-axis in each panel (A–D). Error bars are standard errors of the mean calculated with measurements across all animals.



Iontophoretic Ca2+ Delivery

Ca2+ was iontophoretically applied into endolymph with 100 nA current. Ca2+ was applied nine times to seven ears. That is to say, in two ears Ca2+ was applied twice: a second application was made after recovery from the first application. This treatment significantly affected the amplitude of the ANOW response to 50 dB SPL tone bursts of all selected frequencies [Figure 3A, df(15), p < 0.01], as well as those to 65 dB SPL [Figure 3C, df(33), p < 0.01]. ANOW onset responses (ANOW-AP) to 50 dB SPL stimuli were significantly affected [Figure 3B, df(16), p < 0.01], as were ANOW-AP to 65 dB SPL [Figure 3D, df(35), p < 0.01]. While the effect on ANOW-AP was significant, we note that the magnitude of the effect was to a lesser degree than the effect on ANOW (cf. Figures 3A,C). There were significant effects of time, frequency, and an interaction effect on CAP threshold [df(36), p < 0.01; df(48), p < 0.01; and df(48), p < 0.01 respectively]. Pairwise comparison post hoc tests found that CAP thresholds to tone burst frequencies associated with cochlear frequency places nearest the administration site (i.e., 2 and 4 kHz) had a significant 10–20 dB threshold shift [Figure 3E; df(64), p < 0.01 and df(64), p < 0.01 respectively]. In contrast, CAPs to higher frequency stimuli associated with cochlear frequency places farther away from the administration site were not affected (i.e., 8 and 16 kHz). The close proximity of the second turn endolymphatic iontophoretic site to the spatial origin of 2 and 4 kHz CAPs, and the lack of CAP threshold change to 8 kHz, are consistent with a local and transient disturbance caused by the Ca2+ elevation.


[image: image]

FIGURE 3. Ca2+ applied with 100 nA iontophoresis altered measurements that originate near the second cochlear turn administration site (i.e., CAPs to 2 and 4 kHz, E), as would be expected. But, ANOW-based measurements that originate in the apical cochlear half also changed significantly (A–D), and CAP from cochlear regions distant to the administration site (i.e., 8 and 16 kHz) were not affected. Ca2+ was applied for 15 min, indicated by the thick black horizontal bar near the x-axis in each panel. Error bars indicate standard errors of the mean calculated with measurements across all guinea pigs.



It is remarkable that the amplitude of ANOW-based measurements was affected by the Ca2+ concentration that declines rapidly with distance from the iontophoretic site. The strong effect of Ca2+ on the amplitude of ANOW-based responses suggests it is either very sensitive to small Ca2+ disturbances or is sensitive to some other aspect of the Ca2+ manipulation, possibly including induced endolymph volume changes. Changes to the amplitude of ANOW-based measurements, but not to CAP thresholds measured away from the administration site, is consistent with volume disturbances in the apical half of the cochlea. Moreover, the amplitude of ANOW-based measurements to the higher 65 dB SPL stimuli detected the change more rapidly than traditional CAP threshold measurements at the same level, suggesting that higher stimulus levels were more sensitive to the induced physiological changes.

200 Hz Exposures

Ears exposed to a 65 dB SPL 200 Hz tone caused the amplitude of the ANOW to “bounce” (i.e., rapidly decrease and then increase) and then slowly recover to pre-exposure measures (Figure 4A). These measurements were made from nine exposures to two ears. This effect happed over the first few minutes after the exposure stopped. Changes caused by 200 Hz exposure at this low level went undetected by traditional CAP threshold measurements that originate in the stiffer basal cochlear half to the extent that CAP thresholds did not bounce but the variability of these measurements increased (Figure 4B). The 65 dB SPL 200 Hz exposure used here is far less intense than the 115–120 dB SPL exposure that was required in previous experiments for the investigation of the “2-min bounce phenomena.” These measurements were made from nine exposures to two ears. Please note that we normalized the x-axis of Figure 4 differently than Figures 2, 3 so that the data could be more easily compared to previous reports on the 2-min bounce phenomena. The time course of the bounce in the amplitude of the ANOW to supra-threshold sounds is similar to that found in measurements originating in the less distensible cochlear base following a 115 dB SPL 200 Hz exposure that has been shown to cause endolymphatic hydrops in guinea pig ears (Salt, 2004). It is therefore possible that changes to ANOW could be caused by fluid volume disturbances in the distensible apical half of the cochlea.


[image: image]

FIGURE 4. The ANOW amplitude to the 65 dB SPL stimulus level was affected most by 3 min of exposure to 65 dB SPL 200 Hz, and those to 50 dB SPL affected less so (A). CAP thresholds to 2, 4, and 8 kHz were essentially unaffected by the endolymphatic hydrops induced by 200 Hz exposure (B). No physiologic measurements were made during the 3 min of 200 Hz tone exposure, indicated by the thick black horizontal bar near the x-axis in each panel. Error bars are standard error of the mean estimates calculated with measurements across all animals.



DISCUSSION

General

Traditional ECochG techniques do not effectively monitor diseased states in the low-frequency regions of the cochlear spiral. Indeed, it has been suggested that the lack of ECochG-based measures for low-frequency cochlear regions in normal and diseased ears is a likely origin of variable and discrepant findings throughout the literature (Palmer and Shackleton, 2009; Temchin and Ruggero, 2010). In the current study, we used the ANOW to study cochlear manipulations that have been previously used to simulate endolymphatic hydrops. We found that the ANOW could detect subtle dysfunction of the endolymphatic space that was missed by conventional CAP threshold measurements. The transient effects from our acute manipulations would not be detectable with time-intensive, traditional histological approaches used to measure the scala media cross sectional area.

Previous studies have concluded that the low-frequency hearing loss in ears with endolymphatic hydrops did not directly originate from the endolymphatic hydrops (e.g., Klis and Smoorenburg, 1988; Salt, 2004; Chihara et al., 2013), a possible consequence of fixatives causing Reissner's membrane shrinkage such that endolymphatic hydrops is underestimated and lacks correlation with physiologic measurements. But, these previous studies were limited to conventional physiologic measurements that work adequately for the basal cochlear half that is sensitive to high-frequencies. Our results are consistent with the hypothesis that low-frequency disturbances from endolymphatic hydrops would be greater for the more distensible cochlear apex that would partially close mechanoelectric transducer channels. The cochlear apex is one of the most distensible regions of the inner ear (Kimura and Schuknecht, 1965), a likely result of the gradation of basilar membrane width and stiffness. This gradation makes the apical cochlear half more prone to endolymph accumulation than other places along the cochlear length. Previously it was found that slow mechanical biasing of the cochlear partition with low-frequency tones had an effect that was inversely proportional with probe frequency (Lichtenhan, 2012). A related finding was that this “low-frequency biasing” was a sensitive indicator of sustained displacements of the organ of Corti, such as in ears with endolymphatic hydrops (Salt et al., 2009). Thus, it may be that low-frequency biasing the ANOW could be an even more powerful detector of hydrops than ANOW amplitude alone.

Chronic Endolymphatic Hydrops and Ecochg Assessment

Two features of human Ménière's disease are endolymphatic hydrops and low-frequency sensorineural hearing loss. Endolymphatic hydrops is an enlargement of scala media due to accumulation of endolymph.

The relationship between measures of low-frequency hearing loss and endolymphatic hydrops is of interest because the origin(s) of low-frequency hearing loss in ears with Ménière's disease are still not known. The relationship between the severity of endolymphatic hydrops and low-frequency hearing loss is also not known. Various controversies and theories are fundamental to this interest. For example, (i) endolymphatic hydrops is not always associated with hearing loss in humans nor abnormal physiologic measurements in animals, yet human Ménière's diseased temporal bones with substantial hearing loss always have endolymphatic hydrops (e.g., Klis and Smoorenburg, 1988; Salt, 2004; Merchant et al., 2005; Nadol, 2010; Tagaya et al., 2011; Chihara et al., 2013; Yoshida et al., 2013). In other words, all Ménière's diseased ears have endolymphatic hydrops, but ears with endolymphatic hydrops do not always have symptoms of Meniere's disease. Presumably, there is a lag between the origins of endolymphatic hydrops and the low-frequency sensorineural hearing loss that is associated with Ménière's disease. (ii) A mere 10% of temporal bones from humans with hearing loss from Ménière's disease have sensory cell loss in the cochlear apex so the origin of the low-frequency loss is a mystery (Nadol, 2010). (iii) Acute endolymphatic hydrops increases the endocochlear potential, while chronic hydrops decreases the endocochlear potential (Meyer zum Gottesberge and Ninoyu, 1987; Salt, 2004). (iv) Since acute endolymphatic hydrops decreases the sensitivity of the operating point of the in vivo mechanics associated with the transfer of sound into excitement of neuronal membranes, but sustained cochlear partition displacements increase the sensitivity, it may be that mild endolymph accumulation during the early stage of Ménière's disease creates a feedback scenario which causes the diseased state to worsen (cf. Sirjani et al., 2004; Salt et al., 2009). (v) People with Ménière's disease often have word recognition scores that are worse than expected when considering their behavioral audiometric thresholds (Morrison, 1999). An ECochG-based approach to assessing low-frequency physiology in chronically diseased ears may therefore be helpful to address these controversies. ECochG can be minimally invasive and does not always require opening the cranium or cochlea, which could alter endolymphatic hydrops. The results from our experiments reported here demonstrate that the conventional ECochG CAP thresholds were not as sensitive as ANOW amplitudes from supra-threshold stimuli to acute manipulations to the endolymphatic space. These findings suggest that ANOW may be useful for identifying initial stages of endolymphatic hydrops during the transition from early to late-stage chronic conditions when conventional measures of hearing would be unaffected.

ANOW Assessment of Acute Models of Endolymphatic Hydrops

ANOW-based measurements, but not conventional CAP thresholds, changed in response to an acute induction of endolymphatic hydrops by injection of small volumes (5–15 nL/min for 15 min) of artificial endolymph to increase the volume of the endolymphatic space (Figure 2). The rates of volume injections used here were indeed small, as previous investigations induced endolymphatic hydrops with injection rates of 40–400 nL/min (Sirjani et al., 2004; Brown et al., 2013). The mechanism of endolymphatic hydrops from acute injections of artificial endolymph likely involves the reduction of mechanoelectric transducer current resulting from temporary volume and pressure increases that displace the organ of Corti toward scala tympani (Kakigi and Takeda, 1998; Wit et al., 2000), which is consistent with the recovery of ANOW measurements in Figure 2A. Chronic hydrops has traditionally been defined with visual detection of Reissner's membrane distension. But, reticular lamina distension toward the basilar membrane is a likely consequence of endolymphatic hydrops that would not be visible with traditional histological approaches. Changes to the organ of Corti height may occur, but could be misleading with histological measurements with fixatives that can cause hair cell contractions. In any event, a likely origin of the changes to ANOW response amplitudes changes we found could be slight, transient reticular lamina distention toward the basilar membrane, thereby changing hair cell function. A striking finding is that CAP thresholds to 2 kHz did not change while the ANOW measurements did indeed change (Figure 2). An injection of artificial endolymph into the second cochlear turn apically displaces the pre-existing volume at the injection site which flows through the 2 kHz region on the path to disrupting the cochlear apex (Salt and DeMott, 1997). This suggests the presence of demarcation region between 2 and 0.5 kHz that separates the stiffer basilar membrane in the basal half of the cochlea from the more distensible sensory structures in the apical half of the cochlea. This may be similar, or even related to, the region of basal-to-apical transition that identifies where cochlear mechanics are drastically different (e.g., Shera and Guinan, 2003; Abdala and Dhar, 2010, 2012; Shera et al., 2010; Temchin and Ruggero, 2010; Dhar et al., 2011; Moleti et al., 2017).

Chronic endolymphatic hydrops is associated with elevated endolymph Ca2+ levels, which most likely promotes closure of mechanoelectric transducer channels and contributes to endolymph accumulation (Ninoyu and Meyer zum Gottesberge, 1986; Meyer zum Gottesberge and Ninoyu, 1987; Salt and DeMott, 1994b, 1997; Fettiplace and Ricci, 2006). ANOW measurements changed dramatically in response to acute increases of endolymphatic Ca2+ levels, but conventional CAP measurements did not change (Figures 3B,D). The endocochlear potential rapidly drives Ca2+ out of scala media through non-selective cation channels that are located largely in hair cell stereocilia, as demonstrated by higher endolymphatic Ca2+ concentrations in the cochlear apex that has a 20 mV smaller endocochlear potential than in the base (Salt et al., 1989). Iontophoretic application of solutions to manipulate mechanoelectric transduction is a common procedure (e.g., Manley et al., 2004; Manley and Kirk, 2005; Sellick et al., 2006, 2007; Sellick, 2007). But, our approach and results are novel because the ANOW detected changes in response to small manipulations of the endolymphatic space.

The time course of ANOW changes from iontophoretically applied Ca2+ (Figure 3A) was faster than changes caused by volume injections of artificial endolymph (Figure 3C) presumably because Ca2+ instantaneously closes mechanoelectric transducer channels, rapidly affecting endolymph homeostasis. In contrast, slow injections of artificial endolymph in volume took longer to initiate flow from the injection site toward the cochlear apex. Maximal changes to 2 and 4 kHz CAP thresholds to iontophoretically applied Ca2+ were delayed compared to ANOW measurements to 65 dB SPL. Similarly, additional time was needed for iontophoretically applied Ca2+ to affect ANOW measurements to 65 dB SPL than to 50 dB SPL. These delays presumably originate from endolymph accumulation in the distensible apex that gradually affect the stiffer basal half of the cochlear spiral. Another issue regarding the time course of functional changes is that we suspect there are limitations to using volume injections and Ca2+ applications to model endolymphatic hydrops. We note that the function of some ears was likely deteriorating after 30 min of volume injection, likely contributing to a secondary decline in measurements in that time frame (cf. Figure 2).

Exposure to an intense, low-frequency tone for 3 min can initially cause a hearing threshold shift that is followed by a rapid recovery and finally a maximal shift that gradually recovers (Hirsh and Ward, 1952). The maximal shift occurs around 2 min after the tonal exposure stops, hence the name the “2-min bounce phenomena.” Salt (2004) demonstrated that endolymphatic hydrops was the origin of the bounce phenomena. Other findings related to this phenomenon are that the amplitude of reflection-source and distortion-product otoacoustic emissions can bounce (Kemp, 1986; Kirk and Patuzzi, 1997; Drexl et al., 2014, 2016), and that new spontaneous otoacoustic emissions can temporarily emerge from the noise floor (Kugler et al., 2014) but can be reduced in occurrence when the medial olivocochlear efferent system is activated (Kugler et al., 2015; Jeanson et al., 2016). A unique attribute of our findings is that the ANOW amplitude bounced to a low-frequency exposure tone having a sound pressure level as low as 65 dB SPL (Figure 4A), which was far less than the traditional exposures that were upwards of 115–120 dB SPL. The time course of the ANOW bounce was similar to bounces reported in other studies, suggesting the origin of the ANOW bounce was the same as that reported previously: endolymphatic hydrops. Bounces after exposure to a moderate-level, low-frequency tonal exposure supports our interpretation that the distensible cochlear apex where the ANOW originates is an ideal region for initial, or acute, hydrops.

CONCLUSIONS

Until now, it has not been known which, if any, of the animal models of endolymphatic hydrops have disturbances in processing low-frequency sounds that would be consistent with the characteristic low-frequency dysfunction found in Ménière's disease. In the current study, we have found that the ANOW measurements from guinea pig, which originate from the auditory nerve fibers of the apical half of the cochlear spiral, are sensitive to manipulations of the endolymphatic space that are known to cause endolymphatic hydrops. ANOW changes were more sensitive than traditional CAP thresholds to the manipulations, suggesting that ANOW may be a useful technique to detect chronic endolymphatic hydrops in its initial stages.
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This study tested hypothesized relationships between noise exposure and auditory deficits. Both retrospective assessment of potential associations between noise exposure history and performance on an audiologic test battery and prospective assessment of potential changes in performance after new recreational noise exposure were completed.

Methods: 32 participants (13M, 19F) with normal hearing (25-dB HL or better, 0.25–8 kHz) were asked to participate in 3 pre- and post-exposure sessions including: otoscopy, tympanometry, distortion product otoacoustic emissions (DPOAEs) (f2 frequencies 1–8 kHz), pure-tone audiometry (0.25–8 kHz), Words-in-Noise (WIN) test, and electrocochleography (eCochG) measurements at 70, 80, and 90-dB nHL (click and 2–4 kHz tone-bursts). The first session was used to collect baseline data, the second session was collected the day after a loud recreational event, and the third session was collected 1-week later. Of the 32 participants, 26 completed all 3 sessions.

Results: The retrospective analysis did not reveal statistically significant relationships between noise exposure history and any auditory deficits. The day after new exposure, there was a statistically significant correlation between noise “dose” and WIN performance overall, and within the 4-dB signal-to-babble ratio. In contrast, there were no statistically significant correlations between noise dose and changes in threshold, DPOAE amplitude, or AP amplitude the day after new noise exposure. Additional analyses revealed a statistically significant relationship between TTS and DPOAE amplitude at 6 kHz, with temporarily decreased DPOAE amplitude observed with increasing TTS.

Conclusions: There was no evidence of auditory deficits as a function of previous noise exposure history, and no permanent changes in audiometric, electrophysiologic, or functional measures after new recreational noise exposure. There were very few participants with TTS the day after exposure - a test time selected to be consistent with previous animal studies. The largest observed TTS was approximately 20-dB. The observed pattern of small TTS suggests little risk of synaptopathy from common recreational noise exposure, and that we should not expect to observe changes in evoked potentials for this reason. No such changes were observed in this study. These data do not support suggestions that common, recreational noise exposure is likely to result in “hidden hearing loss”.

Keywords: synaptopathy, hidden hearing loss, noise induced hearing loss (NIHL), recreational noise, temporary threshold shift (TTS), speech-in-noise, words in noise (WIN), action potential (AP)

INTRODUCTION

The mammalian auditory system is susceptible to noise exposure injury resulting from damage to cells in the inner ear. Changes in function can be temporary or permanent (for review, see Ryan et al., 2016). The Occupational Safety and Health Administration (OSHA) federal noise regulations define an auditory “standard threshold shift” as a permanent change in hearing threshold, relative to one's baseline audiogram, of an average of 10-dB or more at 2, 3, and 4 kHz in either ear (OSHA, 1983). A temporary threshold shift (TTS), by definition, does not meet this regulatory standard for a workplace-induced noise injury. However, recent findings suggest that large TTS may result in permanent synaptic loss (Kujawa and Liberman, 2009), followed by slow, progressive neural degeneration (Kujawa and Liberman, 2006). Thus, exposures that result in TTS may be more harmful than previously believed (Kujawa and Liberman, 2015).

Noise exposures that result in a relatively robust TTS 24-h after the noise exposure have been accompanied by loss of the synaptic connections between inner hair cells (IHCs) and the afferent neurons in mice (Kujawa and Liberman, 2009; Wang and Ren, 2012; Fernandez et al., 2015) and guinea pigs (Lin et al., 2011; Furman et al., 2013). With this decrease in the neural output of the cochlea, the amplitude of Wave-I of the sound-evoked auditory brainstem response (ABR) is permanently reduced, even though the ABR Wave-I threshold remains unchanged (for reviews, see Kujawa and Liberman, 2015; Liberman and Kujawa, 2017). Because these noise exposures result in damage that cannot be detected by conventional audiometric threshold assessment, this synaptopathic injury has been referred to as “hidden hearing loss”, a term originally coined by Schaette and McAlpine (2011). Synaptopathic injury appears to be biased toward low spontaneous firing rate neurons, which have higher response thresholds and are responsible for coding higher intensity (suprathreshold) sounds (Furman et al., 2013). In contrast, synaptic contacts with the high-spontaneous rate neurons, which have lower response thresholds and are responsible for coding lower intensity sounds (i.e., audiometric thresholds), appear to be largely unaffected. This may explain why the threshold audiogram is not sensitive to loss of IHCs (Lobarinas et al., 2013) or afferent synapses (Kujawa and Liberman, 2009).

It has been suggested that noise-induced neuropathic damage may explain the disproportionate difficulties some individuals experience processing speech in noisy environments, despite clinically normal hearing thresholds (Kujawa and Liberman, 2009; Lin et al., 2011; Makary et al., 2011). More recently, there have been several suggestions that recreational noise could induce cochlear synaptopathy manifested as difficulty understanding speech in background noise with deficits “hidden” behind a standard audiogram. Liberman (2015) points to “the loud pop of Fourth of July fireworks or the roar of the crowds at a football game” as not only affecting hair cells, but also damaging the auditory neurons, and suggests that their research finding “raises questions about the risks of routine exposure to loud music at concerts and clubs and via personal listening devices.” Jensen et al. (2015) similarly point to the increasing sales of portable listening devices, and suggest that there has been a corresponding “shift of ‘at-risk’ users from adults to adolescents.” Suggestions such as these have led multiple groups to seek evidence that would suggest a potential synaptopathic injury in otherwise normal-hearing young adult cohorts (Stamper and Johnson, 2015a,b; Prendergast et al., 2017; Spankovich et al., 2017; Fulbright et al., in press).

Although Stamper and Johnson (2015a) presented evidence that was interpreted as consistent with a synaptopathic noise injury (reduction in ABR Wave-I amplitude) secondary to recreational noise history in normal-hearing young adults, the investigation did not account for differences in ABR Wave-I amplitude as a function of sex. After controlling for sex, the observed effects were limited to females (Stamper and Johnson, 2015b). More recently, Prendergast et al. (2017), Fulbright et al. (in press), and Spankovich et al. (2017) were unable to provide evidence consistent with noise-induced synaptopathic injury in other young adult populations with varying recreational noise histories. However, failure to detect deficits in ABR Wave-I amplitude in young adults with recreational noise exposure histories is perhaps not that surprising. In animal models, shorter or less intense noise exposures that result in smaller TTS changes do not result in synaptopathic injury, functional deficits, or progressive neuronal loss (Hickox and Liberman, 2014; Fernandez et al., 2015; Jensen et al., 2015; Lobarinas et al., 2017). In studies with rodents, 20–30 dB TTS 24 h post noise generally has not been associated with synaptopathic change, whereas 40–50 dB TTS 24 h post noise clearly has been associated with synaptopathic damage. Thus, typical recreational noise exposures commonly experienced by young adults likely are not sufficient to result in an acute neural pathology. The lack of deficits observed in studies assessing young adults with a history of recreational noise exposure (Prendergast et al., 2017; Spankovich et al., 2017; Fulbright et al., in press) does not preclude the possibility that damage emerges with louder, longer, or more frequently repeated noise exposures, such as firearm exposure (Bramhall et al., 2017), explosions (Remenschneider et al., 2014), and blast exposure in the course of military service (Helfer et al., 2011; Gallun et al., 2012a,b; Saunders et al., 2015). The data from Bramhall et al. (2017) are compelling in showing reduced ABR Wave-I amplitude in civilians and military personnel with high noise exposure, and the data from Liberman et al. (2016) raise important questions about the potential for hazard for musicians. The issue of unknown damage-risk criteria for synaptopathic injury and hidden hearing loss is a challenge not only for public health hearing loss prevention efforts targeting adolescents, but also for the protection of noise-exposed workers (for discussion, see Dobie and Humes, 2017; Murphy and Le Prell, 2017).

The current investigation is the first to describe prospective monitoring of young adults attending loud recreational venues for potential changes in both auditory evoked potentials and functional performance (tone detection and speech-in-noise testing) as a consequence of acute recreational noise exposure. The unique features of this study were (1) collection of data pre- and post-noise exposure, (2) the use of a sound-pressure-level meter smartphone app to document exposure during loud events attended by participants, and (3) the integration of functional word-in-noise tests with evoked potential measures in assessing effects of recreational noise. These data were collected with the specific goal of generating evidence that will provide insight into the potential hazards of individual recreational events, as a function of the accrued noise dose, so that future investigations can more precisely target at-risk populations. In addition to the use of prospective test design, the current investigation adds data on the relationship between hearing-in-noise and noise exposure history. Distortion product otoacoustic emission (DPOAE) amplitude was assessed in order to differentiate potential damage to the outer hair cell (OHC) and IHC populations.

METHODS

This study was approved by the Institutional Review Board at the University of Texas at Dallas. Signed consent forms were obtained from participants prior to study enrollment. Participants were recruited from the University of Texas at Dallas campus in Richardson, Texas and the Callier Center for Communication Disorders in Dallas, Texas. All study procedures were performed using dedicated clinical research equipment located at the Callier Center for Communication Disorders in Dallas, TX. All study procedures were conducted by students in their third or fourth year of training in the Doctor of Audiology program. Participants were allowed to withdraw at any time; they were compensated for each laboratory visit.

Participants included 32 young adults (13 male, 19 female; mean age 23.5 years, range 21–27 years). Participants were asked to self-identify sex; we are not aware of any participants for whom gender identity was different from biological sex. All participants met the study enrollment criteria, including normal otoscopic examination bilaterally (visualization of the tympanic membranes with no apparent abnormalities), normal tympanometric examination bilaterally (Type A with 226 Hz probe tone), and normal hearing (defined as thresholds of 25 dB HL or better from 0.25 to 8 kHz bilaterally).

Participants were invited to attend three test sessions. In order to avoid enticing participants to attend a loud recreational event, the second session was specified as being either (A) the day after attending a loud recreational event of their choice, or (B) a second baseline session during which the participant would be retested to establish retest reliability in the absence of attending a loud event. The third session was completed 1-week later. Although having plans to attend a loud event was not an enrollment criterion, all participants already had plans to attend common “loud” recreational events at the time of study enrollment (concert, n = 16; multi-day music festival, n = 2; bar with live music, n = 3; bar with digital music, n = 4; dance event, n = 3; movie, n = 1). The participants self-identified events as “loud,” and there was no duration requirement; as such, the recreational events varied with respect to type, level, and duration.

Noise levels were estimated using the smartphone app “SPL Graph,” installed on each participant's phone prior to event attendance. Data presented by Grinn et al. (2017) showed this app to be accurate within 2-dB of a class 1 sound level meter (SLM) across 25 used (not-new) iPhones (models 5, 5S, 6, 6S, 6S Plus, and 7) for test signals including steady-state broadband noise (90–110 dBA) and five pop songs (85–105 dBA). To assure that individual participants in this study were able to accurately measure sound levels using this app, the app was installed on participant iPhones and accuracy was verified against a class 1 SLM (Brüel and Kjær, type 2250; calibration verified using a Brüel and Kjær Type 4231 calibrator prior to use). At the baseline test session, participants were taught how to use the app and demonstrated the ability to point their phone microphone at a sound source to capture a measurement. Ten instantaneous sound level measurements (dBA) were captured by each participant at various moments throughout their loud event; the average event sound level was estimated using these 10 instantaneous sound level measurements. Event duration was recorded and reported by the participant. Estimated noise dose per individual participant was calculated using 29 CFR 1910.95 Appendix A (OSHA, 1983) based on the measured levels and the reported duration of attendance.

Taken together, the overall design included 3 test sessions completed as follows: (1) baseline test prior to attending a loud event, (2) retest within 24 h after the loud event, (3) retest 1-week after the loud event. Of the 32 participants enrolled in the study, 26 completed all 3 test sessions and their data are included in both the retrospective and prospective analyses. Two additional participants completed the first two test sessions, but not the final 1-week post noise session. Data from these participants was included in the analyses. Three additional participants completed only the baseline test session and their data are included only in the retrospective analysis, as there were no post-noise data to include for these two participants. One additional participant completed the online surveys but did not complete any test sessions; their survey data were excluded as there were no audiologic data for this participant.

Retrospective Noise Survey

Participant demographic information and self-reported retrospective noise exposure history were obtained via online survey using Qualtrics. The online survey was created based on the Noise Exposure Questionnaire (NEQ), which has now been used by a variety of groups to retrospectively assess self-reported exposure to occupational and recreational noise (Megerson, 2010; Stamper and Johnson, 2015a; Spankovich et al., 2017; Fulbright et al., in press). This questionnaire, expanded from a similar survey developed by Neitzel et al. (2004), assesses the self-reported frequency of previous exposures to various noisy activities (e.g., concerts, motorcycles, power tools, firearm use, etc.). From these responses, the total noise exposure within the previous year is calculated (for detailed procedures, see Megerson, 2010; Johnson et al., 2017). In brief, each activity is assigned an Exposure Level (EL) based on measured sound levels in previously reported literature. All hours not “assigned” to a noisy activity are assigned a default value of 60-dBA. For each participant, the total number of annual hours of exposure to each loud activity is divided by the reference duration (the number of hours allowed per year based on typical sound levels). These individual activity-specific doses are then summed to estimate total annual noise dose (Annual Exposure, AE).

From the AE—the total annual accumulated noise dose based on the self-reported activities—the LAeq8760 equivalent noise exposure term is derived. There are 8,760 h in a 1-year period (24 h/day × 365 days/year = 8,760 h); of these, some 2,000 h might be assumed to be spent working at some occupation (8 h/day × 5 days/week × 50 weeks per year = 2,000 h). Thus, the total year over which exposure can accrue is approximately two doublings of the typical occupational window. If using a 3-dB exchange rate and an 85-dB criterion level to set a safe exposure limit (as advocated by NIOSH, 1998), then the allowed exposure over 8,760 h should be approximately 6-dB less than the allowed exposure over the 2,000 work h. Thus, the “safe” exposure over 8,760 h has been derived to be 79 dBA. Therefore, LAeq8760 is calculated using the following equation:
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Audiologic Testing

At each test session, the following clinical measures were performed bilaterally:

Otoscopy

Visual examination of the ear canal and tympanic membrane was conducted to assure normal anatomy and no presence of debris. Normal otoscopic outcomes were defined as visualization of the tympanic membrane with no apparent abnormalities.

Tympanometry

Tympanometric measures were used to assess the functional status of the middle ear using a Grason Stadler Instruments TympStar Pro in compliance with ANSI S3.39 and IEC 601-1 criteria. Normal middle ear function was defined as Type A 226 Hz tympanograms bilaterally.

Distortion Product Otoacoustic Emissions (DPOAEs)

The 2f1-f2 distortion product was elicited with two simultaneously presented “primary” tones (f1 and f2) at an f2/f1 ratio of 1.2, with f2 frequencies of 1, 2, 3, 4, 6, and 8 kHz (f1: 55-dB SPL; f2: 45-dB SPL). These levels were selected based on previous studies showing temporary noise-induced changes in DPOAE amplitude were greater at these levels than when f1 and f2 were presented at higher levels (65/55) or lower levels (45/35) (Le Prell et al., 2012, 2016). Two runs were performed per ear at each test session to assure repeatability. DPOAE measurements were obtained using the Interacoustics Eclipse DPOAE Module in combination with an ER10C microphone-earphone assembly and a disposable foam ear tip.

Audiometry

Pure-tone air and bone conduction thresholds were obtained at all 3 test sessions (pre-event baseline, the day after the loud event, and 1-week post-noise) using the Modified Hughson-Westlake procedure for frequencies from 0.25 to 8 kHz, with sound levels decreased by 10-dB after each correct detection and increased by 5-dB after each missed stimulus. All audiometric testing was conducted inside a sound-treated booth, using a GSI Audiostar Pro audiometer. ER3-A insert earphones were used for air conduction audiometry and all speech testing. A GSI Audiostar Pro bone oscillator was used for bone conduction audiometry.

Speech Recognition Threshold (SRT)

As part of the standard clinical battery, speech recognition thresholds (SRT) were obtained using a recorded spondee list from the GSI Audiostar Pro audiometer. The spondee words have two syllables which are pronounced with equal emphasis (e.g., “toothbrush”). The SRT is the minimum signal level at which the listener can correctly identify 50% of the speech material presented (Plomp and Mimpen, 1979). Routine clinical tests include SRT primarily for the purpose of validating pure-tone threshold measurements (“cross-check principle”). The relationships between pure-tone average (PTA) threshold at 0.5, 1, and 2 kHz (PTA512) were assessed at baseline as a cross-check (based on the significant correlation described by Dobie and Sakai, 2001); SRT scores were not further analyzed.

Word Recognition Score (WRS)

Word Recognition Score (WRS) testing is supra-threshold testing during which participants attempt to correctly identify monosyllabic words, which are more difficult to identify than the spondee words used in SRT testing. Clinically, WRS is used to evaluate an individual's maximum speech understanding in an ideal listening environment (Dirks et al., 1977; Gelfand, 2001; McArdle and Hnath-Chisolm, 2014). Because understanding sound is more difficult than detecting sound, supra-threshold speech-based tests have been suggested to have the potential to distinguish audibility from intelligibility (Soli, 2008; Brungart et al., 2014). As part of the standard clinical battery used here, WRS was determined based on the number of correctly reported Northwestern University Auditory Test Number 6 (NU-6) words; recorded words were presented in quiet via the GSI Audiostar Pro. The NU-6 word list was presented at 40-dB above the participant's SRT; 25 words were presented to each ear. Although WRS is typically obtained at an intensity level intended to achieve the individual's maximum recognition ability (commonly abbreviated PBmax), this creates a problem with the use of these tests in research studies that include normal hearing participants as there is a ceiling effect in which normal-hearing listeners do uniformly well given the 40 dB SNR (see review by Le Prell and Clavier, 2017). The intensity level for the test is frequently set at a predetermined sensation level relative to the SRT or PTA threshold (Gelfand, 2001), with 40 dB SL being common (Martin et al., 1994). Based on the robust performance across participants and test sessions, there was no effort to systematically analyze the WRS data collected from the participants.

Words-in-Noise (WIN) Test

Speech-in-noise scores were assessed using the Words-in-Noise (WIN) test on the GSI Audiostar Pro following the procedures established by Wilson et al. (2003; for review, see Wilson, 2011). This test uses a subset of the NU-6 words spoken by a female speaker, with words presented in multi-talker babble composed of 6 female voices. The babble is fixed at 80-dB SPL as per Wilson et al. (2003), Wilson (2011). Target word level begins at 104-dB SPL and decreases in 4-dB steps from 104- to 80-dB SPL, providing 5 words at signal-to-babble (S/B) ratios that decrease from 24 (easiest) to 0 (most difficult). The primary performance metric is the 50% correct point, or dB S/B threshold, calculated using the equation dB S/B = 26 − (0.8 × N), with N defined as the total number of correct words across all conditions (for review, see Wilson, 2011). There are two 35-word lists with established equivalent recognition performance (Wilson and McArdle, 2007; Wilson et al., 2007a). There are 3 different randomization options for each of these lists; the randomization options were varied across the 3 test sessions in order to avoid practice effects. Wilson and McArdle (2007) defined 3.5 dB-S/B as a clinically meaningful difference between scores (corresponding to a difference of approximately 4 words out of the 35 words presented).

Electrophysiology

Two-channel ECochG data were collected using an Interacoustics Eclipse EP25 following the procedures described by Atcherson and Stoody (2012). The most common two-channel setup uses simultaneous ipsilateral and contralateral recording sites, with each ear serving as the inverting input for separate differential amplifiers. However, because the contralateral ear recordings were not analyzed in this study, the data generated via the two-channel setup are essentially equivalent to one-channel data collection; a two-channel setup was used to avoid the introduction of error in switching the electrode montage from right ear recordings to left ear recordings. Waveform repeatability was established during each test session at 70-, 80-, and 90-dB nHL for click, and 2, 3, and 4 kHz tone burst stimuli [Blackman, 5 cycles (termed “sines” within Eclipse stimulus parameters)]. Parameters were configured for alternating polarity, 11.7/s stimulus rate, and 500 sweeps of averaging. Etymotic ER3-26A gold electrodes (tiptrodes) were placed inside the ear canals, and Multipurpose Cloth electrodes (Oaktree Products, Inc.) were positioned in the standard adult diagnostic clinical configuration with non-inverting and ground electrodes stacked with spacing at midline high forehead (Fz). Electrode surface area was prepared with NuPrep and electrodes were prepared with Sanibel Lectron II conductivity gel. Action potential (AP) amplitude and summating potential (SP) amplitude were independently scored for each waveform by two different reviewers, with amplitude automatically calculated by the Interacoustics Eclipse EP25 system after peak marking. Although AP amplitude was easily identified across waveforms with scoring highly consistent across reviewers, SP amplitude was not as readily identified, and scoring was more variable. Variability in SP scoring across reviewers is well documented (see Roland and Roth, 1997). Discrepancies were resolved subsequent to review by a licensed audiologist after limiting the dataset to the 90 dB nHL waveforms, in which SP was clearest. SP was identifiable in all stimulus conditions (click, and 2, 3, and 4 kHz tonebursts) in 44% of left ears and 45% of right ears. The reviewers were masked with respect to LAeq8760 and acute recreational noise dose while analyzing and marking waveforms, but the session at which the waveform was collected (baseline, next day, next week) was not masked.

Statistical Analyses

An initial series of analyses included comparisons of data from the right and left ears. These comparisons typically used two-way ANOVA with ear and frequency as dependent variables, although in the case of the WIN test, the signal to babble ratio (ranging from 0 to 24) was assessed in place of frequency. Statistical tools within SigmaPlot version 13.0 were used. SigmaPlot automatically handles the missing data by using a general linear model approach. This approach constructs hypothesis tests using the marginal sums of squares (also commonly called the Type III or adjusted sums of squares). SigmaPlot tests normality of the data distribution using the Shapiro-Wilk Normality Statistic with a criterion of p = 0.05. Equal variance assumptions are also tested using p = 0.05. There were cases in which one or both of these criteria were violated during the ANOVA tests. In those cases, one-way ANOVA on ranks was used instead, with analyses completed within frequencies. Because the DPOAE and ABR data were repeated within sessions, the data from the first and second runs were first compared using paired t-tests or Wilcoxon sign tests as appropriate (based on the outcome of the normality tests), and then the average of the two runs was used within the comparisons of the right and left ears. Although there were robust, statistically significant differences across frequencies and across dB S/B conditions, the ears were not systematically different; therefore, the average data values from the right and left ears were used in all subsequent analyses. Use of the average value despite some small right vs. left ear differences was explicitly intended to prevent inappropriate inflation of study power. Genetics, diet, smoking, cardiovascular disease, and most types of recreational noise exposure would be expected to affect both ears relatively equally, and thus the right and left ears are not independent. Although noise exposure might be asymmetric, particularly in the case of firearms, firearm use was rare (n = 3 female participants), and there was no evidence of asymmetric function in this small number of participants with a history of firearm use.

The second set of analyses assessed potential differences between males and females; these analyses used the averaged data from the right and left ears. These comparisons typically used two-way ANOVA with sex and frequency as dependent variables, although in the case of the WIN test, the signal to babble ratio (ranging from 0 to 24) was assessed in place of frequency. In those cases in which data were not normally distributed, one-way ANOVA on ranks was used instead, with analyses completed within each frequency. The Shapiro-Wilk test was used to assess normality of the distribution and the Brown-Forsyth Test was used to assess compliance with equal variance requirements. If either test was failed, then non-parametric tests were used. For comparisons of noise exposure, comparisons were via t-test if the normality and variance requirements were met, and were via Mann-Whitney Rank Sum tests if these conditions were not met.

To assess relationships between retrospective noise history (LAeq8760) and auditory function at baseline, a series of correlation analyses were completed. Pearson correlation was used when data were normally distributed, and Spearman correlation was used in those cases where data were not normally distributed, as noted below. The Pearson correlation coefficient (R) is reported for parametric analysis, and the Spearman Rho (ρ) correlation coefficient is reported for non-parametric analysis. Linear regression lines of best fit are shown for data sets that were amenable to parametric analysis, and non-linear regression lines of best fit are shown for data sets that required non-parametric analysis.

Finally, multiple regression was used to assess the potential relationships between previous noise exposure (estimated using LAeq8760) and auditory metrics to determine if functional outcomes could be predicted by noise history and other important variables (e.g., age, sex, and related functional test data). The analysis of the relationship between SP/AP ratio and LAeq8760 was limited to the subset of waveforms in which both SP and AP could be readily identified. Multiple regression was completed within IBM SPSS Statistics version 23.

Statistical significance was defined as P < 0.05 for all analyses; when multiple pair-wise comparisons were required, statistical correction for multiple pair-wise comparisons was completed using Bonferroni correction. The Bonferroni correction compensates for the increase in risk of Type I errors associated with multiple pair-wise comparisons by testing each individual pair at a significance level of alpha/mu, where alpha is the desired overall alpha level (here, 0.05) and mu is the number of pair-wise comparisons completed. The Bonferroni correction can be too conservative if there are a large number of comparisons to be made.

RESULTS

Comparisons of Males vs. Females

Previous 12-months Noise Exposure (LAeq8760): No Differences between Males and Females

Across participants, the average LAeq8760 score obtained from the retrospective noise survey was 79.6 (SD = 4.3), with values ranging from 63.9 to 87.1. The mean LAeq8760 score for males was 80.2 (SD = 2.9, range = 74.3–85.0). The mean LAeq8760 score for females was 79.2 (SD = 5.0, range = 63.9–87.1); the female with the LAeq8760 score of 63.9 was an outlier, as all other participants had LAeq8760 scores of 72.4 or greater. Males were compared to females using a Mann-Whitney Rank Sum Test; there was no statistically significant difference with respect to retrospective noise exposure history assessed using LAeq8760.

With the exception of the one female who reported very little noise exposure, the distribution of LAeq8760 scores was highly similar to that reported by others. The range of LAeq8760 noise scores was 64–84 for females and 64–88 for males in Megerson (2010), 67–83 for females and 70–82 for males in Stamper and Johnson (2015a), and 64–84 for females and 68–87 for males in Fulbright et al. (in press). Recent data from Spankovich et al. (2017) are also similar, with a range of scores from 66 to 83 for both male and female participants in this cohort. Taken together, the range of noise exposures experienced by this participant cohort is similar to (generally overlaps with) the range of noise exposures reported for young adult populations recruited on different campuses by different research teams. Although there was no effort to perform a statistical comparison of noise exposures across studies, the similar distributions of the exposure data across studies suggest the current cohort is not systematically different from other samples recruited by others. Individual LAeq8760 scores were used as the basis for all analyses assessing potential effects of noise exposure history on different auditory metrics.

Pure-Tone Threshold Sensitivity: Males Poorer than Females at Baseline

The potential for threshold differences associated with sex was evaluated using two-way ANOVA with sex and frequency as independent variables. Both the normality and equal variance requirements were satisfied. There were statistically significant main effects for sex (F = 7.292, df = 1,247, P = 0.007) and frequency (F = 9.390, df = 1,7, P < 0.001), with no statistically significant interaction. Male thresholds were approximately 1–3 dB poorer than female thresholds across frequencies (see Figure 1A). Although there was adequate power to detect the main effect for sex, none of the Bonferroni-corrected pairwise comparisons were statistically significant when male and female thresholds were compared within frequencies. The overall small but statistically significant main effect for sex observed here replicates small but statistically significant differences in other cohorts in which males have had slightly poorer thresholds than females (Niskar et al., 1998; Serra et al., 2005; Kim et al., 2009; Shah et al., 2009; Shargorodsky et al., 2010; Le Prell et al., 2012, 2016; Spankovich et al., 2014). However, it is possible that the sex differences reported here and by others are an artifact of the study size as other studies have found no statistically significant differences as a function of sex (Henderson et al., 2011; Sekhar et al., 2011).
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FIGURE 1. (A) There was a statistically significant difference in threshold at baseline, as a function of sex (male vs. female), with males having slightly poorer thresholds. Dashed line indicates 0-dB HL reference. (B) There were no statistically significant differences in performance within any of the signal-to-babble (dB S/B) conditions as a function of sex (male vs. female). (C) There was no statistically significant difference in distortion product otoacoustic emission (DPOAE) amplitude as a function of sex (male vs. female). (D) There were statistically significant differences in sound-evoked action potential (AP) amplitude as a function of sex (male vs. female), with females having significantly larger amplitudes compared to males with p-values less than 0.01 at 90 dB nHL levels (see asterisks) for clicks (D, P = 0.002) and tonebursts at 2 kHz (E, P = 0.006), 3 kHz (F, P = 0.004), and 4 kHz (G, P < 0.001). Sex differences at 80 dB nHL were statistically significant with p-values less than 0.05 for click and toneburst stimuli at 3 and 4 kHz, but not 2 kHz (click: P = 0.021; 2 kHz: 0.224; 3 kHz: P = 0.045; 4 kHz: P = 0.007). Data are mean ±1 SD.



Words-in-Noise (WIN) Test: No Differences between Males and Females at Baseline

The potential for differences in performance on the WIN test as a function of sex was evaluated using two-way ANOVAs for the total number of words correct and the number of words correct within dB S/B conditions. There was a statistically significant effect of SNR (F = 299.151, df = 6,216, P < 0.001), with poorer performance as SNR decreased, but no statistically significant effect of sex (F = 0.117, df = 1,6, P = 0.733) was observed, nor were there any statistically significant interactions. Because the normality and equal variance tests were failed, a series of one-way ANOVAs (for data that met normality requirements) and ANOVA on Rank tests (for data that failed to meet normality requirements) were performed to assess potential sex differences within dB S/B conditions. There was no statistically significant effect of sex within 0 dB or 4 dB S/B conditions based on one-way ANOVA, and no statistically significant effect of sex within 8–24 dB S/B conditions based on one-way ANOVA on Rank tests. Participant performance was normally distributed at the most difficult listening conditions, but was skewed toward 100% correct within the easier signal-to-babble conditions (see Figure 1B). Similarly, there were no statistically significant sex differences on overall performance measures, including total number of words correct and dB S/B threshold, when one-way ANOVAs were completed (not shown).

Distortion Product Otoacoustic Emission (DPOAE) Amplitude: No Differences between Males and Females at Baseline

After averaging the data across run 1 and run 2, and for the left and right ears, a series of two-way ANOVAs with sex and frequency as independent variables were completed. There was a statistically significant main effect for frequency (F = 10.571, df = 5,185, P < 0.001) but not for sex (F = 0.261, df = 5,185, P = 0.610; see Figure 1C), and there was no statistically significant interaction. In general, Bonferroni-corrected pair-wise comparisons revealed that DPOAE response amplitude was larger at 1, 2, 3, and 4 kHz than at 6 and 8 kHz responses. Both the normality and the equal variance test requirements were met.

Action Potential Amplitude: Statistically Significant Differences between Males and Females at Baseline

Female AP amplitude was consistently larger than male AP amplitude at higher sound levels (see Figures 1D–G). To identify the statistical reliability of the differences between males and females, a three-way ANOVA with signal (click, 2, 3, or 4 kHz), level (70, 80, or 90 dB nHL), and sex (male vs. female) was performed. There were statistically significant main effects for signal (F = 15.480, df = 3,368, p < 0.001), level (F = 137.659, df = 2,368, p < 0.001) and sex (F = 71.936, df = 1,368, p < 0.001). In addition, there was a statistically significant interaction between sound level and sex, with males and females being statistically significantly different within the 80 (t = 4.593, p < 0.001) and 90 (t = 8.322, p < 0.001) dB nHL levels, but not at the 70 dB nHL level (t = 1.776, p = 0.077). Because the normality and equal variance tests were failed, a series of one-way ANOVA on ranks were used within signal x level conditions to confirm the statistical significance of the differences as a function of sex. As seen in Table 1, there were no statistically significant sex-related differences in ABR amplitude at 70 dB nHL. Statistically significant differences emerged at 80 dB nHL for several stimulus conditions (click: P = 0.021, 3 kHz: P = 0.045; 4 kHz: P = 0.007). Differences between males and females were statistically significant for all stimuli at 90 dB nHL (click: P = 0.002, 2 kHz: P = 0.006; 3 kHz: P = 0.004; 4 kHz: P < 0.001). If the statistical criterion is arbitrarily increased from 0.05 to 0.01 given the increased risk of Type I errors within the series of one-way ANOVAs (which are not corrected for pair-wise comparisons), then the statistically significant sex-related differences are generally limited to 90-dB nHL.


Table 1. ANOVA results for AP amplitude analyses, comparing males versus females.
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Relationships between Previous 12-Months Noise Exposure (LAeq8760) and Function

Multiple linear regression was used to assess whether retrospective noise history (based on the self-reported data used to calculate LAeq8760) reliably predicts functional (audiologic) outcomes at baseline, including threshold, DPOAE amplitude, AP amplitude, SP/AP ratio, and WIN threshold. Each regression model included the specific functional outcome measured at the baseline visit as the dependent variable (DV), with independent variables (IVs) in each model specifically including retrospective self-reported noise history (LAeq8760), age, sex, and related functional tests (i.e., DPOAE amplitude, audiometric threshold) measured at the baseline visit. Ear was not included as a predictor, as the initial analyses did not reveal statistically significant ear-related differences. The results of all models are provided in Table 2, with statistically significant models indicated with an asterisk. All statistical analyses were per the following strategy.


Table 2. Multiple regression models evaluated are listed below.
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First, regression analysis was used to test if retrospective noise history predicted DPOAE amplitude. Each model included DPOAE amplitude (for each frequency 1–8 kHz) as the DV, and noise history (LAeq8760), age, and sex as IVs. Results indicated the models to be non-significant for all frequencies (1–8 kHz), suggesting that none of the variables (noise history, sex, age) reliably predicted DPOAE amplitude. Next, regression was used to determine if retrospective noise history predicted audiometric threshold, using threshold (for each frequency from 1 to 8 kHz) as the DV, and noise history (LAeq8760), age, sex, and DPOAE amplitude, with DPOAE frequency corresponding to the frequency of the threshold as IVs (e.g., 4 kHz threshold DV included when analyzing 4 kHz DPOAE IV). Results showed a statistically significant regression for the 1 kHz DV [F(4, 21) = 4.09, p = 0.01 with R2 = 0.44] with DPOAE at 1 kHz as a significant predictor of the DV (see Table 3). The model predicting 4 kHz was also significant [F(4, 21) = 3.47, p = 0.03 with R2 = 0.40] with DPOAE amplitude at 4 kHz as a significant predictor (see Table 4). All other models of audiometric threshold were found to be non-significant for all other frequencies. After correcting for multiple pair-wise comparisons using the Bonferroni procedure, the models in Tables 3, 4 did not meet the adjusted criteria for statistical significance.


Table 3. Multiple regression results for 1 kHz audiometric threshold at baseline.
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Table 4. Multiple regression results for 4 kHz audiometric threshold at baseline.
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Regression was then utilized to test if noise history predicted AP amplitude. Each model included AP amplitude (for tone burst 2–4 kHz and click at 90 dB nHL input level) as the DV, and noise history (LAeq89760), age, sex, DPOAE amplitude, and audiometric threshold as IVs. DPOAE amplitude and threshold frequency corresponded to frequency of AP input (e.g., 4 kHz AP DV included 4 kHz DPOAE and 4 kHz audiometric threshold IVs). For AP amplitude with click stimulus DV, DPOAE amplitudes and thresholds at 2–4 kHz were averaged and used as IVs, as the click stimulus has a broad frequency spectrum which stimulates the 2–4 kHz region of the cochlea as well as regions tuned to other frequencies (see Hall, 1992). Results indicated that the AP models were non-significant for all stimulus frequencies (see Figure 2 for correlation and line of best fit data). Additional regression analyses were performed to determine if noise history predicted SP/AP ratio. Each model included SP/AP ratio (for tone burst 2–4 kHz and click at 90 dB nHL input level) as the DV, and the same IVs as the previous analysis of AP. Results indicated that the models were not statistically significant at any stimulus frequencies (see Table 2). Because the analysis of the relationship between SP/AP ratio and LAeq8760 was limited to the subset of waveforms in which both SP and AP could be readily identified, the sample size was smaller and power was reduced; as such, the lack of statistically significant relationships should be interpreted with caution. In cases in which a potential relationship between SP/AP ratio and function is observed, the interpretation of the SP/AP ratio requires careful consideration of the generators of both the SP and AP (see Discussion).
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FIGURE 2. The relationship between self-reported noise exposure (calculated as LAeq8760) and action potential (AP) amplitude is shown for male and female participants for stimuli including (A) clicks, (B) 2 kHz tone bursts, (C) 3 kHz tone bursts, and (D) 4 kHz tone bursts. All AP amplitude data were normally distributed. Pearson correlation analysis revealed no statistically significant relationships between self-reported noise history and AP amplitude within males or females. Lines of best fit are shown (Males: black symbols and regression lines; Females: red symbols and regression lines).



Finally, regression analysis was used to determine if noise history predicted WIN scores. Each model included WIN score (for each SNR from 0 to 8 dB S/B) as the DV, and noise history (LAeq8760), age, sex, DPOAE amplitude (4 kHz input), audiometric threshold (PTA1234), and AP amplitude (click stimulus) as the IV. PTA1234 was selected based on Wilson et al. (2007b). Results indicated that the models were not statistically significant at any signal to noise ratio (see Table 2).

Acute Noise Exposure at Recreational Events

A total of 28 of the original 32 participants attended a recreational event that they deemed “loud,” and returned the day after the event for repeat audiometric testing (see Table 5 for event summary, sound level measurements, and duration of event attendance). Calculated using 29 CFR 1910.95, the average participant noise dose was 168.4 ± 276% (range 3.5–1,230.8%), based on event levels of 93.3 ± 7.8 dBA (range 73.1–104.2 dBA) and durations of 4.2 ± 3.5 h (range 1.5–16.0 h). There were two participants with 16-h attendance at a music festival with sound levels of 103–104 dBA; these two participants (one male, one female) had much higher doses than the other participants (see Figure 3A). Excluding these two outliers, the average recreational noise exposure was 92.7 ± 7.7 dBA (range 73.1–104.2 dBA) for 3.3 ± 0.9 h (range 1.5–4.5 h), yielding an event dose of 97.8 ± 92.5% (range 3.5–318.2%). There were 9 participants with doses of less than 50% (4 male, 5 female), 10 participants with doses of 50 to 100% (4 male, 6 female), and 9 participants with doses above 100% (3 male, 6 female). There was no statistically significant difference in OSHA exposure dose for males and females compared via Mann-Whitney Rank Sum Test (Mann-Whiney U statistic = 88.000, P = 0.814; Shapiro-Wilk Normality Test failed).


Table 5. Acute noise exposure.
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FIGURE 3. Acute noise exposure dose was calculated per 29 CFR 1910.95 (OSHA, 1983) (A) and per the recommended procedures suggested by NIOSH (1998) (B). Calculated dose was converted to time-weighted average (8-h equivalent level) per 29 CFR 1910.95 (C) and the NIOSH recommended criteria (D). By converting from dose to TWA, the effects of two outliers are reduced and the distribution is normalized. OSHA TWA is calculated based on 100% dose being equivalent to 8 h exposure to 90-dBA noise (dashed line in C). NIOSH TWA is calculated based on 100% dose being equivalent to 8 h exposure to 85-dBA noise (dashed line in D).



Because NIOSH guidance (NIOSH, 1998) advocates more conservative exposure limits than OSHA regulations require (OSHA, 1983), the noise dose accrued at the event is higher when calculated based on NIOSH recommendations (see Table 5, Figure 3B). When noise dose was instead calculated using NIOSH recommendations of an 85-dBA relative exposure limit (REL) and using a 3-dB exchange rate, there were 5 participants with doses of less than 50% (2 male, 3 female), 3 participants with doses of 50 to 100% (1 male, 2 female), and 20 participants with doses above 100% (8 male, 12 female). There was no statistically significant difference in exposure assessed as NIOSH dose for males and females when compared via Mann-Whitney Rank Sum Test (Mann-Whiney U statistic = 88.000, P = 0.814; Shapiro-Wilk Normality Test failed).

Dose was converted to time-weighted average (the 8-h equivalent level) as shown in Figures 3C,D. OSHA TWA is calculated based on 100% dose being equivalent to 8-h exposure to 90-dBA noise, with a 5-dB exchange rate used for sound levels other than 90-dBA (see dashed line in Figure 3C). NIOSH TWA is calculated based on 100% dose being equivalent to 8-h exposure to 85-dBA noise, with a 3-dB exchange rate used for sound levels other than 85-dBA (see dashed line in Figure 3D). There was no statistically significant difference in OSHA TWA for males and females when compared via t-test (t = −0.0865 with 26 degrees of freedom, two-tailed P-value = 0.932; both Shapiro-Wilk Normality Test and Brown-Forsythe Equal Variance Test passed). Similarly, there was no statistically significant difference in NIOSH TWA for males and females when compared via t-test (t = −0.0590 with 26 degrees of freedom, two-tailed P-value = 0.953; both Shapiro-Wilk Normality Test and Brown-Forsythe Equal Variance Test passed).

A series of correlation analyses were used to assess potential linear relationships between acute exposure (OSHA TWA) and functional change. OSHA TWA was normally distributed. Pearson correlation was used when all data were normally distributed, and, Spearman correlation was used in those cases where a subset of the data were not normally distributed as noted below.

Acute Noise-Induced Changes in Pure-Tone Threshold Sensitivity

After pre-noise baseline was established (Figure 1), most of the participants attended a loud event (n = 28). Thresholds were reassessed the day after the event (within 24 h of the event). The timing of the post-noise tests (i.e., the day after the loud event) was explicitly selected to parallel the timing in animal studies (Kujawa and Liberman, 2009; Lin et al., 2011; Wang and Ren, 2012; Hickox and Liberman, 2014; Fernandez et al., 2015; Jensen et al., 2015; Lobarinas et al., 2017). The final test 1-week later was used to assess recovery of any changes; 26 of the 28 participants returned for the final test.

TTS (calculated as the difference between the pre-noise threshold and the post-noise threshold) as a function of acute noise exposure is shown in Figures 4A–F. There was significant individual variability across participants, and the TTS data were not normally distributed. There was one participant with an average shift of 10 dB and three participants with threshold shifts greater than 10 dB; across these four participants, the frequency at which the shift was observed varied, including 1, 2, 4, and 6 kHz. At the 1-week test session, most participants had thresholds that were within ±5 dB of the original pre-noise baseline, although a small number of data points were more variable and were within ±10 dB relative to baseline (see Figures 4G–L). Spearman correlation was used to determine if there were any statistically significant relationships between exposure and threshold shift the day after the recreational activity. None of the correlations were statistically significant (see Figure 4 for scatterplots and Spearman Rho coefficient of determination).
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FIGURE 4. There were no statistically significant correlations between time-weighted-average (TWA) and threshold shift at any of the frequencies tested either the day after the loud event (A–F) or one week later (G–L). Next day data are shown for (A) 1 kHz, (B) 2 kHz, (C) 3 kHz, (D) 4 kHz, (E) 6 kHz, and (F) 8 kHz. Next week data are shown for (G) 1 kHz, (H) 2 kHz, (I) 3 kHz, (J) 4 kHz, (K) 6 kHz, and (L) 8 kHz. Lines of best fit are shown.



Acute Noise-Induced Changes in Performance on the Word-in-Noise (WIN) Test

Change in performance on the WIN was calculated as the difference between pre-noise baseline performance (see Figure 1B) and post-noise performance. The average change in the summed performance across the 35-word lists is shown in Figures 5A,E, and the total change within each dB S/B conditions (5 words presented per ear per SNR condition, from 0 to 24 dB S/B) is shown for the more difficult SNR conditions, including 8 dB S/B (Figures 5B,F), 4 dB S/B (Figures 5C,D), and 0 dB S/B (Figures 5D,H) signal to babble ratios. There was significant individual variability, and the change in performance data were not normally distributed. Spearman correlation was therefore used to determine if there were any statistically significant relationships between acute noise exposure and change in WIN performance. The correlations were statistically significant for the overall change in performance the next day (maximum possible change in score = −35 words if performance went from 100% correct to 0% correct) and within the 4 dB S/B condition (maximum possible change in score = −10 words if performance for both ears went from 5 words correct to 0 words correct). At other SNRs, there were similar trends in which performance on the WIN the day after exposure appeared to decrease as a function of increasing recreational noise exposure, but the P-values for the other dB S/B conditions did not meet the criterion of P < 0.05. The predicted change in overall performance on the WIN 35-word list as a function of noise exposure at the next day test session shown in Figure 5A was: change in performance on WIN = 11.511 + (−0.150 × TWA). There were no statistically significant relationships between WIN score shifts and noise exposure at 1-week post-noise on the overall test or within dB S/B conditions. None of the individual participants met the clinically significant change criteria derived by Wilson and McArdle (2007) at the 1-week post-noise test time.
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FIGURE 5. For the Words-in-Noise (WIN) test, the summed change in performance was calculated as the total number of additional words correct (positive scores) or incorrect (negative scores) at the post-tests, relative to baseline, the “next day” (red) and “next week” (green). There was a statistically significant correlation between noise exposure (TWA) and the number of words missed the day after the noise exposure (A), with the largest changes being approximately 6 words per ear out of the 35-word test lists. There were no statistically significant decreases in performance at the 1-week test time (E), with the greatest deficits being approximately 3 words out of the 35 word lists; this is not a clinically significant change in speech-in-noise performance. The biggest temporary changes in performance were observed at the most difficult listening conditions. There was a statistically significant correlation between noise dose and change in performance the day after exposure within the 4 dB S/B condition (C), with the largest changes being approximately 6 words out of the 10 words total that were presented to the two ears. There were similar trends for temporarily poorer performance as a function of noise exposure at other signal to noise conditions including (B) 8 dB/SB and (D) 0 dB S/B, but these were not statistically significant relationships. No statistically significant changes were evident at the one-week post noise test within (F) 8 dB S/B, (G) 4 dB S/B, or (H) 0 dB S/B conditions. Lines of best fit are shown.



Acute Noise-Induced Changes in Distortion Product Otoacoustic Emission (DPOAE) Amplitude

Change in DPOAE amplitude was calculated as the difference between pre-noise DPOAE amplitude (see Figure 1C) and post-noise DPOAE amplitude at each test frequency. Change in DPOAE amplitude as a function of the acute noise dose is shown in Figure 6. The data were normally distributed at all frequencies for the next day data set, and for all but 1 and 6 kHz at the next week test. Pearson correlation was therefore used to determine if there were any statistically significant relationships between OSHA TWA and change in DPOAE amplitude except at 1 and 6 kHz at the next week test session, for which Spearman correlation was assessed. There were no statistically significant correlations.
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FIGURE 6. There were no statistically significant correlations between noise exposure (TWA) and changes in DPOAE amplitude either the day after the loud event (A–F) or one week later (G–L). Next day data are shown for (A) 1 kHz, (B) 2 kHz, (C) 3 kHz, (D) 4 kHz, (E) 6 kHz, and (F) 8 kHz. Next week data are shown for (G) 1 kHz, (H) 2 kHz, (I) 3 kHz, (J) 4 kHz, (K) 6 kHz, and (L) 8 kHz. Although there was a trend for decreased amplitude at 6 kHz (E), this was not statistically significant (P = 0.0679). Lines of best fit are shown.



Acute Noise-Induced Changes in Auditory Brainstem Response Amplitude Post-Exposure

Because there were statistically significant differences between males and females with respect to AP amplitude (see Figures 1E–G), changes in AP amplitude after noise exposure were analyzed separately for males and females. There was no statistically significant evidence of noise-induced decreases in AP amplitude, and there was no change at the individual level even in the two participants with the highest noise doses (see Figure 7). Noise exposure (TWA) and changes in AP amplitude data were both normally distributed within Female participants. Pearson correlation was used to assess whether there was any relationship between TWA and change in AP amplitude within Females. The TWA data was normally distributed within Male participants; the changes in AP amplitude were normally distributed at 2 and 4 kHz, and for clicks, but not for 3 kHz data. Therefore, Spearman correlation was used to assess whether there was any relationship between dose and change in AP amplitude within Males at 3 kHz, and Pearson correlation was used for the other analyses. There were no statistically significant relationships between noise exposure and changes in AP amplitude within males or females.
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FIGURE 7. There was no evidence of a noise-induced decrease in sound-evoked AP amplitude regardless of whether the stimuli were (A) clicks, (B) 2 kHz tone bursts, (C) 3 kHz tone bursts, or (D) 4 kHz tone bursts; all data are for 90 dB nHL stimuli, as measured the day after the noise exposure. None of the relationships were statistically significant within males or females. Lines of best fit are shown.



Relationship between Temporary Threshold Shift and Other Acute Noise-Induced Changes

Across audiometric measures (see Figures 4–7), there was significant individual variability with respect to the effects of noise on auditory function. Some participants had seemingly more “tender” ears, with larger changes in function after relatively lower noise doses. Other participants had seemingly “tougher” ears, with smaller changes in function, despite relatively larger noise doses. Based on this, additional analyses were performed in which changes in performance on the WIN (Figures 8A–E), changes in DPOAE amplitude (Figures 8F–J), and changes in AP amplitude (Figures 8K–N) were assessed as a function of the maximum TTS measured at any frequency the day after the noise exposure. Because maximum TTS at any frequency was not normally distributed, Spearman Rank Order correlation was used to assess all potential relationships.
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FIGURE 8. There were no statistically significant correlations between maximum TTS at any frequency and change in performance within any of the signal-to-babble conditions (A: 16 dB S/B; B: 12 dB S/B; C: 8 dB S/B; D: 4 dB S/B; E:0 dB S/B). There was a statistically significant correlation between maximum TTS at any frequency and change in DPOAE amplitude at 6 kHz (I) with no statistically significant relationships at other frequencies (F: 2 kHz; G: 3 kHz; H: 4 kHz; J: 8 kHz). There was no statistically significant relationship between maximum TTS at any frequency and change in AP amplitude. (K: click; L: 2 kHz; M: 3 kHz; N: 4 kHz). Lines of best fit are shown in all panels.



The only statistically significant relationship between TTS the day after the exposure and other metrics was DPOAE amplitude at 6 kHz (see Figure 8I). As TTS increased, there were increasing deficits in DPOAE amplitude at 6 kHz. Taken together, the data may suggest that in the participants that had the most severe TTS, the OHCs were the most vulnerable element, based on the data showing statistically significant decreases in OHC function at 6 kHz. Because these changes were limited to 6 kHz, and noise is expected to broadly affect the entire 3–6 kHz region, additional research will be necessary to more fully understand any underlying temporary damage to the cochlea. There were no statistically significant reductions in AP amplitude as a function of increasing TTS. Moreover, there were no reductions in AP amplitude within the small subset of individuals with TTS of 10 dB or more. Thus, while OHCs may have possibly been damaged in participants with the greatest TTS, there was no evidence of neural injury.

DISCUSSION

In the first part of this investigation, a retrospective analysis in which noise survey responses were used to compare previous noise exposure history to current auditory function, there was no evidence that a history of self-reported common recreational exposures resulted in audiometric, functional, or electrophysiological deficits. These data parallel Prendergast et al. (2017), Fulbright et al. (in press), and Spankovich et al. (2017), who evaluated three different normal-hearing young adult cohorts with varying amounts of recreational noise exposure history. In contrast to these four studies, ABR Wave-I amplitude was reported to be reduced in young adults (or, at least in young adult females) as a function of recreational noise exposure by Stamper and Johnson (2015a,b). Of note, none of these populations had significant occupational noise exposure histories or systematic exposure to loud music as rehearsing or performing musicians.

In contrast to the negative results from the above studies, Liberman et al. (2016) described statistically significant differences in extended high frequency (EHF) threshold sensitivity, word recognition performance in difficult listening conditions, SP amplitude, and the SP/AP ratio when high risk participants (15M, 7F; largely, college students enrolled in a music conservatory) were compared to low risk participants (4M, 8F; largely, college students enrolled in a communication sciences program). Bramhall et al. (2017) has also described deficits in ABR Wave-I amplitude as a function of noise exposure; they compared the amplitude of ABR Wave-I in civilians and military personnel without significant noise exposure to civilians who use firearms and military personnel with significant noise exposure (including firearm use). Taken together, the majority of data across retrospective studies now appear to be generally consistent in revealing no statistically significant relationships between common recreational noise exposure histories and ABR Wave-I (or AP) amplitude, whereas statistically significant relationships between firearm, blast, and other significant noise exposure and ABR Wave-I amplitude have emerged (Bramhall et al., 2017).

It is possible that statistically significant associations between AP (or, ABR Wave-I amplitude) and recreational noise history would emerge if larger cohorts were studied, which would increase power to detect subtle relationships. However, based on the observed Pearson R and Spearman Rho values of 0.15 or less across stimulus conditions (see Figure 2), new, prospective power analysis indicates that a sample size of 400 participants would be necessary to achieve 85% power to detect relationships of the size (i.e., R = 0.15) obtained in this retrospective analysis. Even if a large study with the power to detect small associations was conducted, it is not clear that the weak relationships indicated by R values of 0.15 would be clinically significant. As an alternative, study power presumably would be increased if additional higher-risk participants were included, assuming that the hypothesis that the strength of the observed relationships will increase as participants with increasing exposure are added is true. It is not yet clear if risk will increase relatively linearly along some graded continuum as noise exposure increases, or if there is some critical boundary at which risk of injury suddenly increases in an “all or nothing” fashion; a better understanding of this relationship is critically important with respect to the design of future studies and the eventual development of evidence-based risk criteria. Systematic manipulation of noise exposure using rodent models may provide some insight into these relationships and inform the design of human translational studies. Data from non-human primates are also likely to be necessary in order to understand risk across species, and would support additional inference related to human risk.

Most investigations assessing the potential for hidden hearing loss in humans have used NEQ-based approaches. These studies rely on an assumption that reports of noise exposure within the past 12-months provide information that is relevant and accurate. These studies further assume that exposure over the past 12-months is representative of previous lifetime noise history. If there was significantly more or less noise exposure within the past 12-months than in earlier years, the previous 12-month LAeq8760 metric would provide limited utility for comparisons with current functional status. Fulbright (2016) used a variety of surveys to assess both LAeq8760 and lifetime noise. No notable differences in outcomes were observed when current audiometric function was assessed as a function of LAeq8760 or lifetime noise; however, in this young adult population, lifetime noise estimates tended to be reduced relative to previous year estimates. In other words, noise exposure as a young adult was increased relative to noise exposure in earlier childhood years. Thus, it cannot be assumed that every participant in every study has a 12-month noise history (and LAeq8760) that is representative of their lifetime noise exposure history; careful interview is necessary to assure that there was no significant noise exposure in earlier years that would suggest a participant is at higher risk than their current LAeq8760 might suggest.

We did not survey self-reported difficulties in noise. It is tempting to assume that self-reported difficulty listening in noise may be a useful measure, as this approach is now being used in large epidemiological studies that rely on survey data to assess hearing problems (see for example Curhan et al., 2012). The use of surveys may also resolve challenges related to the ceiling effects observed for some speech-in-quiet and speech-in-noise tests. Certainly, there is a lack of consensus regarding an accepted “gold standard” for speech-in-noise testing (for discussion, see Le Prell and Lobarinas, 2015; Le Prell and Brungart, 2016; Le Prell and Clavier, 2017). The data collected here used the WIN test, while Bramhall et al. (2015) collected data using the QuickSin, and Liberman et al. (2016) used the widely available NU6 words within a custom hearing-in-noise test which included the addition of time compression and reverberation to NU6 words to increase the difficulty of the standardized test. There is a need for standardized, quantitative speech-in-noise performance data; as background noise levels increase, every participant (and patient) will have relatively increased difficulty understanding speech in background noise at some point. Some people may qualitatively rate their difficulties as more significant than others, even if their quantitative speech-in-noise test scores (and actual performance in real-world noise backgrounds) are equivalent. In other words, someone who self-reports difficulty understanding speech in noise, but has normal hearing thresholds and normal speech-in-noise test scores, may be functionally equivalent to others who do not report as much difficulty. Thus, a normal hearing person who self-reports difficulty understanding speech in noisy backgrounds may not necessarily have an abnormality or pathology (i.e., they may have normal hearing and speech-in-noise test scores), but could instead have different expectations regarding their performance across listening environments of varying difficulty (e.g., a one on one conversation in a co-worker's office vs. happy hour drinks with half the office staff at a busy restaurant). Such cases may potentially result in an opportunity for counseling of realistic speech-in-noise expectations and listening strategies, rather than a diagnosis of auditory dysfunction. The challenges of rehabilitation of deficits when patients do not meet the criteria for amplification were recently discussed by Kraus and White-Schwoch (2016), in their discussion of “Not-So-Hidden” Hearing Loss. This challenge of self-assessed perceptual difficulty directly parallels challenges related to the issue of tinnitus, as the self-assessed “bothersomeness” of tinnitus varies significantly from patient to patient, with no clear relationship to psychophysical parameters determined during pitch or level matching (for additional discussion, see Le Prell and Lobarinas, 2016).

There is an urgent need for validated, clinical tests that can be used to quantify patient self-report of difficulty understanding speech in noisy backgrounds. The ideal test will be sensitive to differences in performance within normal hearing listeners. For the WIN, a change of 3.5 dB-S/B (corresponding to a difference of approximately 4 words out of the 35 words presented) has been described as clinically meaningful (Wilson and McArdle, 2007). Many individual participants had changes of at least 4 words the day after noise exposure (Figure 5A), but not 1-week later (Figure 5E). The WIN should be considered for use in future studies not only based on the availability of the validated test as part of the NIH Toolbox (Zecker et al., 2013), but also based on the sensitivity of the test to acute, noise-induced changes in study participants. It may be the case that even greater sensitivity could be achieved in tests completed with higher background noise levels, or perhaps modifications (such as those of Liberman et al., 2016) that more appropriately reflect and reproduce the difficult listening environments found in real-world noisy and reverberative environments, such as restaurants, gymnasiums, bars, clubs, and other common venues with significant background noise.

The second part of this investigation was a prospective study measuring changes in audiologic function after new, acute recreational noise exposure. Audiometric, electrophysiological, and functional measures were monitored subsequent to noise exposure. There was no evidence that common recreational exposures resulted in permanent audiometric, functional, or electrophysiological deficits. Selective cochlear synaptopathy, resulting in an accompanying reduction in ABR Wave-I amplitude, has been clearly demonstrated in animals in association with noise exposures that induce a robust TTS the day after the noise exposure (for reviews, see Kujawa and Liberman, 2015; Liberman and Kujawa, 2017). The common, real-world recreational noise exposures that our participants experienced at concerts, multi-day music festivals, loud bars, etc. (see Figure 3), did not result in robust TTS the day after the exposure (most TTS < 15 dB, see Figure 8), nor did they result in decreases in AP amplitude (see Figure 7). Thus, they did not produce any evidence that would be interpreted as consistent with new, noise-induced cochlear synaptopathy following common, recreational noise exposure.

TTS was highly variable across individuals, which is a major challenge for studies such as these. The variability in TTS was consistent with that reported by others, as individual variability is significant after free-field exposures (Mills et al., 2001; Strasser et al., 2003) as well as controlled exposures delivered via personal music player devices (Le Prell et al., 2012, 2016; Kil et al., 2017). Across music player studies, a 100% noise dose (based on 29 CFR 1910.95) has resulted in highly variable TTS across participants, ranging from 0 dB to approximately 20 dB at 4 kHz, but with largely complete recovery the following day. Most, if not all, assessments of the effects of recreational noise have been completed immediately post exposure, with changes frequently being on the order of 8–10 dB as participants exit concerts (Opperman et al., 2006; Derebery et al., 2012; Ramakers et al., 2016) or clubs (Kramer et al., 2006); thus, the current data contribute further insight to the potential for changes in audiologic function the day after recreational exposure.

Our study found no statistically significant reduction in AP amplitude the day after exposure to common, loud, recreational events (see Figure 7). Although some participants had TTS exceeding typical test-retest of ±5 dB, there were no statistically significant relationships between changes in audiometric threshold sensitivity and noise dose (see Figure 4). There was a temporary statistically significant decrease in performance on the WIN test as a function of noise exposure in the overall analysis the day after the noise exposure (see Figure 5A), and for a small number of participants, the temporary deficits met the definition of clinically significant decrease in performance. However, due to a lack of a statistically significant decrease in either DPOAE amplitude (see Figure 6) or AP amplitude (see Figure 7) as a function of increasing noise exposure, it is not possible to directly attribute changes in performance on the WIN to specific OHC or synaptic injuries. It is possible to speculate that OHC injuries are more likely to underlie changes in performance on the WIN, based on the decreasing DPOAE amplitude at 6 kHz that was observed with increasing TTS (see Figure 8I), but these changes were limited to one frequency and it is not clear why 3 and 4 kHz failed to show similar noise-induced changes.

All of the evidence from animal models to date indicates that if noise-induced synaptopathy develops, it is immediate, and it is permanent. Thus, data from this prospective study showing temporary noise-related changes in performance on the WIN, in the absence of relationships between noise-exposure and changes in DPOAE and AP amplitude the day after noise exposure, cannot be interpreted as consistent with or otherwise suggesting synaptopathic damage in these human participants. In live human participants, cochlear synaptopathy cannot be directly measured, as synapse counts require ex vivo extraction of the temporal bone. The only direct evidence of synaptopathy in human cochlear tissues comes from Viana et al. (2015), who provided preliminary evidence of an age-related synaptopathy based on differences across five temporal bones. Those data are supplemented by Makary et al. (2011), who documented an age-related decrease in spiral ganglion survival which could be secondary to an age-related loss of their synaptic targets. Temporal bones may be a resource for new tissues, but unfortunately, noise history data are not always available for these tissues.

Human studies to date have generally relied on the amplitude of ABR Wave-I or the AP as an indirect proxy for potential synaptopathy (Stamper and Johnson, 2015a,b; Liberman et al., 2016; Bramhall et al., 2017; Prendergast et al., 2017; Spankovich et al., 2017; Fulbright et al., in press). ABR Wave-I amplitude has been highly correlated with synaptopathy in the animal studies thus far (Liberman and Kujawa, 2017); however, ABR measurements in anesthetized animals are much “cleaner” than ABR measurements in awake, resting humans.

At this time, there are no functional consequences that have been reliably associated with decreases in ABR Wave-I amplitude in normal hearing listeners. Bramhall et al. (2015) showed a statistically significant relationship between ABR Wave-I amplitude and performance on the QuickSin, but only in the presence of overt hearing loss; no statistically significant relationship was demonstrated between ABR Wave-I amplitude and performance on the QuickSin in participants with normal hearing. Data from rats showed that the functional deficits associated with decreases in ABR Wave-I amplitude were limited to the frequencies at which ABR Wave-I amplitude was decreased, and functional deficits were observed only in the most difficult listening condition (poorest signal to noise ratio) tested (Lobarinas et al., 2017). Although it is not clear how directly these results will translate to humans, it remains reasonable to hypothesize that speech-in-noise tests have the potential to reveal noise-induced deficits prior to the development of overt hearing loss in humans.

There are a variety of suggestions for other electrophysiological and psychophysical tools that might be considered for detection of hidden hearing loss in humans; various proposed metrics include the envelope following response (EFR) (Shaheen et al., 2015; Paul et al., 2017), middle ear muscle reflex (Valero et al., 2016), psychophysical manipulation of amplitude modulation in detection tasks (Paul et al., 2017), ABR Wave-V latency changes during forward masking (Mehraei et al., 2017), and binaural detection (Bernstein and Trahiotis, 2016). There are also suggestions to consider normalizing the amplitude of ABR Wave-I relative to the amplitude of ABR Wave-V (a measure of central response that does not appear to be affected by synaptopathy) (Verhulst et al., 2016), or relative to the amplitude of the summating potential (i.e., SP/AP ratio) (Liberman et al., 2016).

The argument that the SP/AP ratio is useful in revealing selective neural damage is based on the premise that SP is dominated by the OHC receptor potential (which is not expected to be affected by damage to the IHC/AN synapses), whereas AP is generated by the cochlear nerve. Early work by Durrant et al. (1998) attempted to resolve controversy over the relative contributions of the IHC and OHC populations to the SP; they concluded that while the OHCs made a significant contribution, the IHCs had a relatively greater contribution to the SP. Additional arguments that SP is appropriate for use normalizing AP are based on the observation that SP is more stable than AP after a variety of insults (for discussion see Liberman et al., 2016). However, the stability of SP may, in part, rely on the use of stimuli that are matched with respect to sensation level (i.e., the dB amount above individual threshold), as SP amplitude was constant across mice only when signal levels were equal sensation level (Sergeyenko et al., 2013). Furthermore, we point to data from Nam and Won (2004), who measured SP and AP after inducing TTS in human participants. They found that SP amplitude increased, but AP amplitude was unchanged, resulting in an increase in the SP/AP ratio. This finding parallels the increase in SP reported by Liberman et al. (2016) and, like Liberman et al. (2016), evidenced noise-induced changes in the SP/AP ratio to be driven by increased SP amplitude. If the SP is the measure relatively more affected by noise exposure, then the AP is essentially being normalized against a moving target, which seems counter-intuitive to the identification of selective neural deficits. Taken together, the noise-induced changes in SP and corresponding changes in SP/AP ratio (given that AP was unchanged) in those studies may be more appropriately interpreted as consistent with OHC based dysfunction, rather than synaptic neural dysfunction. Increasing OHC dysfunction as a function of increasing TTS was detected here (at least at 6 kHz), and noise-induced OHC dysfunction would be consistent with new work from Hoben et al. (2017) which importantly suggests that OHC loss or dysfunction may drive speech-in-noise deficits. Of note, the SP waveform is generally more difficult to resolve (Roland and Roth, 1997), and is highly variable across normal hearing listeners (Ferraro et al., 1994). In the current study, SP data were collected, as per the methods section, to permit calculation of SP/AP ratios following Liberman et al. (2016). Approximately 45% of the right and left ears had scorable SPs across the stimulus conditions. We initially included this ratio in the retrospective regression models, and found no statistically significant relationships detected for the subset of participants with reliable SPs. However, based on the above general concerns regarding the use of SP/AP ratios to identify selective neural damage, we did not assess potential changes in this ratio as a function of acute recreational noise exposure. Regardless, there was no relationship between AP amplitude and retrospective noise history (Figure 2), AP amplitude and acute recreational noise exposure (Figure 7), or change in AP amplitude and maximum observed TTS (Figure 8).

Other approaches that have been presented at recent scientific meetings include the normalization of ABR Wave-I amplitude for 4 kHz signals relative to ABR Wave-I amplitude for 1 kHz signals (Earl et al., 2017), and ABR Wave-I latency based comparisons instead of amplitude based comparisons (Skoe et al., 2017). As these different metrics and measures make their way through the peer-review process, it will hopefully become possible to begin to define the most informative strategies for those seeking evidence of hidden hearing loss in humans. If metrics selected for use in future studies include high level tone pips, some caution may be warranted with respect to interpretation of the frequency-specific effects; it is possible that high level tone bursts will activate relatively broader regions of the cochlea, perhaps even resembling the response to a click stimulus. The lack of agreed on metrics is clearly a major issue for translational human studies on hidden hearing loss (Le Prell and Lobarinas, 2016; Hickox et al., 2017; Kobel et al., 2017; Liberman and Kujawa, 2017).

SUMMARY AND CONCLUSIONS

The current investigation provided no evidence of noise-induced decreases in human AP amplitude in the retrospective analyses of noise exposure history, nor in the prospective analyses following common recreational noise exposure. The current data indicate that intra-participant changes in AP (ABR Wave-I) amplitude can be reliably monitored longitudinally; response waveforms were reliable and repeatable within individual participants, within and across sessions.

In animal models, the gold standard for identification of cochlear synaptopathy is the post-mortem counting of synaptic ribbons. Reductions in synapse count are highly correlated with the amplitude of Wave-I of the ABR (Sergeyenko et al., 2013). Liberman and Kujawa (2017) have therefore suggested that when DPOAE amplitude has returned to baseline (after noise exposure), or has not yet deteriorated (in the case of aging), the amplitude of ABR Wave-I is highly predictive of cochlear synaptopathy. In humans, there is a search for supra-threshold evoked potential metrics that will be sensitive to and specific for cochlear synaptopathy. The clinical (i.e., functional, “real-world”) relevance of reduced ABR Wave-I amplitude (AP amplitude) remains to be determined, despite much speculation. Even if a permanent noise-induced reduction of human ABR Wave-I amplitude is found following noise exposure in human participants, a meaningful, real-world functional effect must be identified in order for the ABR Wave-I amplitude reduction to serve as a clinically relevant finding in audiology. Here, the correlation analyses revealed a statistically significant relationship between noise dose/TWA and change in performance on the WIN, with statistically significant growth in deficits as TWA increased. For the majority of the participants, the individual noise-induced changes in WIN performance were small (1–3 word deficits at the test session the day after recreational noise exposure) but there were some participants with deficits of 4–6 words, which meets the criteria set by Wilson and McArdle (2007) for clinically significant change.

To be successful in the identification of noise-induced synaptopathic deficits in humans, it may ultimately be the case that future studies will need to include human populations exposed to noise insults that result in the magnitude of TTS minimally necessary to observe synaptopathic injury in animals. Such TTS changes appear to be unlikely to be produced from common recreational noise exposure, but are perhaps likely to be observed within military cohorts or safety officers, based on the data of Bramhall et al. (2017). Weapons training may provide more controlled access to noise-exposed participants, but enrollment in hearing conservation studies can influence the use of hearing protection devices (HPDs) that prevent the deficits of interest (see for example Le Prell et al., 2011). Regardless of the boundary at which risk begins, or the specific relationship between TTS and “hidden hearing loss,” it may ultimately prove difficult to identify a human cohort exposed to noise that is loud enough and long enough to cause neural damage, but leaves OHC function unaltered. This specific challenge was recently discussed in detail by Hickox et al. (2017), who point to the prevalence of mixed pathologies in human populations. A major remaining unknown is the extent to which repetition of noise exposure has the potential to result in a synaptopathic injury over time if smaller TTS changes are induced at each exposure (for additional discussion see Dobie and Humes, 2017; Murphy and Le Prell, 2017).

It is possible to imagine changes in conventional test batteries and/or metrics used for monitoring the effects of noise exposure if there were both compelling evidence of ABR Wave-I amplitude changes and accompanying functional deficits following noise exposure. Further research will be needed to more carefully assess the effects of noise exposures that have the potential to result in more severe TTS. Ethical practices for educating participants about the potential for auditory injury will need to be carefully considered, as per the recent commentary on TTS studies by Maison and Rauch (2017). Participants should be provided with HPDs if the investigator has reason to believe that the participant may be at risk for acoustic trauma resulting in permanent functional changes on threshold or suprathreshold measures of function. Such studies will also need to carefully assess OHC function and threshold sensitivity (including EHF threshold assessment) in order to systematically differentiate between OHC damage and potential neural synaptic damage, and document both overt and relatively more hidden supra-threshold hearing deficits.
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There are three times as many outer hair cells (OHC) as inner hair cells (IHC), yet IHC transmit virtually all acoustic information to the brain as they synapse with 90–95% of type I auditory nerve fibers. Here we review a comprehensive series of experiments aimed at determining how loss of the IHC/type I system affects hearing by selectively destroying these cells in chinchillas using the ototoxic anti-cancer agent carboplatin. Eliminating IHC/type I neurons has no effect on distortion product otoacoustic emission or the cochlear microphonic potential generated by OHC; however, it greatly reduces the summating potential produced by IHC and the compound action potential (CAP) generated by type I neurons. Remarkably, responses from remaining auditory nerve fibers maintain sharp tuning and low thresholds despite innervating regions of the cochlea with ~80% IHC loss. Moreover, chinchillas with large IHC lesions have surprisingly normal thresholds in quiet until IHC losses exceeded 80%, suggesting that only a few IHC are needed to detect sounds in quiet. However, behavioral thresholds in broadband noise are elevated significantly and tone-in-narrow band noise masking patterns exhibit greater remote masking. These results suggest the auditory system is able to compensate for considerable loss of IHC/type I neurons in quiet but not in difficult listening conditions. How does the auditory brain deal with the drastic loss of cochlear input? Recordings from the inferior colliculus found a relatively small decline in sound-evoked activity despite a large decrease in CAP amplitude after IHC lesion. Paradoxically, sound-evoked responses are generally larger than normal in the auditory cortex, indicative of increased central gain. This gain enhancement in the auditory cortex is associated with decreased GABA-mediated inhibition. These results suggest that when the neural output of the cochlea is reduced, the central auditory system compensates by turning up its gain so that weak signals once again become comfortably loud. While this gain enhancement is able to restore normal hearing under quiet conditions, it may not adequately compensate for peripheral dysfunction in more complex sound environments. In addition, excessive gain increases may convert recruitment into the debilitating condition known as hyperacusis.

Keywords: inner hair cells, carboplatin, central auditory system, auditory gain, auditory cortex, tinnitus, hyperacusis

SENSORINEURAL HEARING LOSS AND THE AUDIOGRAM

The audiogram is often considered the gold standard for assessing sensorineural hearing loss (HL). Individuals with pure tone thresholds of ≤20 dB HL would be classified as having normal hearing. However, there is growing awareness that the pure tone audiogram fails to detect certain forms of cochlear pathology and auditory processing deficits. This has led to the concept of “hidden hearing loss,” i.e., the realization that significant auditory perceptual deficits can exist in listeners with normal hearing thresholds, a condition that can exist when there is considerable IHC and/or auditory nerve fiber degeneration (Schaette and McAlpine, 2011; Plack et al., 2014; Lobarinas et al., 2016). Hidden hearing loss is likely involved in some cases of auditory neuropathy and central auditory processing disorders, which are characterized by temporal processing deficits, impaired speech perception, and difficulties hearing in noisy environments (Kraus et al., 2000; Zeng et al., 2005). It may also contribute to other auditory perceptual disorders such as tinnitus and hyperacusis (Schaette and McAlpine, 2011; Hickox and Liberman, 2014). It is therefore imperative to develop ways for clinically assessing hidden hearing loss and determining the consequences of IHC/auditory nerve damage on peripheral and central auditory processing.

Electrocochleography (ECochG) can be used to interrogate the functional status of different structures in the cochlea and identify “hidden” damage to inner hair cells (IHC), outer hair cells (OHC), the IHC/type I auditory nerve fiber synapse, and spiral ganglion neurons (SGN). Sensorineural hearing loss is a complex phenomenon that not only involves the cochlea, but also numerous structures in the central auditory system capable of partially compensating for these cochlear deficits. Therefore, a more complete understanding of sensorineural hearing loss not only requires assessment with ECochG, but also examination of the neurophysiological changes occurring in the central auditory pathway. In this review, we will discuss our results from a comprehensive series of electrophysiological, neuroanatomical, behavioral, and neuropharmacological experiments in a chinchilla animal model of carboplatin-induced ototoxicity in which there is selective damage to the IHC and type I auditory nerve fibers that exclusively innervate the IHC. These studies illustrate how ECochG can be used to identify damage to the IHC and type I neurons that goes undetected (i.e., hidden) by the pure tone audiogram. Electrophysiological recordings from the inferior colliculus (IC) and auditory cortex (ACx) reveal how weak neural signals from a damaged cochlea are amplified as they ascend through the central auditory pathway. Finally, we discuss a few simple psychophysical tests we have shown can identify hearing deficits associated with damage to IHC and type I neurons.

CARBOPLATIN-INDUCED IHC AND TYPE I LESIONS

Cisplatin and other platinum based anti-cancer drugs are generally more toxic to OHC than IHC, with hair cell lesions generally progressing from the base toward the apex as the dose and duration of treatment increases (Boettcher et al., 1992; Rybak et al., 2007). Carboplatin is a second generation antineoplastic agent that is considered much less ototoxic than cisplatin (Ettinger et al., 1994), a view consistent with most studies in animal models (Saito et al., 1989; Ding et al., 1999). However, when low-to-moderate doses of carboplatin (50–75 mg/kg, i.p.) were systemically administered to chinchillas, it induced an unusual lesion that preferentially damaged IHC (Figure 1A), type I auditory nerve fibers (Figure 1B) and SGN. OHC damage was only observed at extremely high doses of carboplatin (200 mg/kg, i.p.) (Takeno et al., 1994, 1998; Hofstetter et al., 1997a; Wang et al., 1997; Ding et al., 1999). Unlike other ototoxic drugs, the IHC lesion was characterized by a relatively uniform loss of hair cells along the entire length of the cochlea (Trautwein et al., 1996; Hofstetter et al., 1997a; Figure 1C). Due to the systemic nature of treatment, hall cell lesions were similar in both ears (Hofstetter, 1996; Hofstetter et al., 1997a).
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FIGURE 1. (A) Photomicrographs of a surface preparation of the organ of Corti stained with succinate dehydrogenase, a metabolic enzyme highly expressed in OHC and IHC, but not supporting cells. Control (upper panel) shows strong staining of all OHC and IHC. One month after a moderate dose of carboplatin (50–75 mg/kg, i.p.) there are patches of stained IHC separated by large regions of missing IHC. OHC were present and appeared normal. (B) Photomicrographs of thin sections stained with toluidine blue taken tangential to the habenula perforata. Dashed line (upper panel) showing the darkly stained nerve fibers in the openings in the habenular perforata (HP) in the osseous spiral lamina (dashed line) of a normal control ear. Each habenular opening in control ears is filled with nerve fibers (upper panel) whereas in carboplatin-treated ears (bottom panel), many nerve fibers are missing in the habenular openings. (C) Schematic of a cochleogram showing the typical pattern of IHC loss induced by a moderate dose of carboplatin. In this depiction, roughly 40–50% of the IHC were missing along the length of the cochlea whereas OHC were intact. The cochleogram shows the percentage of missing IHC and OHC as a function of percent distance from the apex of the cochlea; cochlear position related to frequency on the upper x-axis. (D) Carboplatin induced a large and rapid loss of nerve fibers (NF) in the habenula perforata 24–72 h post-treatment. Significant nerve fiber (NF) loss occurred 24 h post-treatment; IHC occurred several days later. (E) Photomicrographs illustrating the condition of the synaptic region at the base of the IHC of a normal control (left) and a carboplatin-treated animal (right). At 24 h post-treatment, many large vacuoles (red arrows) were observed at the afferent terminals of the carboplatin-treated chinchilla unlike the control. Swelling distorted the basal pole of the IHC in carboplatin treated (arrowhead) animal. (F) Transmission electron micrograph show thick myelin sheath around a normal auditory nerve fiber (ANF). Carboplatin caused significant demyelination 24–72 h post-treatment (red arrows). Data schematized from Hofstetter et al. (1997b), Ding et al. (1999, 2001), and Wang et al. (2003).



To gain insights into the time course of carboplatin-mediated damage, we counted the number of IHC and nerve fibers in the habenula perforata 24–72 h after treatment with a moderate dose of carboplatin (50 mg/kg, i.p.) (Wang et al., 2003). Surprisingly, 24 h after carboplatin treatment, only 50% of the nerve fibers in the habenula perforata were present whereas there was no loss of IHC (Figure 1D). Significant IHC loss was first observed 3 days post-carboplatin, but by this time only ~25% of the nerve fibers were still present. These results suggest that the auditory nerve fibers and their afferent synapses are especially susceptible to carboplatin ototoxicity. To explore this possibility, transmission electron microscopy was used to examine the morphological condition of the type I afferent synapse at the base of the IHC. At 24 h post-carboplatin, numerous vacuoles were present around afferent terminals at the base of the IHC (Figure 1E; Ding et al., 1997, 1998). Damage to the afferent nerve terminals, IHC and SGN increased considerably between 24 and 72 h whereas the morphology of the OHC remained remarkably normal. Vacuoles were also present on the proximal nerve fibers and transmission electron microscopy revealed significant loss of myelin around the nerve fibers 24–72 h post-treatment (Figure 1F; Ding et al., 2002; Wang et al., 2003). Taken together, these results indicate that moderate doses of carboplatin can selectively damage IHC and type I afferent neurons.

MASSIVE IHC LESIONS HAVE LITTLE EFFECT ON DISTORTION PRODUCT OTOACOUSTIC EMISSIONS

Distortion product otoacoustic emissions (DPOAE), which depend on OHC somatic electromotility (Brownell, 1990; Liberman et al., 2002), provide a noninvasive method for assessing the functional integrity of the cochlea (Brown et al., 1989; Schrott et al., 1991; Hofstetter et al., 1997a) and are widely used to screen for cochlear hearing loss in infants and adults (Stanton et al., 2005; Jakubíková et al., 2009). Subjects with normal DPOAE pass the screening test and are generally believed to have normal hearing; however, since DPOAE are specifically sensitive to OHC function, this is not always correct, for example in patients with auditory neuropathy (Abdala et al., 2000). Since moderate doses of carboplatin selectively damage the IHC while ostensibly leaving the OHC intact, DPOAE might be expected to be normal in ears with just IHC loss. To test this hypothesis, DPOAE input/output functions were measured in chinchillas before and after treatment with a moderate to high dose of carboplatin (Trautwein et al., 1996; Wake et al., 1996a; Hofstetter et al., 1997a). In some animals, carboplatin treatment caused near complete loss of IHC along the entire length of the cochlea, but failed to damage the OHC (Figure 2A). In such cases, where nearly all the IHC were missing but the OHC were intact, the DPOAE input/output functions were completely normal (Figure 2B; Hofstetter et al., 1997a). Thus, the presence of normal DPOAE does not mean that the cochlea is structurally intact.
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FIGURE 2. (A) Schematic cochleogram showing a very large IHC lesion with little OHC loss induced by a high dose of carboplatin. IHC lesion extends over nearly the entire length of the cochlea. (B) Schematic DPOAE input/output function before and after carboplatin treatment at f1 and f2 frequencies corresponding to the shaded region in the cochleogram in (A). DPOAE input/output function was normal several months post-carboplatin despite massive IHC loss, but retention of most OHC. Data schematized from Hofstetter et al. (1997a).



MODERATE IHC LESION HAS LITTLE EFFECT ON THRESHOLD

IHC make one-to-one synaptic contact with the type I auditory nerve fibers, providing the only pathway through which acoustic information is relayed to the central auditory system (Spoendlin and Baumgartner, 1977). Therefore, massive loss of IHC would greatly reduce input to the central auditory system and should drastically disrupt hearing. To determine how IHC loss affects hearing thresholds, pure tone audiograms were measured in chinchillas using an avoidance conditioning paradigm before and 1–2 months after moderate to high doses of carboplatin designed to induce a range of IHC lesions (Salvi et al., 1978; Lobarinas et al., 2013). After completing the hearing tests, the cochleae were harvested to determine the magnitude and type of cochlear lesion. The schematic audiogram (Figure 3A) and schematic cochleogram (Figure 3B) illustrate the results obtained when carboplatin induced a moderate IHC lesion, but no OHC damage. In these cases, thresholds in quiet were surprisingly unaffected, increasing very little despite the fact that 40–60% of the IHC were missing (Lobarinas et al., 2013). To understand the relationship between hearing loss and IHC loss, the threshold shifts post-carboplatin were plotted as a function of percent IHC loss as schematized in Figure 3C. Hearing thresholds were largely unaffected by small IHC lesions (<35%). Threshold shifts gradually increased with moderate IHC lesions (40–75%), but then increased substantially once the IHC lesions exceeded 80%. One interpretation of these results is that the pure tone audiogram is very poor at detecting small to moderate sized IHC lesions and that thresholds in quiet only begin to rise after the vast majority of IHC have been destroyed. Apparently, only a few IHC and type I neurons are needed to detect a tone in a quiet environment. The important implication of the above results is that DPOAE and pure tone audiograms, two of the most commonly used techniques for assessing hearing, are insensitive to profound IHC/type I neuron damage. This suggests additional measures are likely necessary to fully assess auditory function.
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FIGURE 3. (A) Schematic of pure tone audiogram obtained pre- and post-carboplatin in a chinchilla with ~50–60% IHC and an intact OHC population (B). The post-carboplatin thresholds (green) were slightly increased from baseline (black). (B) Schematic of cochleogram showing 50–60% IHC and minimal OHC loss following carboplatin treatment (audiometric profile for such lesions depicted in A). Percent distance from the apex of cochlea shown on x-axis; position in the cochlea related to frequency on upper x-axis. (C) Schematic showing the approximate relationship between the threshold shift vs. the percent IHC loss induced by carboplatin. Thresholds remained nearly normal up to about 60% IHC loss, but then increased steeply once the IHC lesion exceeds 80%. Data schematized from Lobarinas et al. (2013).



IHC LESIONS HAVE LITTLE EFFECT ON THE COCHLEAR MICROPHONIC

ECochG recorded from the ear canal, round window or within the cochlea, provides researchers and clinicians with a powerful tool to assess the functional integrity of the sensory and neural structures in the cochlea. The cochlear microphonic (CM), an AC receptor potential that mirrors the waveform of the acoustic stimulus, is predominantly generated by the OHC with only a small contribution from IHC (Dallos et al., 1972). Given that carboplatin preferentially damages the IHC and does not alter DPOAE, one would predict that the CM amplitude would be largely unaffected by carboplatin treatments that primarily target the IHC. Indeed, when the CM was recorded from the round window of carboplatin treated chinchillas with large IHC lesions but near complete retention of OHC, CM input/output functions were nearly identical to control as schematized in Figure 4A (Trautwein et al., 1996; Wang et al., 1997). These results indicate that the IHC contribute little to the generation of the CM and that the CM cannot be used to assess IHC function.
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FIGURE 4. (A) Schematic showing the CM input/output functions in control (black) vs. carboplatin-treated (green) chinchillas with large IHC loss but intact OHC. IHC loss had little effect on CM amplitude. (B) Schematic illustrating the SP input/output functions in control (black) vs. carboplatin-treated (green) chinchillas with large IHC lesion with retention of OHC. IHC lesion caused a large reduction (~60%) in SP amplitude. (C) Schematic showing the CAP input/output function in control (black) and carboplatin-treated chinchillas with a large (~90%, green) or moderate (~50%, red) IHC lesion and intact OHC. IHC loss resulted in a large decrease in CAP amplitude; the amplitude reduction was proportional to IHC loss. Black horizontal dashed line at 10 μV used to derive CAP threshold for control group (~10 dB SPL, blue arrow) vs. groups with 50% IHC loss (~20 dB SPL, red arrow) or 90% IHC loss (~45 dB SPL, green arrow). Data schematized from Trautwein et al. (1996), Wang et al. (1997), and Durrant et al. (1998).



IHC LESION SUPPRESSES THE SUMMATING POTENTIAL

The summating potential (SP), reflected as a sound-evoked DC shift near stimulus onset, is thought to be generated predominantly by the IHC receptor potential with a much smaller contribution from OHC (Russell and Sellick, 1983; Zheng et al., 1997). Given that carboplatin preferentially damages the IHC, one would predict that SP amplitude would be greatly reduced in animals with large carboplatin-induced IHC lesions. To test this hypothesis, the SP evoked by tone bursts was recorded from the round window of carboplatin treated chinchillas. In animals with large IHC lesions and complete retention of OHC, SP amplitude was greatly reduced (~60%) compared to controls as schematized by the SP input/output function in Figure 4B (Durrant et al., 1998). Destruction of both IHC plus OHC resulted in a further decline in SP amplitude. These results provide further confirmation that the SP is generated presynaptically primarily by IHC and this component of the ECochG can be used to assess the functional status of IHC.

IHC LOSS DEPRESSES THE COMPOUND ACTION POTENTIAL

The auditory nerve compound action potential (CAP), consisting of two negative peaks (N1 and N2), is the most widely studied component of ECochG. The CAP is most effectively elicited by acoustic stimuli with rapid rise time and is thought to reflect the synchronized onset response of type I auditory nerve fibers (Dallos, 1973; Zheng et al., 1996). Since the amplitude of the CAP is a postsynaptic response that depends on the release of excitatory neurotransmitter from the IHC, damage to the IHC would be predicted to greatly reduce the CAP. To test this hypothesis, CAP input/output functions were recorded from carboplatin-treated chinchillas with different degrees of IHC damage (Trautwein et al., 1996; Wang et al., 1997). In cases where most IHC were destroyed (80–90%) and most OHC were present, the amplitude of the CAP was greatly reduced compared to controls, whereas moderate (~50%) IHC loss resulted in a modest amplitude reduction as schematized by the CAP input/output functions in Figure 4C. These results indicate that the reduction in CAP amplitude is proportional to the degree of IHC loss (Wang et al., 1997; Qiu et al., 2000). CAP thresholds can be derived from the input/output functions using an amplitude criterion of 10 μV. In the schematic (Figure 4C), CAP threshold was ~10 dB SPL in the control group (blue arrow) and ~20 dB SPL in the carboplatin group with 50% IHC (red arrow). These results suggest that auditory nerve fiber thresholds are only slightly increased despite the moderate to severe IHC lesion. However, in cases where ~90% of the IHC were missing and very few nerve fibers would be available to generate a synchronized CAP response, the CAP threshold had increased to ~45 dB SPL (green arrow). These results suggest that the CAP amplitude and CAP threshold have the greatest utility for detecting damage to the IHC/type I auditory nerve fibers.

ACOUSTICALLY RESPONSIVE AUDITORY NERVE FIBERS HAVE LOW THRESHOLDS AND ARE SHARPLY TUNED

High impedance microelectrodes can be used to record the all or none spike discharges from single auditory nerve fibers as they leave the cochlea and enter the cochlear nucleus. Since each type I auditory nerve fiber contacts a single IHC, the neural output of a fiber reflects the activity from a discrete region of the basilar membrane. When tone bursts are used to measure the response of a single auditory nerve fiber, one can map out the frequency-intensity combinations that are just capable of evoking a response, the so-called frequency-threshold tuning curve (Salvi et al., 1982, 1983; Wang et al., 1997). Each tuning curve is characterized by a low threshold, narrowly tuned tip (Figure 5A). The frequency with the lowest threshold at the tip is the characteristic frequency (CF). The tuning curves of high CF and medium CF neurons are characterized by a steep high frequency slope above CF. Thresholds below CF also rise steeply, but gradually give rise to a high-threshold, broadly tuned tail. The tuning curves of low-CF neurons are more symmetrical and lack the broad low-frequency tail (Wang et al., 1997; Salvi et al., 1983, 1982).
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FIGURE 5. (A) Schematic of a low, medium and high CF auditory nerve fiber frequency-threshold tuning curves. The neuron's CF maps to the tonotopic map of the cochlea (frequency-place map upper x-axis, B). (B) Schematic cochleogram showing the percentage of missing IHC and OHC in a chinchilla treated with a high dose of carboplatin that destroyed approximately 80–98% of the IHC; damage was more severe in the basal half of the cochlea. Carboplatin also damaged OHC in the base (60–100%). (C–E) Schematic of auditory nerve fiber tuning curves from carboplatin treated animals with CFs near 300 Hz (C, blue), 1000 Hz (D, red), and 3000 Hz (E, green). Dotted lines relate each neuron's CF to IHC damage on tonotopic map (upper x-axis, B). Data schematized from Wang et al. (1997).



Extensive damage to the IHC could conceivably affect the mechanical properties of the basilar membrane and alter the tuning and sensitivity of auditory nerve fibers. To evaluate this possibility, recordings were made from carboplatin-treated chinchillas with extensive IHC loss along the entire length of the cochlea as well as some OHC loss in the base of the cochlea as schematized in Figure 5B (Wang et al., 1997). When a microelectrode was advanced through the auditory nerve bundle, comparatively few acoustically responsive nerve fibers were encountered during the penetration, presumably due to the extensive loss of IHC and type I nerve fibers. However, when an acoustically responsive nerve fiber was encountered, CF-thresholds were low and tuning curve shapes were similar to those from normal control ears (Figures 5C–E; Wang et al., 1997). Thus, despite the massive IHC loss, the remaining IHC and type I neurons had low thresholds and sharp tuning which may explain why behavioral thresholds were relatively normal notwithstanding the large IHC loss. Apparently, sounds can be detected in quiet with only a weak signal from the few remaining IHC and type I neurons. Despite normal thresholds and tuning, spontaneous and suprathreshold responses from intact auditory nerve fibers were decreased in carboplatin-treated animals, indicative of subtle damage to surviving IHCs, and/or type I neurons (Wang et al., 1997).

CENTRAL GAIN COMPENSATES FOR AUDITORY DEPRIVATION

If 75% of the IHC and type I neurons were destroyed, the central auditory pathway would receive only 25% of its normal input, a condition that would lead to a severe case of auditory sensory deprivation. A shout to a carboplatin-deafferented ear would likely be perceived as muffled unless there was some form of compensation to boost the weak neural signal. To determine how the central auditory system deals with diminished neural input from a carboplatin-damaged cochlea, recordings were made from chronically implanted electrodes in the cochlea (CAP), inferior colliculus (IC), and auditory cortex (ACx) of awake chinchillas before and after carboplatin treatment (Qiu et al., 2000). The schematics in the upper half of Figure 6 show the local field potential (LFP) input/output functions for the CAP (panel A), IC (panel C) and ACx (panel E) pre- and 5 weeks post-carboplatin treatment. The results portrayed in the upper half are representative data obtained from animals with mild IHC lesions of 20–30%. To facilitate a comparison across animals and conditions, the amplitudes are expressed as a percentage of the pre-treatment amplitude at 100 dB SPL. Consequently, all the pre-treatment values equal 100% at 100 dB SPL. In cases where 20–30% of the IHC were destroyed, the CAP amplitudes were smaller than normal. At 100 dB, the post-carboplatin CAP was reduced ~20% (80% of normal). Figure 6B is a schematic that shows the percent change in CAP amplitude at 80 dB as a function of percent IHC loss. CAP amplitude declines rapidly with IHC loss and the response is almost completely abolished with a loss of 90%. If the output of the auditory nerve was simply relayed up the central auditory pathway, the responses in the IC and ACx would mirror the CAP. Inspection of responses from the IC shows that the post-carboplatin input/output function is only slightly below the pre-treatment curve (Figure 6C; Qiu et al., 2000). The schematic in Figure 6D shows the percent change in IC amplitude at 80 dB vs. percent IHC loss. The slope of the IC function is roughly half that of the CAP, i.e., IC amplitude at 80 dB was only reduced ~40% compared to ~80% for the CAP. Carboplatin produced the most striking changes in the ACx where the post-exposure amplitudes were larger than pre-treatment values as schematized in Figure 6E. This cortical hyperactivity was dynamic, developing gradually over several days to weeks (Qiu et al., 2000). When the percent change in ACx amplitude at 80 dB is compared to percent IHC loss (Figure 6F), post-carboplatin amplitudes were 20–30% larger than normal (enhanced) with small to moderate IHC lesions and remarkably, only slightly below normal with near complete IHC lesions.
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FIGURE 6. Schematics in upper half illustrate the input/output functions recorded from the (A) round window of the cochlea (compound action potential, CAP), (C) inferior colliculus (IC) and (E) auditory cortex (ACx) before and after carboplatin treatment that induced 20–30% IHC loss. Amplitude of local field potentials (LFPs) expressed as a percentage of the pre-treatment amplitude measured at 100 dB SPL. All pre-treatment amplitudes equal 100% at 100 dB before carboplatin treatment. Schematics in lower half show the percent change in amplitude of the LFPs recorded at 80 dB SPL vs. percent IHC loss; plots show result for the cochlear CAP (B), IC (D), and ACx (F). Values above the dashed horizontal line in panel F indicate that at 80 dB SPL LFPs in the ACx were larger than normal for small to moderate size IHC lesion, but response were smaller than normal for IHC lesions >80%. Negative slopes indicate that LFP measured at 80 dB SPL decrease as IHC lesions increase. The decrease in amplitude was greatest for the CAP and least for the ACx. Data schematized from Qiu (1998) and Qiu et al. (2000).



Taken together, these results indicate that the signal from the cochlea is progressively amplified as it is relayed to the central auditory pathway eventually leading to hyperactivity in the ACx. These findings are consistent with recent reports showing central gain enhancement with various forms of cochlear pathology; however, an unusual feature of carboplatin is that hearing thresholds are largely unaffected by the cochlea pathology (Salvi et al., 1990, 2000b; Sun et al., 2009; Stolzberg et al., 2011; Yuan et al., 2014; Brotherton et al., 2015; Chen et al., 2016). Interestingly, similar perceptual and electrophysiological changes were observed in a recent study examining ouabain treatment in mice, which selectively destroys type-1 SGN (Chambers et al., 2016). Animals with a unilateral lesion of >95% of afferent nerve fibers maintained relatively normal sound detection, likely due to a progressive recovery of sound-evoked activity along the central auditory pathway. Like the above results with carboplatin treatment (Figure 6), ouabain treatment greatly diminished auditory nerve responses while neural response were partially recovered in the IC and almost completely recovered, and in some cases enhanced, at the level of the ACx. Thus, cochlear damage appears to trigger a cascade of neuroplastic changes in the central auditory pathway to compensate for the reduced neural output from a damaged cochlea. Increasing the amplitude of a weak signal would make it easier for the ACx to detect sounds; this may explain why mild to moderate IHC and/or SGN loss has so little effect on auditory thresholds.

DECREASED INHIBITION IN THE AUDITORY CORTEX

Mechanistically, the heightened level of sound-evoked activity in the ACx of carboplatin-treated chinchillas could be due to increased excitation and/or decreased inhibition (Milbrandt et al., 2000; Suneja et al., 2000; Vale and Sanes, 2002; Sanes and Kotak, 2011). Gamma aminobutyric acid (GABA), a potent and ubiquitous inhibitory neurotransmitter, is heavily expressed in the central auditory system and ACx (Hendry and Jones, 1991; Prieto et al., 1994; Ling et al., 2005; Sacco et al., 2009) Neonatal sensorineural hearing loss reduces the number of GABAa receptors in the plasma membrane of layer 2/3 neurons in ACx (Sarro et al., 2008); this would decrease GABAa-mediated inhibition and may contribute to the hyperactivity seen in the ACx with cochlear hearing loss. To determine if the sound-evoked hyperexcitability in ACx was due to reduced GABAa-mediated inhibition, we measured LFPs in the ACx of normal and carboplatin-treated chinchillas while manipulating inhibitory tone (Salvi et al., 2000a, 2014). When bicuculline, a potent GABAa antagonist was applied locally to the ACx, it increased the firing rate, broadened the tuning and lowered the threshold of many ACx neurons (Wang et al., 2000). Bicuculline applied to the surface of the ACx of normal-hearing chinchillas also dramatically increased the amplitude of the sound-evoked LFP in the ACx as schematized in Figure 7A; the amplitude enhancement was much greater for the negative peak than the positive peak. Figure 7B is a schematic that shows the time course and percent increase in the magnitude of the positive and negative peaks of the LFP response after bicuculline was applied to the ACx of a normal chinchilla. The maximum increase occurred ~5 min after bicuculline was applied to the ACx and the response gradually recovered toward baseline values over the following 30 min as bicuculline washed out. These results indicate that under normal conditions, GABA strongly inhibits sound-evoked responses in the ACx, but when GABAa receptors are blocked with bicuculline sound-evoked activity increases dramatically.
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FIGURE 7. (A) Schematic of sound-evoked local field potentials (LFPs) from the auditory cortex (ACx) before (pre, solid black line) and after applying bicuculline (dashed red line) to the surface of the ACx of a normal control. Note increase in positive and negative peaks in the ACx waveform; increase in negative peak was larger than positive peak. (B) Percent change in positive and negative peaks in the LFP after applying bicuculline to the ACx. Bicuculline caused a large increase in positive and negative peaks. Largest increase occurred approximately 5 min post-treatment. Amplitudes gradually recovered with bicuculline washout. (C) Percent change in LFP after applying bicuculline to the ACx of chinchillas that had been treated with a moderate dose of carboplatin 1–2 months earlier. Bicuculline failed to induce an increase in cortical LFP, but instead induced a small decrease in the LFP which partially recovered 30 min after applying bicuculline. Data schematized from Salvi et al. (2000a, 2014).



As noted above (Figure 6), sound-evoked responses in the ACx greatly increase after carboplatin treatment, potentially indicating that GABA mediated inhibition was already diminished. To investigate this possibility, bicuculline was applied to the ACx of chinchillas that had been treated with a moderate dose of carboplatin. As schematized in Figure 7C, bicuculline failed to increase the amplitude of the sound-evoked LFP in the ACx; instead there was a slight reduction that dissipated over time. Thus, carboplatin treatment appears to occlude the effects of bicuculline on ACx responses. Failure of bicuculline to increase sound-evoked activity could occur if there was a significant decline in GABAa receptors in the ACx, an interpretation consistent with previous findings in hearing impaired animals (Sarro et al., 2008). An alternative possibility is that less GABA is released from presynaptic neurons; however, this view is not supported by results from hearing impaired animals (Sarro et al., 2008). While altered inhibition has been observed in both cortical and subcortical auditory structures following noise-induced hearing loss (Milbrandt et al., 2000; Dong et al., 2010; Wang et al., 2011; Yang et al., 2011), it remains to be determined if changes to GABA-mediated inhibition are involved in the partial recovery of IC responses following carboplatin treatment.

CRITICAL BAND PERCEPTUAL DEFICITS WITH IHC LOSS

Taken together, the above results suggest that only a fraction of IHC and type 1 nerve fibers are required for normal hearing thresholds in quiet (Figure 3) because activity from the few remaining intact nerve fibers, which maintain low thresholds and sharp tuning (Figure 5), is progressively amplified through the central auditory system (Figure 6). However, listening with few IHC and type I neurons might be extremely challenging in more difficult listening environments. Each IHC is contacted by 10–20 type I nerve fibers resulting in considerable redundancy in the information relayed by each IHC to the central auditory system. Moderate IHC and type I neural loss would greatly reduce this redundancy and information transfer to the auditory brain which could result in auditory processing deficits in conditions with decreased signal to noise ratio, such as detecting sounds in noisy environments. To test this hypothesis, chinchillas were trained to detect a tone burst in broadband noise (BBN), a technique often used to investigate the internal critical band filters (Scharf, 1961, 1970). Consistent with previous results, pure tone thresholds measured in quiet were only slightly higher (3–5 dB) than baseline after administering a dose of carboplatin that destroyed ~60–70% of the IHC as schematized in Figures 8A,B (Lobarinas et al., 2013, 2016). Pure tone thresholds were then measured in BBN with an overall SPL of 50 dB and a spectrum level of ~7 dB as schematized in Figure 8C. During baseline testing, tone thresholds in BBN increased with frequency up to around 8 kHz and then plateaued similar to previous results (Seaton and Trahiotis, 1975). After carboplatin treatment, tone thresholds in BBN increased at all frequencies; the 6–11 dB increase in signal to noise ratios was statistically significant (Lobarinas et al., 2016).
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FIGURE 8. (A) Schematic illustrating threshold in quiet before and after a moderate dose of carboplatin. (B) Schematic representing the IHC and OHC loss after a moderate dose of carboplatin that induces a 60–70% IHC with little or no loss of OHC. (C) Schematic showing the threshold in 50 dB SPL broadband noise before and after moderate dose of carboplatin. (D) Schematic illustrating the thresholds measured in narrowband noise (100 Hz bandwidth) centered at 4 kHz before and after a moderate dose of carboplatin. Carboplatin-induced threshold elevations above 4 kHz reflect the upward spread of masking and those below 4 kHz reflect remote masking. Data schematized from Lobarinas et al. (2016).



According to critical band theory, detection of the signal depends on the power in the signal relative to the power passing through the width of the critical band (Scharf, 1970). The carboplatin-induced increase in critical band values could result from a widening of the critical band. However, since sharp tuning is maintained at the auditory nerve (Figure 5) and IC (Wake et al., 1996b), the absence of band widening would not alter the amount of noise passing through the critical band and therefore not alter the signal to noise ratios. However, it is still possible that broader neural tuning could emerge at the level of the ACx due to loss of GABA-mediated inhibition (Wang et al., 2002). Alternatively, the increase in signal to noise ratios (Figure 8C) could result from an increase in central gain because the total amount of noise passing through a filter is the product of the bandwidth times the gain.

NARROW BAND NOISE MASKING WITH IHC LOSS

Another approach used to assess the frequency selectivity of the auditory system is to measure tone burst thresholds at frequencies below, at and above the center frequency of a narrow band noise (NBN); a plot of threshold vs. frequency in the presence of the masker defines the NBN masking profile (Egan and Hake, 1950). The solid line in Figure 8D is a schematic showing a typical masking profile for a NBN (100 Hz bandwidth) centered at 4 kHz. The baseline NBN masking profile in a normal chinchilla is asymmetric. Masked thresholds are highest at the frequency of the masker, but decrease rapidly for frequencies below 4 kHz. In contrast, masked thresholds decline gradually at frequencies above the 4 kHz masker resulting in considerable upward spread of masking. To determine if the NBN masking profile was altered by the loss of IHC, chinchillas were treated with a moderate dose of carboplatin that destroyed 60–70% of the IHC (Figure 8B), which had little effect on thresholds in quiet (Figure 8A). Following carboplatin-treatment, threshold at the 4 kHz NBN masker increased approximately 10 dB, a result consistent with the BBN masking pattern. A 10–12 dB threshold increase also occurred at frequencies above the masker. Thus, the tip and high-frequency leg of the NBN masking pattern were shifted upward, but the bandwidth of the tip was essentially unchanged indicating that frequency selectivity was normal near 4 kHz. Paradoxically, masked thresholds were also elevated 10–15 dB at frequencies (0.25–2 kHz) far below the 4 kHz masker, a phenomenon known as remote masking. It has been suggested that remote masking arises from OHC electromotility and nonlinear motion of the basilar membrane because conditions that disrupt the OHC reduce remote masking (Cervellera and Quaranta, 1982; Salonna et al., 1992; Quaranta et al., 1999). Since OHC appeared functionally intact, our results suggest that IHC/type I neurons normally suppress remote masking as their loss results in greater remote masking. Thresholds in NBN were elevated over a broad range of frequencies, a pattern at odds with basilar membrane mechanics. An alternative explanation for the widespread increase in masked threshold is that it is due to the loss of GABA-mediated inhibition in the ACx since pharmacologic blockage of GABA-mediated inhibition results in broadening of ACx tuning curves both above and below CF (Wang et al., 2002).

SYNOPSIS

Much of the basic auditory research over the past century has focused on the anatomy and physiology of the cochlea. As a result, we now have noninvasive functional tests such as DPOAE to evaluate the status of the OHC in the cochlea. DPOAE are maintained at normal levels (Figure 2) if cochlear damage is confined to IHC, but rapidly decline if the OHC are also destroyed (Hofstetter et al., 1997a). The CM component of ECochG can also be used to evaluate the functional status of OHC as well. Selective destruction of the IHC with carboplatin had no measureable effect on the CM (Figure 4A), consistent with the notion that OHC are the dominant generators of this potential. In addition, the SP of ECochG provides a powerful tool for evaluating activity of IHC, since IHC loss results in a massive decline, but not complete abolition, of this potential (Figure 4B; Durrant et al., 1998). The CAP, the neural component of ECochG, is useful for assessing the sensitivity and global neural output of the cochlea. The decline in CAP amplitude is roughly proportional to IHC loss (Figure 4C) whereas changes in CAP threshold are more difficult to assess because a large decline in CAP amplitude can make it difficult to clearly identify the CAP.

One of the most remarkable psychoacoustic findings from the series of carboplatin studies reviewed here was that hearing thresholds in quiet were nearly normal despite the massive loss of IHC and type I neurons. Our auditory nerve fiber recording (Figure 5) and psychoacoustic (Figure 3) results suggest that only a few normal functioning IHC and type I neurons are needed to hear a tone in a quiet environment. How is it that we can hear so well when only a few IHC and type I neurons are connected to the brain? The answer to this question may relate to the fact that we perceive sounds not just with the cochlea, but also with our brain. The decrease in the neural output of the cochlea likely triggers a series of homeostatic processes at multiple stages of the auditory pathway that amplify these weak signals so that by the time it reaches the IC or ACx, sound-evoked responses are normal or even supra normal (Figure 6; Qiu et al., 2000; Jiang et al., 2016). The increases in gain seem to be most pronounced with mild to moderate IHC lesions, where the largest increase in ACx response occurred (Figures 6E,F). Since carboplatin-induced damage results in relatively matched bilateral lesions, it is possible that recovery from more severe IHC loss may be observed if lesions were restricted to one ear, as was found recently for a ouabain model of auditory neuropathy (Chambers et al., 2016). However, the fact that extensive recovery of sound encoding (and even over amplification as in the ACx) is observed in carboplatin-treated animals with bilateral lesions suggests that central gain enhancement is not limited to ear- or input-specific competitive changes but can also arise from a balanced loss of input to both ears. Our results suggest that, at least for carboplatin-induced cochlear damage, enhanced central gain and neural amplification is due in part to the loss of GABA-mediated inhibition in the ACx. However, a plethora of additional mechanisms operating at multiple levels of the auditory system are likely to be involved as well (Suneja et al., 2000; Chen et al., 2007; Peppi et al., 2012; Auerbach et al., 2014).

There is currently tremendous scientific and clinical interest in a form of hidden hearing loss termed synaptopathy that affects the synaptic ribbon at the base of the IHC, glutamatergic receptors located on type I auditory nerve terminals and neurotrophin3 which provides trophic support for SGN (Liberman et al., 2011; Kujawa and Liberman, 2015; Shaheen et al., 2015; Viana et al., 2015; Shi et al., 2016a,b; Suzuki et al., 2016). Identifying the unique perceptual deficits associated with this condition will provide additional tools for identifying individuals with normal clinical audiograms that nonetheless have significant auditory processing disruptions. Although the histopathologies associated with carboplatin damage in the chinchilla are likely somewhat different than those with pure synaptopathy, our psychophysical studies suggest that a simple tone in BBN noise detection task, something that can be accomplished with a clinical audiometer, may be a sensitive method for identifying damage confined to the IHC and/or SGN. Tests of remote masking might also be useful since remote masking increased in chinchillas with selective damage to IHC and type I neurons whereas remote masking decreases with age-related hearing loss and salicylate ototoxicity, conditions likely to involve OHC pathology.

Why does loss of IHC/type I neurons result in difficulties hearing in noise? While remaining auditory nerve fibers maintain normal tuning and thresholds following carboplatin treatment (Figure 5), there is evidence for reduced spontaneous and maximum driven firing rates, which could lead to coding deficits in noisy conditions (Wang et al., 1997). A recent study has demonstrated that auditory nerve fibers with low spontaneous firing rates are preferentially damaged by noise exposure that causes hidden hearing loss (Furman et al., 2013). These nerve fibers are characterized by a relatively large dynamic range and wide threshold distribution and are therefore well-equipped for coding sounds in noisy backgrounds, suggesting that selective loss of these nerve fibers could lead to problems hearing in noisy environments. Interestingly, carboplatin treatment results in a decrease in the median spontaneous firing rate of auditory nerve fibers, shifting the population in favor of lower spontaneous rates rather than higher (Wang et al., 1997). This suggests that the difficulties hearing in noise experienced by carboplatin-treated chinchillas is not likely due to the loss of a specific class of auditory neurons, contrary to what is seen with noise-induced hidden hearing loss, but may be due in part to the reduced maximum driven rates seen at high sound levels (Wang et al., 1997).

Adding to the complexity of cochlear hearing loss is the fact that the central auditory system attempts to compensate for peripheral change by turning up its gain. While central gain enhancement is able to restore normal hearing under quiet conditions (Figure 3), it may not adequately compensate for peripheral dysfunction in more difficult sound environments (Figure 7) or in response to temporally complex stimuli (Lobarinas, 2006; Chambers et al., 2016). This could be because central gain enhancement is most prominent in higher auditory areas that lack the temporal precision required to follow rapid acoustic fluctuations that brainstem and peripheral auditory centers are optimized for. Alternatively, it could be a byproduct of the mechanisms by which gain enhancement is achieved. For instance, while a loss of cortical inhibition may allow for recovery of rate-intensity coding following hearing loss, it could also result in temporal coding deficits that may contribute to impaired speech perception and difficulties hearing in noisy conditions (Wehr and Zador, 2003; Scholl and Wehr, 2008).

Central adaptation to hearing loss is also likely crucial in the development of auditory perceptual disorders like tinnitus and hyperacusis. From a clinical perspective, it would be difficult to account for loudness recruitment or hyperacusis (loudness intolerance) based on the neural responses seen in the damaged cochlea (Figures 1A,B). The large gain enhancements seen in the ACx seem particularly relevant to loudness hyperacusis. To our knowledge, no one has tested for evidence of hyperacusis in carbolpatin-treated chinchillas to determine if loudness intolerance is related to carboplatin-induced hyperactivity. However, we have found a striking correlation between salicylate-induced hyperactivity in the central auditory system of rats with behavioral evidence of loudness hyperacusis (Chen et al., 2014, 2015). While enhanced central gain can compensate for the reduced neural output of the cochlea, too much gain at low sound levels could contribute to tinnitus whereas excess gain at high levels may give rise to loudness hyperacusis.
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The goal of this study was to describe the contribution of outer hair cells (OHCs) and the auditory nerve (AN) to speech understanding in quiet and in the presence of background noise. Fifty-three human subjects with hearing ranging from normal to moderate sensorineural hearing loss were assayed for both speech in quiet (Word Recognition) and speech in noise (QuickSIN test) performance. Their scores were correlated with OHC function as assessed via distortion product otoacoustic emissions, and AN function as measured by amplitude, latency, and threshold of the VIIIth cranial nerve Compound Action Potential (CAP) recorded during electrocochleography (ECochG). Speech and ECochG stimuli were presented at equivalent sensation levels in order to control for the degree of hearing sensitivity across patients. The results indicated that (1) OHC dysfunction was evident in the lower range of normal audiometric thresholds, which demonstrates that OHC damage can produce “Hidden Hearing Loss,” (2) AN dysfunction was evident beginning at mild levels of hearing loss, (3) when controlled for normal OHC function, persons exhibiting either high or low ECochG amplitudes exhibited no statistically significant differences in neither speech in quiet nor speech in noise performance, (4) speech in noise performance was correlated with OHC function, (5) hearing impaired subjects with OHC dysfunction exhibited better speech in quiet performance at or near threshold when stimuli were presented at equivalent sensation levels. These results show that OHC dysfunction contributes to hidden hearing loss, OHC function is required for optimum speech in noise performance, and those persons with sensorineural hearing loss exhibit better word discrimination in quiet at or near their audiometric thresholds than normal listeners.

Keywords: hidden hearing loss, QuickSIN, outer hair cell, auditory nerve, electrocochleography (ECochG), compound action potential (CAP), wave I auditory brainstem response (ABR), distortion product otoacoustic emission

INTRODUCTION

It is clear that the audiogram, which is the standard metric of audition in humans, is inadequate in identifying otopathologies that contribute to hearing impairment (Moore, 2002; Makary et al., 2011; Liberman et al., 2016). In part, this is because of an incomplete understanding of the cellular basis of decoding complex stimuli, such as speech comprehension in the presence of background noise, and defining the functional roles of cochlear cell types involved in audition may lead to better clinical assessment. Speech recognition in the presence of background noise is a primary complaint of the hearing impaired, and auditory neuroscience seems to have come full circle regarding the understanding of the cellular basis of this function in the cochlea. As early as the 1950s, the auditory nerve (AN) was proposed to play the primary role in the ability to understand speech (Schuknecht and Woellner, 1953). This led to the development of the cochlear implant (House, 1974). However, the discovery of otoacoustic emissions in the 1970s (Kemp, 1978), and later discovery of the motile abilities of outer hair cells (OHCs) in the 1980s (Brownell et al., 1985), led to a paradigm shift in focus that OHCs play a primary role amplifying the speech signal for the fine tuning that is essential for understanding spoken language. OHC function has been described as both a cochlear amplifier (Davis, 1983), where OHCs amplify the passive motion of the basilar membrane (BM), and as a bank of frequency-specific filters that fine tune the acoustic signal (Goldstein et al., 1971; Ruggero, 1994). While these models are correct from a theoretical perspective, translating these functions to a clinical perspective is essential in our understanding of how OHC function contributes to audition. For example, whether OHCs function as cochlear amplifiers that amplify signals at threshold and/or a series of band-width filters to aid speech recognition in the presence of background noise is unknown.

More recently, evidence in animal models have re-examined the functional roles of the AN in quiet and in the presence of background noise (Kujawa and Liberman, 2006, 2009; Furman et al., 2013). Much of this work is based on the observation in animals that the AN is comprised of distinct populations of AN fibers based on their spontaneous firing rate (Liberman, 1978). AN fibers with low spontaneous rates function in increasing background noise, and AN fibers with high spontaneous rates function in quiet backgrounds at or near thresholds (Furman et al., 2013). Low-level noise exposure studies where normal OHC function has been preserved (Kujawa and Liberman, 2009; Lin et al., 2011) suggest that low spontaneous rate AN fibers are selectively damaged leaving high spontaneous rate fibers intact (Furman et al., 2013). The hypothesis derived from these studies is that if humans exhibit similar damage of the low spontaneous rate fibers, the ability to hear in complex listening situations such as speech in the presence of background noise would be diminished. Unfortunately, speech discrimination is very difficult to measure in laboratory animals, so confirmation of this hypothesis in humans has been a recent focus of investigation (Bramhall et al., 2015, 2017; Liberman et al., 2016; Prendergast et al., 2017).

Using loss of function data collected from normal and hearing impaired humans, the aim of this study was to describe the individual and combined contributions of OHCs and the AN in speech discrimination. OHC function was measured using distortion product otoacoustic emissions (DPOAEs), and AN function was measured using the amplitude, latency, and threshold of the VIIIth cranial nerve Compound Action Potential (CAP) measured during ECochG. These responses were correlated to human subject variables that included age, degree of sensorineural hearing loss (SNHL), as well as speech discrimination performances in quiet (SIQ) or in the presence of competing background noise (SIN). Previous research has demonstrated that SNHL has a strong correlation with both SIN performance and CAP amplitude (Bramhall et al., 2015). In order to control for the degree of SNHL, the stimuli for speech testing and AN analyses were presented in the sensation level (SL) scale, which incorporates an individual's threshold as the reference for the intensity scale of the stimuli.

The results demonstrate that OHC dysfunction is detected in the normal diagnostic range of a standard audiogram, optimum SIN performance is correlated with OHC function, and those persons with SNHL exhibit better word discrimination in quiet at or near their audiometric thresholds than normal listeners. The results are best described using linear systems theory where OHCs function as a bank of frequency and intensity filters. These results not only help define to cellular basis of audition, but will also focus the direction of future hearing loss therapies.

MATERIALS AND METHODS

Subjects

Fifty-three English speaking adults (14 males and 39 females) age range 22–71 (mean of 46.0 years old) were recruited from our clinic at St. Elizabeth's Medical Center in Boston, MA to participate in this study. All study procedures were performed and approved by the St. Elizabeth's Institutional Review Board and all participants in the study provided informed consent. An audiological evaluation including tympanometry, air and bone conduction thresholds, speech reception threshold (SRT), and Word Recognition in Quiet using NU-6 word lists was completed for each subject. The inclusion criteria consisted of a high-frequency pure tone average (hfPTA = mean of thresholds at 1, 2, and 4 kHz) of 50 dB HL or less, normal (Type A) tympanometry using a 226 Hz probe tone (Jerger et al., 1972), no conductive pathology, no pure tone asymmetry >10 dB HL between ears, and no documented otological disease. All of the following measurements were recorded from the best ear based on their hfPTA. The entire procedure took ~2 h and most subjects broke these into two 1 h sessions.

Audiometry

A Madsen Astera audiometer was used to generate the pure tone and speech stimuli and the responses were recorded on GN Otometrics Otosuite V 4.70.00 software. Behavioral threshold was obtained at 0.025, 0.05, 1, 2, 3, 4, 6, and 8 kHz using a modified Hughson-Westlake procedure (Carhart and Jerger, 1959) in 5 dB HL steps under a calibrated insert earphone in a audiometric sound booth. SRT using recorded materials was obtained this same procedure using spondee words rather than pure tone stimuli.

Word Recognition Score (WRS) in Quiet

Subjects were presented with a unique and randomized NU-6 wordlist (25 words) using recorded materials presented at 0, 10, 20, and 40 dB Sensation Level (SL; above SRT) under headphones in quiet in an audiometric sound booth and the percent of correct responses were recorded for each presentation level.

Quick Speech-In-Noise (QSIN)

Quick Speech-In-Noise (QSIN) test (Killion et al., 2004) was used to asses speech recognition in the presence of background noise. Sentences were presented at 0, 10, 20, and 40 dB SL (relative to SRT) in the presence of multi-talker babble varying in signal-to-noise (SNR) ratio from 0 to 25 dB. HL Subjects were familiarized with the task using one practice list and then presented with 2 scored lists for each ear. Scores were averaged and reported as mean SNR loss, with larger positive numbers indicating poorer performance.

Distortion Product Otoacoustic Emission (DPOAE)

Distortion Product Otoacoustic Emission (DPOAE) amplitudes and thresholds were evoked using a Madsen Capella II Otoacoustic system and recorded using Otosuite software (version 4.70.00). DPOAE SNRs were measured using an 8 to 1 kHz F2 frequency sweep where L1 was set to 65 dB SPL and L2 was set to 55 dB SPL (F2/F1 ratio = 1.22; Kujawa and Liberman, 2009). The acceptance criterion was set to minimum DPOAE level of −5 dB SPL and SNR of 6 dB SPL or more. These recordings were repeated three times, and DPOAE SNRs were averaged to obtain mean SNR amplitude per F2. DPOAE thresholds were obtained using a 75 dB SPL to 25 dB SPL (L1 = L2) intensity sweep in 5 dB SPL steps at audiometric frequencies using the same acceptance criteria. Threshold was defined as the lowest intensity that elicited a DPOAE above the noise floor. Threshold was set at 20 dB SPL in cases where the DPOAE was present at the lowest presentation level (25 dB SPL), and was set to 80 dB SPL in cases where there was no repeatable DP present at the highest presentation level (75 dB SPL).

Electrocochleagraphy (ECochG)

Electrocochleagraphy (ECochG) waveforms were obtained using the Bio-logic Navigator Pro auditory evoked potentials system and incorporating Lilly wick tympanic membrane electrodes (Intelligent Hearing Systems) coupled with Bio-logic insert earphones. Electrodes were soaked in sterile normal saline solution at room temperature for 20 min, and then inserted into the external auditory meatus by an experienced audiologist so that the electrode rested on the tympanic membrane. An insert earphone was then placed in the same ear canal to deliver the acoustic stimuli and help stabilize the electrode. The reference electrode was place on the contralateral mastoid and the ground electrode was place on the high forehead (horizontal montage). An alternating polarity 4,000 Hz toneburst stimulus (Blackman ramp with a four cycle rise and fall) was presented at a repetition rate of 13.3/s with a 10–1,500 Hz filter and an amplifier gain of 50,000 and digitized in a 10.66 ms time window. The average waveform was generated from 1,000 sweeps. Acoustic stimuli were presented at 0, 30, 40, 50, 60, and 70 dB SL (in dB nHL relative to the hfPTA). Since behavioral detection thresholds are 25 dB lower than ABR thresholds (Ngan and May, 2001; Henry et al., 2011), the choice was made to base the SL scale on audiometric thresholds rather than ABR thresholds. Average ECochG waveforms were analyzed by an experienced audiologist with a clinical Certification in Neurophysiological Interoperate Monitoring (CNIM). The CAP was identified as the largest peak occurring at ~2.0–3.5 ms after stimulus onset and the amplitude was measured with the Bio-logic Auditory Evoked Potential software (version 6.2.0) as the difference in voltage between the peak of the CAP and the following trough (Lasky, 1984; Bramhall et al., 2015). At least three waveforms were generated for each ear and the average amplitudes, latencies, and thresholds for each presentation level were obtained and used for further analysis (Figure 1). The lowest presentation level to elicit a repeatable CAP was defined as threshold.
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FIGURE 1. ECochG recording of the compound action potential. (Left) Representative tracing of a 60 dB SL presentation to a subject in the Normal Hearing group. Amplitude was measured from the peak of CAP to the following trough. (Right) Responses were recorded three times, and the average peak amplitudes and latencies were calculated. Arrows highlight the variability on amplitude characteristic of this recording in unanaesthetized human subjects. By comparison, CAP peak latency values (read off the abscissa) exhibited less variability.



Linear Mixed Effects Modeling

The collected data was modeled as described in detail by Bramhall et al. (2015), with the exception that this current paper used SPSS (IBM SPSS Statistics version 23, release 23.0.0.0) rather than R to generate the models. Deidentified subject number was used as the random effects variable; covariates included subject age, DPOAE amplitudes and thresholds at all F2 frequencies, CAP amplitudes and latencies at all presentation levels, and CAP thresholds; the subjects hfPTA was used as the residual weighted variable; and the subjects QSIN scores were used as the dependent variable.

Analysis

After data collection, patient responses were rank ordered and divided into groups as described in the text. Power analyses using an alpha of 0.05 determined the power to be >0.8 for analyses between the groups described in the text. A test of normalcy indicated that these results were not normally distributed so non-parametric statistical analyses were utilized. Correlations between group variables were conducted using Kendall's tau-b (τb) correlation coefficient, which is a non-parametric measure of the strength and direction of an association between variables ranked in either ordinal or continuous scales using SPSS. The τb correlation coefficient was calculated for each condition (i.e., presentation level, frequency) as described, however only the strongest correlations were described in the text for clarity. SPSS also calculates the p-value of the τb correlation coefficient, which are plotted in appropriate figures. With the exception of the word recognition in quiet analyses, statistically significant trends between groups were measured by the non-parametric Jonckheere–Terpstra (J–T) test (Bewick et al., 2004). For clinically significant differences of word recognition in quiet, statistically significant differences in performance were based on previously published binomial modeling of word recognition scores (Thornton and Raffin, 1978). Three graphical methods are used to visualize the data in the main text. Data are plotted either as scatter plots of individual data points for correlational analysis; box and whisker plots using upper and lower quartiles (upper and lower ends of the box), median (line within the box), range of scores (error bars), and suspected outliers (either less than the lower quartile or higher than the upper quartile by 1.5 times the inter quartile range, open circles accompanied by subject identification number) in order to better visualize the variance within each group; or mean values with error bars representing the standard error of the mean to visuals the statistically significant differences between groups. For all figures, asterisks represent a p < 0.05.

RESULTS

SNHL Is Correlated with SIN

The results show statistically significant correlations between SNHL (measured by hfPTA) and subject age, SIN performance (measured by QSIN SNR Loss), and OHC function (measured by DPAOE amplitude and threshold; Figure 2). In order to visualize these correlations, subjects were ranked by hfPTA and divided into one of four groups based on their degree of high frequency SNHL (Normal Hearing <15 dB HL, n = 7 males and 22 females; Minimal SNHL = 15–24 dB HL, n = 1 male and 3 females; Mild SNHL = 25–39 dB HL, n = 6 males and 4 females; Moderate SNHL = 40–50 dB HL, n = 6 males and 4 females; Figure 3). In clinical audiometry, the Minimal SNHL group represents the lower end of the Normal range and is most often used in pediatric rather than adult audiometry. There was a statistically significant positive correlation between SNHL (hfPTA) and age (τb = 0.636, p = 0.000; Figure 2A). The non-parametric J–T test for ordered alternatives showed that there was a statistically significant trend of increased age with increasing hearing loss (Figure 3B). Specifically, there was a statistically significant increase in age between the Normal hearing (33.7 ± 1.97 years) and Mild (59.6 ± 2.79 years) and Moderate SNHL groups (p = 0.00).
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FIGURE 2. SNHL is Correlated with age, speech in noise performance, and OHC function. Distribution of SNHL (hfPTA) as a function of age (A), SIN performance (Quick SIN) with better performance in noise corresponding to lower values of SNR loss (B), OHC function measured by DPAOE amplitude (C), and DPAOE threshold (D) at 4 kHz, AN function measured by CAP amplitude in response to 4 kHz tone pips presented at 40 dB SL (E) and 60 dB SL (F), CAP latency in response to 4 kHz tone pips presented at 30 dB SL (G) and CAP thresholds (H). Lines represent best fit (linear).




[image: image]

FIGURE 3. Increasing SNHL is correlated with decreased speech in noise performance. (A) Mean pure tone audiograms from each group. The table lists the p-values between each group by stimulus frequency. Bold text indicates a p < 0.05. (B) Distribution of the subject age (years) in each group. Top graph plots mean values +/1 s.e.m. Bottom graph plots this same data using upper and lower quartiles (box), median values (line within box), maximum and minimum scores (error bars). (C) Speech in noise performance from each group where lower SNR Loss corresponds to better performance in the presence of background noise. Top graph plots mean values ± 1 s.e.m. Bottom graph plots this same data using box and whisker plots. Norm, Normal Hearing Group; Min, Minimal SNHL; Mild, Mild SNHL; Mod, Moderate SNHL; *** statistically significant difference between Normal and Mild SNHL groups; ****statistically significant difference between Normal and Moderate SNHL groups; ++++statistically significant difference between Minimal SNHL and Moderate SNHL groups.



SIQ testing between 10 and 40 dB SL showed no clinically significant differences between any of these groups (Figure 4). Interestingly, persons with normal hfPTAs exhibited a decrease on WRS (11.0 ± 2.57% correct) compared to subjects with moderate SNHL (19.6 ± 2.57% correct) when the word lists were presented at or near threshold (0 dB SL). While this difference was not significant on a clinical level, this trend will be explored in detail below.
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FIGURE 4. SNHL is not clinically correlated with speech in quiet performance. Distribution of individual WRS scores plotted as a function of SNHL (hfPTA) for 0 (A), 10 (B), 20 (C), and 40 dB (D) sensation levels (dB above SRT). (E) Performance-intensity functions plotting the mean data from each SNHL group. Error bars = s.e.m. Norm, Normal Hearing Group; Min, Minimal SNHL; Mild, Mild SNHL; Mod, Moderate SNHL. Lines represent best fit (linear). Clinically statistically significant differences were based on Thornton and Raffin (1978).



There were no statistically significant differences in SIN testing between any groups analyzed in this study for 0, 10, and 20 dB SL presentation levels, so only 40 dB SL presentation levels are shown in the following figures. Similar to SIQ, SIN testing at 40 dB SL also showed a statistically significant direct correlation between hfPTA and QSIN score (τb = 0.518, p = 0.000; Figure 2B). J–T testing showed subjects in the Mild (2.4 ± 0.79 SNR loss, p = 0.002) and Moderate (and 4.8 ± 0.49 SNR loss, p = 0.000) SNHL groups exhibited statistically significant higher QSIN scores than persons in the Normal hfPTA group (−0.2 ± 1.08 SNR loss; Figure 3C). There was also a statistically significant increase in QSIN scores between the Minimal (1.0 ± 0.82 SNR loss) and Moderate SNHL groups (p = 0.007). Since higher QSIN scores represent poorer SIN performance (Killion et al., 2004), these results suggest that SIN performance worsens as hfPTA increases.

Characteristics of OHC Dysfunction in SNHL

OHC function was also correlated with the degree of SNHL. High frequency PTA was negatively (inversely) correlated with DPOAE amplitude (measured as DPAOE SNR) with a maximum correlation value at 4 kHz (τb = −0.601, p = 0.000; Figure 2C). J–T testing showed that even subjects in the Minimal SNHL group exhibited statistically significant decreases in DPOAE SNR at 3–6 kHz compared to subjects in the Normal hfPTA group (Figure 5A). Furthermore, there was a statistically significant decrease in DPOAE SNR as the degree of SNHL progressed from the Normal group at 1–6 kHz. The largest decrease in amplitude between consecutive groups occurred between the Normal hfPTA and Minimal SNHL groups (−11.49 dB SNR at 4 kHz). Similarly, subjects in the Moderate SNHL group exhibited statistically significantly diminished DPOAE SNRs compared to subjects in the Minimal group at 1–2 and 4 kHz, and to the Mild SNHL group at 1.5–2 kHz (p-values are listed in Figure 5A).
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FIGURE 5. OHC dysfunction occurs in minimal to moderate SNHL. (A) DPOAE SNR (amplitude) and threshold (B) from each group. The tables list the p-values between each group by stimulus frequency. Bold text indicates a p < 0.05. Norm, Normal Hearing Group; Min, Minimal SNHL; Mild, Mild SNHL; Mod, Moderate SNHL.



High Frequency PTA was directly correlated with DPOAE threshold with the strongest correlation coefficient at 3 kHz (τb = 0.564, p = 0.000; Figure 2D), and J–T testing showed an elevation on DPOAE threshold as hfPTA increased (Figure 5B). The Minimal SNHL group exhibited a statistically significant DPOAE threshold shift at 2–4 kHz compared to the Normal hfPTA group. Although the DPOAE threshold elevation progressed through the Mild and Moderate groups, the largest statistically significant threshold shift between consecutive groups occurred between the Normal and Minimal groups (17.38 dB SPL at 4 kHz).

Taken together, these results suggest that OHC function is correlated with pure tone audiometry, and that even subjects with minimal high frequency SNHL may exhibit statistically significant OHC damage. Since a PTA between 15 and 25 dB HL is often considered within the normal range in adult humans, this finding illustrates an example of an otopathology undetected in a standard audiogram commonly known as “Hidden Hearing Loss.”

Characteristics of AN Dysfunction in SNHL

Next, CAP amplitude, latency, and thresholds were analyzed to study AN function within these groups. There was a direct correlation between hfPTA and CAP amplitude when 4 kHz tone pips were presented at 30 dB SL (τb = 0.209, p = 0.038; data not shown) and 40 dB SL (τb = 0.336, p = 0.001; Figure 2E) presentation levels. However, there was a difference in amplitude-intensity function between these groups (Figure 6A). The Normal hfPTA group exhibited small CAP amplitudes at low stimulus presentation levels (30–40 dB SL; R2 = 0.82, y = 0.0708x, intercept = 0.00) and a steep growth function in amplitude at 50–70 dB SL (R2 = 0.87, y = 0.3307x, intercept = 0.00) at higher presentation levels. In contrast, subjects in the Minimum, Mild, and Moderate SNHL groups exhibited a steeper growth function at low intensity levels, and flatter growth function at 50 dB SL and above. J–T testing between groups showed that presentation levels below 50 dB SL elicited progressive increases in CAP amplitude between Normal hfPTA and Moderate SNHL groups. Specifically, the Moderate SNHL group exhibited a statistically significant (p = 0.033) 0.17 μV increase over the Normal hfPTA group at 30 dB SL, and a statistically significant (p = 0.003) 0.23 μV increase over the Normal hfPTA group at 40 dB SL. Interestingly, tone pip presentation levels >50 dB SL resulted in a statistically non-significant (τβ = −0.072, p = 0.497; Figure 2F) trend in the opposite direction whereby the hearing impaired groups exhibited diminished CAP amplitudes compared to those in the Normal hfPTA group (Figure 6A). As can be seen by the error bars in Figure 6A, the group with better hearing exhibited increased amplitude variability at louder presentation levels. The only statistically significant difference between groups at louder presentation levels occurred at 60 dB SL between the Normal hfPTA and Mild SNHL groups (−0.45 μV difference, p = 0.003) and between Minimum and Mild SNHL groups (−0.23 μV difference, p = 0.045). Also unlike lower presentation levels, there was not a graded decrease in amplitude as a function of hfPTA at presentation levels above 50 dB SL. This may be due to the fact that many persons in the Moderate SNHL group had hfPTAs so great that the stimuli could either not be generated at such a high level (i.e., 105 dB SPL), or that these presentation levels were intolerably loud for the subjects.
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FIGURE 6. AN dysfunction occurs in mild to moderate SNHL. (A) Mean CAP amplitude from each group based on presentation level (dB SL). (B) CAP latency-intensity functions from each group. The table lists the p-values of CAP latency between each group by stimulus frequency. Bold text indicates a p < 0.05. (C) Box and whisker plots illustrating the median and range values of CAP thresholds for each group. Open circles represent suspected outliers, and numbers indicate the subject identification of the suspected outlier. Norm, Normal Hearing Group; Min, Minimal SNHL; Mild, Mild SNHL; Mod, Moderate SNHL; ***statistically significant difference between Normal and Mild SNHL groups; ****statistically significant difference between Normal and Moderate SNHL groups; +++statistically significant difference between Minimal SNHL and Mild SNHL groups.



In contrast to the variability observed in CAP amplitude, CAP latency-intensity functions exhibited a more consistent trend across groups. High frequency SNHL correlated with a statistically significant decrease in CAP latency at all presentation levels, with a maximum correlation coefficient at 30 dB SL (τb = 0–0.592, p = 0.000; Figure 2G). The J–T test (Figure 6B) showed that CAP latency-intensity functions exhibited a progressive and statistically significant decrease between Normal hfPTA groups and Mild SNHL (maximum latency shift at 30 dB SL of 0.67 ms, p = 0.004), and between Normal hfPTA and Moderate SNHL groups (maximum latency shift at 40 dB SL of 1.17 ms p = 0.000) at all intensity levels. Similarly, there was a statistically significant decrease in latency-intensity functions at lower levels of intensity between the Minimal and Moderate SNHL groups (−0.74 ms at 30 dB SL, p = 0.003; −1.04 ms at 40 dB SL, p = 0.001; −0.69 ms at 50 dB SL, p = 0.001), and the Mild and Moderate SNHL groups (−0.36 ms at 30 dB SL, p = 0.015; −0.65 ms at 40 dB SL, p = 0.011).

In addition to CAP amplitude and latency, there was a statistically significant inverse correlation between hfPTA and CAP threshold (τb = −0.343, p = 0.001; Figure 2H). J–T testing showed a statistically significant decrease in CAP threshold between the Normal hfPTA and Moderate SNHL groups (−15.7 dB SL difference, p = 0.011; Figure 6C). Although there was a significant correlation of decreased CAP threshold with high frequency SNHL, no other groups exhibited statistically significant differences between them.

Contrary to stimuli played at the same overall level dB SPL, stimuli played at equivalent SPL respective to pure tone average show that increased hearing loss leads to a general trend of lower CAP thresholds, shorter CAP latencies, and smaller CAP amplitudes at low presentation levels. At higher presentation levels, there was a general trend that hearing loss resulted in the expected results of decreases CAP amplitudes, however the trend that SNHL correlated with shorter CAP latencies was still evident. It should be noted that unlike the DPOAE results, there were no significant differences between the Normal hfPTA and Minimal SNHL groups in terms of CAP amplitude or threshold. In terms of CAP latency, the only statistically significant difference between these two groups was a −0.19 μV (p = 0.041) decrease that occurred at 60 dB SL presentation levels. Given these results, it is difficult to say there is a statistically significant difference between Normal hfPTA and Minimal SNHL in terms of AN activity. However, there is a statistically significant graded decrease in latency as SNHL increases from Mild to Moderate severity.

SIN Is Positively Correlated with OHC Function

Next, the data was analyzed to determine whether AN density, measured by CAP amplitude (Kujawa and Liberman, 2009), contributed to SIN performance. Since diminished DPOAE SNRs and increased DPOAE thresholds existed in the Minimal-Moderate SNHL groups (Figure 5B) only the Normal group (n = 29) was used in this analysis in order to control for OHC loss. The Normal group was ranked by CAP amplitudes at the 40 dB SL presentation level, and divided into high and low CAP amplitude groups based on whether their CAP amplitudes were either 1 s.e.m higher or 1 s.e.m lower than the Normal SNHL group mean of 156 μV (Low CAP < 156 μV < High CAP; Figure 7A). J–T testing indicated that persons with normal hfPTAs and normal OHC function who also exhibited higher CAP amplitudes exhibited statistically significantly shorter CAP latencies at higher presentation levels (maximum difference of −0.206 ms, p = 0.002; Figure 7B). This data suggest a general trend of an inverse relationship between CAP amplitude and latency at both low and high presentation levels when OHC function is normal. The data further showed there was no statistically significant differences in DPOAE SNRs between these two groups at most frequencies, however there was a statistically insignificant difference in DPOAE SNR at 4 k Hz (−5.1 dB SPL difference at 40 dB SL, p = 0.048; Figure 7C), while there were no statistically significant differences in DPOAE threshold between these groups (Figure 7D). Next, SIN and SIQ scores between these groups were analyzed to determine whether AN function played a solitary role in speech recognition. There were no significant differences in either SIQ (Figure 7E) or SIN (Figure 7F) performance in persons with diminished CAP amplitudes and normal OHC function. This data suggests that AN function by itself does not play a significant role in speech recognition in quiet or in the presence of background noise.
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FIGURE 7. Subjects with larger CAP amplitudes exhibited no significant improvement in SIQ or SIN when OHC function is normal. (A) Persons exhibiting normal OHC function (Normal Group) were subdivided into two groups (Low and High) based on whether their CAP amplitudes were either higher or lower than the group mean ± 1 s.e.m. Persons exhibiting normal OHC function and high CAP amplitudes exhibited statistically significant shorter CAP latencies at high presentation levels (B), but failed to exhibit statistically significant differences in DPOAE SNRs (C) or DPOAE thresholds (D) at most frequencies. Speech testing showed no clinically significant differences in word recognition in quiet (E) or speech recognition ion the presence of background noise (F) between these groups. Panels (A–E) represent mean data +/1 1 s.e.m. Panel (F) is a box and whisker plot showing the median data (line within the box). Open circle represents suspected outliers, and numbers indicate the subject identification of the suspected outlier. *Statistically significant difference between groups.



In order to determine which cell types play a role in speech discrimination in the presence of background noise, all of the subjects from each group were used to correlate SIN performance with OHC and AN function (Figure 8). The results indicated that SIN performance was correlated with DPOAE function, where lower QSIN scores (better performance in noise) inversely correlated with DPOAE SNR (maximum τb = −0.522, p = 0.000 at 4 kHz; Figure 8A) and a directly correlated with DPOAE thresholds (maximum τb = 0.378, p = 0.000 at 3 kHz; Figure 8B). To further investigate these correlations, subjects were ranked by QuickSIN scores, and were divided into either Normal SIN (QSIN <1 dB SNR loss) or Poorer SIN (QSIN > 0 dB SNR loss) groups. It should be noted that the manufactures' QSIN cutoff score between normal and mild SIN impairment is 2 dB SNR loss, with 3 dB SNR loss representing “near normal.” However, the new data presented in Figure 5 demonstrates that OHC damage can occur in a person with a hfPTA as low as 15 dB HL, and Figure 3C shows that the QSIN cutoff for normal OHC function is −0.2 ± 0.3 dB SNR loss. Therefore, in order control for hidden hearing loss that was not accounted for by the manufactures of the QSIN, this paper will use a QSIN score of <1 dB SNR loss to differentiate between SIN performance in a non-pathological ear and a QSIN score > 0 dB SNR loss to correspond to an SIN performance in a pathological ear.
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FIGURE 8. Speech in noise performance is correlated with OHC function. Distribution of individual QuickSIN scores plotted as a function DPAOE amplitude (A), DPAOE threshold (B), CAP amplitude when the 4 kHz tone pip is presented at 40 dB SL (C), and 60 dB SL (D), CAP latency at 40 dB SL (E), and CAP threshold (F). As noted in the text, all correlations were statistically significant with the exception of (D). Lines represent best fit (linear).



The distribution of QSIN scores were roughly divided in half at 0 SNR Loss (Figure 9A), where 25 subjects performed better in background noise (Normal SIN) and 28 subjects performed worse in background noise (Poorer SIN). J-T testing showed that the group performing better in background noise had statistically significantly lower QuickSIN scores (QSIN = −1.0 ± 0.19 SNR loss vs. 3.4 ± 0.43 SNR loss), which provides confidence that there is a statistically significant difference (p = 0.000) in performance in background noise between these groups (Figure 9B). Subjects performing better in background noise were statistically significantly younger (mean = 39.7 ± 2.71 years vs. 52.6 ± 3.71 years, p = 0.022; Figure 9C) and had statistically significantly lower audiometric thresholds (hfPTA = 10.0 ± 2.29 dB HL) compared to subjects with poorer performance in background noise (mean = 33.6 ± 2.71 dB HL PTA, p = 0.00), with the latter group exhibiting a mild sloping SNHL above 1 kHz (Figure 9D). There were no clinically significant differences in word recognition in quiet between these two groups when NU-6 word lists were presented at any sensation levels (Figure 9E).
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FIGURE 9. Subjects performing better in noise were younger with better audiometric thresholds and better OHC functions. (A) Subjects were ranked by QuickSIN scores, and divided into either Normal SIN (QSIN <1 dB SNR loss, shaded box) or Poorer SIN (QSIN > 0 dB SNR loss) groups as described in the text. Line represents best fit. (B) Box and whisker plots show statistically significant differences between these groups. Open circle represents suspected outliers, and numbers indicate the subject identification of the suspected outlier. Further comparison between these groups showed that those performing better in nose were younger (C) and exhibited better (lower) pure tone thresholds (D). There were no clinically significant differences word recognition in quiet between these groups (E). Persons performing better in the presence of background noise also exhibited more robust DPOAE SNRs (F) and lower DPOAE thresholds (G). This group also exhibited lower CAP amplitude at 40 dB SL (H; compare with the normal line in Figure 6A), longer CAP latencies (I), and lower CAP thresholds (J). *Statistically significant difference between groups.



J–T testing showed that subjects exhibiting better speech discrimination in the presence of background noise also exhibited statistically significantly greater DPOAE SNRs from 1 to 6 kHz (maximum difference of 10.77 dB SNR at 4 kHz, p = 0.00; Figure 9F) and lower DPOAE thresholds from 1 to 4 kHz (maximum difference of 15.11 dB SPL at 3 kHz, p = 0.00; Figure 9G) compared to subjects performing poorer in background noise. This data indicates that persons who performed better in background noise exhibited more robust DPOAE responses and suggests that loss of OHC function may diminish speech recognition in the presence of background noise.

Interestingly, the results suggest that the AN may also play a role in speech discrimination in the presence of background noise when OHC function is also abnormal. Similar to the Normal group in Figure 6, the Normal SIN group exhibited a statistically significant direct correlation between QSIN scores and CAP amplitude at presentation levels below 50 dB SL (τb = 0.285, p = 0.005 at 40 dB SL; Figure 8C), and a non-significant inverse correlation at higher presentation levels (maximum τb = −0.111, p = 0.319 at 60 dB SL; Figure 8D). J–T testing showed that while on average, those individuals performing better in background noise (i.e., lower QSIN scores) exhibited higher CAP amplitudes at louder presentation levels (above 50 dB SL), the variability in CAP amplitude also increased at higher presentation levels, particularly in the Normal group, so that no statistically significant differences in CAP amplitude existed between these groups (Figure 9H). In contrast, those individuals who performed better in background noise exhibited smaller CAP amplitudes when the tone pips were presented at lower presentation levels (below 50 dB SL), although this difference was only significant at 40 dB SL presentation levels (−0.178 μV difference, p = 0.01).

SIN performance exhibited a statistically significant inverse correlation with CAP latency (maximum τb = −0.423, p = 0.000 at 40 dB SL; Figure 8E) and CAP threshold (maximum τβ = −0.215, p = 0.038 at 40 dB SL; Figure 8D). J–T testing demonstrated that those persons performing better in background noise exhibited statistically significantly longer CAP absolute latencies at presentation levels ranging from 40 to 70 dB SL (maximum difference of 0.553 ms at 40 dB SL, p = 0.07; Figure 9I) and statistically significantly higher CAP thresholds (mean = 34.8 dB SL) compared to those performing poorer in background noise (25.9 dB SL, p = 0.03; Figure 9J).

Therefore, the general pattern of AN function for persons with poor SIN performance (higher CAP amplitude at low presentation levels, shorter latencies, lower threshold) more closely resembled the AN dysfunction observed in the Minimal-Moderate hfPTA groups in Figure 6 where the OHCs were damaged rather than the AN response measured from cochleas with normal OHC function (higher CAP amplitudes, longer CAP latencies) shown in Figures 7A,B. Taken together, this data suggests that the those subjects with poor SIN performance may exhibit AN dysfunction as well as OHC dysfunction.

To test this theory, a linear mixed effects model (Bramhall et al., 2015) was generated to predict the relative contributions of OHC and AN activity on SIN performance. This model predicted that the main effects of DPOAE amplitude and DPOAE threshold had significant effects on QSIN scores (p = 0.01 and p = 0.04, respectively; Table 1), but the main effects of CAP amplitude did not (p = 0.25). Furthermore, this model also predicted that the interaction between DPOAE and CAP amplitudes did not have a significant effect on QSIN scores (p = 0.37), nor did the interaction between DPAOE thresholds and CAP amplitudes (p = 0.49). Furthermore, there were no statistically significant main effects or interaction effects on QSIN scores when factoring in CAP amplitudes at higher presentation levels (i.e., 60 dB SL), CAP latencies at any presentation level, or CAP thresholds into this model (data not shown). These results suggest that OHC function, rather than AN function, is a statistically significant predictor of SIN.


Table 1. Linear mixed effects model of speech perception in noise.
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SIQ at or Near Threshold Is Correlated with OHC Function

In order to examine whether OHC and or AN function played a role in speech recognition in quiet, subjects were presented NU-6 word lists at equivalent SLs and the subjects' WRSs were correlated with OHC and AN function. The results showed that presentation Levels between 10 and 40 dB SL failed to yield clinically significant differences in any metric (data not shown). However, WRS presented at or near threshold was correlated with OHC function (Figure 10).
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FIGURE 10. SIQ at or near threshold is correlated with OHC function. Distribution of WRSs in quiet from all subjects presented at 0 dB SL as a function of DPAOE amplitude (A) and DPAOE threshold (B) at 4 k Hz; as well as AN function measured by CAP amplitude (C), and latency (D) in response to 4 kHz tone pips presented at 40 dB SL, and CAP thresholds (E). Lines represent best fit (linear).



To further investigate this, subjects were divided into one of two groups depending upon their performance on the NU-6 word list presented at or near their individual thresholds (0 dB SL). Based on the 95% critical difference limits of the measured results listed in Thornton and Raffin (1978) (see in Table 5 of this reference), subjects were divided into either a poorer performing group who either scored 0% or 4% (one word) correct (Poorer WRS group, n = 21), or a better performing group who scored between 8 and 48% correct (Better WRS group, n = 32; Figure 11A). The 95% critical difference limits of Thornton and Raffin (1978) revealed a statistically significant performance gap between the Poorer WRS and Better WRS groups at presentation levels of 0 dB SL (0.8 ± 0.35% correct vs. 24.0 ± 1.2% correct). J–T testing of this same data similarly revealed a statistically significant difference between these groups (p = 0.000; Figure 11B). J–T testing between these groups at 10 dB SL also showed a difference between the Poorer WRS and Better WRS groups (43.8 ± 4.3 vs. 62.8 ± 2.9% correct), however, these results were not clinically significant when using the binomial modeling of speech discrimination typically used in the clinic (Thornton and Raffin, 1978).
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FIGURE 11. Subjects with better SIQ performance at or near threshold exhibit OHC dysfunction. (A) Subjects were ranked by Word Recognition scores presented at 0 dB SL, and were divided into either Poorer (WRS <8% correct) or Better (WRS > 4% correct, shaded box) groups as described in the text. Diagonal line represents best fit. Comparison between these groups showed that those performing better in quiet at or near threshold exhibited statistically significant improved WRS at low presentation levels (B), were older (C), with poorer (higher) pure tone thresholds (D), and poorer (higher SNR Loss) speech in noise performance (E). Persons performing better in quiet at or near threshold also exhibited diminished DPOAE SNRs (F) and higher DPOAE thresholds (G), suggesting the OHC function plays a role in speech in quiet at or near threshold. This group failed to exhibit statistically significant differences in CAP amplitude (H) or threshold (J). However, this same group exhibited statistically significantly lower CAP latencies (J). Open circles in (E,J) represents suspected outliers, and numbers indicate the subject identification of the suspected outlier. *Statistically significant difference between groups.



Those subjects performing poorer in quiet near threshold were statistically significantly younger subjects (40.3 ± 3.38 years vs. 49.8 ± 3.27 years, p = 0.047; Figure 11C), with better high frequency hearing thresholds (maximum difference at 6 kHz of 14.5 dB HL, p = 0.027; Figure 11D). These two groups also exhibited statistically significant differences in hearing in the presence of background noise. Those subjects exhibiting poorer WRS at or near threshold performed better on the QSIN (0.2 ± 0.45 SNR loss) than those exhibiting better WRS in quiet at or near threshold (2.0 ± 0.53 SNR loss, p = 0.045; Figure 11E), suggesting that different mechanisms may be involved in speech perception in quiet at or near threshold and in the presence of background noise.

SIQ at or near threshold was inversely correlated with OHC function, where WRS was negatively correlated with DPAOE SNR (maximum τb = −0.237, p = 0.019 at 4 kHz; Figure 10A) and positively correlated with DPAOE threshold (maximum τb = 0.216, p = 0.035 at 2 kHz; Figure 10B). J–T testing showed statistically significant differences in OHC function between these groups with the Better WRS group exhibiting lower DPOAE amplitudes (maximum difference of −6.38 dB SNR at 4 kHz, p = 0.005; Figure 11F) and higher DPOAE thresholds (maximum difference of 9.43 dB SNR at 4 kHz, p = 0.009; Figure 11G) than their poorer performing counterparts.

While Better WRS performing groups on average exhibited larger CAP amplitudes (Figure 11H) and lower CAP thresholds (Figure 11J), neither of these effects were statistically significant. However, one component of the AN response correlated with word recognition at or near threshold in quiet. There was a statistically significant inverse correlation between WRS and CAP latency (maximum τb = −0.334, p = 0.003 at 40 dB SL; Figure 10D). J–T testing showed that the Better WRS group exhibited shorter wave I absolute latencies (maximum difference of 0.74 ms at 40 dB SL, p = 0.000; Figure 11I) than the group performing poorer on WRS at or near threshold. This data suggests that persons with diminished OHC activity may perform better in quiet at or near thresholds when stimuli are presented at equivalent SLs.

DISCUSSION

The overall goal of this study was to investigate OHC and AN function in regards to speech discrimination in quiet and in presence of background noise. Animal studies have speculated that the multiple AN fiber innervation of individual IHCs may function in complex listening situations such as speech detection in the presence of background noise (Schuknecht and Woellner, 1953; Kujawa and Liberman, 2009; Makary et al., 2011; Furman et al., 2013), however this theory is difficult to test using animal models. Furthermore, AN fiber density has been correlated to the wave I amplitude of the auditory brainstem response (ABR) in animal studies where OHC integrity has been preserved (Kujawa and Liberman, 2009; Lin et al., 2011), suggesting that wave I amplitude may be used as a tool to measure AN density. This paper attempted to determine whether ECochG CAP amplitude, which is synonymous with wave I of the ABR, correlated with SIN or SIQ in human subjects, and also to determine whether OHC function measured by DPOAEs contributed to these complex listening tasks.

A previous study using linear mixed effects models in humans similarly found that SIN was correlated to an inverse interaction between ECochG CAP amplitude and SNHL, while ECochG CAP amplitude had no effect on SIQ (Bramhall et al., 2015). This current study supports the later observation (Figures 10C, 11H). The aforementioned study used a 4 kHz tone pip presented at 70 dB SPL to evoke the CAP and found that subjects exhibiting both better audiometric thresholds and high ECochG CAP amplitudes performed better on the QSIN. That study found inverse correlations between age and CAP amplitude, SNHL and CAP amplitude, SIN performance, and SNHL, however that study found no direct correlation between ECochG CAP amplitude and SIN performance. Rather, SIN performance was dependent on the inverse interaction between SNHL and ECochG CAP amplitude, where persons who exhibited both lower CAP amplitudes and poorer audiometric thresholds were found to have performed poorly in the presence of background noise. One possible reason why Bramhall et al. (2015) failed to find statistically significant differences between ECochG CAP amplitudes and SIN performance was the high variability in CAP amplitude, particularly among persons with PTAs <12.5 dB HL. Another possible factor could have been that both SIN performance and ECochG CAP amplitude were so strongly correlated with SNHL that the degree of hearing loss could mask differences in these variables. A third possibility could be that CAP amplitudes are not correlated with SIN in humans.

This current paper used graded SL presentations in order to correct for the effect of the degree of SNHL on ECochG CAP amplitude. These results suggest that a loss of tuning in pathological ears leads to level dependent changes in ECochG CAP amplitudes, shorter CAP latencies, and lower (better) CAP thresholds when stimuli were presented at equivalent SLs. Furthermore, these results indicate that normal OHC function is required for optimal SIN performance.

Effects of Diminished Cochlear Tuning on ECochG CAP Amplitudes

There were contrasting results related to ECochG CAP amplitude in this study depending on the intensity level of the tone pip used to evoke the CAP and the degree of SNHL exhibited by the subjects. On average, increased SNHL resulted in diminished ECochG CAP amplitudes at higher stimulus levels, however the opposite effect was observed at presentation levels below 50 dB SL (Figure 6A). There could be different causes for this observation. Considering first the Normal hfPTA group (solid line in Figure 6A), increasing presentation level likely increased the frequency spectrum of the stimuli, which may in turn affect the CAP amplitude (Figure 12). At lower presentation levels, the stimuli consisted of tone pips with limited frequency spectrum, but as the presentation intensity increased above 40 dB SL (Normal group) the frequency spectrum of the stimulus and the population of AN fibers activated by that stimulus would be expected to increase to more closely resemble a click (Pfeiffer and Kim, 1975). Therefore, higher presentation levels would recruit more AN fibers and increase the CAP amplitude and variability, which is seen in the normal group in Figure 6A. Placing the variability in CAP amplitude aside for the time being, it could be assumed that an increase in AN fiber activation would lead to increased CAP amplitudes at louder presentation levels, which is the general trend in this figure. This may explain the observation in Figure 9H, where persons with normal SIN performances who also have normal hfPTAs (Figure 3C) and normal OHC function (Figure 5) exhibit higher CAP amplitudes at louder presentation levels than persons with SNHL.


[image: image]

FIGURE 12. Loss of cochlear tuning results in SL-dependent changes in CAP amplitude, shorter CAP latencies, and lower CAP thresholds. (Top) Hypothetical AN fiber tuning curves in a listener without otopathology illustrating the CF of a fiber tuned to 4 kHz (black) and off-tuned fibers (gray). The difference between the AN fiber threshold and ECochG threshold, which can be imagined as a subject's SL, occurs because the level must be raised by 25 dB SPL to recruit enough off-tuned AN fibers to evoke a CAP. When the tone pip is presented at a low level, relatively few AN fibers are recruited, so CAP amplitude is low. When the tone pip is presented at a higher level, the stimulus acquires the acoustic characteristics of a click and more off-fibers are recruited and CAP amplitude increases (compare with Figure 6A). (Bottom) OHC damage leads to increased audiometric thresholds, micromechanical distortions to BM vibrations, and changes in AN fiber tuning that include an elevation of AN fiber threshold and a broadening of off-fiber tuning. When a 4 kHz tone pip stimulus is presented at a low SL, the net effect of this otopathology is a hypersensitivity of off-fiber tuning that leads to recruitment of more off-tuned ANF fibers, lower CAP thresholds, shorter CAP latencies, and higher CAP amplitudes. At higher presentation levels where the stimuli acquires characteristics of a click, the otopathology leads to a decrease in the number off-tuned AN fibers that can be recruited so the CAP amplitude does not increase as drastically as seen in the non-pathological ear (Figure 6A), and a CAP amplitude decreases in comparison to the non-pathological ear.



On the other hand, lower presentation levels suggest the opposite effect. In these cases, persons in the Normal hfPTA group exhibited lower CAP amplitudes than those with moderate SNHL (Figure 6A), and also performed better in noise (Figure 9H), the latter of which is expected clinically in a person with normal hearing. This data shows that as hearing impairment increased from minimal to moderate SNHL, the amplitude of CAP increased and the SIN performance decreased in response to lower SL presentations. This increase in CAP amplitude at low SL exhibited by persons with SNHL may be attributed to a combination of two factors. First, a loss of tuning caused by OHC dysfunction would be expected to lead to a broadening of the BM vibration at a given frequency (Liberman and Dodds, 1984). This loss of tuning, or loss of the cochlear amplifier, should result in a change of AN fiber tuning, where the characteristic frequency (CF) of a given AN fiber becomes elevated (threshold elevation) and its tuning curve becomes broader and exhibits a hypersensitivity in adjacent AN fibers with higher CFs (Liberman and Dodds, 1984). Since auditory evoked responses are more sensitive (lower thresholds) in the high frequency regions of the cochlea (Goldstein et al., 1971), this shift in tuning to a higher frequency may recruit more AN fibers to fire for a given stimulus (Pfeiffer and Kim, 1975), and would increase CAP amplitude (Figure 6A), decrease CAP latency (Figure 6B), and lower CAP threshold (Figure 6C). One way to explain this data is with linear systems theory (Goldstein et al., 1971; Liberman and Dodds, 1984; Ruggero, 1994; Henry et al., 2011), where the OHCs function as a bank of frequency filters that fine-tune the response of not only the BM, but the AN fibers as well. This fine-tuning means that fewer AN fibers are recruited in a non-pathological ear for a low SL presentation, and the CAP amplitude is relatively lower, CAP latency is relatively longer, and CAP threshold is relatively higher. Loss of the OHC filter function results in a broadening of the region of AN activation even for low SL presentations that is reflected in the increase in CAP amplitude in those persons with OHC damage (i.e., Minimal to Moderate SNHL groups in Figure 6A).

The second process causing the increase in CAP amplitude at low SL exhibited by persons with SNHL may be due to the SPL of the stimuli needed to elicit an AN response. For a normal cochlea, a 4 kHz tone pip presented at 40 dB SL (i.e., 40 dB HL in a normal ear) would elicit activation of a select population of AN fibers whose CFs are close to this place of resonance on the BM. The loss of OHCs would lead to a broadening of BM resonance, a change in AN tuning, and a decrease in PTA. In these patients, a tone pip presented at 40 dB HL may be sub-threshold and not activate enough AN fibers to elicit a CAP, and so the intensity level would have to be raised to reach CAP threshold. In such cases, those persons with a moderate SNHL would need a 40 dB SL stimulus that is presented at a higher SPL (i.e., 70 dB HL) to recruit enough AN fibers to elicit a CAP. This loud presentation level would lead to a broader area of BM resonance and would activate a larger population of AN fibers (Pfeiffer and Kim, 1975) that would result in higher CAP amplitudes. In this case, the fact that they are low presentation levels on the SL scale may obfuscate the fact that a more intense signal is required to elicit a response. This observation is born out in Figure 6A where persons exhibiting SNHL have a comparatively more linear growth function than the non-linear function of the Normal hfPTA group.

The CAP amplitude-intensity function, therefore, can be used to estimate two different sites of lesions of the 8th cranial nerve. At lower presentation levels, the 4 kHz tone pip may be measuring specific damage to cells that affect the tuning to this frequency, while at higher presentation levels, this stimulus loses its frequency specificity but measures the activity of a greater population of the AN fibers. Therefore, measuring AN activity using the SL based CAP amplitude-intensity function is a way to measure both site specific and more global AN dysfunction. That being said, measuring CAP amplitude in humans has some inherent complications.

Unlike laboratory animals, ECochG CAP, and ABR amplitudes are notoriously variable in humans (Gorga et al., 1985; Winzenburg et al., 1993; Burkhard et al., 2007; Hall, 2007). Causes of this variability include placement of the recording electrode and physiological noise inherent in these recordings. The typical ECochG recording methods include a trans-tympanically needle electrode placed on the base of the cochleae, a wick electrode placed on or near the tympanic membrane as in this current study, or gold foil wrapped triptodes placed near the opening of the external auditory meatus. Bramhall et al. (2015) used triptodes and also found a large variability in ECochG CAP amplitude, and the decision to move to a wick electrode near the tympanic membrane for this study was an attempt to address this variability. While the magnitude of the amplitudes had increased as the recording was conducted closer to the cochlea in the paper presented here, there were no statistically significant changes in the variability of the amplitude between triptodes and wick electrode methods (data not shown). This observation is born out in the literature as well (Winzenburg et al., 1993). Another source of variability has been attributed to the presence intrasubject noise consisting of both electromyographical and electroencephalographical artifacts (Zvonar et al., 1974), which is diminished in animal studies because animals are normally sedated during ABR testing while humans are typically not sedated. Further studies on sedated humans could be conducted to determine whether sedation leads to a lower variability in CAP amplitude as observed in animal studies. Sex genotype also plays a role in ABR amplitude and latency (Don et al., 1993). However, differences in sex should not affect this analysis because the subjects were divided in groups based on their behavioral or physiological responses irrespective of their sex. Regardless, the intake questionnaire of this study didn't differentiate between gender identity and sex genotype, the latter of which presumably exerts a stronger effect on CAP amplitudes than the former. Therefore, a complete analysis of sex genotype/gender effects on these findings would be warranted in future studies.

Finally, a recent study has proposed using the ratio between the summating potential (SP) and action potential (AP) of ECochG CAP to estimate AN dysfunction in humans (Liberman et al., 2016). Reanalysis of the data presented in this paper utilizing the AP/SP analysis described in Liberman et al. (2016) showed that SP/AP ratio had no significant correlations to either SIN or SIQ described in this paper (data not shown). The difference between this current paper and the aforementioned paper could be due to the different methods of SIN testing. Here, the QSIN, which consisted of target sentences presented in increasing levels of background speech babble, was used because it has face validity for clinical applications. However, Liberman et al. (2016) saw significant differences in SIN performance between musicians and non-musicians when using a more complex SIN protocol consisting of 45% or 65% time compressed NU 6 word lists presented with 0.3 s reverberation and in ipsilateral narrowband noise. This is a more complex task that may be required to detect changes in AN dysfunction and which may or may not have translational correlations related to noise exposure or AN integrity. A comparative analysis between these different SIN assessments is warranted in future experiments.

Effects of Diminished Cochlear Tuning on CAP Latency and Threshold

In contrast to amplitude, absolute or inter-peak latency is a less variable metric and is used clinically for ABR analysis in humans (Hecox and Galambos, 1974). Factors that contribute to ECochG CAP latency include the cochlear transport time (Don et al., 1993), which is influenced by passive properties of the basilar membrane such as the stiffness gradient and mass loading; cochlear filter build-up time, which involves the “cochlear amplifier” processes (Davis, 1983), where OHC depolarization sharpens the tuning of the basilar membrane and shifts the frequency of resonance more apically; the neurotransmission time that involves the summation potential, AN synchrony, and frequency characteristics of the AN fibers; and frequency and intensity characteristics of the acoustic stimuli which would influence all of these processes (reviewed in Don et al., 1998). It has been proposed that OHC dysfunction results in the loss of the cochlear filter build-up time, which would result in the decrease in ABR latency observed in patients with cochlear (sensory), as opposed to retrocochlear, hearing loss (Don et al., 1998; Lichtenhan and Chertoff, 2008; Henry et al., 2011). As mentioned previously, OHC damage is also known to cause hyper-sensitivity in the tail regions of AN fiber tuning curves (Liberman and Dodds, 1984), which is theorized to lead to a shift in AN fiber tuning to higher frequencies that would decrease the latency in hearing impaired individuals (Goldstein et al., 1971; Lichtenhan and Chertoff, 2008; Strelcyk et al., 2009; Henry et al., 2011). As mentioned above, increasing the stimulus intensity may also increase the population of active AN fibers, which would be expected to decrease the latency as well. Therefore, CAP latency may be affected by OHC dysfunction, altered AN tuning, and stimulus variables.

The data presented in Figure 6B indicates that ECochG CAP latency decreases with increasing SNHL when the stimulus is presented at equivalent SLs. This data is the opposite of many studies that found either increased age or increased SNHL resulted in an increase in ABR wave latency in response to click evoked stimuli (Attias and Pratt, 1984; Gorga et al., 1985; Gourevitch et al., 2009). However, those studies used broad band stimuli presented at a constant presentation level and did not control for the effect of hearing loss on the stimulus level. In order to correct for an individual's hearing threshold on stimulus intensity, this current study presented stimuli relative to their individual audiometric thresholds, or SL. The results presented in this paper indicate that CAP latency is inversely proportional to an individual's hearing loss when the stimulus is presented at equivalent SLs. This observation is similar to previous studies where sensory hearing loss was correlated with a decrease in absolute CAP (Lichtenhan and Chertoff, 2008) and ABR wave V latency in humans (Don et al., 1998; Strelcyk et al., 2009; Scheidt et al., 2010) and a decrease in absolute wave I amplitudes and latencies in chinchillas (Henry et al., 2011) when narrow band stimuli (derived-band ABR and tone burst, respectively) were presented at equivalent SLs.

Our data indicates a general trend of an inverse relationship between ECochG CAP amplitude and latency at both low and high presentation levels (Figures 6A,B) when OHC function is normal. These data also suggests that ECochG CAP latency is a more reliable metric than CAP amplitude to differentiate between normal and abnormal SIN (Figure 9I) and SIQ (Figure 11I) performance. ECochG CAP amplitude is more variable compared to CAP latency (Figure 1), and different presentation levels result in changes in relative amplitude (Figures 6A, 9H, 11H). In comparison, ECochG CAP latency is a more reliable predictor of SNHL, SIN, and SIQ. However, while wave I amplitude has been correlated to AN density in animal models, the contribution of AN fiber density on wave I latency has not been determined and further animals studies examining this are warranted.

Similar to latency, ABR thresholds, rather than amplitudes, are routinely used clinically in humans but not without criticism (Eggermont, 1982). Here, we demonstrated that ECochG CAP thresholds decreased with increasing hearing loss at equivalent presentation levels (Figure 6C). As explained in the preceding discussion, stimulus effects, and decreased tuning would explain the decrease in ECochG CAP thresholds when constant stimulus intensity is used. In non-pathological ears, there is typically a 25 dB SPL difference between AN fiber threshold and CAP threshold (Ngan and May, 2001; Henry et al., 2011). Animal data has shown that hearing impairment causes an upward compression of both AN fiber thresholds (Liberman, 1978) and ABR threshold range (Ngan and May, 2001) that may reduce the difference between AN fiber and CAP thresholds and act to lower ABR thresholds in hearing impaired subjects. Support for this theory is presented in this paper when considering that hearing impaired subjects (older subjects with poorer audiometric thresholds and poorer OHC function) exhibit lower CAP thresholds that their normal hearing counterparts when stimuli are presented on an SL scale (Figure 9J).

Anatomical Correlates of SIN and SIQ

The effect of SIN performance on ECochG CAP amplitude was not as initially expected. The initial hypothesis was that CAP amplitude, which correlates with AN fiber density when using click stimuli, would directly correlate with SIN performance. However, when controlled for normal OHC function, those individuals with higher CAP amplitudes (Figure 7A) failed to exhibit statistically significant differences in either SIQ (Figure 7E) or SIN (Figure 7F) performance compared to those exhibiting lower CAP amplitudes. This suggests that SIN performance is not correlated with CAP amplitude, and therefore SIN is not correlated to AN fiber density. Alternatively, it could be that the differences in amplitude between these two groups is too similar and needs to be greater than we defined in this paper to show a statistically significant difference in SIN performance. Further studies in a larger population of persons with normal DPOAEs and diminished CAP amplitudes may be required to definitively determine whether reduced CAP amplitudes correlated with reduced SIN performance. As mentioned previously, it could be that more challenging SIN assessments, such as time compressed speech in reverberation, may find a statistically significant difference between these groups. However, these current results suggest that when controlled for OHC damage, CAP amplitude by itself is not a predictor of either SIN or SIQ performance.

Since ECochG CAP latency includes components of OHC function and neural transmission, comparing CAP latency and DPOAE results may help to determine whether OHCs or the AN contribute to the behavioral response. For instance, the data presented in Figure 6B indicates there is not a significant difference in latency between the Normal and Minimal SNHL groups, whereas Figure 5 indicates that OHC amplitudes and OHC thresholds are diminished in the Minimal SNHL group. This suggests that persons exhibiting minimal SNHL exhibit OHC dysfunction rather than statistically significant AN dysfunction. The data also suggests that speech in noise performance is correlated with both OHC function (Figures 8A,B, 9F,G) and CAP latency (Figures 8E, 9I), with persons performing better in the presence of background noise (lower QSIN score) exhibiting more robust OHC responses (higher DPOAE SNRs and lower DPOAE thresholds), and longer CAP latencies (Normal group) than those performing poorer in background noise. These results suggest that the AN may play a role in SIN, however as mentioned above, several variables contribute to CAP latency and so it cannot be concluded that AN dysfunction contributes to SIN by analyzing CAP latency alone.

These results provide scant evidence that AN integrity is a major variable contributing to SIN performance. The observation that persons performing better in noise also exhibit both lower CAP amplitudes at lower SLs (Figures 8C, 9H) and lower CAP thresholds (Figures 8F, 9J), which are profiles consistent with normal hearing, bolster the hypothesis that the AN also plays a role in SIN, however the CAP amplitude data was only significant at one low presentation level (40 dB SL; Figure 9H). Further evidence of both OHC and AN involvement in SIN performance can be seen when analyzing loss of function in SNHL patients. These results suggest that OHC dysfunction may occur in minimal degrees of SNHL (Figure 5), while AN dysfunction may not be statistically significant until greater degrees of SNHL (mid SNHL for CAP latency effects, and moderate SNHL for CAP amplitude and threshold effects; Figure 6). Furthermore, there are no statistically significant differences in SIN between Normal hfPTA and Minimal SNHL groups (Figure 3C), but statistically significant differences in SIN performance first appear in the Mild SNHL group. These results suggest the possibility that AN dysfunction may play a role in decreased SIN performance. However, the linear mixed effects model, which is a statistical approach that incorporated the variances associated with every variable measured in this study into a single statistical model, showed that CAP amplitude failed to have a statistically significant correlation with SIN performance (Table 1). Furthermore, this model showed that both DPOAE amplitude and DPAOE thresholds are correlated with QSIN scores, which suggests that OHC function is a primary variable contributing to SIN performance using the QuickSIN.

Similarly, results from the SIQ study can be used to differentiate between the OHC and AN components in CAP latency measures. As shown in Figure 10, persons with better WRS in quiet at or near threshold exhibited poorer OHC function (Figures 10A,B, 11F,G) and shorter CAP latencies (Figures 10D, 11I), but exhibit equivocal CAP amplitudes (Figures 10C, 11H) and thresholds (Figures 10H, 11J). Since ECochG CAP latency encompasses both OHC and AN functions, and there are no differences in CAP threshold or amplitude between these groups, one conclusion could be that OHC dysfunction rather than AN (dys)function enhances SIQ performance at or near threshold. This can be explained by the normally sharp tuning of the BM and subsequent sharp tuning of the AN fibers through normal OHC function, which act as a bank of filters with an end result that limits SIQ performance at or near threshold. OHCs may act more like a filter bank at low presentation levels that enhances frequency sensitivity measured by pure tone thresholds (Figure 11D) but diminishes speech discrimination performance in quiet at or near threshold (Figure 11E). Another explanation for improved SIQ performance may be due to the increased presentation levels to those persons exhibiting SNHL. As can be seen in Figure 11D, on average those persons performing better in quiet also exhibit a sloping SNHL. Therefore, it could be that these persons utilize low frequency information for speech recognition in quiet at or near threshold. It is possible that both processes, OHC damaged filter function coupled with the increased stimulus levels, leads to enhanced SIQ performance at or near threshold. Further studies analyzing the correlation between slope and degree of SNHL would be helpful in describing the contributions of OHC dysfunction and signal level in SIQ performance.

There may be a behavioral correlate for this in humans. Some persons with SNHL also exhibit an unusual growth in the perception of loudness, termed loudness recruitment (Dix et al., 1948). The data presented here suggests that loudness recruitment may be acting at the level of the inner ear. Previous studies and have shown that OHC damage causes hypersensitivity in the tail region of the damaged AN fiber tuning curve, which has been interpreted to mean that one role of the OHC is to decrease the sensitivity of AN fibers tuned to adjacent CFs (Liberman and Dodds, 1984). In this sense, individual OHCs may function as a band-pass filter to dampen the stimulation of adjacent AN fibers. Loss of this function would lead to recruitment of adjacent AN fibers, which is consistent with the hypothesis that loudness recruitment is caused by OHC dysfunction (Moore, 2002). Furthermore, it may be that AN dysfunction also plays a role in this phenomenon. Since low spontaneous rate fibers are more susceptible to damage, they may be missing in this population and high spontaneous rate fibers, which function in quite backgrounds, are likely left intact (Furman et al., 2013). Therefore, it could be that the neural pathway in persons with SNHL is optimized for speech understanding in quiet at or near threshold.

Unhidden Hearing Loss: Profile of SNHL

It is well-documented that the standard audiogram in insufficient to adequately describe the underlying otopathology that causes SNHL (Merchant and Nadol, 2010). Proper definition of the functional roles of inner hair cells (IHCs), OHCs, and AN fibers is essential for the understanding of the cellular basis of audition. As important, biotechnologies using drug, cell based, or gene therapies aimed at regenerating hair cells or AN fibers (reviewed in Parker, 2011) will depend upon proper assessment of these cell types in order to identify the underlying otopathologies involved in SNHL. Improvements on hearing aid and cochlear implant technologies can also be made if the functions of the OHCs and AN fibers are known and are incorporated into their signal processing algorithms.

The data presented in Figure 5A suggests that OHC function is correlated with pure tone audiometry, and that even subjects with minimal high frequency SNHL may exhibit significant OHC damage. However, since a PTA between 15 and 25 dB HL is often considered within the normal range in adult humans, this finding illustrates an example of an undetected otopathology commonly known as “Hidden Hearing Loss (HHL),” which can be defined as an otopathology that is not recorded by the standard audiogram. Several subtypes of HHL have been described including auditory synaptopathy (Furman et al., 2013), auditory neuropathy (Starr et al., 1996; Makary et al., 2011), and OHC dysfunction (Gorga et al., 1997). This latter study examined DPOAEs in 806 subjects and found that OHC dysfunction was evident with a PTA of 20 dB HL or greater, which is within the 10–25 dB HL range typically used as clinically normal in human hearing. The data presented here argues for a lowering of the normative range cut-off from 20 dB HL (Gorga et al., 1997) to 15 dB HL and suggests that a minimal SNHL is a clinical presentation of an underlying OHC otopathology. As previously mentioned, recent studies have suggested that synaptopathy/auditory neuropathy can also occur in persons with PTAs below 25 dB HL (Liberman et al., 2016; Bramhall et al., 2017), even if the degree of impairment in this group is debatable (Prendergast et al., 2017). Therefore, there is growing evidence that the standard audiogram is a poor representation of the underlying otopathologies that cause SNHL and a holistic assessment may be more appropriate to better target future treatments.

From the data presented in this paper, the profile of SNHL can be defined as follows; a typically older person with a higher hfPTA, poorer OHC function (lower DPOAE SNR, higher DPOAE thresholds), poorer AN function (higher CAP amplitude at low presentation levels, lower CAP amplitude at higher presentation levels, shorter CAP latencies, lower CAP thresholds when controlled for SNHL), poorer SIN performance, and better SIQ performance at or near threshold. All of these characteristics can be easily measured using standard audiometric techniques presented in this paper. The data presented here indicates that those persons exhibiting SNHL perform better in quiet at or near threshold and may shed light on the anatomical correlates associated with increased sensitivity to loud sounds experienced by those afflicted with SNHL.

Rather than use a standard SPL scale, this paper used a SL scale in order to correct for the degree of SNHL. This scale is useful when considering the perception of the individual with hearing loss and may be useful in assessing therapies from the patient's perspective. For instance, while a 40 dB HL stimulus presented to a person with normal hearing is perceived, this same stimulus presented to a person with SNHL may be imperceived because it may be presented at a sub-threshold level. Therefore, the stimulus level must be increased in order for the hearing impaired listener to detect this signal; however, the signal being detected may be distorted, the loss of OHCs would lead to a broader region of the BM being deflected, and a larger population of AN fibers with modified tuning may be recruited to elicit a CAP. This may lead to a different listening experience between those with normal and pathological ears, which can be particularly problematic in terms in terms of amplification provided by hearing aids. The observation that persons with OHC dysfunction may actually perform better in quiet at or near threshold may be exploited in future technologies where speech in noise detection, rather than amplification, would be the targeted therapy.
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The technique of transtympanic electrocochleography was initially developed as an objective hearing threshold test by Eggermont. Gibson et al. (1977) claimed that an enlarged direct current component of the action potential (AP) called the summating potential (SP) is an indication of endolymphatic hydrops, later confirmed by Coates who proposed an SP/AP ratio measure. This led to numerous publications using diagnostic ratios of 0.33–0.35. The insensitivity led to an eventual disenchantment with the test as a reliable objective test for Meniere's disease. It was further confused by audiologists employing remote canal or ear drum electrodes which give a response about one-fourth of the magnitude obtained by an electrode in contact with the cochlea. Subsequently Gibson stated that an SP/AP ratio of <0.5 is not diagnostic for hydrops. He then showed that a tone burst stimulus gave the test a significantly higher sensitivity and specificity, which has been supported by others. On MRI inner ear imaging with gadolinium hydrops can be seen, but the quality of images and what is seen may vary according to brand of scanner, settings, mode of gadolinium administration, and the possibility that gadolinium entry may favor the vestibule. Transtympanic tone burst electrocochleography is to date the simplest, cheapest and most sensitive technique for detecting cochlear endolymphatic hydrops to confirm a diagnosis of Meniere's disease.
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INTRODUCTION

Electrocochleography (EcochG) is a method of directly recording electrical activity of the cochlea and the acoustic nerve in response to acoustic stimulation. The three components measurable are the cochlear microphonic (CM), the action potential (AP), and the summating potential (SP). In contrast to the earliest studies, new computer averaging techniques have enabled routine testing of these components in humans.

This review will briefly summarize the useful components of the EcochG used in the diagnosis of Meniere's disease. The effects of electrode placement on the size of the AP and SP and the merits of tone burst stimuli will be discussed. New international criteria for the symptomatic diagnosis of Meniere's disease make no allowance for any diagnostic test for a disorder which always begins in the cochlea, even though objective testing can confirm or exclude it.

COCHLEAR MICROPHONIC

The CM, originally called the cochlear potential, was recorded in cats by Wever and Bray (1930). It is thought to be the summed microphonic from many hair cells recorded by a distant electrode. The lower the frequency of stimulation the larger the number of hair cells which will produce CMs in the same phase and the larger the CM will be. Although the CM has a number of new applications in auditory testing, its routine use is somewhat limited by the reduction in signal-to-noise ratio that occurs with a remote electrode.

ACTION POTENTIAL

The response from the acoustic nerve is the AP and was first demonstrated in the cochlear nerve and brainstem of cats by Saul and Davis (1932). Because of the concern that direct recording from the cochlea in individuals with normal hearing was dangerous, Ruben et al. (1961) measured APs in patients with hearing losses by a silver ball electrode placed in the round window niche after a typmanotomy and achieved the first intraoperative demonstration of hearing improvement during stapedectomy. In what was the first use of a remote electrode, Yoshie et al. (Yoshie, 1968) measured APs in normal hearing humans with a hypodermic needle shielded with a polyethylene tube inserted into the anesthetised posterior ear canal skin, about 5 mm from the annulus. In the same year Portmann (Portmann et al., 1967) demonstrated that it was safe to record from the round window niche with an electrode passed through the eardrum. In the USA fears of safety and litigation over transtympanic electrodes persist to this day.

A 100 ms click stimulus stimulates the whole basilar membrane. Frequency selective masking experiments suggest that the major contribution from a click is from the basal turn of the cochlea (Teas et al., 1962) from 10 to 4 kHz as the traveling wave is progressively damped as it travels toward the apex (Zwicker and Fast, 1972). Also the velocity of the traveling wave along the basilar membrane slows as it approaches the apex of the cochlea, resulting in a decrease in hair cells firing per unit time (Zerlin, 1969). This limitation is being addressed by the study of an alternative “Chirp” stimulus which has more low frequency energy occurring earlier in the stimulus (Chertoff et al., 2010).

The initial application of AP recordings was the objective determination of hearing thresholds. As the signal is generated so close to the recording electrode, masking of the opposite ear is not necessary.

SUMMATING POTENTIAL

The SP is a direct current component of the AP, described independently in guinea pigs by Davis et al. (1950) who assumed it was a post-synaptic response. von Bekesy (1952) considered it to be a shift of the CM. The CM was thought to be derived from the outer hair cells and the SP from the inner hair cells. However, it is present in pigeon ears which lack inner hair cells (Stopp and Whitfeild, 1964). The SP is now assumed to be a result of cochlear microphonic distortions (Dallos et al., 1972).

The maximum CM is recorded closest to maximum hair cell displacement, whereas the SP is maximum at a point where the summed effect from a large area of basilar membrane can be recorded. In endolymphatic hydrops the downward vibration of the basilar membrane is limited as it is being stretched, so the normal up-going asymmetry is enhanced, leading to a SP of increased amplitude (Gibson, 1978).

The SP became to be of interest as an indicator of endolymphatic hydrops, and therefore in the objective diagnosis of Meniere's disease.

SUMMATING POTENTIAL IN MENIERE'S DISEASE

Schmidt et al. (1974) noted that the SP in Meniere's disease from tone bursts is about five times larger than in patients with high frequency hearing loss. Eggermont (1979) found that short 4 kHz 4 ms tone pips elicit a small AP which limits their use for diagnosing Meniere's disease compared with a click stimulus (Gibson, 1978).

Gibson et al. (1977), using transtympanic EcochG with clicks, found a large DC potential causing a widening of SP/AP waveform that might be a useful indicator of Meniere's disease. There was a high correlation with the symptomatic likelihood of Meniere's disease. Moffat et al. (1978) achieved a decrease in the negative SP in 11/13 patients after oral glycerol dehydration, with no significant change in the pure tone audiogram or speech discrimination. This was suggested as being a useful indicator of prognosis in endolymphatic sac surgery.

Coats (1981a) found that Meniere's ears had a larger SP/AP ratio compared with non-Meniere's ears, when recorded using a canal electrode and a click stimulus. There was also a correlation between a large SP/AP ratio in ears with reduced caloric responses in comparison with a small SP/AP ratio in ears with normal caloric responses (Coats, 1981b).

A major issue of contention for the EcochG has been the magnitude and quality of responses depending on the type and placement of the active electrode.

ELECTRODE PLACEMENT

The majority of publications on click stimulus in Meniere's ears have been by audiologists using distant electrodes which, because of their distance, require more signal averaging to cancel out random noise, and produce far smaller responses.

Ferraro et al. (1986) compared the responses and comfort of three ear canal electrodes.

Of the three there was no difference in comfort. A disposable soft insulated ear canal foam plug electrode design with a central sound-conducting tube was the easiest to place and gave the best responses. Sohmer and Feinmesser (1967) recorded the AP in cats with silver ball electrode in the round window niche and the ear drum and from a subdermal needle and a clip on the ear lobe. He found that the AP recorded from the round window niche was 10–25 times larger than the AP recorded from the other three sites.

Roland et al. (1995) compared responses from a transtympanic electrode (TT) with an ear canal (EAC) electrode in 19 healthy volunteers. The click responses from a TT electrode were seven times the magnitude as those from a EAC electrode. In a further study 50 ear canal EcochG tracings interpreted by 10 different audiologists revealed statistically significant inter-interpreter differences between no response and very difficult to read SP/AP ratios (Roland and Roth, 1997). He emphasized the implications for diagnosis and its reliability in investigational studies.

CLICK SP/AP STUDIES IN MENIERE'S DISEASE

Gibson et al. (1983) performed click stimulus EcochG in 44 Meniere's ears and in 32 normal ears and 40 ears with sensorineural hearing loss. A SP/AP ratio of 0.30 clearly separated them, providing the loss exceeded an average of 40 dBHL.

The click SP/AP ratio as a diagnostic test for Meniere's disease became of world-wide interest and the basis of numerous publications, some of which are listed in Table 1. The highest sensitivity of 85% was achieved by Camilleri and Howarth (2001) with an SP/AP ratio of 0.33. In contrast Gibson et al. (Gibson, 2005) reported a 40% sensitivity with an SP/AP ratio of 0.47. The explanation for this will follow. In addition to a click SP/AP ratio Ferraro and Tibbils (1999) recorded the AP using an ET electrode. He advocated the addition of an SP/AP area ratio (Ferraro and Tibbils, 1999) to improve the sensitivity and specificity to 92 and 84%, respectively (Al-momani et al., 2009). However, Marcio et al. (transtympanic) (Marcio et al., 2006) and Ikino et al. (transtympanic) (Ikino and de Almeida, 2006) could not confirm it.


Table 1. SP/AP ratio criteria from extratympanic (ET) and transtympanic (TT) EcochG studies with a click stimulus.
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A significant advance in the EcochG sensitivity for diagnosing definite Meniere's disease has come from the use of tone burst stimuli.

TONE BURST STUDIES IN MENIERE'S DISEASE

In 1986 Dauman et al. (Dauman et al., 1986, 1998) measured the effect of glycerol on ears tested transtympanically with free field tone bursts of octave frequencies between 1 and 8 kZ at 90 dB HL, which produced a prolonged SP whose magnitude was measured in microvolts from its midpoint to the baseline. Long tone bursts in patients with Meniere's disease showed significantly larger SPs than in control subjects, with most Meniere's ears having an SP decrease observed after dehydration.

In 1990, at the Third International Symposium and Workshops on Surgery of the Inner Ear, Dauman and Aran (1991) expanded their experience, comparing clicks vs. 10 ms tone bursts. The responses to 1, 2, 4, and 8 Kz TBs are shown in Figure 1, with 8 kHz usually being positive. The mean amplitudes for those frequencies are shown in Figure 2, showing 1 and 2 kHz are the most sensitive for indicating hydrops. Gibson (1991) compared clicks with 1 kHz 12 ms tone bursts in 42 Meniere's ears and 48 normal sensorineural loss ears, with the symptomatic likelihood of Meniere's disease. At 90 dB HL a 1 kHz tone burst more negative than 3 mV separated the Meniere's ears very precisely from the normal and sensorineural ears. The false negatives for tone bursts were half those for clicks.
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FIGURE 1. Transtympanic SP responses to a 90 dB click and to 10 ms 1, 2, 4, and 8 kHz tone bursts with 8 kHz showing a reversed polarity. The magnitude is measured in microvolts from the midpoint of the prolonged SP to the baseline (Dauman and Aran, 1991). Reproduced from Dauman and Aran (1991).
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FIGURE 2. The mean tone burst SP amplitudes (in mV) in 75 Meniere's patients at 1, 2, 4, and 8 kHz, respectively (Dauman and Aran, 1991). Reproduced from Dauman and Aran (1991).



At The First International Conference on EcochG, Otoacoustic Emissions, and Intraoperative Monitoring Gibson (1993) expanded the comparison of clicks vs. tone bursts (12 ms) for the diagnosis of endolymphatic hydrops in 1,101 ears by transtympanic EcochG. The 0.5, 1, 2, 4, and 8 kHz tone burst diagnostic criteria are presented in Table 2.


Table 2. Diagnostic level for tone bursts to diagnose hydrops (Gibson, 1993).
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Conlon and Gibson (2000) confirmed the superiority of tone bursts over clicks and with a 1 kHz tone burst found hydrops in 10% of contralateral ears in Meniere's patients (Conlon and Gibson, 1999). Claes et al. (2011) used a transtympanic technique with 100 dBHL tone bursts. He achieved a 91% sensitivity for implying hydrops in 91% of ears with an AAO-HNS definite diagnosis of Meniere's disease when the SP amplitude was more negative than −3 mV for 1 kHz or more negative than 2 mV in at least three tone burst frequencies.

Ferraro (Ferraro et al., 1994) found tone burst SPs measured with an extratympanic electrode were four times smaller compared with a transtympanic electrode. Bohlen et al. (1991) measured click and tone burst responses sequentially with an extratympanic and transtympanic electrode. In 90% of patients TT EcochG was equal to or more comfortable than for an ET electrode. Tone bursts with an ET electrode gave no response or were unreliably small.

In most EcochG studies on Meniere's ears the control ears have been Meniere's opposite ears or ears with normal hearing or ears with sensorineural hearing loss. To provide purer controls Gibson (2009) compared click and tone burst responses in 2,717 patients from Meniere's ears with ears with equivalent hearing. For a click SP/AP response there was no statistical difference between Meniere's ears and non-Meniere's ears. In a further analysis (Iseli and Gibson, 2010) a click stimulus had diagnostic sensitivity of 35% and specificity of 91% for an SP/AP ratio of not <0.47, compared with and 95% sensitivity and 79% sensitivity for combination of 1 kHz tone burst thresholds and a tone burst SP/AP ratio.

Despite significant advances in the sensitivity of electrophysiological testing official diagnostic classifications for Meniere's disease remain symptom-based.

CURRENT DIAGNOSIS OF MENIERE'S DISEASE

Since Prosper Meniere's first descriptions of the disorder in 1861 there was no recognized symptomatic classification until 1972 (Barber et al., 1972). The Equilibrium Committee of the American Academy of Otolaryngology-Head and Neck Surgery (AAO-HNS) has produced three diagnostic definitions, the most recent one in 1995 (Monsell et al., 1995) used internationally until 2015 (Table 3). The four categories were possible, probable, definite, and certain. AAO-HNS definite has been a universal diagnostic criterion for numerous clinical studies. The definition of certain was histopathological confirmation from a post-mortem. The AAO-HNS has been and remains skeptical as to the reliability of any objective tests.


Table 3. AAO-HNS Committee on Hearing and Equilibrium 1995 diagnostic criteria for Meniere's disease (Monsell et al., 1995).
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The Barany Society, an international vestibular disorders society based in Sweden, has embarked on a project to achieve worldwide agreement on precise definitions of vestibular symptoms and the symptomatic diagnosis of common vestibular disorders. To conform to The International Classification of Diseases the vestibular diagnoses are limited to probable and definite. For definite Meniere's disease the new symptomatic criteria (Lopez-Escamez et al., 2015) are similar and a logical improvement on the AAO-HNS 1995 criteria (Table 4). Possible and certain no longer exist.


Table 4. The 2015 Barany Society diagnostic criteria for Meniere's disease (Lopez-Escamez et al., 2015).
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OPINION ON THE VALIDITY OF ECOCHG FOR THE DIAGNOSIS OF MENIERE'S DISEASE

Nguyen et al. (2010) conducted a survey among members of the American Otological Society and the American Neurotology Society as to their opinions on the usefulness of EcochG for diagnosing Meniere's disease. Approximately 70% employed an extratympanic electrode and 30% a transtympanic electrode. Eighty-three percent said they would discount a result that was contradictory to their clinical impression, with 57% preferring an ENG caloric test and VEMPs for 27%. Only 45% used EcochG. The overall conclusion was that EcochG is perceived to have low clinical use and reliability, and among those who use it there is little consensus on technique and stimulus modality.

Kim et al. (2005) conducted a click EcochG study with an extratympanic electrode and an SP/AP diagnostic ratio of >0.4 on 97 patients with suspected Meniere's disease. Of 60 patients with an AAO-HNS symptomatic diagnosis of Meniere's disease 67% with a definite diagnosis and 53% with a less-than-definite diagnosis had a positive test. They concluded that, because of its lack of sensitivity, EcochG should not play a decisive role in determining the presence or absence of Meniere's disease.

VESTIBULAR MENIERE'S DISEASE

The term vestibular Meniere's disease is sometimes used (Paparella, 1984a,b; Paparella and Mancini, 1985). It originated in the earliest iteration of the AAO-HNS diagnostic criteria (Barber et al., 1972), separating cochlear and vestibular forms, but abandoned in the 1995 criteria. Currently it has no official basis.

Dornhoffer and Arenberg (1993) studied 15 patients with recurrent vertigo attacks without fluctuating hearing they called vestibular Meniere's disease (or possible on the 1995 AAO-HNS criteria). On transtympanic tone burst EcochG at 1 and 2 kHz by their own criteria 6 were positive for hydrops, supporting a diagnosis of Meniere's disease.

With the abolition of the AAO-HNS certain Meniere's disease category (a post-mortem now rarely achievable) there is a need for alternative diagnostic certainty, particularly for investigational studies, and to unequivocally distinguish Meniere's disease from other causes of recurrent vertigo attacks.

CLINICALLY CERTAIN MENIERE'S DISEASE

The term clinically certain Meniere's disease can be defined as a diagnosis based on the 1995 AAO-HNS symptomatic criteria (Monsell et al., 1995) (or now probable and definite on the international Barany Society criteria (Lopez-Escamez et al., 2015) plus transtympanic electrocochleographic confirmation of endolymphatic hydrops, based on the most sensitive criteria for tone bursts and clicks.

Based on this definition Hornibrook (Hornibrook et al., 2010b, 2011; Johnson et al., 2016) and colleagues have conducted three studies on definite Meniere's disease patients in whom there was clinical certainty of the diagnosis. Objective proof of hydrops was established by transtympanic EcochG with tone bursts and clicks. The technique and settings are illustrated in Figure 3. The diagnostic tone burst criteria were at 1 and/or 2 kHz (Table 2; Gibson, 1993) and/or a click SP/AP ratio of >0.5.
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FIGURE 3. Transtympanic EcochG for three studies on “clinically certain” Meniere's disease (Hornibrook et al., 2010b, 2011; Johnson et al., 2016). Local anesthesia is a tiny drop of phenol placed at 9 o'clock or 3 o'clock on the ear drum. An insulated needle is passed through the drum with its tip lying in the round window niche and secured by elastic bands to a circular bracket over the ear over which a headphone is placed. Stimuli were from an Amplaid mk15 diagnostic system. Clicks: 10 ms broadband alternating polarity clicks of 100 ms duration at 95 dB HL at repetition rate of 11.3/s with 100–200 repetitions. Tone bursts: 1 and 2 kHz 100 dB HL tone bursts with a 1 ms linear rise/fall and 14 ms plateau at a repetition rate of 30.1/s. The diagnostic criterion for clicks was an SP/AP ratio of >0.5, and for tone bursts criteria for 1 and 2 kHz as in Table 2 (Gibson, 1991). From Hornibrook et al. (2012). Inset: TECA disposable monopolar needle 37 mm x 28 G (Natus Manufacturing Ltd., Gort, Galway, Ireland).



Since the discovery that an abnormally low threshold cervical vestibular evoked potential (cVEMP) could confirm a diagnosis of superior canal dehiscence syndrome other diagnostic applications for VEMPs have been sought, including for Meniere's disease with numerous publications employing cVEMPS and ocular VEMPs (oVEMPs) to diagnose hydrops in the vestibule. These have produced conflicting interpretations as to the diagnostic sensitivity. In 18 patients with a clinically certain diagnosis in one ear, Johnson et al. (2016) measured cVEMP and oVEMP amplitude, latency and threshold in the Meniere's ear and their opposite ears and in the ears of 22 normal control ears. The overlap of results from the Meniere's patients compared with normal controls was such that VEMP abnormalities appear limited as a sole diagnostic test for Meniere's disease. As endolymphatic hydrops in Meniere's disease always starts in the cochlea (Pender, 2014) it would seem logical to employ the most sensitive test which confirms cochlear hydrops.

Confirmation of visible inner ear hydrops on MRI scanning with intratympanic gadolinium (Nakashima et al., 2009) has led to numerous MRI inner ear studies in the hope that a visible diagnosis of hydrops would be the standard by which other tests might be compared (Hornibrook et al., 2010a).

Hornibrook et al. (2015) compared the sensitivity of intratympanic gadolinium MRI with tone burst EcochG for diagnosing hydrops in 57 ears with AAO-HNS possible, probable, or definite Meniere's disease. In 30 patients with definite Meniere's disease the tone burst EcochG was positive in 83%, the click in 30%, and gadolinium MRI in 47%. Although adequate imaging was achieved in 90% of scans, with tone burst EcochG was a more sensitive test for definite Meniere's disease and therefore for cochlear hydrops. Tone burst EcochG was also more sensitive than MRI for probable and possible Meniere's disease and in some cases, with visible vestibular hydrops, more sensitive for confirming cochlear hydrops. Ziylan et al. (2016) reviewed and compared this study with three other MRI/click-only EcochG studies with a low SP/AP diagnostic ratio of >0.33 which will have enhanced its apparent sensitivity. They concluded that there is a relative low sensitivity and predictive value for click stimulus EcochG compared with gadolinium inner ear MRI for detecting hydrops in Meniere's disease. Images and conclusions from MRI inner ear imaging appear confounded by variables such as scanner brand, head coil specifications, and the possibility that gadolinium entry may be variable and favor the vestibule (Hornibrook et al., 2016).

SUMMARY AND CONCLUSION

The initial promise of a click response SP/AP ratio as a sensitive test for endolymphatic hydrops has not been realized (Hornibrook et al., 2016). Although it can be measured by a ET electrode the responses are at least one quarter the magnitude of those obtained by a TT electrode.

ET electrodes are significantly inferior for measuring tone burst responses. Until the signal-to-noise ratio problem of ET electrodes is solved, TT recordings are of greater magnitude and accuracy.

An analysis of 128 Meniere's disease studies (Thorpe et al., 2003) found that the AAO-HNS 1995 definitions were misapplied in 50% of cases, implying that symptom-only criteria are unreliable and can result in underdiagnosis and overdiagnosis. Reliance on a symptom-only diagnosis, based on a pure tone audiogram, has the jeopardy that studies are likely to include patients who do not have the disorder, and to exclude some who do.

Of all investigative tests transtympanic tone burst EcochG remains the simplest, and most sensitive test to diagnose cochlear hydrops to confirm a diagnosis of Meniere's disease. There is agreement that a response of not < −3 mV is diagnostic for endolymphatic hydrops (Dauman and Aran, 1991; Gibson, 1991, 2005, 2009; Conlon and Gibson, 2000; Claes et al., 2011). Clear, reliable tone burst responses can only be achieved at 100 dbnHL, which cannot be achieved by newer model audiology evoked response systems.

As was once for electrocardiography there is an urgent need for universal agreement on equipment specifications (Hohmann et al., 1991; Arenberg et al., 1993; Wuyts et al., 1997), which for the EcochG should produce 100 dBnHL tone bursts.
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Objective: Lay the groundwork for using electrocochleography (ECochG) as a measure of cochlear health, by characterizing typical patterns of the ECochG response observed across the electrode array in cochlear implant recipients with residual hearing.

Methods: ECochG was measured immediately after electrode insertion in 45 cochlear implant recipients with residual hearing. The Cochlear Response Telemetry system was used to record ECochG across the electrode array, in response to 100- or 110-dB SPL pure tones at 0.5-kHz, presented at 14 per second and with alternating polarities. Hair cell activity, as the cochlear microphonic (CM), was estimated by taking the difference (DIF) of the two polarities. Neural activity, as the auditory nerve neurophonic (ANN), was estimated by taking the sum (SUM) of the two polarities. Prior work in humans and animal studies suggested that the expected ECochG pattern in response to a 0.5-kHz pure tone is an apical-peak in CM amplitude and latency.

Results: The most prevalent pattern was a peak in the DIF amplitude near the most apical electrode, with a prolongation of latency toward the electrode tip; this was found in 21/39 individuals with successful ECochG recordings. The 21 apical-peak recipients had the best low-frequency hearing. A low amplitude, long-latency DIF response that remained relatively constant across the electrode array was found in 10/39 individuals, in a group with the poorest low- and high-frequency hearing. A third, previously undescribed, pattern occurred in 8/39 participants, with mid-electrode peaks in DIF amplitude. These recipients had the best high-frequency hearing and a progressive prolongation of DIF latency around the mid-electrode peaks consistent with the presence of discrete populations of hair cells.

Conclusions: The presence of distinct patterns of the ECochG response with relationships to pre-operative hearing levels supports the notion that ECochG across the electrode array functions as a measure of cochlear health.

Keywords: cochlea, cochlear implant, cochlear microphonic, electrocochleography, hearing loss

INTRODUCTION

Cochlear implants (CIs) are no longer restricted to individuals with severe-to-profound hearing loss. Instead, many implant recipients have substantial levels of low-frequency residual hearing, and a goal of modern implant designs and surgical techniques is to preserve this hearing for electro-acoustic stimulation (EAS; Gantz et al., 2005). Efforts to combine residual hearing and EAS have been hampered by the absence of methods to map the function of neurosensory elements along the cochlea. Such a map would identify frequencies that are appropriate for acoustic stimulation and those that require electrical stimulation, identified as an important factor in the success of this combined delivery method (Gantz and Turner, 2004). Here we demonstrate that this can be achieved with the direct recording of electrocochleography (ECochG) along the length of a cochlear implant electrode.

ECochG has recently become available using intra-cochlear electrodes in CI recipients (Calloway et al., 2014; Campbell et al., 2015; Dalbert et al., 2015). It is a cochlear potential derived from neural and sensory sources in response to transient acoustic stimuli presented with alternating polarity. A frequency-following hair cell response known as the cochlear microphonic (CM) is derived by taking the difference of the two alternating responses (DIF) (Ruben et al., 1961; Dallos, 1973; Patuzzi et al., 1989). ECochG also contains the phase-locked neural response of the auditory nerve as the auditory nerve neurophonic (ANN). As phase-locking occurs preferentially as inner hair cells depolarize (Palmer and Russell, 1986), it results in distortions in the ECochG trace that occur at even harmonics of the acoustic input. Therefore, the ANN is derived by summing the alternating phase responses (SUM), and isolating the 2nd harmonic of the stimulus frequency (Weinberger et al., 1970). It is important to note that the DIF trace, while dominated by the CM, will contain some neural response as demonstrated by Forgues et al. (2014). Similarly, while the SUM trace is dominated by the ANN, at the high sound intensities required for ECochG in CI recipients this response may include some hair cell activity due to asymmetric saturation in the input-output function of the hair cell response (Teich et al., 1989).

ECochG has been recorded from intracochlear electrodes in hearing animals responding to pure acoustic tones. As the site of recording progresses from the base of the cochlea toward the location where the cochlea is most sensitive to the stimulus, there is an exponential increase in CM amplitude and prolongation of its latency. The CM amplitude decreases rapidly at cochlear sites apical to this “characteristic” frequency (Honrubia and Ward, 1968). There have been three previous reports of ECochG recorded from multiple locations along the human cochlea (Calloway et al., 2014; Dalbert et al., 2015; Campbell et al., 2016). Dalbert et al. (2015) recorded ECochG from multiple electrodes along a mid-scalar electrode array (HiFocus Mid-Scala electrode, Advanced Bionics, USA), 12 or more weeks after implantation. Contrary to Calloway et al. (2014), all eight participants exhibited ECochG responses with relatively constant amplitude across the array, or showed a peak in the CM response on basal electrodes in response to 0.5- or 1-kHz tones. It was suggested that the unexpectedly flat responses and basal-peak responses arose from the proximity of the electrode to the auditory nerve, or the influence of intra-scalar fibrosis on the current path in the vicinity of the electrode (also suggested by Campbell et al., 2015). In contrast, Formeister et al. (2015) made recordings at multiple insertion depths from a single recording electrode on a flexible carrier that was inserted into the cochlea during surgery, just prior to implantation of the commercial CI. These investigators found the relationship seen in the previous animal experiments of Honrubia and Ward (1968), with five of eight patients exhibiting a rise in CM amplitude as depth increased, in response to a 0.5-kHz tone. We have made similar observations when recording ECochG from the apical-most electrode of an implant manufactured by Cochlear Ltd during its insertion into the cochlea (Campbell et al., 2016). Whether the difference in response patterns observed between these studies reflects differences in the time between implantation and recording, differences in residual hearing between CI recipients, or the intracochlear position of the recording electrode between devices remains unclear.

In the present work intracochlear ECochG was recorded across the electrode array during surgery, immediately after insertion of the electrode array, in 45 CI recipients who received Cochlear's CI422 or 522 implants. These devices have a thin, flexible electrode that traverses the lateral wall of the cochlea. The aim of the present work was to characterize patterns of ECochG across the electrode array and relate these patterns of response to pre-operative hearing levels. We predicted that there would be a restricted number of patterns of ECochG response, and that these would be associated with the shape of the pre-operative audiogram.

METHODS

Clinical Information

Forty-five adults who received a CI422 or CI522 cochlear implant (Cochlear Ltd, Sydney, Australia) with the “Slim Straight” electrode array had ECochG recordings made from the electrode array immediately after its insertion. All participants had pre-operative hearing thresholds lower than 100-dB HL at 0.5-kHz and a post-lingual hearing loss.

The CI422 and CI522 implants have Cochlear's Slim Straight electrode, an array with 22 half-band intra-cochlear electrodes. The cochlea was approached via a posterior tympanotomy, and the electrode inserted through an incision made in the round window to a depth of between 20- and 25-mm, at the surgeon's discretion. All participants had a full insertion of at least 20-mm, confirmed at the time of surgery and with a post-operative cone-beam CT scan.

This research was conducted under the auspices of the Human Research and Ethics Committee of the Royal Victorian Eye and Ear Hospital HREC (#14/1171H). All patients provided informed, written consent for their participation in the study, and for its dissemination through publication.

Equipment and Information Processing

Electrocochleography was recorded using the Cochlear Response Telemetry (CRT) system previously described by the investigators (Campbell et al., 2015, 2016). Acoustic stimuli were generated digitally using a USB data acquisition card (DT9847, Data Translation, USA), and presented using an ER3A insert earphone (Etymotics, USA). The acoustic stimuli were 12-ms in length with 1-ms linear onset and offset ramps and a 50-ms inter-stimulus interval. Alternating rarefaction and condensation phases were presented, and stored separately. The intensity of the acoustic stimuli was calibrated with peak-to-peak amplitudes equal to the dB HL scale for insert earphones (ISO 389-2:1994).

The CRT system uses the implant's Neural Response Telemetry™ (NRT) amplifier to record from the intra-cochlear CI electrodes. These recordings are made between any one of the intra-cochlear electrodes and the extra-cochlear plate electrode located on the body of the implant. Recording windows were 20-ms in duration, digitized at 20-kHz and streamed to a Dell laptop (Dell, USA), via a Cochlear Freedom™ programming POD. Each ECochG waveform is an average of 100 presentations. The stimuli and recording were coordinated by in-house custom-written software, which interfaced with the Freedom™ sound processor using the Cochlear Device Interface (CDI) libraries (4.15.02). ECochG was recorded from the most apical electrode (22) and then every second electrode until the second most basal electrode. In this study, ECochG was characterized across the electrode array in response to a 0.5-kHz tone pip, delivered at either 100- for patients with ≤ 70 dB HL at 0.5-kHz or 110-dB for those with >70 dB HL. The 0.5-kHz stimulus frequency was chosen as the closest frequency apical to the average angular insertion depth in a CI422/CI522 patient (410°, or ~0.75-kHz, O'Connell et al., 2016) for which audiometric thresholds are routinely measured. The 1-ms linear onset and offset ramps will result in a loss of frequency specificity (Skinner and Jones, 1968), calculated by FFT to be a broadening of the stimulus by 0.075-kHz either side of 0.5-kHz starting at −20 dB to the peak at 0.5-kHz. Frequency specificity is already decreased due to the high sound pressure level used (Russell and Nilsen, 1997), and considerable sensorineural hearing loss present in the cohort (Gummer and Johnstone, 1984).

To estimate the CM and ANN components of the ECochG waveform, the recordings were processed by either adding the alternating phases responses (SUM) to estimate the ANN or by subtracting them (DIF) to estimate the CM (Adunka et al., 2006; Choudhury et al., 2012; Campbell et al., 2015). To isolate the magnitude of the stimulus frequency-matching CM in the DIF trace, the magnitude at the stimulus frequency was calculated by Fast Fourier Transform (FFT). For the ANN, the asymmetric neural saturating response in the SUM trace was isolated using the FFT magnitude at the 2nd harmonic. The latency of these responses was measured by calculating the FFT phase difference from the response at the most basal electrode to each successive electrode, which used the 2nd harmonic of the SUM trace or the 1st harmonic of the DIF trace. A noise floor for each trace was calculated from FFT bins ± 2 from the frequency of interest, where each FFT bin was 62.5 Hz wide, and ECochG responses were considered robust if the amplitude exceeded the calculated noise floor plus 3 standard deviations.

The absolute latency of the DIF response was measured as the first deflection from baseline after the first pressure change in the ear canal (calibrated using a Bruel and Kjaer ½ inch microphone, oscilloscope, and 2cc coupler) from either the most basal or most apical electrode.

An electrode was considered to have a CM peak if its magnitude was >30% above the mean magnitude across the electrode array. If more than one electrode satisfied this condition, then the electrode with the largest CM was considered the peak. Multiple peaks were recorded if there was an electrode with a greater than 30% drop between one peak and the next more apical electrode.

RESULTS

Electrocochleography could be recorded across the electrode array in response to 0.5-kHz tone in all but six participants, in whom there was no detectable ECochG response on any electrode. Figure 1 shows example DIF and SUM traces, with power spectral density functions from a single CI recipient with <60 dB HL at 0.5-kHz. Figure 1 demonstrates that the bulk of response power in the DIF trace is located at the stimulus frequency, consistent with a primary contribution by the CM, whereas the power in the SUM trace is concentrated at the secondary harmonic, consistent with asymmetric saturation in the neural response.
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FIGURE 1. ECochG traces for the difference (DIF - upper panels) and sum (SUM - lower panels) responses in a single CI recipient with <70 dB HL at 0.5-kHz and in response to a 0.5-kHz tone burst at 100 dB HL. Power spectral density functions are shown to the right of the traces (expressed as dB relative to 1 μV). The primary power for the DIF trace is concentrated at the fundamental frequency, consistent with a contribution primarily by the frequency-matching hair cell response, whereas the power in the SUM trace is concentrated at the secondary harmonic, consistent with the neural saturating response.



Median hearing level for all participants who showed a detectable ECochG was 60-, 65-, 85-, 100-, and 110-dB HL at 0.25-, 0.5-, 1-, 2-, and 4-kHz.

Apical Peak

The acoustic stimulus was a 0.5-kHz tone, and ECochG was recorded from 11 electrodes across the array. The most prevalent response pattern (21 participants) was a growth of the DIF amplitude to a peak near the apical tip of the electrode, defined as a single CM peak on the most apical 6 electrodes located proximal to the 0.5-kHz characteristic frequency region in the cochlea. The major acoustic generator contributing to this response is the CM (Dallos, 1973; Patuzzi et al., 1989). The DIF and SUM amplitudes, and DIF latencies are shown relative to the electrode with the peak DIF amplitude in Figure 2. In this figure, the amplitude of the responses has been normalized relative to the peak amplitude in the respective individual. The mean absolute DIF amplitude on electrodes basal to the peak DIF responses was 3.4 μV ± 0.3 SEM. The mean maximum absolute DIF amplitude on apical peaks was 22.1 μV ± 5.6 SEM. In these participants, the peak DIF amplitude was located at one of the more apical electrodes, specifically on electrodes 22 (i.e., at the tip, n = 9), 20 (n = 6), 18 (n = 4), or 16 (n = 2). A rapid increase in DIF amplitude was found up to the electrode exhibiting the peak, with a comparably rapid drop off in amplitude once that at more apical electrodes. The SUM response showed a similar pattern with gradual increase in amplitude that reached its maximum at, or slightly above, the peak electrode. The SUM response is largely derived from the frequency-following potential of the auditory nerve, the ANN (Weinberger et al., 1970). Across the group, there was a moderate to strong positive correlation between DIF and SUM amplitudes (Pearson product-moment correlation coefficient, mean r = 0.68, ranging from 0.18 to 0.94). While this correlation was strong, the peak SUM response was on a more apical electrode than the peak DIF response in the majority of patients (n = 12), and less frequently on the same (n = 7), or a more basal electrode (n = 2). In this group, absolute latency increased across the electrode array from 1.22-ms ± 0.67 until the peak was reached (2.40-ms ± 0.66) and there was a strong, positive correlation between the DIF amplitudes and latencies (Pearson product-moment correlation coefficient mean r = 0.76, ranging from 0.45 to 0.96).
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FIGURE 2. ECochG responses in 21 patients with the maximum DIF amplitude at apical electrodes. Responses here have been normalized to the maximum response in each individual, as well as to the electrode with the peak DIF response (P). The amplitudes of the SUM response are reported normalized to the electrode with the peak DIF response. The DIF latency is reported relative to the response on the most basal electrode in each individual. Shaded area represents ± 1 SD.



Flat-Response

In addition to the pattern of ECochG with an apical peak in DIF amplitude, we observed a pattern of flat DIF amplitudes across the electrode array in 10 participants, defined as individuals with no detected CM peaks. The DIF and SUM amplitudes, and DIF latencies are shown across the electrode array in this group in Figure 3.
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FIGURE 3. Comparison of DIF, SUM, and DIF latency responses in 10 participants with a flat response across electrodes 2–22. Note that the horizontal axis in this figure is not normalized to the maximum DIF response as in Figure 2, as these subjects showed a flat response pattern without a distinct maximum.



In this group, there was no apical rise in DIF amplitudes proximal to the 0.5-kHz region in the cochlea. However, absolute DIF amplitues across the whole electrode array in the flat-responders were not significantly different to the responses across the basal electrodes in the apical-peak group (means of 3.4 ± 6.5 and 1.3 ± 0.4 μV for the apical-peak and flat-response groups respectively, all responses passed 1-sample Kolmogorov–Smirnov tests for normality). The flat-responders showed a gradual increase in SUM amplitude with increasing electrode depth, and there was a weak relationship between DIF and SUM amplitudes (Pearson product-moment correlation coefficient mean r = 0.36, with a range from −0.63 to 0.92). The latency of the DIF response rose from 2.31-ms ± 1.1 on the most basal electrode to 2.6-ms ± 1.2 at the most apical. The latency on the most basal electrode in this group was comparable to that recorded from the tip electrodes in the apical-peak group.

Mid-Electrode Peaks

A third, previously undescribed, pattern showed a mid-electrode peak of DIF amplitude with or without a second apical peak (n = 8). The mid-electrode peaks occurred most frequently on electrode 12 (n = 5), and less frequently on electrodes 14 (n = 2), and 8 (n = 1). Apical to the mid-electrode peaks, the DIF amplitude increased to a second peak on apical electrodes in half of the participants in this group (n = 4), and decrease to a flat response in half (n = 4). Examples of these patterns are shown in Figure 4, demonstrating a second apical peak (Figure 4A) or a single mid-electrode peak (Figure 4B).
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FIGURE 4. DIF amplitude across the electrode array in two individuals from the mid-electrode peak group. In these individuals, the mid-electrode peaks were on electrode 12. For (A), the DIF amplitude increased to a second peak on an apical electrode (16). For (B), the DIF amplitude decreases across the final 5 recording electrodes.



Figure 5 demonstrates the normalized DIF and SUM magnitudes, and the DIF latencies, that have been averaged across the patients for each of the electrodes in the mid-electrode peak group. The DIF amplitudes at these mid-electrode peaks (27.7 μV ± 10.4 SEM) were comparable to the maximal amplitudes seen in the apical-peak group. The latency increased from the most basal electrode (1.0-ms ±.52) to a mean of 2.55-ms ±.70 at the tip of the electrode. Because the electrode upon which the peak occurred varied between subjects, these data were replotted, but now referenced to the mid-electrode peak for each individual (Figure 6). By aligning these peaks, it is apparent that the SUM amplitude peaks on the same electrode as the DIF amplitude. In addition, latency grew progressively across the peak.
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FIGURE 5. DIF, SUM, and DIF latency responses in 8 participants with a mid-electrode peak, for electrodes 2–22.
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FIGURE 6. Changes in DIF and SUM amplitudes and DIF latencies have been aligned to the electrode exhibiting the mid-electrode peak (P). The DIF and SUM responses show peaks on the same electrodes. The DIF latency increased progressively across the peak. Shaded area represents ± 1 SD.



As the ECochG signal is comprised of potentials derived from both neural and sensory elements, one possible explanation for the mid-electrode peaks was that these were generated by constructive or destructive interference between the phases of these potentials. If this were the case, it would be expected that the phase of the DIF and SUM components would be constructive at the peak electrode. In contrast to this expectation, there was no consistent relationship between the phase of the DIF and SUM components at the peak, or the surrounding electrodes. The difference in phase between peak electrode and the next most basal electrode averaged −1.7° ± 16, and between peak electrode and next most apical the phase difference was −15.7° ± 41, which is not consistent with an advancement from destructive to constructive interference between the CM and ANN on the mid-electrode peaks.

Patterns Relationship to Hearing Level

Figure 7 summarizes the audiometric results for each of the three response patterns. Audiometric thresholds at 0.5-kHz were significantly lower in the apical peak group than the other two groups [Kruskal–Wallis test, H(2) = 7.43, p = 0.024]. The flat-response group showed the highest level of low-frequency hearing loss. The mid-electrode peak group showed the lowest level of high-frequency hearing loss and peaks in DIF amplitude that were at cochlear locations proximal to these high-frequency regions in the cochlea.
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FIGURE 7. Median HL for the Apical Peak, Flat Response, and Mid-electrode Peak groups, with upper and lower quartile ranges. The Apical Peak group has the best low-frequency thresholds, and the Mid-electrode Peak group has the best high-frequency thresholds. The Flat Response group has poor thresholds across the audiometric range.



DISCUSSION

Here we describe three different response patterns, characterized as the response to a high intensity 0.5-kHz acoustic stimulus, when ECochG was recorded along the length of a cochlear electrode immediately after surgical implantation of the array. All patients had residual hearing recorded on their pre-operative audiograms.

For ease of communication the term CM will be used to refer to the first harmonic of the DIF response, and the ANN to the second harmonic of the SUM response. It is acknowledged that other cochlear generators may have contributed to these responses, such as a neural response to the first harmonic of the DIF response (Forgues et al., 2014), and hair cell distortion products to the second harmonic of the SUM (Teich et al., 1989), but these are of smaller magnitude and do not impact significantly upon the response characterization proposed here.

The apical response pattern that was expected from cochleae with functioning hair cells in the more apical cochlear regions. This is supported by the growth of CM amplitude along the length of the cochlea, and by the relatively low audiometric thresholds at 0.25 and 0.5-kHz. In these patients hearing dropped to a median of 85-dB at 1-kHz, and to profound levels above this. The latency of the CM is also consistent with this interpretation, as it became more prolonged toward the tip of the electrode, especially in responses recorded from electrodes in the apical half of the array where the response amplitude was growing more rapidly. This is what might be expected if the ECochG recorded from each electrode reflected the response of local populations of hair cells, in response to a cochlear traveling wave generated by a 0.5-kHz tone. Further support for this notion comes from the latency growth observed along the electrode, which was similar—but slightly shorter than—that seen in human psychophysical experiments for a traveling wave traversing this region of the cochlea (Eggermont, 1979; Schoonhoven et al., 2001). The shorter latency may reflect a basal-ward shift in the cochlear site of excitation arising from the high intensity of the acoustic stimulus (Honrubia and Ward, 1968; Russell and Nilsen, 1997). The peak CM amplitude occurred a few electrodes away from the tip in some patients, and dropped dramatically in magnitude on the more apical electrodes. This we suspect is a result of the tip of the electrode passing the 0.5-kHz place on the basilar membrane. Alternatively, this response characteristic might have been caused by the most apical implant electrodes contacting the basilar membrane, as this would prevent motion of the basilar membrane and dampen hearing at the point(s) of contact. The ANN response amplitude correlated well with the CM in this group of patients, presumably reflecting good innervation of the residual hair cells. However, the electrode upon which the CM and ANN peaks occurred differed in more than half the patients, usually with the CM peak on a more basal electrode. The reason(s) for this discrepancy are not apparent.

The CM latency for the mid-electrode peak group resembled that of the apical peak responders, as is apparent in Figures 4, 5. This suggests that the mid-electrode peak may arise from surviving populations of hair cells in more basal regions of the cochlea, as this electrode is typically located around 10-mm into the cochlea, near the 2-kHz region, and this group had the best audiometric thresholds at 2-kHz (90 dB HL in the mid-electrode peak group, compared with 112.5 or 115 in the Apical Peak or Flat Response groups, respectively). An alternative explanation for a mid-electrode peak might be the constructive interference of the phases of CM and ANN, but there was no evidence to support this in the data presented. Our results suggest that those hair cells which are present are likely to be innervated, as the profile of the ANN response mirrors that of the CM response.

The flat ECochG response pattern was also found in Dalbert et al. (2015) and Calloway et al. (2014). This pattern occurred in the individuals with higher levels of hearing loss than the other two groups, with median audiometric thresholds that were 15-dB worse at 0.25-kHz and 17.5-dB at 0.5-kHz than those in the apical peak group. Thresholds in response to higher frequencies were similar to those seen in patients exhibiting an apical response. The very slow CM amplitude growth across the electrode, with a long latency response (>2 ms) that changed little across the electrode suggests that the response detected arose from the apex of the cochlea, and that hair cell responses were not detected in the vicinity of the implant's electrodes. In addition, it might be that with the poorer hearing seen in these subjects, our system did not have sufficient acoustic drive to elicit a robust response. Based on these findings, it is suggested that flat responders reflect cochleae with “dead regions,” namely cochlear places without significant numbers of functioning hair cells. The identification of dead regions is of clinical significance, as they will limit any benefit of EAS.

The present work identified discrete patterns of ECochG profile across the electrode that related to the patient's residual hearing. By recording ECochG across the electrode array, it was possible to map out the location of functioning hair cells and infer whether these were innervated. These data may improve the fitting of electro-acoustic hearing aids in the future, as specific regions with hair cell survival can be targeted with the acoustic component. The approach provides a detailed assessment of cochlear health at the time of cochlear implantation that provides a baseline for longitudinal monitoring of residual hearing. It is hoped that this will provide unique insights into the nature of hearing loss in the months after implant surgery. Furthermore, as these responses are better characterized, it will be possible to correlate the ECochG profile with speech perception and determine whether particular cochlear pathologies predict the outcome of cochlear implantation.
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Although, cochlear implants (CI) traditionally have been used to treat individuals with bilateral profound sensorineural hearing loss, a recent trend is to implant individuals with residual low-frequency hearing. Notably, many of these individuals demonstrate an air-bone gap (ABG) in low-frequency, pure-tone thresholds following implantation. An ABG is the difference between audiometric thresholds measured using air conduction (AC) and bone conduction (BC) stimulation. Although, behavioral AC thresholds are straightforward to assess, BC thresholds can be difficult to measure in individuals with severe-to-profound hearing loss because of vibrotactile responses to high-level, low-frequency stimulation and the potential contribution of hearing in the contralateral ear. Because of these technical barriers to measuring behavioral BC thresholds in implanted patients with residual hearing, it would be helpful to have an objective method for determining ABG. This study evaluated an innovative technique for measuring electrocochleographic (ECochG) responses using the cochlear microphonic (CM) response to assess AC and BC thresholds in implanted patients with residual hearing. Results showed high correlations between CM thresholds and behavioral audiograms for AC and BC conditions, thereby demonstrating the feasibility of using ECochG as an objective tool for quantifying ABG in CI recipients.
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INTRODUCTION

Cochlear implants traditionally have been used to treat individuals with bilateral profound sensorineural hearing loss. However, given the evolution of electrode and signal-processing technology and improved surgical techniques, individuals with low-frequency residual hearing also are able to experience benefit from a cochlear implant (Balkany et al., 2006; Fraysse et al., 2006). Moreover, by combining electrical and acoustic stimulation (EAS), benefit exceeds that of using a hearing aid or a cochlear implant alone (Von Ilberg et al., 1999; Turner et al., 2008).

In order to benefit optimally from EAS technologies, residual hearing in these subjects must be preserved. However, at least 50% of subjects lose their residual hearing after surgery (James et al., 2005; Balkany et al., 2006; Brown et al., 2010; Lenarz et al., 2013; Roland et al., 2016). The loss of residual hearing is attributed mainly to, direct trauma to the basilar membrane (Roland and Wright, 2006; Li et al., 2007) and not due to any potential interference produced by the presence of the electrode in the cochlea(Donnelly et al., 2009; Huber et al., 2010; Greene et al., 2015; Banakis et al., 2016). But several researchers have reported increased air-bone gaps (ABG) post-operatively in a subset of subjects after cochlear implantation despite using surgical techniques to reduce trauma (Attias et al., 2012; Chole et al., 2014; Raveh et al., 2014; Mattingly et al., 2016), thus suggesting that conductive components may be involved that can be attributed to the changes in middle ear mechanics and/or the presence of electrode in the cochlea.

Figure 1 shows an example audiogram from a CI recipient with residual hearing showing large ABGs. These ABGs are difficult to quantify because post-operative hearing sensitivity is exclusively measured with air-conduction (AC) thresholds because bone-conduction (BC) thresholds are technically difficult to assess in individuals with severe-to-profound hearing loss. Specifically, high levels of bone oscillator stimulation in the low frequencies can result in vibrotactile sensations mistakenly reported as audible, thereby contributing to a false increase in ABG. Also, due to smaller transcranial attenuation unmasked BC thresholds may be measured due to the stimulation of the cochlea in the non-test ear. Typically, the contralateral ear is masked with a band of noise to facilitate measurement of BC thresholds in the test ear. However, limited hearing in the contralateral ear may limit the ability to measure masked BC thresholds and lead to inaccurate ABG measurement. Also, it is not possible to accurately measure BC thresholds in patients and children who cannot provide accurate responses to BC stimulation.
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FIGURE 1. Typical audiogram for a cochlear implant recipient with residual hearing and an air-bone gap (Subject CI04).



Because of these technical barriers to evaluating behavioral BC thresholds, it would be helpful to have an objective method to measure AC and BC thresholds for estimating ABG in implant patients with residual hearing. Koka et al. (2016) and Abbas et al. (2017) used the intra-cochlear electrodes from the implant array to measure electrocochleography (ECochG) in patients with residual hearing. Different electrical potentials such as cochlear microphonics (CM), compound action potential (CAP), summating potential (SP), and auditory nerve neurophonics (ANN) together constitute ECochG responses. The CM represents the combination of transducer currents primarily through the outer hair cell stereocilia (Dallos, 1973) and is known to follow the fine structure of the stimulus waveform. The ANN is assumed to reflect the phase locking activity of the auditory nerve fibers (Snyder and Schreiner, 1984; Lichtenhan et al., 2013; Fitzpatrick et al., 2014; Forgues et al., 2014). The CAP is generated by the auditory nerve in response to the onset and offset of the acoustic stimulus, and the SP is the direct current part of the response with multiple generators. The present study focuses on the alternating current components of the ongoing, or steady state, response to tones. The difference response, which is the difference between alternating polarities, emphasizes responses at odd harmonics of the tone frequency, which are those components of the response that change with stimulus phase. Thus, the difference response is dominated by the CM, but also includes the largest part of the ANN that is periodic with the signal. Current study focused mainly on CM responses. The summation response, which is the summation of alternating polarities, emphasizes responses at even harmonics of the tone frequency, and include the components of the response that do not change with stimulus phase. Thus, the summation response includes the asymmetric distortions present in the CM and ANN. Because these distortions are greater in the ANN than the CM, the ongoing component of the summation response can be dominated by the ANN, when it is present. However, this part of the ANN is only the distortions, and so is smaller than the part that appears in the difference response. That there is some ANN present in the difference response was shown by Forgues et al. (2014), who demonstrated a decrease in difference response by introducing a neurotoxin used to suppress auditory nerve response.

This study extends the (Koka et al., 2016) study to evaluate whether CM (which is the difference response) can be used to estimate BC thresholds in implanted patients with residual hearing. Because CM necessarily rules out any vibrotactile responses and contributions from the contralateral ear, it may be applicable for estimating BC thresholds at low frequencies. Thus, this study assessed CM responses for AC and BC stimuli in cochlear implant recipients with residual hearing.

METHODS

Subjects

Four implant recipients with HiRes 90 K® cochlear implants (Advanced Bionics LLC, Valencia, CA) and HiFocus MidScala® electrode arrays with residual hearing participated in this study. Table 1 shows their ages and duration of implant use. The subjects were recruited based on observation of ABG with CIs. The pre-op ABGs were not available to the authors as part of this study. The etiology of the hearing loss is unknown for this group. All subjects provided written informed consent prior to participation. The study protocol (#20121035) was approved by the Western Institutional Review Board (WIRB).


Table 1. Subject demographics.
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Equipment

The AC and BC stimulus delivery and measurement system for assessing behavioral thresholds and ECochG responses was the same as that described in Koka et al. (2016). The Bionic Ear Data Collection System (BEDCS) research software of Advanced Bionics was used to control stimulus delivery and ECochG measurement. The acoustic stimuli were generated by an NI DAQ system (NI DAQ 6216, National Instruments Corporation„ Austin, TX) along with an audio amplifier (Sony PHA-2, Sony Corporation, New York, NY, USA) and presented through a ER-3A insert earphone (Etymotic Research, Inc., Elk Grove Village, IL USA) for AC and through a B-71 bone vibrator for BC. The AC and BC levels were calibrated according to ANSI S3.6 Specifications for Audiometers using clinical audiometric calibration services provided by Audiometrics (Arcadia, CA, USA). ECochG was measured using an Advanced Bionics Clinical Programming Interface (CPI-II), Platinum Series Sound Processor (PSP), and Universal Headpiece (HP). The CPI-II delivered an external trigger to synchronize acoustic/bone vibration stimulus generation and ECochG measurement through the implant.

Pure Tone Audiometry and Tympanometry Procedures

Behavioral AC and BC pure-tone thresholds were measured at 125, 250, 500, 750, 1,000, 1,500, and 2,000 Hz using a stimulus duration of 200 ms and a step size of 2 dB using equipment described above. For each test frequency, thresholds were assessed using an ascending and descending track. The initial stimulus level for the ascending track was below the subject's audible threshold, whereas the initial stimulus level for the descending track was above the subject's behavioral threshold. The final threshold was defined as the average of the ascending and descending values. Masking was used for estimating bone conduction thresholds. Any response reported as vibrotactile or questionably vibrotactile was considered as no response.

Tympanometry was used to understand the condition of middle ear and to rule out conductive hearing loss (GSI Tympstar, Grason-Stadler Inc, Eden Prairie, MN 55344).

Ecochg Recording Procedure

ECochG stimuli consisted of 50-ms tone bursts with ramp duration of 5 ms (Hanning window) presented at each subject's most comfortable level (MCL). For each frequency (125, 250, 500, 750, 1,000, 1,500, and 2,000 Hz), ECochG responses were recorded using 240 presentations with alternating polarity (120 rarefaction and 120 condensation). From the responses to alternating polarities, the difference response (CM) was extracted.

The most apical electrode contact (electrode 1) was used as the active electrode and the ring electrode, located on the electrode lead outside of the cochlea, served as the return electrode. The amplifier on the HiRes90 k implant was configured to have a gain of 1,000 and its output was digitized (9-bits) at 9,280 samples/s. The low-pass filter cutoff was set to 5,000 Hz. With these settings, the Advanced Bionics implant offers a relatively long recording window of 54.4 ms, enabling ECochG recording for low-frequency stimuli down to 125 Hz.

Control Experiments

ECochG recordings can be affected by the stimulus artifact. The bone vibrator contains a relatively strong electromagnet. It is possible that the energy generated by the electromagnet may be coupled to the implant electronics. Two control experiments were conducted to identify and quantify any artifacts that may have occurred.

First, BC ECochG waveforms were compared between stimuli delivered when the ear canal was occluded (foam plug insertion) and unoccluded. The assumption here was that due to occlusion effect, the ECochG will be increased when ear canal was occluded. The absence of stimulus artifacts was confirmed when larger ECochG responses were observed for the occluded condition compared to the unoccluded condition. These control measurements were made for all subjects.

Second, ECochG recordings were made with the bone vibrator placed close, but not touching the mastoid, to determine if any direct electromagnetic coupling occurred. A custom-built holder was used to hold the bone vibrator close to the mastoid consistently across subjects. A template subtraction technique was used to remove electromagnetic coupling artifacts from the ECochG responses if they were detected when the bone vibrator was not touching the mastoid.

Data Analysis

CM response waveforms elicited separately by AC and BC stimulation were obtained from the rarefaction and condensation waveforms by subtracting alternating polarities and computing the average. Fast Fourier Transform (FFT) analysis estimated amplitudes for each stimulus level. CM thresholds were estimated by comparing the amplitude at each stimulus level with a constant noise floor, which was constant across all subjects. Finally, CM thresholds were compared with behavioral AC and BC acoustic thresholds to determine if a correlation existed.

RESULTS

Behavioral Air-Bone Gaps (ABG)

All the subjects in the study demonstrated behaviorally-based ABGs despite tympanometry indicating normal middle ear function. The ABGs varied between 14 to 59 dB with a mean of 36 dB.

Ecochg Responses for BC

Figure 2 shows typical ECochG waveforms in response to BC stimulation of 750 Hz at 50 dB HL (subject CI25). The upper plots show the raw waveforms for rarefaction and condensation stimulation in the time domain (Figure 2A) and frequency domain (Figure 2C). The lower plots show in the time (Figure 2B) and frequency domains (Figure 2D) the difference waveforms computed from the responses to the alternating polarity stimuli. These responses were recorded with an occluded ear for which the subject reported an increase in loudness. Figure 3 shows CM responses from the same subject for an occluded and unoccluded ear in the time domain (Figure 3A) and frequency domain (Figure 3B). The occluded ear responses clearly show a 6 dB, doubling of amplitude compared to the unoccluded ear.
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FIGURE 2. Electrocochleography waveforms recorded with bone vibrator stimulation. (A): Raw waveforms recorded for alternating polarity stimulation. (B): Difference CM response obtained by subtracting responses between alternating polarities. (C): Frequency spectra of the responses to alternating polarities. (D): Frequency spectrum of the difference CM response.
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FIGURE 3. CM responses for bone vibrator stimulation with and without occluded ear canal. (A): Time domain waveforms. (B): Frequency spectra.



Control Experiments

No electromagnetic artifacts were observed for these subjects when stimulus levels did not elicit a vibrotactile response. Nonetheless, direct coupling electromagnetic artifacts were observed when stimulus levels were above vibrotactile thresholds, thereby indicating that artifacts exist at high levels. The template subtraction technique removed the stimulus artifact contamination at high levels.

Ecochg vs. Behavioral Thresholds (AC and BC)

Figure 4 shows behavioral and CM thresholds for all frequencies for which hearing was measureable. For all four subjects, the CM threshold profiles followed the behavioral audiometric threshold profiles. The mean and standard deviation of the difference between audiometric and CM thresholds for AC across all frequencies was −9 (±5) dB. The difference between audiometric and CM thresholds for BC across all frequencies was 6 (±6) dB.
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FIGURE 4. Pure-tone AC and BC thresholds measured using conventional behavioral audiometry and ECochG. Each panel represents data from a single subject.



Figure 5 plots CM thresholds as a function of audiometric thresholds for both AC and BC. The correlation between CM and audiometric thresholds is highly significant across all frequencies for both AC and BC (r∧2 = 0.84, n = 21, p < 0.001 for AC; r∧2 = 0.68, n = 15, p < 0.001 for BC). The ABG for behavioral responses was 36 (±12) dB and for CM thresholds was 43 (±12) dB. There was no significant difference between ABG measured using audiometry or ECochG (p = 0.115, n = 15).
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FIGURE 5. Comparison of CM vs. audiometric thresholds across all subjects and across all frequencies for AC and BC stimulation.



DISCUSSION

This study measured pure-tone audiometric thresholds and CM thresholds for AC and BC stimulation in four implanted individuals with residual hearing. Across the range of test frequencies, behavioral sensitivity and CM thresholds were highly correlated for both AC and BC stimulation. Moreover, the ABG estimated by the ECochG responses provided a reliable surrogate for behavioral ABG in these subjects.

These results are similar to Koka et al. (2016) for AC thresholds and to Abbas et al. (2017) who showed that CM thresholds approximated behavioral AC thresholds better than auditory nerve neurophonics or compound action potential thresholds. Unique to this study is the demonstration that ECochG responses to BC stimulation can provide an objective indicator of BC thresholds that are not corrupted by vibrotactile responses and does not require contralateral masking. One caveat is that care should be taken to limit BC vibrator output so as not to create electromagnetic artifacts at high stimulus levels. These results suggest that ECochG can be used as an objective tool to verify behavioral BC thresholds in CI patients with residual hearing and ABG. In implant patients, intra-cochlear electrode is used to measure ECochG which simplifies the measurement of evoked potentials especially in pediatric patients.

With the observation that ABG may exist after implantation of patients with residual hearing (Chole et al., 2014; Raveh et al., 2014; Mattingly et al., 2016) and in normal-hearing animals after implantation (Hod et al., 2016), this ECochG method can provide an objective tool to estimate reliable ABG without technical issues of measuring behavioral BC thresholds in CI subjects. The fact that this group of subjects had ABG in the presence of normal tympanometry suggests that the ABG originated in the inner ear rather than the middle ear. On the other hand acute studies looking at effect of electrode in the cochlea did show only less than 5 dB differences between air and bone conduction in temporal bones (Donnelly et al., 2009; Huber et al., 2010; Greene et al., 2015; Banakis et al., 2016). Quesnel et al. (2016) suggested that the changes in residual hearing after initial preservation may be due to intracochlear fibrosis and new bone formation changing the compliance of round window and not due to degeneration of hair cells. The current EcochG measurement may acts a tool to monitor ABG chronically and understand whether the increased ABG is due to chronic changes in the cochlea.

CONCLUSION

ECochG responses can provide an objective method for estimating ABG in cochlear implant recipients with residual hearing in the implanted ear.
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Although cochlear implants (CI) traditionally have been used to treat individuals with bilateral profound sensorineural hearing loss, a recent trend is to implant individuals with residual low-frequency hearing. Patients who retain some residual acoustic hearing after surgery often can benefit from electro-acoustic stimulation (EAS) technologies, which combine conventional acoustic amplification with electrical stimulation. However, interactions between acoustic and electrical stimulation may affect outcomes adversely and are time-consuming and difficult to assess behaviorally. This study demonstrated the feasibility of using the Advanced Bionics HiRes90K Advantage implant electronics and HiFocus Mid Scala/1j electrode to measure electrocochleography (ECochG) responses in the presence of electrical stimulation to provide an objective estimate of peripheral physiologic EAS interactions. In general, electrical stimulation reduced ECochG response amplitudes to acoustic stimulation. The degree of peripheral EAS interaction varied as a function of acoustic pure tone frequency and the intra-cochlear location of the electrically stimulated electrode. Further development of this technique may serve to guide and optimize clinical EAS system fittings in the future.

Keywords: residual hearing, cochlear implant, electrocochleography, ECochG, electro-acoustic stimulation, EAS and electro-acoustic interaction

INTRODUCTION

Because of advances in electrode array technology and surgical technique, patients with low-frequency residual acoustic hearing could benefit from cochlear implants (CI) (Balkany et al., 2006; Fraysse et al., 2006). Although some of these individuals lose their residual hearing completely after implant surgery, others can experience partial or full retention of their acoustic hearing (Radeloff et al., 2012; Dalbert et al., 2015). Subjects with residual hearing often can benefit from electro-acoustic stimulation (EAS) technologies, which combine conventional acoustic amplification with electrical stimulation (Von Ilberg et al., 1999; Turner et al., 2008).

One of the challenges in optimizing EAS benefit in individual patients is understanding the interactions between acoustic and electrical hearing. Psychometric studies indicate that acoustic thresholds can be increased in the presence of electrical stimulation, thereby suggesting peripheral electro-acoustic interactions (Lin et al., 2011). Systematic programming modifications such as switching off electrodes or using overlapping or non-overlapping cross-over frequencies also can characterize electro-acoustic interactions and suggest ways to improve benefit (Polak et al., 2010; Karsten et al., 2013). The drawback to these behavioral techniques is that they are subjective and require too much time, thereby making them impractical for clinical use.

Consequently, it would be valuable to take advantage of objective responses to help clinicians program EAS devices optimally. The electrically evoked compound action potential (ECAP) is a physiologic response that reflects auditory nerve activity and can serve as an objective measure of electro-acoustic interactions in the same ear (Abbas et al., 2002; Stronks et al., 2010, 2012). For example, Abbas et al. (2002) showed electro-acoustic interactions in cats with residual hearing. They observed secondary peaks in ECAP amplitudes and hypothesized that these peaks resulted from electrical stimulation of hair cells, often referred to as electrophonics. They also showed a decrease in ECAP amplitude in the presence of wide-band acoustic noise, thus indicating the presence of peripheral electro-acoustic interactions. Similarly, Stronks et al. (2012) observed a decrease in ECAP amplitude in the presence of broadband noise in guinea pigs.

Electrocochleography (ECochG) is a procedure that offers potential for assessing peripheral electro-acoustic interactions objectively. The ECochG response is comprised of electrical potentials generated by the hair cells and auditory nerve. The cochlear microphonic (CM) represents the combination of transducer currents primarily through the outer hair cell stereocilia (Dallos, 1973) and is known to follow the fine structure of the stimulus waveform. The auditory nerve neurophonic (ANN) is assumed to reflect the phase-locking activity of the auditory nerve fibers (Snyder and Schreiner, 1984; Lichtenhan et al., 2013; Fitzpatrick et al., 2014; Forgues et al., 2014). The compound action potential (CAP) is generated by the auditory nerve in response to the onset and offset of the acoustic stimulus, and the summating potential (SP) is the direct current part of the response with multiple generators.

To date, the ability to measure ECochG responses in the presence of electrical stimulation in CI recipients has been limited by CI hardware capability due to stimulus artifacts. However, the back-telemetry capability and fast-recovery amplifier in the Advanced Bionics (AB) HiRes90K® cochlear implant offers the opportunity to measure ECochG responses reliably and to explore the feasibility of using ECochG to assess peripheral electro-acoustic interactions. the AB device can record ECochG responses to low frequency pure tones. By calculating the Difference response, that is, the difference between responses to alternating stimulus polarities, the odd harmonics of the tone frequency are emphasized. This calculation reflects the components of the response that follow stimulus periodicity. This Difference response is dominated by the CM, but also includes the largest part of the ANN (Forgues et al., 2014). In contrast, by calculating the Summation response, that is, the sum of the responses to alternating stimulus polarities, the even harmonics of the tone frequency are emphasized. This calculation includes components of the response that do not change with stimulus phase and thus reflects asymmetric distortions in the CM and ANN. Because these distortions are greater in the ANN than the CM, the ongoing component of the Summation response can be dominated by the ANN, when it is present. However, this part of the ANN is only the distortions, and so is smaller than the part that appears in the difference response.

This study explored the feasibility of using ECochG to assess electro-acoustic interactions objectively in implanted subjects with residual hearing in the presence of electrical stimulation. The study focused particularly on using the fast-recovery amplifier in the AB HiRes90K® cochlear implant to measure ECochG responses. The objective of the study was to show that it is feasible to record the Difference response and the Summation response in the presence of electrical stimulus artifacts. These measurements then would provide a way to objectively estimate electro-acoustic interactions. A hypothesis that these objective electro-acoustic interactions correlate with behaviorally measured electro-acoustic interactions was tested.

METHODS

Two methods were used to explore the interaction between acoustic and electrical stimulation in CI recipients with residual hearing. Experiment 1 evaluated the feasibility of recording acoustic ECochG responses in the presence of electrical stimulation. Those responses then were used to estimate electro-acoustic interactions objectively. Experiment 2 assessed electro-acoustic interactions behaviorally by measuring changes in acoustic thresholds in presence of electrical stimulation. These behavioral interactions then were compared with the objective electro-acoustic interactions from Experiment 1.

Experiment 1

Objective

The aim of this experiment was to show the feasibility of recording acoustic ECochG responses in the presence of electrical stimulation. The Difference response amplitudes observed in presence of electrical stimulation were compared to baseline responses measured with no electrical stimulation to provide an objective estimation of electro-acoustic interactions.

Subjects

Twelve CI recipients with Advanced Bionics HiRes90K® cochlear implants and HiFocus MidScala® and 1J electrode arrays participated in this phase of the study. Eleven subjects were unilaterally implanted and one subject was a bilateral implant user, thereby yielding a total of 13 experimental ears. Table 1 shows the subjects' implant devices, duration of implant use and experimental participation. Figure 1 shows the pure-tone audiograms for these subjects, who exhibited different degrees of residual hearing. The etiology of the hearing loss is unknown for the group. All subjects provided written informed consent prior to participation. The study protocol (#20121035) was approved by the Western Institutional Review Board (WIRB).


Table 1. Subject demographics.
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FIGURE 1. Pure tone audiograms for 12 study participants.



Equipment

The stimulus delivery and measurement system for assessing ECochG responses was like that described in Koka et al. (2016). The Advanced Bionics' Bionic Ear Data Collection System (BEDCS) research software was used to control stimulus delivery and ECochG response measurement. The acoustic stimuli were generated by an NI DAQ system (NI DAQ 6216, National Instruments Corporation, Austin, TX, USA) along with an audio amplifier (Sony PHA-2, Sony Corporation, New York, NY, USA) and presented through ER-3A insert earphones (Etymotic Research, Inc. Elk Grove Village, IL, USA). An ER-7 (Etymotic Research, Inc. Elk Grove Village, IL, USA) probe MIC was used to monitor the stimulus level in the ear canal. ECochG responses were measured using an Advanced Bionics' Clinical Programming Interface (CPI-II), Platinum Series Sound Processor (PSP), and Universal Headpiece (HP). The CPI-II delivered an external trigger to synchronize acoustic stimulus generation and response measurement through the implant. Frequencies including 125, 250, 500, 750, 1,000, and 2,000 Hz were studied. The stimulus delivery system had maximum levels of 90, 100, 105, 110, 110, 110 dB HL for those audiometric frequencies.

Stimulation and Recording Parameters

The acoustic stimulus for ECochG recording consisted of 50-ms tone bursts with a ramp duration of 5 ms (Hanning window) presented at each subject's most comfortable level (MCL) or at maximum stimulus level generated by test system at test frequency. ECochG responses were recorded using 240 presentations with alternating polarity (120 rarefaction and 120 condensation). From the responses to alternating polarities, the Difference response (difference between responses to the two polarities) or the Summation response (sum of responses to the two polarities) was computed.

The electrical stimulus consisted of a 50-ms biphasic pulse train with a phase duration of 36 μS. The inter-pulse gap was varied to produce pulse rates that ranged between 400 and 1,200 pulses per second (pps). The pulse trains were delivered at each subject's MCL. Electrical stimuli were delivered to either electrode 2 or electrode 3 in a monopolar manner using the case ground as the return electrode. Electrode 1 was used as the recording electrode. In some cases, electrode 2 was used as the recording electrode, and then either electrode 1 or 3 was used for stimulation. In the AB system, electrode 1 is the most apical electrode.

For recording, the ring electrode, located on the electrode lead outside of the cochlea, served as the reference electrode for the differential recording amplifier. The amplifier on the HiRes90K® Advantage implant was configured to have a gain of 1,000. Data were sampled at a rate of 9,280 sample/s, thus supporting a fast Fourier transform (FFT) up to 4,000 Hz. The response amplitudes were estimated as the peak value at stimulus frequency in the FFT spectrum. With these settings, the AB implant offers a relatively long recording window of 54.4 ms that can record ECochG waveforms for low-frequency stimuli down to 125 Hz.

Procedures

The procedure used for electro-acoustic interaction was simultaneous presentation of electric and acoustic stimuli. The electrical pulse rates and acoustic frequencies were kept disparate so that the acoustic responses could be differentiated from electrical stimulus artifacts in the FFT spectrum. Figure 2 illustrates the procedures used in this experiment. First, ECochG responses were recorded for the pure-tone acoustic stimulus presented alone (Figure 2A). Then the ECochG responses were recorded for the acoustic pure-tone stimulus and electrical pulse train presented simultaneously (Figure 2B). Following, ECochG responses were measured for the electrical pulse train alone (Figure 2C). Note that the responses in Figures 2B,C both show large stimulus artifacts during the electrical pulses, but the response to the acoustic stimulation still can be seen in Figure 2B, where the acoustic and electrical stimulation are presented together.
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FIGURE 2. Experimental procedure used for estimating physiological electro-acoustic interactions for simultaneous stimulations. (A) Difference responses measured for acoustic stimulus alone. (B) Difference responses measured for electric and acoustic stimulus together. (C) Difference responses measured for electric stimulus alone. (D) Derived acoustic responses estimated by subtracting electric stimulus alone responses from responses to electric and acoustic stimuli presented together.



The electric-only responses were subtracted from electro-acoustic responses. This subtracted response was defined as the Derived acoustic response (Figure 2D). Finally, the acoustic-alone (Figure 2A) and Derived acoustic response (Figure 2D) amplitudes in the frequency spectrum were compared at the stimulus frequency to determine if any electrical-acoustic interaction was present. Even though not shown in Figure 2, a similar computational technique was used to calculate and analyze the interactions in the ANN.

Different electrodes were used for electrical stimulation and recording of ECochG responses to minimize stimulus artifact contamination of the recordings. The fast-recovery property of the evoked potential recording amplifier designed into the HiRes90K® Advantage cochlear implant allowed the amplifier, when it encountered large saturating stimulus artifacts, to quickly return from saturation into linear operation. This capability permitted recording of responses immediately after the stimulus artifact ended. Thus, electrical pulse rates closer to clinical stimulation rates could be explored to determine the feasibility of using this ECochG technique to complement everyday clinical programming.

Experiment 2

Objective

The aim of this experiment was to estimate electro-acoustic interactions using a behavioral masking technique, i.e., the elevation of acoustic thresholds in the presence of an electrical stimulus masker. These behavioral electro-acoustic interactions were compared with the objective electro-acoustic interactions estimated in Experiment 1.

Subjects

A subset of the 6 subjects who participated in Experiment 1 took part in this phase of the study. Five were unilaterally implanted and one had two devices, resulting in a total of seven experimental ears. Table 1 indicates the six individuals composing this subset of subjects.

Stimulation and Recording Parameters

The experiment was conducted in a quiet room. If required, a foam plug was introduced in the contralateral ear to avoid distraction. The acoustic probe stimuli consisted of tone bursts at 125, 250, 500, 750, 1,000, and 2,000 Hz. The tone duration was 200 ms with 10-ms on/off ramps.

The electrical masker consisted of 500-ms pulse train of (cathodic first) biphasic pulses with phase durations of approximately 36 μs. The pulse rate was kept constant at 421 pps. Electrical stimulation was delivered at the same MCLs used in Experiment 1. When the probe and masker were delivered simultaneously, the acoustic tone burst was centered temporally within the electrical pulse train. The experimental design was similar to Lin et al. (2011).

Procedure

Unmasked and masked acoustic thresholds were measured using a three-interval, forced-choice procedure with a three-down-one-up search rule. Initially within a run, the acoustic stimulus levels were varied in 8-dB steps. After three reversals, the step size was reduced to 2 dB. Thresholds were calculated by averaging six reversals with a step size of 2 dB. Thresholds were measured for each acoustic stimulus presented alone and with the electrical masker. The threshold track was aborted if the acoustic signal level exceeded the maximum stimulation limit. Any changes in acoustic thresholds in the presence of electrical stimulation from the unmasked condition were evidence of electro-acoustic interactions.

RESULTS

Feasibility of Recording ECochG Responses in the Presence of Electrical Stimulation (Experiment 1)

Figure 2 has shown feasibility of recording ECochG responses for an acoustic tone of 750 Hz and electrical stimulation rate of 421 pps. Then ECochG responses were also recorded for different electrical stimulation rates and Derived acoustic responses were estimated based on the technique described in Methods for Experiment 1. The peak amplitude of the Difference response to acoustic pure tones was assessed as a function of electrical pulse rate (400–1,200 pps). Figure 3 shows an example of the effect of stimulation rate on the Derived acoustic response for a 750-Hz pure-tone stimulus (CI08). Figure 3A overlays the time domain responses to the acoustic stimulus alone with Derived acoustic responses for electrical stimulation delivered at 421, 843, and 1,160 pps. Figure 3B shows the same four responses in the frequency domain.
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FIGURE 3. Derived acoustic and Acoustic alone responses of Difference responses (difference of alternating polarities) for three three electrical stimulation rates. (A) Time domain. (B) Frequency domain.



The time domain data show no visible residual stimulus artifacts after template subtraction. The frequency spectra show some stimulus artifacts around 1,160 Hz which appear to be harmonic or at the electrical stimulation rate. Nonetheless, these stimulus artifacts were clearly different from the Difference response at 750 Hz. In this example, there is no evidence of peripheral electro-acoustic interactions as indicated by no differences in the waveforms or spectra for the Derived acoustic responses compared to the acoustic-alone responses. These results demonstrate the feasibility of recording acoustic responses in the presence of electrical stimuli delivered at different stimulation rates.

Objective Estimation of Electro-Acoustic Interactions through ECochG Responses (Experiment 1)

Figure 4 shows an example of Difference response amplitude change as a function of acoustic stimulation frequency for electrical stimulation on electrode 1 vs. stimulation on electrode 2 (Subject CI04L). In this case, the pulse rate was constant at 421 pps. The Difference response amplitudes decreased for acoustic stimulus frequencies above 250 Hz, thereby providing evidence of peripheral physiologic electro-acoustic interactions. The Difference response amplitudes decreased up to 4 dB (dB re: 1 uV) at 250 Hz and about 2 dB above 250 Hz.
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FIGURE 4. Difference response amplitude changes as a function of acoustic stimulation frequency for 421-pps electrical stimulation on two two different electrodes (representative subject CI04L). Positive dB-values indicate decreases (suppression) in the acoustic response and negative dB-values indicate increases (enhancement) in the acoustic response in presence of electrical stimulation.



Figure 5 plots Derived acoustic vs. acoustic-alone responses for Difference responses across all 13 experimental ears for electrical stimulation on electrodes 1–3 for all test frequencies (Figures 5A–C). Figure 5 also shows the comparison of acoustic alone and Derived acoustic conditions for Summation responses for electrical stimulation on electrodes 1–3 for all test frequencies (Figures 5D–F). Data points above zero indicate decrease in acoustic response due to electrical stimulation (suppression) and points below zero indicate increase in acoustic response due to electrical stimulation (enhancement). The responses show significant electro-acoustic interactions for Difference response and non-significant electro-acoustic interactions for Summation responses. The difference between Derived acoustic responses and Acoustic alone responses was significant (two tailed p < 0.001, paired t-test, n = 41 for electrical stimulation on electrode 1; two tailed p < 0.001, paired t-test, n = 36 for electrical stimulation on electrode 3, two tailed p < 0.001, paired t-test, n = 20 for electrical stimulation on electrode 2) for Difference responses. The difference between Derived acoustic responses and Acoustic alone responses was not significant (two tailed p = 0.266, paired t-test, n = 21 for electrical stimulation on electrode 1; two tailed p = 0.89, paired t-test, n = 7 for electrical stimulation on electrode 3, two tailed p = 0.84, paired t-test, n = 3 for electrical stimulation on electrode 2) for Summation responses.
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FIGURE 5. Comparison of Derived acoustic vs. acoustic alone for Difference responses (difference of alternating polarities) and Summation responses (summation of alternating polarities) for 13 ears across multiple frequencies. (A–C) show the data for Difference responses for electrical stimulation on electrodes 1–3; (D–F) show the data for Summation responses for electrical simulation on electrodes 1–3. The points above zero indicate decrease in acoustic response in presence of electrical stimulation (suppression) and points below zero indicate increase in acoustic response in presence of electrical stimulation (enhancement).



Behavioral Electro-Acoustic Interaction as a Function of Acoustic Stimulus Frequency (Experiment 2)

Figure 6 shows the changes in behavioral thresholds for one ear (Subject CI04L) in the presence of the 421-pps electrical masker. The observed variance between runs was 1 dB. The behavioral thresholds increased for test frequencies 250 Hz and above, with the greatest threshold shifts observed above 500 Hz. This subject did not show frequency selectivity with respect to threshold increase for stimulation on either electrode 1 or 2.
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FIGURE 6. Behavioral threshold change vs. acoustic test frequency for a representative subject CI04L. An electrical masker of 421 pps was applied to either electrode 1 or electrode 3.



Figure 7 shows the effect of the 421-pps electrical masker across all audiometric test frequencies for all seven ears tested in Experiment 2. The data show mean and individual threshold changes observed across subjects. Each of the panels represents electrical stimulation on a different electrode. The mean data show the threshold selectivity of ~500–750 Hz for electrode 1 stimulation and ~1,500 Hz for electrode 2.
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FIGURE 7. Behavioral threshold changes and Difference response amplitude changes vs. acoustic test frequency vs. electrical stimulation location. (A–C) Behavioral threshold changes observed with electrical stimulation masker on electrodes 1–3 across frequencies and across all subjects.



Comparison of Objective and Behavioral Electro-Acoustic Interaction

Figure 5 shows Difference response amplitude changes across audiometric frequencies in the presence of a 421-pps electrical masker for the same seven ears assessed in Experiment 2. Again, each of the panels represents electrical stimulation on a different electrode. The behavioral threshold shifts (Figure 7) varied by place of stimulation (i.e., by the electrode used for the masker) and the frequency of the acoustic probe stimulus. The behavioral thresholds show a peak around 500–750 Hz for electrical stimulation on electrode 1 and for higher frequencies for stimulation on electrodes 2 (~1,500 Hz). In contrast, the Difference response amplitude changes across electrodes do not show any clear peaks but do show greater shifts in amplitude for stimulation on electrode 1 than for stimulation on electrodes 2 or 3. This pattern suggests that apical stimulation results in greater physiologic electro-acoustic interactions than stimulation more basally. Notably, the objective electro-acoustic interactions estimated by Difference response amplitude changes (<8 dB change) were smaller than behavioral threshold changes (5–25 dB). There were no significant correlations observed between behavioral and objective electro-acoustic interactions (p > 0.05, n = 48, Pearson Correlation).

DISCUSSION

This study demonstrates the feasibility of measuring acoustic ECochG responses in the presence of electrical stimulation using the HiRes90K® Advantage cochlear implant. The fast-recovery amplifier enabled measurement of acoustic Difference responses and Summation responses for electrical pulse rates as high as 1,000 pps. Moreover, there were minimal or no residual electrical stimulation artifacts when using the technique described. Electro-acoustic interactions were observed in subset of subjects up to 4 dB of suppression in ECochG responses.

Furthermore, this is the first study to demonstrate that ECochG can be used to evaluate electro-acoustic interactions in CI recipients with residual hearing. The degree of electro-acoustic interaction was dependent on location of the stimulation and recording electrode, as well as acoustic frequency (Figures 4, 5). Comparison of ECochG interactions and the effect of electrical stimulation on behavioral thresholds showed a general pattern of suppression of acoustic responses with electric stimulation. Quantitatively, the physiological measures showed less suppression than those observed behaviorally. For example, in the same subject, a 0–4 dB decrease in Difference response (Figure 4) corresponded to a 0–20 dB increase in behavioral threshold (Figure 6). One possible explanation is that the discrepancy between the two measures may be related to the difference in the point on the psychometric function at which the measures were obtained. ECochG measures were obtained with acoustic stimulation levels near MCL or maximum stimulus level of test system, whereas acoustic levels for the behavioral experiment were near threshold. The test stimulus level varied from soft level to MCL in different subjects based on their residual hearing (see Figure 1). Figure 8 shows the replot of the data from Figure 5A with X-axis changed to Acoustic alone response amplitude. This clearly shows that maximum interactions observed at smaller acoustic alone responses than at larger acoustic alone responses. The smaller acoustic alone response amplitudes indicate that test stimulus levels were at soft level and larger acoustic alone response amplitudes indicate that test stimulus levels were at MCL.
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FIGURE 8. Decrease in acoustic responses due to electrical stimulation on electrode 1. The decrease in amplitudes (indicating presence of electro-acoustic interactions) were plotted with respect actual acoustic alone response amplitudes. This shows amount of electro-acoustic interactions observed dependent up on acoustic alone response amplitude (psychometric function at which the measures were obtained). The objective measures were obtained at either MCL or maximum of stimulus level of test system. This varied from soft level to MCL based on amount of residual hearing present.



 Stronks et al. (2010) reported a similar pattern where greater changes in acoustic CAPs in the presence of electric stimulation were observed near threshold compared to higher acoustic stimulus levels. Specifically, the amplitude changes observed at higher stimulation levels were around 3 dB, while amplitude changes were 10–20 dB near threshold. However, Stronks et al., study and other animal studies (Abbas et al., 2002) evaluated CAPs at higher acoustic frequencies than those used in this study. CAP techniques have limited applicability in CI recipients with low-frequency residual hearing where CAP responses cannot be measured. In contrast, Difference responses and Summation responses are measurable in these individuals at low frequencies (see Figure 3).

In summary, it is feasible to assess electro-acoustic interactions objectively in CI recipients with residual hearing. Further studies will explore stimulus-level-dependent electroacoustic interactions and whether these objective data can be used to guide fitting of EAS technology. Long-term, the goal is to be able to fit clinical EAS systems (1) without dependence on time-consuming psychometric methods and (2) in patients unable to undergo behavioral testing.

CONCLUSIONS

It is feasible to record ECochG responses in the presence of electrical stimulation in HiRes90® Advantage CI recipients with residual hearing, thus providing a method for objectively assessing electro-acoustic interactions.

The HiRes90K® Advantage fast-recovery recording amplifier allows electro-acoustic interactions to be measured at high electrical stimulation rates with minimal stimulus artifacts.

Future studies are required to understand the relationship between behavioral and objective electro-acoustic interactions.
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The electrically evoked compound action potential (eCAP) represents the synchronous firing of a population of electrically stimulated auditory nerve fibers. It can be directly recorded on a surgically exposed nerve trunk in animals or from an intra-cochlear electrode of a cochlear implant. In the past two decades, the eCAP has been widely recorded in both animals and clinical patient populations using different testing paradigms. This paper provides an overview of recording methodologies and response characteristics of the eCAP, as well as its potential applications in research and clinical situations. Relevant studies are reviewed and implications for clinicians are discussed.
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INTRODUCTION

The electrically evoked compound action potential (eCAP) represents a synchronized response generated by a group of electrically activated auditory nerve fibers. Current cochlear implants (CI) incorporate a “reverse” telemetry capability that allows near-field recordings of the eCAP using intra-cochlear electrodes. Compared with other electrophysiological measures, the eCAP offers several advantages that make it of great value to hearing scientists and audiologists. First, measuring the eCAP in CI patients does not require extra equipment, special software, or an external recording electrode other than the standard equipment for clinical programming. It can be done through the telemetry function implemented in the CI and the commercial software provided by the manufacture. Second, it requires minimal patient cooperation and is not affected by patient's arousal status, which is an important advantage for working with pediatric CI users. Additionally, it is known to be a stable measure overtime in typical CI recipients and therefore can be a reliable indicator of change.

Electrical stimuli delivered by the CI are first encoded by the auditory nerve, and subsequently transmitted to higher auditory neural structures. Theoretically, the ability of the auditory nerve to faithfully encode and process electrical stimuli should be important for CI outcomes. Results of several studies suggest that the physiological status (i.e., number and responsiveness of neurons) of the auditory nerve may be important for CI outcomes (e.g., Kim et al., 2010; Kirby and Middlebrooks, 2010, 2012; Garadat et al., 2012, 2013; Long et al., 2014; Pfingst et al., 2015a,b). The eCAP is a direct measurement of neural responses generated by auditory nerve fibers, which makes it feasible to exclusively evaluate the physiological status of the auditory nerve. Many studies have focused on evaluating the feasibility of using the eCAP to determine stimulus levels for individual electrodes in CI patients (e.g., Brown et al., 2000; Hughes et al., 2000; Thai-Van et al., 2001; Gordon et al., 2002, 2004; Eisen and Franck, 2004). Over the past 10 years, there has been a steady increase in the number of studies using the eCAP to assess different aspects of responsiveness of the auditory nerve and their associations with CI outcomes in both adult and pediatric CI users (e.g., Botros and Psarros, 2010; Hughes et al., 2012; Lee et al., 2012; He et al., 2016a). This article provides an overview of these studies, with an emphasis on several potential applications of the eCAP in research and clinical situations in human CI users.

GENERAL OVERVIEW

Brief History

Even though the acoustically evoked compound action potential (CAP) has been widely used in basic and clinical studies for more than six decades (Goldstein and Kiang, 1958), the feasibility of measuring the eCAP in animals or human listeners was not established until late 1980s (van de Honert and Stypulkowski, 1986; Game et al., 1987; Miyamoto and Brown, 1987; Abbas and Brown, 1988). The delay is primarily due to the lack of technique for recognizing and minimizing contamination of stimulus artifact on the recorded response. In 1990, Brown et al. developed a forward-masking technique for measuring the eCAP from an intra-cochlear electrode in human CI patients (Brown et al., 1990). This technique can successfully minimize stimulus artifact and allow artifact-free eCAPs to be recorded. Telemetry function became commercially available for eCAP recording in 1998, when Cochlear™ Limited (Sydney, Australia) incorporated two-way telemetry in the Nucleus® CI24 CI (Neural Response Telemetry [NRT]). In 2001, Advanced Bionics (Valencia, California) followed by including telemetry capability in their devices (Neural Response Imaging [NRI]). MED-EL's (Innsbruck, Austria) version of telemetry (Auditory Response Telemetry [ART]) was commercially approved in the United States in 2007.

eCAP Morphology

The eCAP recorded using an intra-cochlear electrode in human CI users typically shows a biphasic morphology. The upper panel of Figure 1 shows an example of an eCAP recorded in one pediatric Cochlear 24RE CI user with prelingual deafness. The biphasic eCAP consists of one negative peak (N1) within a time window of 0.2–0.4 ms after stimulus onset followed by a positive peak (P2) occurring around 0.6–0.8 ms (Brown and Abbas, 1990; Brown et al., 1990, 1998; Abbas et al., 1999). This single-peak eCAP accounts for more than 80% of all measurable eCAPs (Lai and Dillier, 2000; Cafarelli Dees et al., 2005; Miller et al., 2008b).
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FIGURE 1. The eCAP with one (Upper) or two positive peaks (Lower). These responses were recorded using intra-cochlear electrodes in pediatric Cochlear Nucleus CI users with prelingual deafness. Subject and electrode number are labeled in both panels.



In addition to the single-peak response, eCAPs with two positive peaks (P1 and P2) have been observed (Stypulkowski and van den Honert, 1984; Lai and Dillier, 2000; van de Heyning et al., 2016). This type of response has been referred to as a double-peak or a Type II nerve response (Lai and Dillier, 2000). For this type of eCAP response, the P1 typically occurs around 0.4–0.5 ms and the P2 typically occurs around 0.6–0.7 ms (Lai and Dillier, 2000; van de Heyning et al., 2016). The incidence of the Type II response is around 10–20% (Lai and Dillier, 2000; van de Heyning et al., 2016). The lower panel of Figure 1 shows an example of a Type II response measured in a prelingually deaf child with a Cochlear N5 CI. Based on results recorded in cats, Stypulkowski and van den Honert (1984) proposed that the P1 and the P2 peak arise from action potentials generated by the axonal and the dendritic processes, respectively. Latency differences between these two peaks might reflect the time of spike propagation along the dendrite and across the spiral ganglion cell body. This “two-component” hypothesis is supported by simulation results of a mathematical model including a liner combination of responses generated by axons and dendrites (Lai and Dillier, 2000).

The eCAP amplitude can be as large as 1–2 mV. Due to its large amplitude, the eCAP is relatively resistant to contamination of myogenic activity. In addition, due to its peripheral neural origin, the eCAP is not affected by maturation of the central auditory system. As a result, morphological characteristics of eCAPs recorded in adult and pediatric CI users are similar (e.g., Brown et al., 1990; Eisen and Franck, 2004; Gordon et al., 2004) and show little or no change as the duration of CI use increases (Brown et al., 2010). Nevertheless, amplitude and peak latency of the eCAP recorded in human CI users are affected by extrinsic factors, including stimulation level, intra-cochlear test electrode location, the separation between stimulating and recording electrodes, stimulus polarity, etc. For example, eCAP amplitude increases as the stimulation level increases. The speed of the increase can be quantified by the slope of an eCAP input-output (I/O) function. In addition, eCAPs recoded at the apical electrodes tend to have larger amplitudes than those recorded at the basal electrodes at an equal stimulus or loudness level (e.g., Frijns et al., 2002; Polak et al., 2004; Brill et al., 2009; van de Heyning et al., 2016; Tejani et al., 2017). Potential factors accounting for the increase in eCAP amplitude toward the apical region include better neural survival and shorter distance between the test electrode and the stimulated neural structure at the apex. As the separation between stimulating and recoding electrodes increases, the eCAP latency may decrease (Finley et al., 2013; Kashio et al., 2016) due to potential changes in the site of action potential initiation (Kashio et al., 2016). Finally, the eCAP evoked by the anodic-leading biphasic pulse has a larger amplitude and shorter latency than that evoked by the cathodic-leading biphasic pulse at the same stimulus level (e.g., Macherey et al., 2006, 2008; Undurraga et al., 2010, 2012; Baudhuin et al., 2016). The proposed underlying neurophysiological mechanism is that auditory nerve fibers with degenerated or unmyelinated peripheral processes are more sensitive to anodic than to cathodic stimulation (Rattay, 1999; Rattay et al., 2001; Macherey et al., 2008; Undurraga et al., 2010, 2012). Details of this mechanism are described later in the Polarity Sensitivity section.

Artifact Rejection Methods

Ideally, the eCAP is recorded from the same intra-cochlear electrode that delivers electrical stimulus. However, this is not feasible due to residual decaying charges of the electrical stimulus (i.e., artifact). This artifact is often large enough to saturate the recording amplifier. Once the amplifier is saturated, no response can be recorded before it recovers, which is problematic for measuring the eCAP due to its short latency. In practice, the stimulating and recording electrodes used for intra-cochlear eCAP measures are typically separated by one or two electrodes. Unfortunately, the physical separation between the stimulating and recording electrodes cannot completely eliminate the distortion introduced by the stimulus artifact. Additional artifact reduction techniques are typically needed for measuring the artifact-free eCAP. Each method is described as follows.

Figure 2 shows schematic illustrations of the three most commonly used artifact reduction techniques for measuring the intra-cochlear eCAP: alternating polarity (Figure 2a), subthreshold template subtraction (Figure 2b), and two-pulse forward-masking paradigm (Figure 2c). Alternating polarity method is used in Advanced Bionics' NRI and MED-EL's ART programs. All three methods are offered as options in Cochlear's NRT software.
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FIGURE 2. Schematic illustration of three methods for minimizing contamination of stimulus artifact in eCAP recordings: alternating-polarity (a), subthreshold template (b) and 2-pulse forward masking paradigm (c). Gray dashed lines and red solid lines indicate biphasic electrical pulses and eCAP responses, respectively.



In the alternating polarity method, responses (including the artifact and the eCAP) evoked by the cathodic-leading (trace A) and the anodic-leading (trace B) biphasic pulse are recorded. The polarity of the stimulus artifact in these two traces is reversed. In contrast, the polarity of the eCAP remains the same. The stimulus artifact is eliminated or minimized and the eCAP is derived by averaging the responses of both polarities (i.e., (A+B)/2). While simple in theory, the success of this method depends on the underlying assumption that eCAPs evoked by cathodic- or anodic-leading biphasic pulses are identical. Unfortunately, this assumption is not valid. Results of recent studies have shown that human auditory nerve fibers are more sensitive to anodic-leading than cathodic-leading biphasic pulses (e.g., Macherey et al., 2006, 2008; Undurraga et al., 2010). As a result, eCAPs in response to stimuli with reversed polarities differ in amplitude and latency (Frijns et al., 2002; Macherey et al., 2006, 2008; Undurraga et al., 2010; Baudhuin et al., 2016). Therefore, using the alternating polarity artifact reduction method may result in distorted eCAP responses (Frijns et al., 2002; Baudhuin et al., 2016).

The subthreshold template subtraction method (Figure 2b) was first proposed by Miller et al. (1998) in their animal studies. In this method, a response evoked by a biphasic pulse that is below neural threshold is recorded (trace A). This trace contains only stimulus artifact, which serves as the template. Trace B contains the stimulus artifact and the eCAP evoked by a supra-threshold biphasic pulse. The template is then scaled up to match the magnitude of stimulus artifact in trace B. The eCAP is derived by subtracting the scaled template from trace B. Successfully implementing this paradigm requires a precise and unerring recording system with a linear recording amplifier, a low level of ambient noise, and the capability of accurately sampling stimulus artifact. As a result, the subthreshold template subtraction method is used less frequently than the other two methods in studies with human CI users.

The two-pulse forward masking paradigm (Figure 2c) takes advantage of refractory properties of the auditory nerve (Brown et al., 1990). In this paradigm, responses are recorded in four stimulation conditions. In the first condition (trace A), a response evoked by a single biphasic pulse (i.e., the probe) is recorded. This response includes the stimulus artifact and the eCAP evoked by the probe. In the second condition (trace B), two biphasic pulses are presented sequentially with a relatively short inter-pulse interval. The first pulse (i.e., the masker) is typically higher in stimulation level than the second pulse (i.e., the probe). When the masker-probe-interval (MPI) is sufficiently short (~350–400 μs), the response to the masker is assumed to leave the nerve in a refractory state such that it is unable to generate a neural response to the probe. Therefore, the trace recorded in this condition includes artifacts evoked by the masker and the probe and the eCAP evoked by the masker. In the third condition (trace C), only the masker is presented and the recorded response includes the artifact and the eCAP evoked by the masker. The fourth condition (not shown in this illustration) is used to control for power-up artifact of the recording system. The eCAP elicited by the probe can be derived by subtracting artifact evoked by the probe (i.e., B-C) from the response evoked by the probe alone (i.e., A-(B-C)). The success of this paradigm depends on the absence of neural response evoked by the probe in trace B. Unintended neural response to the probe will be evoked if the masking effect induced by the masker is insufficient in cases where the MPI is too long/short or the level of the masker is too low.

APPLICATIONS

Potential clinical application of the eCAP has been extensively studied. Despite that many studies were done in patients with Cochlear Nucleus devices, general knowledge gained from these studies applies to any CI users. Much of the early literature on this topic focused on using the eCAP to determine program levels for individual CI electrodes (e.g., Brown et al., 1998, 2000; Abbas et al., 1999; Hughes et al., 2000; Franck and Norton, 2001; Gordon et al., 2002, 2004; Smoorenburg et al., 2002; Eisen and Franck, 2004; Thai-Van et al., 2004; McKay et al., 2005, 2013; Potts et al., 2007). Accumulating evidence suggests that the status of the auditory nerve may be important for CI outcomes (e.g., Garadat et al., 2012, 2013; Kirby and Middlebrooks, 2012; Pfingst et al., 2015a,b). In addition, eCAPs have been shown to be sensitive to electrode placement and the health status of auditory nerve fibers near the recording electrode (Shepherd et al., 1993; Miller et al., 2008a). Therefore, recent literature has been focusing on using the eCAP to evaluate neural survival (e.g., Botros and Psarros, 2010; Kim et al., 2010; Pfingst et al., 2015a) and spectral and temporal encoding of electrical stimulus at the level of the auditory nerve and their associations with auditory perception in CI users (e.g., Hughes and Abbas, 2006; Hughes and Stille, 2008; Hughes et al., 2012; Snel-Bongers et al., 2012; Carlyon and Deeks, 2015; Scheperle and Abbas, 2015a,b; DeVries et al., 2016; He et al., 2016a; Tejani et al., 2017). The following section summarizes studies investigating potential applications of the eCAP in each of these areas.

Clinical Programming

Clinical programming of a CI speech processor requires estimations of the lowest level that patients can detect (T level) and the upper limit of the level that patients determine to be comfortable (C or M level) for multiple stimulating electrodes. Optimal C level allows accessing loud sound without causing discomfort. Accurate T level has been shown to be critical for understanding low-level speech and speech presented in noise (e.g., Skinner et al., 1997, 1999, 2002; James et al., 2003; Firszt et al., 2004; Dawson et al., 2007; Holden et al., 2007, 2011; Spahr et al., 2007; Davidson et al., 2009; Baudhuin et al., 2012; van der Beek et al., 2015). Measuring T and C levels for multiple stimulating electrodes is time consuming and requires a significant amount of attention and effort to accomplish. Further complicating programming efforts is the fact that some CI users have limited abilities to provide reliable behavioral responses due to their young age or other comorbidities. Having objective tools for determining stimulus levels can potentially accelerate the programming process and be especially useful for managing patients who cannot perform behavioral tasks.

The feasibility of using the eCAP evoked by a single biphasic pulse to estimate T and C levels has been extensively evaluated in both adult and pediatric CI users (Brown et al., 1998, 2000; Abbas et al., 1999; Hughes et al., 2000; Franck and Norton, 2001; Gordon et al., 2002, 2004; Smoorenburg et al., 2002; Eisen and Franck, 2004; Thai-Van et al., 2004; Han et al., 2005; McKay et al., 2005; Potts et al., 2007; Wolfe and Kasulis, 2008; Holstad et al., 2009; Jeon et al., 2010). Overall, results of these studies suggest that stimulus at the level of eCAP threshold is always audible to CI patients. However, there is only a weak to moderate correlation between eCAP thresholds and behavioral T or C levels in both adult and pediatric CI users. The reported correlation coefficients vary across studies. For the correlation between eCAP thresholds and T levels, the reported coefficients range from 0.5 to 0.9. For the correlation between eCAP thresholds and C levels, the reported coefficients range from 0.1 to 0.9. The correlation between eCAP thresholds and T and C levels appears to be stronger at the apical compared to the basal electrodes (Eisen and Franck, 2004; Wolfe and Kasulis, 2008). Even though the eCAP threshold typically falls between behavioral T and C levels, there are substantial variations among patients, as well as across CI electrodes within individual patients. It is common for the eCAP threshold to exceed C level, especially at high stimulation rates (Eisen and Franck, 2004; Han et al., 2005; Jeon et al., 2010).

It has been proposed that the difference in stimulus used for eCAP measures (a single pulse presented at 80 Hz or lower) and behavioral procedures [a train of pulses with pulse rates of 250 pulses per second (pps) or higher] could, at least partially, account for the lack of robust correlation between these two measures (McKay et al., 2005). Specifically, the eCAP to a single biphasic pulse is relatively independent of the history of prior neural activity and mainly reflects the inherent excitability of the electro-neural interface. In contrast, behavioral T and C levels measured using a train of pulses are affected by additional peripheral and central factors. For example, responsiveness of the auditory nerve to the pulse-train stimuli is affected by many neural response properties, including peri-stimulus neural refractoriness and adaptation, as well as recovery from refractoriness and adaptation induced by prior stimulation. In addition, auditory perception of a pulse train is affected by auditory temporal integration that is generally believed to occur at the central auditory system (Viemeister and Wakefield, 1991; McKay and McDermott, 1998). Therefore, several studies have tried to address this caveat by using similar stimuli for eCAP and behavioral measures. The correlation between eCAP threshold and behavioral T and C levels improves when low rate pulses (e.g., 80 Hz or lower) are used in both measures (Brown et al., 1996, 1998; Zimmerling and Hochmair, 2002). Nevertheless, substantial inter- and intra-subject variations in the relationship between these two measures still exist. McKay et al. (2013) explored the feasibility of using eCAP evoked by trains of biphasic pulses at different pulse rates to predict behavioral T and C levels in both adult and pediatric CI users. Unfortunately, their results revealed insufficient predictive power of eCAP measure for setting program levels for individual patients.

Several methods have been proposed for improving the correlation between eCAP threshold and behavioral T and C levels. For example, Brown et al. (2000) and Hughes et al. (2000) plotted eCAP thresholds as a function of the electrode location. This function was then shifted up and down based on the difference in stimulus level between eCAP threshold and behavioral T and C levels that was measured for one electrode. This method improves overall correlations between eCAP threshold and behavioral T and C levels in both adult and pediatric CI users. However, it does not work well for patients whose behavioral T and C levels vs. electrode contours are different from eCAP threshold vs. electrode contours (Miller et al., 2008a). In addition, programming maps created using this method do not lead to improved speech understanding in CI patients (Seyle and Brown, 2002; Smoorenburg et al., 2002). Combining eCAP threshold with the slope of the eCAP amplitude growth function has been shown to improve the correlation between eCAP threshold and behavioral C levels (Franck and Norton, 2001). The “tilt” of the eCAP threshold vs. electrode contour is more strongly correlated with behavioral T levels than the absolute eCAP threshold (Smoorenburg et al., 2002). Therefore, varying the “tilt/curvature” in addition to shifting the contour up and down has also been recommended (Smoorenburg et al., 2002). Nevertheless, it remains unknown whether these two additional methods would result in optimal program levels for CI outcomes.

In summary, eCAP threshold can provide information to clinicians about the function of the internal device and its interface with neural elements. In addition, it can provide an initial estimation of program levels, which is important for working with patients who cannot provide reliable behavioral responses. However, the poor predictive power of eCAP threshold for behavioral T and C levels prevents it from being used as a sole indicator for setting the program levels for individual patients. Accurate behavioral T and C levels are still warranted for optimal programming settings.

Spectral Resolution

Compared to normal hearing listeners, CI users are known to have impaired spectral resolution (e.g., Fu et al., 1998; Friesen et al., 2001; Loizou and Poroy, 2001; Henry and Turner, 2003; Jeon et al., 2015; Winn and Litovsky, 2015), and the severity of this deficits correlates with their speech perception capabilities (Fu et al., 1998; Friesen et al., 2001; Henry and Turner, 2003; Fu and Nogaki, 2004; Henry et al., 2005; Litvak et al., 2007; Won et al., 2007; Winn et al., 2016). The number of individual electrodes that provides perceptually distinct spectral information (i.e., effective spectral channels) has been proposed to be an important factor for spectral resolution in CI users (Friesen et al., 2001; Jones et al., 2013). The electrical current delivered by each CI electrode creates an electric field that stimulates the surrounding neural tissue. The electrical fields created by different electrodes typically overlap with each other, resulting in channel interactions wherein the same neural population is excited by more than one stimulating electrode. The lack of across-fiber independence reduces the number of “effective spectral channels” of a multichannel CI, which compromises speech perception in implanted patients (Zwolan et al., 1997; Throckmorton and Collins, 1999; Dawson et al., 2000; Henry et al., 2000; Friesen et al., 2001; Noble et al., 2013).

Electrophysiological measures of the eCAP can be used to assess channel interaction at the electrode-neural interface (i.e., spread of excitation or SOE). The amount of SOE can be estimated based on eCAP amplitudes measured at different spatial separations between the masker- and the probe-electrode (e.g., Miller et al., 2001; Cohen et al., 2003; Abbas et al., 2004; Eisen and Franck, 2005; Hughes and Abbas, 2006; Hughes, 2008; Hughes and Stille, 2008; Hughes and Goulson, 2011; Snel-Bongers et al., 2012; Undurraga et al., 2012; van der Beek et al., 2012; Won et al., 2014; Scheperle and Abbas, 2015a,b). To evaluate SOE, the eCAP can be measured using either a two-pulse forward-masking/channel-interaction paradigm (e.g., Eisen and Franck, 2005; Hughes and Abbas, 2006; Hughes, 2008; Hughes and Stille, 2008; Hughes and Goulson, 2011; Snel-Bongers et al., 2012; Undurraga et al., 2012; van der Beek et al., 2012; Won et al., 2014) or a modified template subtraction method (Cohen et al., 2003; Abbas et al., 2004). In both methods, the probe-electrode is typically fixed and the masker-electrode is varied across the electrode array.

Figures 3a,c,e show schematic illustrations of relationships between electrode-spatial separations and neural populations activated by the probe and the masker. Figures 3b,d,f show schematic illustrations of measured eCAPs in these stimulation conditions using the two-pulse forward-masking/channel-interaction paradigm. In Figure 3a, the masker and the probe are presented on the same stimulating electrode (black open circle). Electrical fields (red circle) created by these two pulses are completely overlapped, which leads to activating only one group of neurons. Coupled with a short masker-probe-interval (MPI), all neurons that respond to the probe (trace A) are set into the refractory stage by the masker, which results in no neural response evoked by the probe in trace B in Figure 3b. The derived eCAP (the bottom trace of panel [b]) has the largest amplitude among all conditions shown in Figure 3. Figure 3c, the masker and the probe are presented on two adjacent electrodes. The electrical field created by the masker (blue circle) partially overlaps with that created by the probe (red circle), which leaves a subgroup of neurons that are unaffected by the masker pulse and thus can be activated by the probe. Consequently, trace B of Figure 3d contains a small response generated by these neurons in response to the probe, leading to a small eCAP in the subtracted trace (A-[B-C]). In Figure 3e, the masker and the probe are presented to two electrodes that are spatially separated by a large distance. There is no overlap between electrical fields created by these two pulses. The neural population that responds to the probe is unaffected by the masker. As a result, the eCAP evoked by the probe is recorded in trace B of Figure 3f. No eCAP is obtained after the subtraction (bottom trace of Figure 3f). Therefore, eCAP amplitudes as a function of spatial separations between the masker- and the probe-electrode provide an indication of the degree of overlap in the stimulated neural populations. This can be use used to quantify channel interaction occurring at the peripheral auditory system.
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FIGURE 3. Schematic illustration of effects of increasing distance between the masker- and the probe-electrode on recorded eCAP response. Blue and red circles indicate electrode field evoked by the masker and the probe pulse, respectively. (a, b) Illustrate the condition where the masker pulse and the probe pulse are delivered to the same electrode. (c, d) Illustrate cases where the masker- and the probe-electrode are close to each other, which yields partially overlapped electrode fields. (e, f) Illustrate conditions where there is a large separation in distance between the masker- and the probe-electrode, which results in two separated electrical fields.



Compared with the two-pulse forward-masking/channel interaction paradigm, the modified template subtraction method is less commonly used and is not implemented in current telemetry capabilities by any CI manufacture. Details of this method have been described in Abbas et al. (2004). Briefly, the artifact evoked by the probe pulse is derived by subtracting trace C from trace B in cases where the masker and the probe are presented on the same electrode (Figure 3b), which serves as the “artifact template.” Contamination of stimulus artifact on recorded eCAPs is then removed or minimized by subtracting this “artifact template” from subtracted trace (B-C) recorded when the masker is presented on different electrodes. The template subtraction method results in the smallest eCAP when the neuronal overlap is greatest and vice versa.

The top panel of Figure 4 shows an example of one series of eCAP waveforms measured using the two-pulse forward-masking/channel-interaction paradigm in one pediatric Cochlear N5 CI user. The probe-electrode was fixed at electrode 9, and the masker-electrode location was systematically moved from electrode 2 to electrode 22. It is apparent that smaller spatial separations between the probe- and the masker- electrode result in larger eCAPs. The bottom panel shows eCAP amplitudes plotted as a function of masker-electrode locations (i.e., SOE function) measured at two stimulus levels. The function measured at 709 μA (open circles) is wider than that measured at 648 μA (solid circles). For this subject, the functions measured at both levels are asymmetrical, with more spread of neural excitation occurring at more apical masker electrodes. This asymmetry in excitation pattern is consistent with results reported in previous studies (Cohen et al., 2003; Abbas et al., 2004; Hughes and Stille, 2008; Hughes and Goulson, 2011; Scheperle and Abbas, 2015a,b). SOE functions vary in the overall amplitude, the width, and the shape among patients, as well as across electrode locations within individual CI users. Factors accounting for these variations include the stimulus level, the degree and pattern of neural survival, the electrode position relative to the stimulable neurons, the orientation of the electrodes and the resulting electrical field, and the impedance pathway for electrical current spread. To quantitatively compare the eCAP SOE function, eCAP amplitudes are typically normalized to the amplitude of the eCAP measured when the masker and the probe are presented on the same electrode.
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FIGURE 4. The top panel shows eCAP response series used to generate a channel-interaction function in S2. Each waveform is the derived eCAP measured for a probe pulse presented to electrode 9 at 709 μA. Masker electrode number is labeled for each trace. The bottom panel shows channel-interaction functions measured at 709 μA (open symbols) and 648 μA (filled symbols) in for the probe electrode 9 (red arrow) in S2.



Studies evaluating the association between eCAP SOE function, electrode pitch ranking and speech perception reveal mixed results. While most of these studies found no association between results of eCAP and behavioral measures (Cohen et al., 2003; Hughes and Abbas, 2006; Snel-Bongers et al., 2012; van der Beek et al., 2012), other studies reported that eCAP SOE functions were associated with electrode pitch ranking (Hughes, 2008) and speech perception in CI users (Won et al., 2014; Scheperle and Abbas, 2015a,b). Differences in the methodology used in these studies might account for the discrepancy in their results. For example, Hughes and Abbas (2006) measured the width of the eCAP SOE function at 75% of the normalized amplitude, and assessed its association with electrode pitch ranking ability and speech perception performance in CI users. Their results revealed no association among results of these measures. However, Hughes (2008) re-analyzed the same set of data by using the eCAP channel-separation index (CSI) to quantify SOE functions. Results showed a significant correlation between the eCAP SOE function and electrode pitch ranking ability, with less overlap of eCAP SOE functions associated with greater accuracy of electrode pitch ranking performance. Compared with the eCAP SOE width, the CSI is more sensitive to differences in locations and overall shapes of eCAP SOE functions. In addition, it provides a way for quantifying non-overlapped SOE functions. Therefore, it has been used in many recent studies (e.g., Abbas and Brown, 2015; Scheperle and Abbas, 2015a,b). For details of CSI calculation, please see Hughes (2008). The number of electrode locations tested may be another important factor to consider (Scheperle and Abbas, 2015b). Measuring the eCAP SOE function at few stimulating electrode locations may not capture the likely variability of SOE along the cochlea, which might partially account for the lack of correlation between eCAP SOE functions and speech perception reported in some studies (Cohen et al., 2003; van der Beek et al., 2012).

In summary, electrophysiological measures of the eCAP can be used to assess SOE pattern occurring at the electrode-neural interface. The CSI is a better parameter than the function width for quantifying the eCAP SOE function. Even though earlier literature showed no association between eCAP SOE function and behavioral measures of pitch ranking or speech perception, recent studies using the improved quantification method and more stimulating electrodes along the cochlea reported significant correlations among these measures. Nevertheless, the eCAP is generated by the auditory nerve. It does not provide information of auditory processing at the central auditory system that is important for speech perception. Scheperle and Abbas (2015a) found that eCAP SOE functions could only account for part of the variance observed in neural encoding of spectral information at the central auditory system. Therefore, the eCAP SOE function should not be used as the sole objective measure for predicting speech perception or electrode discrimination in CI users. However, this measure may provide useful information about channel interaction occurring at the electrode-neural interface, which leaves the possibility for new applications. For example, it can potentially be used to guard against tip fold-over electrode array during surgery. Further studies are warranted to test this speculation.

Temporal Responsiveness

Temporal information is important for speech perception in CI users, as minimal spectral cues are available to these patients. Temporal cues, especially rapid spectral and amplitude changes or acoustic onsets, are represented in the discharge patterns of the auditory nerve (Delgutte, 1980; Delgutte and Kiang, 1984). Evidence from recent studies suggests that temporal responsiveness of the auditory nerve plays an important role in encoding speech envelope cues (e.g., Kirby and Middlebrooks, 2012; Tejani et al., 2017). By using different stimulation paradigms, results of eCAP measures can provide information about many aspects of temporal response properties of the auditory nerve, including refractory recovery, neural adaptation, adaptation recovery, capability of encoding of amplitude modulation cues, etc. This section describes these eCAP stimulation paradigms and reviews related studies in human CI users.

Refractoriness and Recovery

Refractoriness refers to a status in which neurons are incapable of generating an action potential immediately after a previous stimulation. It is a fundamental temporal property of the auditory nerve that enhances spike timing precision (Avissar et al., 2013). The time during which an action potential cannot be generated regardless of the magnitude of the stimulus is defined as the absolute refractory period (ARP). The ARP is followed by a relative refractory period (RRP) during which time the neuron can be activated by a strong stimulus. It has been shown that refractory properties have a significant effect on neural encoding of electrical pulse trains delivered by the CI at the level of the auditory nerve (Wilson et al., 1997).

In human CI users, the ARP and the RRP can be estimated based on the eCAP refractory recovery function (RRF). The eCAP RRF is typically measured with two biphasic, charge-balanced, electrical pulses using a modified template subtraction method (Miller et al., 2000). A schematic illustration of this method is shown in Figure 5. In this paradigm, traces evoked by two masker-probe pairs are measured. The masker-probe-interval (MPI) of the first masker-probe pair systematically varies from 300 to 10,000 μs (trace A). As the MPI increases, the auditory nerve gradually recovers from the refractoriness induced by the masker, which results in larger eCAPs at longer MPIs in trace A. Subtracting trace “B” from trace “A” (i.e., A-B) yields the artifact and the eCAP evoked by the probe. The MPI of the second masker-probe pair is typically around 300 μs, which minimizes the neural response evoked by the probe (trace C) (Morsnowski et al., 2006). Subtracting trace “D” from trace “C” (i.e., C-D) results in the artifact evoked by the probe. The difference between these two derived traces (i.e., A-B-[C-D]) is the eCAP evoked by the first probe. The eCAP RRF is obtained by plotting (normalized) eCAP amplitudes as a function of MPIs.
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FIGURE 5. A schematic illustration of the modified template subtraction method for measuring the eCAP refractory recovery function. Gray dashed lines and red solid lines indicate biphasic electrical pulses and eCAP responses, respectively.



The top panel of Figure 6 shows a series of eCAP waveforms measured at different MPIs for electrode 12 in one pediatric CI user. MPIs used to measure these responses are labeled for these traces. These data clearly show that the eCAP becomes larger as the MPI increases. In this case, the eCAP amplitude was normalized to the amplitude of the eCAP measured at the MPI of 10 ms. The eCAP RRF was obtained by plotting the normalized eCAP amplitude (red symbol) as a function of MPIs, which is shown in the bottom panel of Figure 6. The eCAP RRF is typically modeled by an exponential decay function (e.g., Morsnowski et al., 2006; Botros and Psarros, 2010; Fulmer et al., 2011; He et al., 2017) of the form
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where eCAPN represents the normalized eCAP amplitude, t0 is aligned with the ARP, τ is a measure of the speed of recovery from relative refractoriness (i.e., the RRP), and A represents the maximum eCAP amplitude evoked by the probe after a sufficiently long MPI. The line in the bottom panel of Figure 6 shows results of data fitting using this exponential decay function. Estimated t0 and τ are shown in the low right corner of this panel.
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FIGURE 6. A series of eCAP waveforms (Top) and the derived eCAP refractory recovery function (Bottom) measured at electrode 12 in S1.



The speed of recovery from refractoriness is affected by stimulus level, with faster recovery at higher levels (Finley et al., 1997; Pesch et al., 2005). Medians/means of the ARP and the RRP measured at C level in “typical” CI users range from around 276 to 645 μs and from around 600 to 1350 μs, respectively (Pesch et al., 2005; Morsnowski et al., 2006; Hughes et al., 2012; Wiemes et al., 2016). Refractoriness measured for virtual vs. physical channels are comparable (Hughes and Goulson, 2011). Several studies have investigated refractory properties of the auditory nerve in some special patient populations, including children with auditory neuropathy spectrum disorder (ANSD) (Fulmer et al., 2011), elderly CI users (Lee et al., 2012), and children with cochlea nerve deficiency (CND) (He et al., 2017). Results of these studies showed that children with ANSD had similar refractory recovery time constants compared with children with typical sensorineural hearing loss (SNHL) (Fulmer et al., 2011). There is no association between refractory recovery time constants and chronological age (Lee et al., 2012). However, the RRP tends to prolong in patients with longer duration of hearing loss (Botros and Psarros, 2010; Lee et al., 2012). Compared with implanted children with normal-size auditory nerves, implanted children with CND have prolonged ARPs but similar RRPs (He et al., 2017).

Studies that investigated potential clinical applications of the eCAP RRF in optimizing programming rates and predicting CI outcomes reported inconsistent results (Brown et al., 1990; Abbas and Brown, 1991; Gantz et al., 1994; Kiefer et al., 2001; Shpak et al., 2004; Shpak, 2005; Fulmer et al., 2011; Lee et al., 2012). Shpak et al. (2004) reported a positive correlation between refractory recovery time constants and preferred programming rates. This finding was not replicated in a subsequent study by the same investigators (Shpak, 2005). Faster recovery from refractoriness has been reported to correlate with better speech perception scores in some studies (Brown et al., 1990; Kiefer et al., 2001; Fulmer et al., 2011). However, this association is not observed in other studies (Finley et al., 1997; Turner et al., 2002; Battmer et al., 2005; Lee et al., 2012). Factors accounting for these inconsistencies are unclear. One possibility is that the eCAP RRF may be affected by factors other than temporal responsiveness of the auditory nerve. For example, it has been proposed that refractory recovery time constants are affected by the size of neuron population. Specifically, prolonged ARP has been shown to be associated with reduced auditory nerve fiber density in rats (Shepherd et al., 2004). These results are consistent with prolonged ARPs estimated in children with CND (He et al., 2017). Based on simulation results of a computational model, Botros and Psarros (2010) proposed that longer RRPs were associated with better neural survival in CI patients. However, this theory is not supported by the relatively normal RRPs measured in children with CND who presumably have reduced number of neurons (He et al., 2017). Other factors, like difference in stimulation mode (bipolar vs. monopolar) and sample size, might also attribute to the inconsistent findings among these studies.

In summary, the ARP and the RRP of the electrically-stimulated auditory nerve can be estimated based on the eCAP RRF. To date, potential clinical application of the eCAP RRF is unclear due to limited research findings. Further studies with large sample sizes are warranted.

Neural Adaptation and Adaptation Recovery

The firing rate of the auditory nerve rapidly increases to the maximum at the onset of sustained stimulation followed by a gradual decay in firing rate (i.e., neural adaptation); neural activity and responsiveness to subsequent stimulation are reduced for a brief period following the cessation of the initial stimulation, resulting in forward masking effects (e.g., Smith, 1977). Neural adaptation plays important roles in speech encoding at the level of the auditory nerve (Delgutte, 1997). Fast neural adaptation and recovery from prior stimulation have been proposed to be important for producing peaks in the discharge rate of the auditory nerve that serve to enhance acoustic onsets in the speech waveform (Delgutte, 1997). Abnormal neural adaptation patterns, excessive adaptation and/or slow recovery from adaptation could potentially cause poor representation of temporal envelopes at the auditory nerve (Jeng et al., 2009), and might contribute to poor speech perception in some CI users (Wilson et al., 1994; Nelson and Donaldson, 2002).

In implanted patients, neural adaptation of the auditory nerve can be evaluated by measuring eCAP amplitudes in response to individual pulses in a constant-amplitude pulse train using a modified forward-masking paradigm (Brown et al., 1990; Finley et al., 1997; Wilson et al., 1997; Rubinstein et al., 1999; Miller et al., 2000; Hay-McCutcheon et al., 2005; Hughes et al., 2012, 2014; McKay et al., 2013; He et al., 2016a). Figure 7 shows a schematic illustration of this paradigm. The left side of Figure 7 illustrates the classic two-pulse forward-masking paradigm (Brown et al., 1990). Subtracting trace C from trace B yields a template of the probe artifact. To derive eCAPs to each of the other pulses in a pulse train, a modification of the forward-masking technique is needed and shown schematically on the right side of Figure 7. In this paradigm, the MPI is adjusted to correspond to the period of the pulse rate minus the duration of one biphasic pulse. For example, the MPI is 1,943 μs if the pulse rate is 500 pps (period = 2,000 μs) and the pulse duration is 57 μs. With this increased MPI duration, coupled with the constant level pulses, some neural response is expected to be evoked by each successive pulse due to partial recovery from refractoriness. In an iterative process, the number of pulses comprising the masker is increased by one, with the final pulse in the pulse train always designated as the probe. For each iteration, the response to the final probe pulse is derived as (Bn-Cn)-(B1-C1), as shown on the right panel of Figure 7. One caveat is that the success of this method depends on one underlying assumption: the probe artifact stays constant during pulse train stimulation. However, this assumption may be invalid in some cases (He et al., 2016a; Tejani et al., 2017), which results in incomplete artifact removal. A careful inspection of derived eCAP waveforms is highly recommended for any study using this stimulation paradigm in order to identify cases where residual artifact exists. Unfortunately, there is still no method that can be used to overcome this technical challenge.
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FIGURE 7. A schematic illustration of the modified forward-masking paradigm that can be used to measure eCAPs evoked by individual pulses in a pulse train. Gray dashed lines and red solid lines indicate biphasic electrical pulses and eCAP responses, respectively.



Figure 8 shows eCAP amplitudes in response to individual pulses of a train of 32 pulses measured at electrode 3 in one implanted child with SNHL (S7). Results are shown for four pulse rates, ranging from 500 to 2,400 pps. These data show that eCAP amplitudes measured at 500 pps (black symbols) rapidly decrease in the first few milliseconds after stimulus onset followed by a more gradual decline. It should be noted that this decline in eCAP amplitude typically does not occur for pulse rates of 200 pps or lower (Wilson et al., 1997), which suggests that the excitability of auditory nerve fibers fully recovers in these conditions between any two pulsatile stimulations (Wilson et al., 1997; Matsuoka et al., 2000a). At 900 pps (red symbols), eCAP amplitudes as a function of pulse numbers starts to show an alternating response pattern, with eCAPs to odd-numbered pulses having larger amplitudes than those evoked by even-numbered pulses. This alternating pattern typically occurs at pulse rates of 400–2,400 pps (Wilson et al., 1997; Hughes et al., 2012) and is believed to be a result of the refractory properties of auditory neurons (Finley et al., 1997; Wilson et al., 1997; Matsuoka et al., 2000b; Abbas et al., 2001). Theoretically, all neurons in the electrical field generated by the first pulse are available for activation at the maximum excitability. While these neurons are in their refractory phase, they will be unresponsive or have reduced excitability to the second pulse if the time period between these pulses is less than 3 or 4 ms (i.e., refractory period). At the time of the third pulse, many of these neurons will now be sufficiently recovered to be excited by the third pulse. Consequently, eCAP amplitude to the third pulse will be larger than that to the second pulse. This recovery-refractory process occurs during the entire process of pulse-train stimulation, which results in this alternating pattern (Wilson et al., 1997). The alternation in eCAP amplitude becomes more robust at 1,800 pps (blue symbols) in this case, as evidenced by a larger difference in amplitude between eCAPs evoked by the odd- vs. even-numbered pulses. The rate at which the maximum alternation occurs is typically around 900–1,800 pps (Hughes et al., 2012; He et al., 2016a), which presumably “resonate” with the RRP of the stimulated auditory nerve fibers (Matsuoka et al., 2000a; Hughes et al., 2012). In addition to this simple alternating pattern, complex alternating patterns, ranging from triplet to sextuplets patterns (i.e., increase and decrease in amplitude repeated every three–six responses) have been described in some studies (Wilson et al., 1997; Hughes et al., 2012; He et al., 2016a). The underlying mechanism of the complex alternating pattern or its clinical association with CI outcomes or programming settings remains unknown. Further increases in stimulation rate to 2,400 pps (yellow symbols in Figure 8) diminish the alternating pattern of eCAP amplitude due to stochastic independence among auditory nerve fibers. This stochastic state is caused by the combined effects of incomplete refractory recovery, increased neural adaptation, and increased temporal jitter (Hay-McCutcheon et al., 2005; Mino and Rubinstein, 2006). The rate at which the stochastic state occurs is typically at 2,000 pps or higher (Wilson et al., 1997; Rubinstein et al., 1999; Hughes et al., 2012). Even though high pulse rates are initially recommended due to its capability of inducing a stochastic state in which “pseudo-spontaneous” neural discharges occur, inconsistent results have been reported in terms of whether high pulse rates are beneficial for speech perception in CI users (e.g., Fu and Shannon, 2000; Loizou et al., 2000; Vandali et al., 2000; Friesen et al., 2005; Weber et al., 2007). Despite well-reported basic properties of eCAPs evoked by pulse train stimuli, it still remains unknown whether/how these eCAP response patterns are associated with speech and language outcomes or whether they can be used to select the optimal programming rate for individual CI patients.
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FIGURE 8. Amplitudes of eCAPs measured for individual pulses in a train of 32 pulses. Results measured at different pulse rates are indicated using different symbols and colors.



Data shown in Figure 8 clearly demonstrate that eCAP amplitude decreases as the pulse rate increases. The amount of reduction in eCAP amplitude (i.e., adaptation) can be quantified by comparing amplitudes of eCAPs elicited by pulses occurring later in the pulse train to eCAP amplitudes elicited by early pulses (Hay-McCutcheon et al., 2005; Hughes et al., 2012, 2014; Zhang et al., 2013; He et al., 2016a). Although several studies have used eCAPs to measure the amount of neural adaptation in human CI users (Finley et al., 1997; Wilson et al., 1997; Rubinstein et al., 1999; Hay-McCutcheon et al., 2005; Hughes et al., 2012, 2014; McKay et al., 2013; He et al., 2016a), comparing results among these studies is challenging due to differences in duration of pulse train (ranging from 13 to 50 ms), pulse rate tested (ranging from 250 to 5,000 pps), and the time point used to calculate the amount of neural adaptation. To date, the association between neural adaptation of the auditory nerve and auditory perception in human CI users has only been evaluated in one study (Zhang et al., 2013). In this study, Zhang and colleague measured the neural adaptation of the audtory neve induced by a 50-ms pulse train with a pulse rate of 1,000 pps at one electrode in 14 post-lingually deaf adult CI users. For each subject, they also measured behavioral gap detectoin threshold (GDT) and speech perception scores. Their results showed no assocation between the amount of neural adapation of the auditory nerve and GDTs or speech perception scores. However, these results need to be interpreted with caution since only one electrode site was tested for adaptation of the auditory nerve in each subject despite the fact that adaptation varies across stimulation sites within individual patients (Hughes et al., 2012; He et al., 2016a). In contrast, behavioral GDTs and speech perception were evaluated through the speech processor using sound-field presentation at relatively high stimulation levels. As a consequence, results of Zhang et al. (2013) did not provide direct evidence for the effect of adaptation of the auditory nerve on perceptual sensivitiy to temporal gaps or speech perception capabilities in CI users. To date, it remains unknown to what extent neural adaptation of the auditory nerve affects auditory temporal processing and speech perception capabilities in CI users. Further studies are warranted in order to fill in these gaps in knowledge.

Recovery from neural adaptation at the level of the auditory nerve can be evaluated by measuring eCAP amplitude in response to the probe pulse at different time points after the masker-pulse-train ceases. Two stimulation paradigms have been used for this purpose (Dhuldhoya, 2013; He et al., 2016b; Adel et al., 2017). A schematic illustration of the first paradigm is shown in Figure 9. This paradigm is very similar to the modified forward-masking paradigm shown in Figure 7 except for the varied MPI between the probe and the masker-pulse-train (right panel of Figure 9). As the MPI increases, the eCAP evoked by the probe pulse (i.e., [B'-C']-[B-C]) gradually recover from the neural adaptation induced by the masker-pulse-train. The adaptation recovery function (ARF) can be obtained by plotting eCAP amplitudes as a function of MPIs. In addition to this paradigm, the modified alternating polarity paradigm has recently been used to derive ARFs in human CI users. For details of this paradigm, please see Adel et al. (2017).
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FIGURE 9. A schematic illustration of the modified forward-masking paradigm that can be used to evaluate recovery from neural adaptation introduced by a pulse train using eCAP recordings. Gray dashed lines and red solid lines indicate biphasic electrical pulses and eCAP responses, respectively.



The top panel of Figure 10 shows a series of eCAP waveforms measured at various MPIs at electrode 20 in S3. The masker was a 100-ms pulse train with a pulse rate of 2,400 pps presented at the C level. The MPIs used to measure these eCAPs ranged from 2 to 256 ms and are labeled for these traces. These data show that eCAP amplitudes are larger at longer MPIs. The bottom panel shows ARFs measured at four pulse rates ranging from 500 to 2,400 pps at the same electrode. These ARFs follow exponential distributions. eCAP amplitudes reach a plateau at longer MPIs for faster pulse rates, which suggests slower adaption recovery at faster pulse rates. As a result, ARFs measured at faster rates (green and blue symbols) appear to be flatter than those measured at slower rates (black and red symbols).
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FIGURE 10. Neural adaptation recovery function measured at four pulse rates in S3. These results were measured for electrode 20 in a Cochlear CI user. Results recorded at different rates are indicated using different symbols.



The literature related to recovery from neural adaptation of the auditory nerve in CI users is relatively scarce. To date, only three studies have evaluated this specific issue (Dhuldhoya, 2013; He et al., 2016b; Adel et al., 2017). Overall, these studies showed that ARFs could consist of up to three components with an initial rapid increase (fast recovery) followed by a rapid decrease (adaptation enhancement) and a second slower increase (slow recovery) in eCAP amplitude (Dhuldhoya, 2013; He et al., 2016b). An example of the ARF with all three components is shown in Figure 11. In this example, the fast recovery is observed for MPIs of 1–2 ms, followed by the adaptation enhancement occurring at MPIs of 2–8 ms. The slow recovery is observed for MPIs of 16–256 ms. This example represents the most complicated ARF observed in human CI users. Not all reported ARFs have all three components. The slow recovery is the most commonly observed component in CI users (Dhuldhoya, 2013; He et al., 2016b). It has been proposed that the fast recovery is due to increased neural synchrony of auditory nerve fibers (Nourski et al., 2007), and the adaptation enhancement possibly results from the loss of current integration at the neural membrane due to long MPIs (Miller et al., 2011). The slow recovery is believed to reflect recovery from neural adaptation (Nourski et al., 2007; Miller et al., 2011). However, these interpretations may be oversimplified. High masker level or low probe level yields longer adaptation recovery in both adult and pediatric CI users (Dhuldhoya, 2013). At a fixed current level, increasing pulse rate yields long recovery from neural adaptation (He et al., 2016b; Adel et al., 2017). Preliminary data reported by He et al. (2016b) indicated that auditory nerve fibers in older CI users might have slower adaptation recovery than those of young CI patients. To date, our understanding of adaptation recovery of the electrically-stimulated auditory nerve in human listeners is still very limited. As a result, the potential clinical implication of the eCAP ARF is unclear.
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FIGURE 11. A schematic illustration of the stimulation paradigm that can be used to measure eCAPs evoked by individual pulses of a sinusoidally amplitude-modulated pulse train. This figure is courtesy of Viral D. Tejani at The University of Iowa.



Amplitude Modulation Encoding

Neural encoding of amplitude modulation cues at the level of the auditory nerve can be evaluated by measuring eCAPs evoked by individual pulses in an amplitude-modulated (AM) pulse train using a stimulation paradigm shown in Figure 12. This paradigm is the same as the modified forward-masking paradigm shown in Figure 7 with two important exceptions. First, the pulse train (right panel) is amplitude modulated. Second, the probe level used in the two-pulse forward masking paradigm (left panel) needs to be the same as that of the probe pulse in the AM pulse train (right panel). The eCAP evoked by individual pulses of the AM pulse train is derived by the subtraction of (B'-C')-(B-C).
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FIGURE 12. eCAP amplitudes measured at different MPIs for electrode 2 in one adult CI patient (S10). The stimulus was a 100-ms constant-amplitude pulse train with a pulse rate of 2,400 pps presented at the maximum comfortable level. MPIs are shown in a logarithmic scale.



Figure 13A shows a series of eCAP waveforms evoked by a 200-ms pulse train with a carrier pulse rate of 2,000 pps that was sinusoidally amplitude modulated (SAM) at 40 Hz at electrode 20 (e20) in one adult CI user (S10). These eCAP recordings span one SAM cycle. These responses show a periodical change in amplitude, which tends to follow the SAM of the stimulus. Figure 13B shows amplitudes of eCAPs to pulse trains with SAM rate of 20 Hz (red symbols) and 200 Hz (blue symbols) plotted as a function of time measured at e20 in S10 and S11 (top and bottom, respectively). Both subjects are post-lingually deaf adult CI users. Amplitudes of eCAPs evoked by single pulses at each of the probe levels used in the AM pulse train are indicated in black. These results show that the auditory nerve near e20 in both subjects can robustly encode AM cues delivered by single-pulse stimulation. However, AM cues delivered by pulse-train stimulation are better transmitted by the auditory nerve in S10 than in S11 at both AM rates, as indicated by greater modulation depth of eCAP amplitudes measured in S10 than those recorded in S11. For both subjects, there is a phase shift (lead) in eCAP responses evoked by the pulse train relative to eCAPs evoked by the single pulse. These data are consistent with results reported in human CI users (Wilson et al., 1997; Tejani et al., 2017) and acutely deafened guinea pigs (Abbas et al., 1998; Jeng et al., 2009). This phase shift has been proposed to be due to non-linear growth of the eCAP amplitude and a combined effect of refractoriness, adaptation, and facilitation (Jeng et al., 2009).
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FIGURE 13. Waveforms of eCAPs recorded at electrode 20 in S10 (A) and eCAP amplitude modulation functions measured at electrode 20 in S10 and S11 (B).



The association between how the auditory nerve responds to AM stimuli and auditory perception in human CI users is the least understood feature among all topics covered in this review. Even though the feasibility of measuring eCAPs using SAM pulse trains has been established for almost 20 years (Wilson et al., 1997), this feature has only been investigated in human CI users in two studies (Carlyon and Deeks, 2015; Tejani et al., 2017). Carlyon and Deeks (2015) assessed the association between AM neural encoding as evaluated by eCAP measures and temporal pitch perception in CI users. Their results showed that the ability of the auditory nerve to faithfully encode and transmit AM cues might be important for pitch perception. Factors accounting for limitation of pulse-rate discrimination were beyond the auditory nerve. Tejani et al. (2017) evaluated how well the auditory nerve encoded SAM cues by measuring eCAPs in response to a SAM pulse train with a carrier rate of 4,000 pps and AM rates of 125, 250, 500, and 1,000 Hz in adult CI users. In addition, they examined the association between eCAP results and psychophysical measures of amplitude modulation detection threshold (AMDT) at these AM rates in these patients. Their results showed that amplitudes of eCAPs in response to SAM pulse trains reflected the overall periodicity of the stimuli. The amount of variation in eCAP amplitude correlated with AMDT at SAM rates up to 500 Hz, with larger variations associated with lower AMDTs. However, the association between results of eCAP and behavioral measures was not observed at the SAM rate of 1,000 Hz, which was proposed to indicate the limitation of central auditory encoding and processing of AM cues at high rates (Tejani et al., 2017). The extent of modulation in eCAP amplitude is affected by the modulation depth in stimulus and the electrode location (Carlyon and Deeks, 2015; Tejani et al., 2017). It has been shown that stronger modulations in eCAP amplitude are evoked by stimuli with larger modulation depths (Carlyon and Deeks, 2015; Tejani et al., 2017). At the fixed modulation depth, eCAPs recorded at the apical electrodes demonstrate stronger modulation in amplitude (Tejani et al., 2017).

Neural Survival

Due to the compromised functional status of the auditory system, hearing impaired patients presumably have less channels that provide useful information for auditory perception than normal-hearing listeners. The number of available “functional channels” should, in theory, associate with speech and language outcomes in CI patients. At the peripheral auditory system, the pattern and degree of neural survival of auditory fibers may be an important factor for the number of available “functional channels.” Developing tools for estimating the number of survival auditory fibers and predicting CI outcomes for individual patients has been a research topic for many years. There has been an increased interest in using the eCAP to estimate neural survival of auditory nerve fibers. However, a direct comparison between eCAP responses and spiral ganglion cell density in human listeners is not feasible. Therefore, animal models are used to identify eCAP measures that are sensitive to neural survivals (e.g., Miller et al., 1994; Prado-Guitierrez et al., 2006; Ramekers et al., 2014). These measures have been subsequently used in human CI users to evaluate their correlations with behavioral measures of auditory perception and/or speech perception (e.g., Brown et al., 1990; Gantz et al., 1994; Kim et al., 2010; Pfingst et al., 2015a; Schvartz-Leyzac and Pfingst, 2016). This section reviews studies related to one eCAP measure that has been studied for many years (i.e., slope of the eCAP I/O function) and the three most recently developed eCAP measures (sensitivity to inter-phase-gap, phase duration and pulse polarity).

Slope of the eCAP I/O Function

In animal models, sleeper slopes of eCAP I/O functions have been found to be generally associated with higher spiral ganglion density (e.g., Miller et al., 1994; Pfingst et al., 2014, 2015a,b). However, the spiral ganglion density only accounted for 50% of the variance in the slope of eCAP I/O function (Pfingst et al., 2014). In human CI users, flatter slopes have been found to be associated with longer duration of hearing loss (e.g., Schvartz-Leyzac and Pfingst, 2016). Studies evaluating the association between the slope of eCAP I/O function and speech perception scores in human CI users show inconsistent results. Whereas, some studies reported better speech perception scores measured in CI users with sleeper slopes (Brown et al., 1990; Kim et al., 2010), other studies found no association between these two measures (Franck and Norton, 2001; Turner et al., 2002). Factors accounting for the inconsistency include, but are not limited to, relative small sample size, limited test electrode location, and heterogeneity of patients tested in these studies.

Inter-Phase-Gap and Phase Duration

In guinea pigs, sensitivity of the eCAP to changes in interphase gap (IPG) and phase duration (PD) of a biphasic pulse have been shown to be correlated with auditory nerve survival (Prado-Guitierrez et al., 2006; Ramekers et al., 2014). Results of these animal studies showed that increasing IPG and/or PD reduced threshold and increased amplitude of the eCAP, presumably due to current integration occurring at the cell membrane. Poor spiral ganglion survival reduces the magnitude of IPG and PD. To date, the effect of increasing IPG on eCAP responses in human CI users has been only examined in one study. Schvartz-Leyzac and Pfingst (2016) studied the effect of increasing IPG from 7 to 30 μs on eCAP amplitude and slope of I/O function in human CI users. Their results showed that increasing IPG generally yielded increased eCAP amplitude and steeper slopes of I/O function. However, this effect varied across subjects and electrode locations. It remains unknown whether variations in sensitivity to IPG affect auditory perception or CI outcomes. The effect of PD has not been investigated in human CI users.

Polarity Sensitivity

The charge-balanced biphasic pulse used in current CI consists of a cathodic phase followed by an anodic phase. Both cathodic and anodic stimuli can generate spikes in auditory nerve fibers (e.g., van den Honert and Stypulkowski, 1984; Miller et al., 1998, 2004; Shepherd and Javel, 1999). Simulation results using biophysical models suggested that the site of spike generation differs for anodic and cathodic stimuli (Rubinstein, 1991; Rattay, 1999; Rattay et al., 2001; Joshi et al., 2017). In healthy auditory nerve fibers, both cathodic and anodic pulses activate peripheral processes to generate spikes at low stimulus level. At high stimulus level, the cathodic pulses still stimulate peripheral processes, whereas anodic stimuli inhibit peripheral processes and generate spikes at central axons. In cases where peripheral processes are absent or demyelinated, the only site that can be depolarized/activated by cathodic stimuli is the cell body (i.e., soma). Compared with the central axon, the soma has much higher threshold, which results in a higher cathodic threshold. In these cases, the excitability of the central axon to anodic stimuli at high stimulus levels is not affected. As a result, at an equal stimulus level, catholic-leading pulses are more effective at eliciting a neural response from intact human auditory nerve fibers, whereas anodic-leading pulses are more effective when peripheral processes are absent or demyelinated (Rattay, 1999; Rattay et al., 2001). Therefore, comparing the difference in eCAPs evoked by cathodic-leading vs anodic-leading pulses may provide useful information about neural survival of auditory nerve fibers (Undurraga et al., 2010).

Several studies have investigated polarity sensitivity of auditory nerve fibers using eCAP recordings in human CI users (Macherey et al., 2008; Undurraga et al., 2010, 2012; Glickman et al., 2016). Results of these studies suggested that auditory nerve fibers in human CI users were more sensitive to the anodic phase than the cathodic phase of the phasic pulse. Specifically, at a fixed stimulus level, eCAPs evoked by anodic-leading biphasic pulses show larger amplitudes and shorter latencies than those evoked by cathodic-leading biphasic pulses (Macherey et al., 2008; Undurraga et al., 2010; Glickman et al., 2016). In addition, eCAP I/O functions measured for anodic-leading stimuli have lower thresholds and steeper slopes than those measured for cathodic leading pulses (Undurraga et al., 2010; Glickman et al., 2016). These results are consistent with the general belief that peripheral processes in deafened ears are demyelinated and degenerated (Fayad and Linthicum, 2006). The top panel of Figure 14 shows an eCAP evoked by an anodic-cathodic pulse (red line) and an eCAP evoked by a cathodic-anodic pulse (black line) measured at electrode 12 in one child Cochlear 24RE CI user. It is apparent that the eCAP evoked by the anodic-leading pulse has a larger amplitude and shorter latency than that evoked by the cathodic-leading pulse. The bottom panel shows eCAP I/O functions measured for both polarities. Dashed lines show results of linear regression fits. Slopes of these functions are indicated in the low right corner. These results demonstrate that the eCAP I/O function of the anodic-leading pulse (red symbols) has lower threshold and steeper slope than that measured for the cathodic-leading pulse (black symbols). Despite these exciting and promising findings, the association between speech perception capability and polarity sensitivity has not been evaluated in human CI user.
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FIGURE 14. eCAP waveforms and I/O functions measured using stimuli with reversed polarities at electrode 12 in S5.



CONCLUSIONS

This paper reviewed research efforts for investigating the utility of the eCAP in research and clinical practice, with an emphasis on new advances in knowledge and understanding that were gained within the last 10 years. Potential applications of the eCAP discussed in this paper include determining stimulus level, assessing spatial selectivity, evaluating temporal response properties and estimating neural survivals of auditory nerve fibers. It should be noted that substantial inter- and intra-subject variations across stimulating electrodes and/or pulse rates have been reported in all studies reviewed in this paper, which may reflect differences in the functional status of the neural populations that responded to electrical stimuli delivered by the CI. These variations highlight the importance of investigating to what extent differences in physioloigcal status of the auditory nerve can account for variations in auditory perception and speech perception across CI users and across stimulation sites within individual CI users. Despite these new exciting advances in our understanding of the eCAP, there are many questions that remain unknonwn. For example, it is unclear whether SOE functions measured using the eCAP can be used to determine which electrode should be used in programming MAPs for individual patients. In addition, the clinical and behavioral signfiance of different temporal response patterns of the auditory nerve remain unknown. Furthermore, whether difference in polarity sensitivity can be used to predict CI outcome for individual CI users remains unclear. These unknown questions provide exciting directions for future studies and leave room for developing new clinical applications for eCAP measures.
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The Hybrid cochlear implant (CI) has been developed for individuals with high frequency hearing loss who retain good low frequency hearing. Outcomes have been encouraging but individual variability is high; the health of the cochlea and the auditory nerve may be important factors driving outcomes. Electrically evoked compound action potentials (ECAPs) reflect the response of the auditory nerve to electrical stimulation while electrocochleography (ECochG) reflects the response of the cochlear hair cells and auditory nerve to acoustic stimulation. In this study both ECAPs and ECochG responses were recorded from Nucleus Hybrid L24 CI users. Correlations between these two measures of peripheral auditory function and speech perception are reported. This retrospective study includes data from 25 L24 CI users. ECAPs and ECochG responses were recorded from an intracochlear electrode using stimuli presented at or near maximum acceptable loudness levels. Speech perception was assessed using Consonant-Nucleus-Consonant (CNC) word lists presented in quiet and AzBio sentences presented at a +5 dB signal-to-noise ratio in both the combined acoustic and electric (A+E) and electric (E) alone listening modes. Acoustic gain was calculated by subtracting these two scores. Correlations between these physiologic and speech perception measures were then computed. ECAP amplitudes recorded from the most apical electrode were significantly correlated with CNC scores measured in the E alone (r = 0.56) and A+E conditions (r = 0.64), but not with performance on the AzBio test. ECochG responses recorded using the most apical electrode in the intracochlear array but evoked using a 500 Hz tone burst were not correlated with either the scores on the CNC or AzBio tests. However, ECochG amplitude was correlated with a composite metric relating the additional benefit of acoustic gain in noise relative to quiet conditions (r = 0.67). Both measures can be recorded from Hybrid L24 CI users and both ECAP and ECochG measures may result in more complete characterization of speech perception outcomes than either measure alone.

Keywords: cochlear implant, auditory evoked potentials, electrocochleography, electrically evoked compound action potential, hybrid cochlear implant, neural response telemetry

INTRODUCTION

Since cochlear implants (CIs) were first introduced into clinical practice in the mid-1980s, CI technology has changed significantly. Those changes led to marked improvements in performance and today, CIs are considered to be the treatment of choice for individuals with bilateral profound sensorineural hearing loss (SNHL). Recently, and based in large part on the positive outcomes exhibited by standard CI users, candidacy criteria have been relaxed to include individuals with good low frequency hearing but severe-to-profound high frequency SNHL (Cohen, 2004; Lenarz et al., 2013; Roland et al., 2016). Hearing aids often provide only limited benefit for this population (Hornsby and Ricketts, 2006; Turner, 2006) making CIs an attractive alternative. However, insertion trauma associated with implanting a standard long electrode array often resulted in complete loss of residual acoustic hearing in the implanted ear. Hybrid CIs were developed specifically for this population and designed to help preserve residual acoustic hearing in the implanted ear (Gantz and Turner, 2003; Lenarz et al., 2009).

The original S8 Hybrid CI was manufactured by Cochlear Ltd. for investigational purposes and had a shorter electrode array (10 mm) and fewer intracochlear electrodes (6 electrodes) than the standard, long 22-electrode arrays offered by Cochlear Ltd. (Gantz and Turner, 2003). The goal was for the intracochlear electrode array to be inserted into the cochlea without adversely affecting residual low frequency acoustic hearing. Low frequency sounds were intended to be processed normally (with or occasionally without amplification). High frequency sounds were transmitted electrically, bypassing the damaged cochlear hair cells and stimulating the auditory nerve directly (Turner et al., 2008a). Preliminary results were promising (Turner et al., 2004; Gantz et al., 2009; Woodson et al., 2010). On average, speech perception scores measured in quiet and in background noise were significantly better when the listeners were allowed to combine both acoustic and electrical (A+E) input compared to when they were tested using either in the acoustic (A) alone or electrical (E) alone listening modes. Additionally, speech perception in noise was better for S8 Hybrid users compared to the standard 22-electrode implant users (Turner et al., 2004, 2008b). These findings led to the development of the commercially released Nucleus L24 Hybrid electrode array (described in more detail in “Materials and Methods”). Studies again showed good performance (Büchner et al., 2009; Lenarz et al., 2009, 2013; Roland et al., 2016), but individual variability remains high. Some Hybrid CI users (regardless of manufacturer and length of array) benefited tremendously from having access to both acoustic and electrical signals, while others did not (Kiefer et al., 2005; Reiss et al., 2008; Lenarz et al., 2013; Gantz et al., 2016; Roland et al., 2016).

Outcomes with a CI are a result of multiple factors (Lazard et al., 2012; Blamey et al., 2013; Holden et al., 2013; Shearer et al., 2017). Recent investigations have suggested that better outcomes with a traditional or Hybrid CI might be expected from individuals presenting with better overall “cochlear health” (Gantz et al., 2009; Kim et al., 2010; Fitzpatrick et al., 2013; Formeister et al., 2015). In other words, CI candidates who present with better hair cell and/or neural survival may have better outcomes. Cochlear health might be more important for Hybrid candidates with residual hearing than for traditional CI candidates. In this study, we use the Neural Response Telemetry (NRT) system to measure the response of the peripheral auditory system to both acoustic and electrical stimulation. Our goal is to explore the relationship between these objective measures of the status of the auditory periphery and speech perception.

Electrically evoked compound action potentials (ECAPs) are recordings of the synchronous response from a large number of auditory nerve fibers to the presentation of a brief electrical impulse. They are characterized by a negative peak (N1) that is recorded approximately 0.2–0.4 ms following the onset of the stimulus and is followed by a positive peak (P2) at 0.6–0.8 ms (Brown et al., 1998, 2000; Abbas et al., 1999). ECAPs are recorded routinely following cochlear implantation and do not require the presence of viable cochlear hair cells. As early as 1958, Goldstein and Kiang theorized that the amplitude of neural potentials should increase as the number of active neurons increased. Animal studies later showed that electrically evoked neural potentials are correlated with neural survival (Smith and Simmons, 1983; Hall, 1990; Miller et al., 1994; Prado-Guitierrez et al., 2006). One may theorize that stronger ECAPs or greater neural survival would reflect better CI outcomes (Kim et al., 2010; Seyyedi et al., 2014) but this has been somewhat difficult to prove. Kim et al. (2010) reported finding correlations between the slope of the ECAP amplitude growth functions and performance. That study included subjects who used both older generation devices (Nucleus CI24M standard implant and the 24M S8 Hybrid implant) and newer technology (Nucleus 24RE standard implant and the 24RE S8 Hybrid implant). The major difference between the older and newer implants was the lower noise floor of the amplifier on the newer devices. The noise floor of the measurement system could impact slope of the ECAP growth functions. Kim et al. (2010) reported that the slope of the ECAP growth functions measured using the newer technology implants was correlated with performance. This was not the case for the older generation of CIs.

Acoustically evoked neural responses can also be recorded from the auditory periphery. This measure is typically referred to as an electrocochleography (ECochG). ECochGs have traditionally been recorded using an electrode placed on the tympanic membrane or the promontory of the middle ear. They have played a role in diagnosing Meniere's disease (Gibson et al., 1977) and more recently have been used to explore the pathophysiology of a condition often described as “hidden hearing loss” where audiometric thresholds are normal but patients struggle to understand speech in background noise (Liberman et al., 2016). ECochGs have also been recorded using a round window electrode from individuals undergoing CI surgery. High level acoustic tone bursts that range in frequency from 250 to 4,000 Hz were presented. These responses were combined offline to generate a metric called the “total cochlear response” (Fitzpatrick et al., 2013; Formeister et al., 2015). Importantly, Fitzpatrick et al. (2013) and Formeister et al. (2015) reported a significant correlation between the magnitude of the ongoing ECochG response across several frequencies and postoperative speech perception in adults and children using standard CIs.

Recently, several researchers described ECochG recordings obtained from CI users with residual hearing during the post-operative period (Dalbert et al., 2015; Abbas et al., 2017; Koka et al., 2017). Across these studies, acoustic stimuli were presented and ECochG recordings were obtained from an intracochlear electrode. Koka et al. (2017) and Abbas et al. (2017) used recording and analysis methods to emphasize contributions from either the cochlear hair cells or the auditory nerve. Significant correlations between the ECochG responses and audiometric thresholds were also reported. Results showed that acoustically generated ECochG responses could be used to monitor changes in hearing status following cochlear implantation.

In this study we propose to use a combination of both acoustic and electrical stimulation to more fully characterize the status of the auditory periphery in Hybrid L24 CI users. We argue that the two measures should provide a more complete profile of the status of the peripheral auditory system than either measure individually. Our goal is to determine the extent to which ECAP responses, which likely reflect the response primarily from the relatively basal region of the cochlea to electrical stimulation, and the acoustically evoked ECochG responses, which provide a measure of hair cell and neural responses from more apical regions of the cochlea, might be combined to more accurately characterize the status of the auditory periphery. We compare these measures to speech perception results obtained from a group of Hybrid L24 CI users to test the hypothesis that speech perception is related to the status of the auditory periphery. More specifically, we will assess if individuals with more robust (e.g., largest) ECAPs will exhibit better performance when testing is conducted in the electric only listening mode than individuals who have smaller amplitude ECAP responses. Additionally, we will assess if Hybrid CI recipients who enjoy the most benefit from use of acoustic stimulation are those who also present with the most robust (e.g., largest) acoustically evoked ECochG responses.

MATERIALS AND METHODS

This was a retrospective study. Records from individuals who received a Nucleus Hybrid L24 CI at the University of Iowa Hospitals and Clinics between 2010 and 2015 were reviewed and information about speech perception extracted. These results were then compared with ECAP and ECochG data also collected in our lab. The ECochG data was recently published (Abbas et al., 2017). That report focused on describing analysis techniques to emphasize contributions of hair cells and the auditory nerve to the ECochG response. In this report we focus on an alternative measure of ECochG magnitude. We also include measures of neural response to an electrical stimulus (ECAP) that were not included in the Abbas et al. (2017) study. All of the procedures used in this study were approved by the University of Iowa Institutional Review Board (IRB) and all subjects gave written informed consent in accordance with the Declaration of Helsinki.

Nucleus Hybrid L24 CI

The Nucleus Hybrid L24 CI is manufactured by Cochlear Ltd. The internal electrode array is 16 mm in total length and contains 22 electrode contacts. It is thinner than the previous generation CI24RE CI, and the electrode array is designed to rest against the lateral wall of the cochlea. The implanted electrode array spans approximately 270° of the basal turn of the cochlea with the most apical electrode lying at a place thought to correspond to approximately 1,500–2,000 Hz (Greenwood, 1990; Stakhovskaya et al., 2007; Lenarz et al., 2009, 2013; Jurawitz et al., 2014; Roland et al., 2016). The L24 array was approved by the Food and Drug Administration (FDA) for clinical use in March 2014; arrays implanted prior to that date were implanted under an FDA Investigational Device Exemption (IDE) status (IDE G070191 and G110089). The external processor used with this device includes both an electrical and acoustic component. It is designed to allow the user to integrate electric and acoustic information simultaneously and can be programmed to accommodate the extent and configuration of a recipient's acoustic hearing following surgery.

Subjects

Twenty-five adult Nucleus Hybrid L24 CI users participated in this study. Table 1 shows demographic information about the study participants. Forty-four percent were male. Fifty-six percent were female. Approximately equal numbers of right and left ears were implanted. For the majority of study participants, the etiology of their hearing loss was unknown. Subjects ranged in age from 18 to 65 years at the time of surgery. Mean duration of hearing loss prior to CI surgery was 28 years (SD = 16 years) and mean duration of hearing aid use was 17 years (SD = 12 years). Preoperative Consonant-Nucleus-Consonant (CNC) word scores were, on average, 22% correct. Though for the purposes of this report, it was not necessary to compare preoperative and postoperative audiometric thresholds, we included this data for informative purposes (Figure 1). Postoperative thresholds were measured at the time ECAP, ECochG, and speech perception data were obtained. The majority of study participants had low frequency acoustic hearing (pure tone average of 250, 500, and 1,000 Hz) within 15 dB of their preoperative pure tone thresholds. Three subjects lost significant amounts of acoustic hearing post-operatively (>30 dB) and were also included in this report. Inclusion criteria required that the selected participants had stable residual hearing at the time of evoked potential and speech perception testing since, on occasion, testing occurred at two different points in time. Since ECochG responses in Hybrid users remain stable over time for those with stable residual hearing (Abbas et al., 2017), the different time periods of testing in some subjects was not concerning.


Table 1. Demographic and audiological history for study participants.
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FIGURE 1. Mean pre- and post-operative audiometric thresholds for the implanted ear of all 25 study participants. Error bars indicate ± 1 standard deviation.



The 25 participants were part of a larger pool of individuals with hearing preservation implants who participated in earlier studies in our lab where post-operative ECochG and ECAP data were collected. Subjects were awake during the testing procedures. ECochG growth functions were collected using acoustic 500 Hz tone bursts and recorded using the most apical intracochlear electrode (Abbas et al., 2017). ECAP growth functions were collected from a subset of electrodes spaced across the array. Speech perception scores were extracted from the patient's clinical records. ECAP and ECochG data were generally collected at the same point in time (no earlier than 1 month post activation). Speech perception testing was conducted no earlier than 6 months post activation. All 25 study participants had been fit with and regularly used an acoustic component with their speech processor. The frequency boundary for acoustic-electric stimulation was defined as the highest audiometric frequency with an unaided audiometric threshold less than or equal to 70 dB HL (Cochlear Ltd., 2015). The acoustic component of the Hybrid system was programmed using the NAL-NL2 fitting formula (Keidser et al., 2011). In some instances, acoustic output was modified slightly to address problems with loudness tolerance. Frequencies higher than the acoustic-electric boundary were delivered via electrical stimulation.

Electrophysiologic Recordings: Electrical Stimulation

ECAPs were recorded using standard clinical software provided by Cochlear Ltd. (Custom Sound EP, version 4.3). Stimuli were biphasic current pulses presented in a monopolar stimulation mode at 80 Hz stimulation rate. Pulse durations were typically 25 μs/phase with a 7 μs interphase gap. Higher pulse durations (37 or 50 μs) were used in some cases to overcome voltage compliance limits. Three stimulating electrodes widely spaced across the electrode array were selected for testing. They included an apical electrode (20, 21, or 22), a middle electrode (12, 13, or 14), and a basal electrode (6, 7, or 8). Typically, an electrode located two electrodes apical relative to the stimulating electrode was used for recording. ECAPs were obtained at a 20 kHz sampling rate using the standard subtraction method detailed elsewhere (Brown et al., 1998, 2000; Abbas et al., 1999). Amplitude growth functions were obtained for these test electrodes. These functions were generated by a series of ECAPs that were recorded at probe levels that varied from just below the uncomfortable loudness level (UCL)—labeled here the maximum comfortable level (MCL) - to below the visual detection threshold. For the purposes of this retrospective review, only the ECAP amplitude recorded at MCL was used for correlational analysis.

ECAP waveforms consisted of an average of approximately 50–100 sweeps, and were analyzed offline using a custom MATLAB script. N1 and P2 peaks were selected manually and the ECAP amplitude for each waveform was defined as the voltage difference between the N1 and P2 peaks.

Electrophysiologic Recordings: Acoustic Stimulation

Acoustically evoked ECochG responses were recorded using Custom Sound EP (version 3.2). Details of the recording technique have been reported elsewhere (Abbas et al., 2017). Briefly, a research patch allowed Custom Sound EP to trigger an external acoustic stimulus. The stimulus was a 12 ms, 500 Hz tone burst that was shaped by a rectangular gating function and generated digitally at a 44.1 kHz sampling rate. The stimulus was presented to the implanted ear via an insert earphone at a 10 Hz stimulation rate. The level of the acoustic stimulus was varied from MCL down to visual ECochG threshold in 5–10 dB steps. ECochG responses were recorded using both positive and negative leading tone burst stimuli. For this study, only the ECochG response at MCL was examined. Electrode 22 (the most apical intracochlear electrode) was used as the recording electrode. Recording sampling rate was 20 kHz. Each response consisted of an average of 200 to 400 sweeps. Contamination due to system artifacts were minimized by obtaining an ECochG response when the acoustic probe was not placed in ear canal, but continued to deliver an acoustic stimulus at the highest test level. This “no stimulus” recording of system artifact was subtracted from the ECochG recordings.

Responses recorded using initially positive and negative polarities were stored separately and analyzed in the frequency domain using a Fast Fourier Transform (FFT). The resolution of the FFT was 55.33 Hz/bin. These ECochG responses likely reflect activity generated at both the hair cell (i.e., cochlear microphonic) and the auditory nerve (i.e., auditory nerve neurophonic). The data from Abbas et al. (2017) were reanalyzed using different techniques. The magnitudes of the FFT responses recorded at the frequency corresponding to the first, second, and third harmonics of the tone burst were measured and were considered significant if the amplitude exceeded the noise plus three standard deviations. The noise and its standard deviation were calculated from 6 bins, 3 on each side of all harmonics, starting 2 bins away from the peak. Magnitude of ECochG was calculated as the sum of the magnitude of FFT responses at all significant harmonics in each polarity. For this study, the average of the magnitude of ECochG in each polarity was used for correlational analysis.

Speech Perception Measures

Two different measures of speech perception were obtained from the clinical records of each subject. Speech perception in quiet was measured using the CNC monosyllabic word test (Peterson and Lehiste, 1962). Speech perception in noise was assessed using the AzBio sentence test with the sentences presented at a +5 dB signal-to-noise ratio (SNR) (Spahr et al., 2012). The noise used for the AzBio sentence test was a 10-talker babble. For both tests, the speech signal was presented at 60 dBA via a loudspeaker located 1 meter away from the subject at 0 degrees azimuth. Noise was also presented from the same loudspeaker for the AzBio test. The CNC word test consists of 50 words in each list, and the AzBio sentence test is composed of 20 sentences in each list. Two lists were used for both tests. Results were reported in percentage of the total number of words correct.

Speech perception data obtained in the E alone (implant alone) and A+E (implant and ipsilateral hearing aid) listening conditions were extracted from the medical charts. To assess speech performance in the E alone mode, both ipsilateral and contralateral ear canals were occluded with foam earplugs and earmuffs. For performance in the A+E mode, only the contralateral ear canal was occluded. Pilot data collected from two normal hearing listeners revealed that use of plugs and muffs resulted in 25 to 40 dB of attenuation for frequencies between 125 and 1,000 Hz and 25 dB of attenuation for speech reception thresholds in the sound field. Clearly, we cannot argue that contribution from the non-test ear was eliminated; however, it should have been minimized based on these attenuation rates. Finally, we also calculated a metric we refer to as acoustic gain (A gain). A gain was computed by subtracting the E alone score from the A+E score. In theory, this subtracted response should reflect the benefit individual study participants receive from the use of their residual low frequency acoustic hearing.

RESULTS

Electrophysiologic Measures

ECAP recordings were obtained for 24 of the 25 study participants (96%). We attempted, but failed to record an ECAP for one participant. ECAP thresholds were possibly higher than MCL in this case. Figure 2A shows typical ECAP waveforms measured using stimulation of electrode 6 (basal), 14 (middle) and 20 (apical) for subject L4R. ECAP amplitude decreased as the stimulating electrode was changed from an apical to a more basal electrode.
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FIGURE 2. (A) ECAP waveforms recorded from a single study participant (L4R) at three different stimulation sites: electrode 6 (basal), electrode 14 (middle), and electrode 20 (apical). Each waveform was recorded at the maximum acceptable loudness level. Stimulation level is specified in clinical programming units (CL). (B) Comparison of group mean ECAP amplitudes across stimulating electrode sites (basal, middle and apical) (n = 24). Error bars indicate ± 1 standard error around the mean. ECAP stands for electrically evoked compound action potential.



Figure 2B shows the range of ECAP amplitudes recorded at each of the three stimulation sites. A repeated measures analysis of variance (ANOVA) was performed using stimulation site (apical, middle, and basal) as the within-subjects variable. The analysis revealed a significant effect of stimulation site [F(1.482, 24) = 19.461, p < 0.01]. Post-hoc tests indicated that ECAP amplitudes became progressively larger as the stimulating electrode was moved toward the apex of the electrode array. Specifically, the ECAP amplitudes recorded with stimulation near the middle of the array were significantly greater than those recorded using a more basal stimulation site (p < 0.05) and were significantly smaller than those recorded using more apical stimulation (p < 0.01).

ECochG responses were recorded using 500 Hz tone bursts from all of the study participants. Figure 3 shows example recordings obtained from two different subjects (L23R, L18R). The two panels on the left side of Figure 3 show the pure tone audiogram for the implanted ear measured at the test session. 500 Hz audiometric thresholds were 40 dB HL for subject L23R and 85 dB HL for subject L18R. The center panels show ECochG waveforms recorded using 500 Hz tone bursts that were presented at MCL and in both polarities for each of the two subjects. The panels on the right side of Figure 3 show the results of FFT analysis of ECochG recordings. Clear peaks in the FFT are apparent at 500 Hz and 1,000 Hz for subject L23R whose data is shown in the top row. For subject L18R, clear peaks in the FFT were evident at 500, 1,000, and 1,500 Hz. The frequencies correspond to the first, second and third harmonics of the 500 Hz stimulus. The circles indicate FFT responses where the specific harmonic was significantly above the noise floor of the measurement system. ECochG magnitude was calculated by averaging the sum of the magnitude of responses at all significant harmonics in each polarity. These values are indicated on the figure. Note that the magnitude of the ECochG response is larger for the subject with more residual hearing (L23R).
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FIGURE 3. Examples of ECochG responses recorded using a 500 Hz tone burst from two subjects, (A) L23R and (B) L18R. Left panels show the audiogram measured at the time of testing. Center panels show the time waveforms in response to positive and negative leading tone bursts. Right panels show the results of a FFT of the time waveforms. The circles indicate frequencies where the energy at the harmonic frequency was significantly above the noise floor of the measurement system. Note the different amplitude scales used for these two subjects. ECochG indicates electrocochleography; FFT, Fast Fourier Transform.



Speech Perception Measures

Figure 4 shows the effect of listening mode on speech perception measured in quiet (CNC word test) and in background noise (AzBio sentence test at +5 dB SNR). CNC scores were not available for two subjects and AzBio test results were not measured for three subjects in the E alone modes. For the CNC word test, mean scores were 74% in A+E mode and 54% in E alone mode. For the AzBio sentences test in noise, the mean scores were 53% in A+E condition and 26% in E alone condition. Performance in the A+E mode was significantly better than in E alone mode for both tests as shown by a paired samples t-test [CNC: t(22) = 9.12, p < 0.001; AzBio: t(21) = 8.23, p < 0.001].
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FIGURE 4. Group mean speech perception scores in A+E, E alone, and A gain condition on (A) CNC word test in quiet (n = 23) and (B) AzBio sentence test at a +5 dB SNR (n = 22). Error bars are standard errors of means. CNC indicates consonant-nucleus-consonant; SNR, signal-to-noise ratio; A, acoustic; E, electric.



This figure also shows that average performance in the E alone condition was greater when the task involved perception of speech in quiet (CNC test) compared to when the task required perception of speech in background noise (AzBio test). However, the benefit provided by having access to acoustic sound (A gain) is greater for speech perception in noise (AzBio test) compared to speech perception in quiet (CNC test). That is, the difference between the E alone and A gain scores is greater for the CNC test than for the AzBio test. While this may be due to differences in test materials (words vs. sentences), we suggest that it may also reflect that for speech stimuli presented in background noise, greater reliance on the acoustic signal is required for better performance.

In order to quantify the contribution of electric and acoustic stimulation to performance in the A+E listening mode, we computed two ratios for each subject. One ratio compared the speech perception score obtained in the E-alone condition to the A+E condition (E-alone/A+E). A second ratio compared speech perception score obtained using only acoustic stimulation (A gain) to the score obtained in the A+E listening mode (A gain/A+E). Paired t-tests revealed that the ratio of E alone/A+E was significantly larger for the CNC test compared to the AzBio test [t(21) = 6.75, p < 0.001]. A similar analysis was performed comparing the ratio of A gain/A+E on the two speech perception tasks. Paired t-tests showed that the ratio of A gain/A+E was significantly larger for the AzBio test in noise than for the CNC test in quiet [t(21) = 4.59, p < 0.001]. (Note that the sum of the E alone ratio and the A gain ratio will be 1, thus this analysis is complementary). We interpret these data to suggest that electric hearing may contribute more to the benefits of hybrid listening in quiet environments, while residual acoustic hearing is an important factor that may play a larger role in determining outcomes in noisy listening conditions.

Figure 5 shows correlations between performance on CNC word lists presented in quiet and AzBio sentences presented in noise. Linear regression analysis revealed significant correlation in scores for A+E (r = 0.83, p < 0.0001, n = 25), E alone (r = 0.81, p < 0.0001, n = 22) and A gain (r = 0.85, p < 0.0001, n = 22) conditions. Subjects who perform better on one speech perception test are likely to perform better on another measure of speech perception.


[image: image]

FIGURE 5. Relationship between CNC and AzBio performance in (A) A+E, (B) E alone, and (C) A gain conditions. Each column plots the AzBio sentence scores as a function of CNC word scores. CNC indicates consonant-nucleus-consonant; A, acoustic; E, electric.



Correlations between Electrophysiologic Measures and Performance

The primary goal of this study was to characterize the relationship between electrically and acoustically evoked peripheral electrophysiologic measures and performance on speech perception tests in a representative group of Nucleus Hybrid L24 CI users. Hybrid CI users perceive high-frequency portions of the acoustic signal via electric hearing. Low frequency information in the acoustic signal is amplified and transmitted acoustically. Therefore, ECAP responses to electrical stimulation were compared to performance in E alone condition and ECochG responses to acoustic stimulation were compared to A gain. ECAP and ECochG responses were also compared to performance in A+E condition.

We hypothesized that performance on speech tests, particularly when testing is done in the E alone condition, would correlate with electrically evoked responses. We found that the correlation between the amplitude of the ECAP recorded using stimulation of the most apical electrode in the intracochlear array and performance on the CNC word list administered in the E alone mode was, in fact, statistically significant (r = 0.56, p < 0.01). Figure 6A is a scatterplot that illustrates this relationship. No significant correlation between the ECAP amplitudes recorded from the middle or basal electrode and CNC performance were revealed nor were there significant correlations between ECAP amplitude and performance on the more challenging AzBio test when administered in the E alone mode.
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FIGURE 6. (A) Correlation between ECAP amplitudes and CNC scores (E alone). (B) Correlation between ECAP amplitudes and CNC scores (A+E). One data point was identified as an outlier (studentized residual > 2.0). This data point is marked with an open circle and was excluded from correlation analysis. ECAP indicates electrically evoked compound action potential; CNC, consonant-nucleus-consonant; A, acoustic; E, electric.



We also hypothesized that speech perception in the A gain condition would be related to the acoustically evoked ECochG responses. We assumed that subjects who benefited most from the use of their residual acoustic hearing have more robust ECochG responses to a low frequency tone burst. However, no statistically significant correlations were found between the magnitude of the ECochG recorded using a 500 Hz tone burst and performance on either the CNC word lists or on the AzBio test in the A gain condition.

While correlations between the ECAP or ECochG and performance in the E alone and A gain conditions are informative, more important are correlations between these peripheral measures of auditory function and performance in the A+E listening mode. This is the condition where the subjects are most practiced and, from a clinical perspective, it is the most relevant test mode. The amplitude of the ECAP response recorded using stimulation of the most apical electrode was found to be significantly correlated with performance on the CNC word list when speech perception was measured in the A+E listening mode (r = 0.64, p < 0.01). Figure 6B is a scatterplot that illustrates this relationship. Significant correlations between the apical ECAP amplitude and performance on the AzBio test were not observed nor were significant correlations between the ECAP amplitudes recorded from middle or basal electrodes and speech performance revealed. The ECochG magnitudes were also compared to performance in A+E listening mode. However, there were no significant correlations between the ECochG magnitude and performance on CNC or AzBio tests.

Table 2 shows the summary of correlations between ECAP (recorded from an apical electrode) and ECochG responses to speech perception scores. No significant correlations were found for middle and basal electrodes; thus, for brevity, they were not included in Table 2.


Table 2. Summary of correlation between peripheral electrophysiologic measures and speech performance.
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We know that Hybrid CI users enjoy improved hearing in noise rather than in quiet relative to standard, long electrode CI users, likely due to the residual low frequency acoustic hearing (Turner et al., 2004; Gantz et al., 2009). In order to further investigate the relationship between the acoustically evoked ECochG measures and performance with the Hybrid implant, we computed a ratio of performance on speech perception in noise (AzBio test) relative to their ability to understand speech in quiet (CNC test). This was calculated as

[image: image]

We focused on the derived A gain scores, reasoning that these measures are the ones likely to be most sensitive to the status of the cochlea. Figure 7 shows the results we observed when we made this comparison. The magnitude of the ECochG response to a 500 Hz tone burst was found to be correlated with speech perception as characterized using this ratio (A gain) of two different speech tests (r = 0.67, p < 0.01).
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FIGURE 7. Correlation between the magnitude of the ECochG response to a 500 Hz tone burst and the ratio of A gain scores on speech perception test in noise relative to quiet (AzBio/CNC). ECochG indicates electrocochleography; CNC, consonant-nucleus-consonant; A, acoustic.



Lastly, we attempted a multiple regression analyses to look at the predictive values of both ECAP and ECochG metrics on speech perception scores. We performed it twice—one on CNC scores and once on AzBio scores. The analysis revealed that there was a significant correlation between the maximum amplitude of the ECAP (apical electrode) and performance of A+E (F = 5.9851, p < 0.05) on CNC words test. However, there was no significant correlation between ECochG and A+E scores on CNC words test nor was a statistically significant correlation found between performance on the AzBio test and either ECAP or ECochG magnitude.

DISCUSSION

The primary goal of this study was to determine the extent to which ECAPs recorded using electrical stimulation and ECochG responses recorded using acoustic stimulation were related with speech perception in Nucleus Hybrid L24 CI users. The reasoning is that ECAPs would reflect activity along different points of the electrode array, which is seated basally in the cochlea. ECochGs would reflect activity along more apical regions of the cochlea. Using both metrics may more fully characterize the status of the cochlea. To our knowledge, the present study is the first to investigate the relationship between post-operative peripheral electrophysiologic measures (specifically acoustically evoked potentials) and speech performance in hearing preservation implants. Prior studies have only demonstrated the feasibility of making such recordings (Dalbert et al., 2015; Abbas et al., 2017; Koka et al., 2017) but the clinical applicability of these measures need to be addressed beyond their ability to predict audiometric thresholds. It also extends previous studies that have found correlations between intraoperative ECochG measures in CI users and speech outcomes (Fitzpatrick et al., 2013; Formeister et al., 2015).

The Hybrid L24 CI does not extend along the full length of the cochlea. Additionally, neural survival is not likely to be uniform along the cochlear partition. Indeed, audiometric thresholds are better for low frequencies and poorer for high frequencies in our Hybrid CI users (see Figure 1). This observation suggests that neural survival is likely to be better closer to the apex than the base of the cochlea. ECAP recordings primarily reflect activity of neurons located along the relatively basal region of the cochlea (given that electrode arrays do not span the entire cochlea). We hypothesized that the position of the electrode array and the configuration of the hearing loss would result in larger ECAP responses for apical electrodes. That is, in fact, what we found (see Figure 2). ECAP amplitudes recorded from more apical electrodes are significantly larger than those recorded from more basal electrodes.

We assume that larger ECAP amplitudes may reflect better neural survival and that, in turn, may lead to better performance on tests of speech perception, particularly when the listening mode is E alone. Our results showed that the ECAP amplitudes recorded from apical electrodes are significantly correlated with speech perception as measured using CNC word tests (see Figure 6A). This finding is consistent with Kim et al. (2010) in which the slope of the ECAP amplitude growth function obtained from Nucleus Hybrid S8 (RE) and Standard CI24RE CI users were significantly correlated with speech perception. The slope metric was used as a marker of neural survival, similar to animal studies (Smith and Simmons, 1983; Hall, 1990; Miller et al., 1994; Prado-Guitierrez et al., 2006). The L24 Hybrid also has the same receiver-stimulator as the Hybrid S8 (RE) and standard 24RE, so results can be compared across devices. However, correlations are not often seen between electrophysiologic measures and speech perception in older devices (Abbas and Brown, 1991; Brown et al., 1995; for review see Van Eijl et al., 2017). Studies comparing post-mortem spiral ganglion neuron counts to speech outcomes don't often see correlations either (e.g., Nadol et al., 2001; Khan et al., 2005; Fayad and Linthicum, 2006; however, see Seyyedi et al., 2014). Mixed findings are not surprising; the ECAP is a peripheral response while speech perception requires peripheral and central processes, as well as cognitive resources. Both peripheral and central measures may be needed to increase the predictive power of electrophysiologic measures (Scheperle and Abbas, 2015). ECAP amplitudes recorded from middle or basal electrodes did not show correlations with CNC scores. ECAP responses were not as robust for these electrodes, possibly due to less neural survival, which may have precluded meaningful correlational analysis with speech outcomes.

No correlation between ECAP amplitude and performance on the AzBio sentence test in noise was obtained regardless of the stimulating electrode used. It may be that ECAP amplitudes do not reflect the spectral/spatial resolution needed for speech perception in noise. CI users require more electrodes for speech perception in noise relative to quiet, since more electrodes potentially provide better spectral/spatial resolution (Friesen et al., 2001). Experiments using vocoded speech have shown that only a few spectral bands are needed for adequate speech recognition in quiet (Shannon et al., 1995; Xu and Zheng, 2007), but more bands are needed for speech recognition in noise (Qin and Oxenham, 2003; Xu and Zheng, 2007), reflecting the contribution of increased spectral resolution to speech recognition in noise. Spatial resolution can be inferred from channel interaction measures made using ECAPs (Abbas et al., 2004), with a recent study demonstrating correlations between channel interaction measures and speech perception in noise (Scheperle and Abbas, 2015).

While ECAPs provide a measure of the response of the auditory nerve to electrical stimulation, ECochG responses include contributions from both cochlear hair cells and from the auditory nerve following acoustic stimulation. We know that use of a Hybrid CI improves speech understanding in part because it allows the listener to use his/her acoustic hearing to perceive low frequency cues in an acoustic signal and to use the electrical signal provided by the CI to perceive high frequency information (Turner et al., 2004; Ching, 2005; Brown and Bacon, 2009; Zhang et al., 2010). Our results also showed that performance in the A+E listening mode was significantly better than in E alone mode for both CNC and AzBio tests (see Figure 4) and demonstrate that preserving residual acoustic hearing was beneficial for our population of study participants. The ECochG recordings obtained using a 500 Hz tone burst provide a measure of how the auditory periphery responds to a low frequency acoustic stimulus. Here we suggest that ECochG recordings may provide a metric that reflects the overall “health” of at least the apical portion of the cochlea. We hypothesize that the ECochG magnitude measures might be more strongly correlated with A gain speech perception scores rather than results of tests conducted in the A+E or E alone listening modes. However, we found no significant correlations between ECochG responses and A gain scores on CNC words test nor on the AzBio sentences test. The lack of a correlation may be because A gain scores are not a direct measure of speech perception abilities in the A alone condition. We treated these measures as additive, assuming acoustic only scores plus electric only scores equals A+E score, which is not necessarily the case. Gifford et al. (2008a) tested S8 hybrid patients on word recognition in acoustic only, electric only, and A+E listening modes. None of those patients had A+E scores that were equal to A only + E only score. It seems equally likely, however, that in addition to cochlear health, other factors such as patient demographics, cognitive ability, and genetic variants may affect performance on speech perception tests, increase variance in our measures and reduce the correlations evident in this study (Lazard et al., 2012; Blamey et al., 2013; Holden et al., 2013; Shearer et al., 2017).

Compared to individuals who use standard CIs, Hybrid CI users perform better on tests of speech perception in background noise than in quiet. Several investigators have attributed this to residual low frequency acoustic hearing providing significant benefits—particularly when the task involves understanding speech in background noise (Turner et al., 2004, 2008b; Gantz et al., 2009; Zhang et al., 2010; Carroll et al., 2011). For example, Turner et al. (2004, 2008b) showed that Hybrid CI users outperformed standard CI users on tests of speech perception in background noise, even though these two groups had equivalent levels of speech perception in quiet. This advantage is primarily a result of the better frequency resolution provided by the residual acoustic hearing (Qin and Oxenham, 2003; Turner et al., 2004). We expect, therefore, that the benefits enjoyed by Hybrid CI users would be most evident in situations, such as speech perception in noise, where frequency resolution is important. Our results also suggested that acoustic hearing (A gain) plays a larger role in determining how well speech is perceived in noise (AzBio test) compared to quiet (CNC test), even though performance is better in the A+E mode compared to the E alone mode on both CNC and AzBio tests (see Figure 4). This is in general agreement with findings from other studies (Kiefer et al., 2005; Zhang et al., 2010). Therefore, we assumed that the benefits of acoustic hearing in noise relative to in quiet may be predicted by our ECochG data that has been proposed to serve as a measure of cochlear health. We did find that ECochG magnitude was significantly correlated with the ratio of the AzBio score and the CNC score when both were collected in the A gain condition (see Figure 7). This finding is consistent with an assumption that the magnitude of the ECochG response evoked using a 500 Hz tone burst may serve as an index to overall cochlear health at the apical region and at least partially explain benefit provided to the listener by their residual low frequency acoustic hearing. It could be argued, however, that the composite metric was made by using two different tests and may not accurately reflect the benefit of A gain in noisy situations. The CNC word test and the AzBio sentence test have differing cues, such as lexical, semantic, context, and acoustic cues, and could have differing distributions of speech scores amongst the patient population. However, Gifford et al. (2008b) reported a significant correlation between performance on CNC word lists and AzBio sentences presented in quiet (r = 0.85, p < 0.0001). Moreover, our results also revealed strong correlations between performance on the CNC word list presented in quiet and AzBio sentences presented in noise for each condition (A+E, E alone, and A gain) (see Figure 5).

This study also explored the correlation between the ECAP or ECochG and speech perception measured in the A+E listening mode. The ECAP amplitudes were significantly correlated with performance on CNC test (see Figure 6B), but not correlated with performance on AzBio test. We found that the ratios of E alone score to A gain score were approximately 7:3 and 5:5 for CNC word test presented in quiet and AzBio sentence test presented in noise, respectively (see Figure 4). That is, the high frequency portions of the speech signal conveyed electrically made a dominant contribution to speech perception in quiet as described in other studies (Kiefer et al., 2005; Turner et al., 2008a). This was not the case for speech perception in noise. Our results show that electrically evoked neural responses seems to be more predictive of performance when the task does not include background noise (e.g., the CNC test) and when testing is conducted in the A+E listening condition.

We assumed that the acoustically evoked ECochG magnitudes might serve as an index of overall cochlear health and as such might predict performance on speech perception tests. There was a tendency for magnitude of the ECochG responses evoked using the 500 Hz tone burst to be correlated with audiometric thresholds (e.g., see Figure 3). However, the ECochG measures we recorded were not correlated with outcome on either speech test when testing was conducted in the A+E listening modes. For example, despite differences in residual acoustic hearing and ECochG magnitude, speech perception results were similar for both subjects (L23R and L18R) whose data are shown in Figure 3. These results stand in contrast to data reported by Fitzpatrick et al. (2013) and Formeister et al. (2015) showing significant correlations between physiologic measures of “total cochlear response” (representing a sum of responses using 250 to 4,000 Hz tone bursts recorded using a round window electrode prior to insertion of the electrode array) and postoperative speech perception. In this study, we recorded ECochG responses from an intracochlear electrode rather than from the round window. Our recordings were also obtained post-operatively rather than prior to the insertion of the electrode array into the cochlea. We reasoned that an intracochlear recording electrode would be closer to the cochlear hair cells and auditory neurons and as such, could be more reflective of cochlear health than similar measures obtained from the round window. Therefore, we would have expected to find a better correlation between a postoperative electrophysiological measures and speech perception than had been reported previously. That was not the case. However, we used only one tone burst frequency to evoke the ECochG response, while Fitzpatrick et al. (2013) and Formeister et al. (2015) used several tone burst frequencies. Our results may, therefore, represent a measure of cochlear health from a more restricted region on the cochlea. We also assumed that insertion of the electrode array into the cochlea would be likely to affect cochlear function and as a result, post-implant measures would accurately predict outcome with a Hybrid CI than pre-operative measures. Our assumption may not have been valid. Animal studies show that it is possible to insert the electrode array into the cochlea and only transiently affect the ECochG (DeMason et al., 2012). If so, the impact on speech perception may not be significant and could also explain the difference between our results and those of Fitzpatrick et al. (2013) and Formeister et al. (2015). Perhaps recording the ECochG pre- and post-insertion could provide a more complete picture of overall cochlear health and the combination of those data with ECAP recordings may improve our ability to predict speech perception outcomes.

The results of the present study suggest that peripheral electrophysiologic responses to both acoustic and electric stimuli may be important to fully characterize the status of the cochlea for an individual Hybrid CI user and may be required to improve our ability to predict speech perception outcomes. While we did find correlations between ECAP or ECochG measures and speech perception, we acknowledge that there were fewer significant correlations than non-significant correlations and one might reasonably argue that the few significant correlations that were observed arose out of chance. A well-controlled prospective study design is needed to address the limitations of the current study.

This study has also some limitations due to the retrospective nature of the design. We tried to use similar metrics for both ECAP and ECochG data and focused on the amplitudes. Our ECAP growth functions had more data points, allowing us to visually determine the threshold and calculate slope. However, experimental limitations, as outlined in Abbas et al. (2017), prevented us from collecting many data points for a finely detailed growth function for ECochG responses. The ECochG thresholds from that study were calculated based on linear regression fits to the ECochG amplitude growth function rather than visual detection thresholds. Thus, we wanted to avoid using two different methodologies. Future prospective studies should collect ECochG amplitude growth functions with multiple levels, as well as at multiple frequencies. This would allow the use of visual detection thresholds, slopes, and amplitudes across different frequencies and levels to more fully characterize acoustic responses. Future studies can also use measurement and analysis techniques to emphasize responses from the hair cell and from the auditory nerve and correlate this to outcomes. Such studies might not only result in more accurate prediction of overall outcome with Hybrid CIs than have been available previously but also provide important clues as to the source of the cross-subject variance routinely observed in CI populations.

While Hybrid CI users currently are a small section of the CI population, there is increasingly more emphasis on the use of soft surgical techniques and electrode designs that may help reduce cochlear trauma. Multicenter trials have demonstrated hearing preservation is possible with both short (Gantz et al., 2009; Lenarz et al., 2013; Roland et al., 2016) and long electrode arrays (Santa Maria et al., 2013; Van Abel et al., 2015; Hunter et al., 2016). Our results show the relative contributions of acoustic and electric hearing to speech perception in quiet and noise. We would argue that if preservation of residual acoustic hearing in the implanted ear remains an important goal both for surgeons and CI manufacturers, methods to evaluate the contributions of residual acoustic hearing and electrical stimulation to speech perception will be necessary.

CONCLUSIONS

ECAPs reflect response of auditory neurons across the electrode array, seated at the relatively basal regions of the cochlea. ECochG responses provide a way to assess the response of the cochlear hair cells and auditory nerve for neurons innervating more apical regions of the cochlear partition. Both can be recorded from Hybrid L24 CI users. The results of this study suggest that outcomes with a Hybrid CI on tests of speech perception in quiet and/or in noise can be more accurately characterized by using both ECAP (recorded from an apical electrode) and ECochG measures rather than either metric alone.
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Introduction: The objectives of the current study were to (1) determine the relationship between electrocochleography (ECochG), measured from the cochlear implant (CI) electrode array during and after implantation, and postoperative audiometric thresholds, (2) determine the relationship between ECochG amplitude and electrode scalar location determined by computerized tomography (CT); and (3) determine whether changes in cochlear microphonic (CM) amplitude during electrode insertion were associated with postoperative hearing.

Materials and Methods: Eighteen subjects undergoing CI with an Advanced Bionics Mid-Scala device were prospectively studied. ECochG responses were recorded using the implant coupled to a custom signal recording unit. ECochG amplitude collected intraoperatively concurrent with CI insertion and at activation was compared with audiometric thresholds postoperatively. Sixteen patients also underwent postoperative CT to determine scalar location and the relationship to ECochG measures and residual hearing.

Results: Mean low-frequency pure tone average (LFPTA) increased following surgery by an average of 28 dB (range 8–50). Threshold elevation was significantly greater for electrodes with scalar dislocation. No correlation was found between intraoperative ECochG and postoperative behavioral thresholds collapsed across frequency; however, mean differences in thresholds measured by intraoperative ECochG and postoperative audiometry were significantly smaller for electrodes inserted completely within scala tympani (ST) vs. those translocating from ST to scala vestibuli. A significant correlation was observed between postoperative ECochG thresholds and behavioral thresholds obtained at activation.

Discussion: Postoperative audiometry currently serves as a marker for intracochlear trauma though thresholds are not obtained until device activation or later. When measured at the same time-point postoperatively, low-frequency ECochG thresholds correlated with behavioral thresholds. Intraoperative ECochG thresholds, however, did not correlate significantly with postoperative behavioral thresholds suggesting that changes in cochlear physiology occur between electrode insertion and activation. ECochG may hold clinical utility providing surgeons with feedback regarding insertion trauma due to scalar translocation, which may be predictive of postoperative hearing preservation.

Conclusion: CI insertion trauma is generally not evident until postoperative audiometry when loss of residual hearing is confirmed. ECochG has potential to provide estimates of trauma during insertion as well as reliable information regarding degree of hearing preservation.

Keywords: cochlear implant, electrocochleography, residual hearing, audiometry, cochlear microphonic, hearing loss, hearing preservation

INTRODUCTION

Cochlear implants (CI) are surgically-implanted medical devices capable of restoring audibility and speech understanding to individuals with sensorineural hearing loss (SNHL) who do not receive benefit from appropriately fit amplification. Traditionally, CIs have been used to treat individuals with severe-to-profound hearing loss; however, indications for implantation have expanded to include individuals with significant low-frequency hearing and poor-to-fair speech understanding. Furthermore, advances in electrode design (e.g., increased flexibility and smaller dimensions) and surgical techniques (e.g., surgical approach, insertion angle, insertion speed, etc.) have introduced a new generation of implant recipients with preserved low-frequency hearing in the implanted ear.

The importance of low-frequency hearing in the implanted ear has been well-documented. Preservation of acoustic hearing allows individuals with CIs to take advantage of periodicity, commonly referred to as voice pitch, and temporal fine structure (e.g., Rosen, 1992), offering improved spectral resolution. Periodicity and fine structure provided via residual low-frequency hearing in the implanted ear afford significant improvement for speech understanding in complex listening environments over electric only listening and traditional bimodal hearing combining the CI with acoustic hearing originating from the non-implanted ear (e.g., Dorman and Gifford, 2010; Dunn et al., 2010; Gifford et al., 2013, 2015, 2017; Rader et al., 2013; Loiselle et al., 2016), as well as, significant improvements in sound localization (Dunn et al., 2010; Gifford et al., 2014; Loiselle et al., 2016; Plant and Babic, 2016). The degree of mean hearing preservation benefit ranges from 10- to 20-percentage points for fixed signal-to-noise ratio (SNR) conditions (e.g., Gifford et al., 2013, 2017; Loiselle et al., 2015) and 2–3-dB for adaptive SNR testing (e.g., Dunn et al., 2010; Gifford et al., 2013, 2015). Despite the success of hearing preservation surgery and associated functional benefit, there is still considerable variability in benefit across listeners, and rates of hearing preservation are highly variable across patients, electrode types (perimodiolar and straight), and insertion depths.

Previous studies have demonstrated the benefits associated with low frequency acoustic hearing, but given current resources, surgeons are able to achieve hearing preservation—defined as postoperative audiometric thresholds within 10 dB of preoperative levels—in, at most, 50% of cases (Jurawitz et al., 2014; Santa Maria et al., 2014; Van Abel et al., 2015; Dedhia et al., 2016; Eshraghi et al., 2016; Skarzynski et al., 2016). The pathophysiology of hearing loss during and following surgery is still largely unknown, but it is believed to be a result of (1) intraoperative physical trauma including fracture of the osseous spiral lamina, trans-scalar dislocation, and/or insult to spiral ligament or stria vascularis and/or (2) postoperative inflammatory responses and subsequent fibrosis, neo-osteogenesis and/or cellular apoptosis (e.g., Eshraghi and Van de Water, 2006; Eshraghi et al., 2013; Kamakura and Nadol, 2016).

At present, surgeons and audiologists have no way of knowing whether residual hearing was preserved until the patient returns for audiometric evaluation approximately 2 weeks after surgery. More often than not, there are no indications of physical trauma associated with insertion given the lack of visualization beyond the basal turn. Even experienced surgeons cannot reliably detect the subtle intraoperative forces, which can impart damage to delicate intracochlear structures. Previous retrospective research has shown that the frequent occurrence of translocation from scala tympani (ST) to scala vestibuli (SV) during insertion—occurring in approximately 42% of perimodiolar electrode insertions—has detrimental effects on CI outcomes (Adunka et al., 2004; Finley et al., 2008; Choudhury et al., 2012; Holden et al., 2013; Wanna et al., 2014; Dalbert et al., 2016).

If an intraoperative metric existed that could alert surgeons to physiological damage, such information would potentially allow him/her to modify the surgical procedure and potentially improve outcomes. One emerging solution is the use of intraoperative, intracochlear electrocochleography (ECochG) in providing continuous real-time recordings of physiological activity of intracochlear tissue during and after electrode insertion. ECochG can be recorded for patients with profound hearing loss and even in some individuals with no measurable audiometric thresholds (Choudhury et al., 2012).

ECochG is a technique used to record acoustically evoked electrical potentials generated by the inner ear and auditory nerve. Acoustic stimulation (i.e., a tone burst) is presented to the external ear, and the resulting electrical potentials are measured from the cochlea. The ECochG response is comprised of the cochlear microphonic (CM), summating potential (SP), compound action potential (CAP), and auditory nerve neurophonic (ANN). Each of these responses comes from different parts of the intricate inner auditory system. The CM is thought to represent the electrical potential generated by the stereocilia of the outer hair cells (Sohmer et al., 1980; Patuzzi et al., 1989; Verpy et al., 2008); the SP from the direct current shift of the receptor potential of the inner hair cells and some outer hair cells (Palmer and Russell, 1986; Durrant et al., 1998); the CAP from VIIIth nerve activity (ABR wave I) (Durrant et al., 1998); and the ANN from the inner hair cells (first order generator) and the phase-locked responses of VIIIth nerve fibers, which are used for hearing speech in background noise, localizing sounds, and perceiving/differentiating pitch (Palmer and Russell, 1986; Forgues et al., 2014).

ECochG responses were first recorded using surface electrodes (Poch-Broto et al., 2009), trans-tympanic electrodes (Yoshie et al., 1967; Prijs, 1991; Schoonhoven et al., 1996), or extra-tympanic electrodes (Cullen et al., 1972; Yoshie, 1973; Ferraro, 2010; Zhang, 2012). More recently, potentials have been recorded directly from the cochlea using a needle electrode placed at the round window (Mandala et al., 2012; Radeloff et al., 2012; Dalbert et al., 2015b; Adunka et al., 2016), a needle electrode placed inside the round window (Calloway et al., 2014), or an electrode on the cochlear implant array being implanted (Campbell et al., 2015; Dalbert et al., 2015a).

Relationship between Intraoperative ECochG and Postoperative Word Recognition

Fitzpatrick et al. (2014) recorded ECochG responses at the round window intraoperatively prior to CI insertion in 21 adults and subsequently correlated ECochG magnitude with postoperative CNC word recognition scores. In this study, the metric for ECochG magnitude was termed total response (TR) and defined as the sum of all significant first and second harmonic responses across all frequencies at the highest sound level (90 dB nHL). They reported that TR accounted for 47% of variability in outcomes on the CNC word recognition task making it, at the time, the highest known predictor of CI outcomes even over other predictors such as duration of deafness (<25%; e.g., Rubinstein et al., 1999; Friedland et al., 2003; Plant et al., 2016) and degree of residual hearing (e.g., Plant et al., 2016). Scott et al. (2016) completed intraoperative ECochG with a needle electrode at the round window prior to electrode insertion for 238 CI recipients with postoperative CNC word recognition obtained for 51 adult CI recipients. Similar to Fitzpatrick et al. (2014), they found a significant correlation between TR and CNC word recognition at 6 months post activation (r = 0.43); however, the ECochG CAP only weakly correlated postoperative word recognition (r = 0.20, p < 0.001). Thus, while ECochG appears to be a promising measure for helping explain postoperative outcomes, much additional research is needed to carefully investigate this relationship.

Relationship between Intraoperative ECochG and Acoustic Hearing Preservation

Researchers have also investigated the relationship between intraoperative ECochG and acoustic hearing preservation in the implanted ear. Adunka et al. (2016) recorded ECochG at the round window before and after CI insertion and found no correlation between the ECochG response and postoperative residual hearing as measured by audiometric thresholds—though the results may have been limited by the extracochlear nature of the recording electrode.

ECochG can also be recorded using the CI electrode array which offers advantages given its proximity to the organ of Corti. Koka et al. (2016) measured difference and summation responses from ECochG waveforms postoperatively from patients with residual hearing and compared with behavioral audiometric thresholds. The group found that 87% percent of the variability in postoperative behavioral audiometric thresholds across all frequencies tested could be predicted by difference response thresholds and 82% predicted by summation response thresholds; concluding that ECochG thresholds may be useful to estimate postoperative preserved acoustic hearing in CI patients who cannot participate in behavioral audiometry.

Campbell et al. (2016) recorded ECochG measurements intraoperatively from the CI array in 18 recipients with residual acoustic hearing and (1) explored providing real-time surgical feedback as well as (2) investigated the correlation between ECochG recordings and postoperative acoustic hearing. They found this method to be potentially useful for providing feedback regarding surgical trauma and that patients who had a preserved ECochG at the end of surgery were more likely to have preserved hearing. In fact, postoperative audiometric thresholds for patients with preserved CM were, on average, 15 dB better than individuals without a preserved ECochG. Similar findings were reported by Acharya et al. (2016) for two pediatric patients.

Building on this previous work, in the present study intracochlear ECochG responses were measured for 18 (n = 18) adult Advanced Bionics (AB) CI recipients with preoperative acoustic hearing in the ear to be implanted. ECochG measurements were made both during and after CI insertion, and these measures were compared with pre- and postoperative audiometric thresholds. Sixteen (n = 16) participants also underwent postoperative computerized tomography (CT) scanning to verify scalar placement. The objectives of the current study were (1) to determine the relationship between ECochG, measured from the CI array either during cochlear implantation or after surgery, and postoperative audiometric thresholds, (2) to determine if the CM amplitudes correlated with electrode scalar location/translocation as determined by CT scanning, and (3) to determine if change in CM during electrode insertion is associated with postoperative residual hearing.

METHODS

Subjects

Adult patients with residual acoustic hearing (≤80 dB HL at 250 Hz) who were seeking cochlear implantation with an Advanced Bionics (AB) Mid-Scala device between April and December 2016 were prospectively recruited for participation. Exclusion criteria included previous history of middle ear surgery, sudden sensorineural hearing loss, auditory neuropathy spectrum disorder (ANSD), single-sided deafness, and/or abnormal anatomy as detected by CT or MRI scanning. Eighteen (n = 18) subjects met inclusion criteria and were implanted by one of five cochlear implant surgeons using a round window (n = 14) or extended round window approach (n = 4). Patient demographics are shown in Table 1. The methods used in this study were in accordance with the ethical standards of the institutional review board at Vanderbilt University (IRB approval: 151808), and all subjects provided written informed consent before participation.


Table 1. Subject demographics, RW, round window; ERW, extended round window; LFPTA, low frequency pure tone average (average threshold for 125, 250, and 500 Hz, in dB HL); ST, scala tympani; SV, scala vestibuli; Preop, preoperative; Postop, postoperative.
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Equipment

The equipment used for data collection was previously described by Koka et al. (2016). The Bionic Ear Data Collection System (BEDCS) was used to measure ECochG responses. A NI DAQ system (NI DAQ 6216, National Instruments Corporation, 11500 Mopac Expwy, Austin, TX) and an audio amplifier (Sony PHA-2, Sony Corporation, New York, NY) were used to generate the acoustic stimuli, which was presented through an ER-3A (Etymotic Research, Inc. 61 Martin Lane, Elk Grove Village, IL) insert earphone. An ER-7 (Etymotic Research, Inc. 61 Martin Lane, Elk Grove Village, IL) probe microphone was used to calibrate and monitor the stimulus level in the ear canal. The ECochG response was measured using an AB Clinical Programming Interface Platinum Series Sound Processor (PSP) and Universal Headpiece (UHP) with additional magnets for retention and secure connection.

Pure-Tone Audiometry (PTA)

Pure-tone audiometry was assessed prior to implantation and at activation approximately 2–3 weeks after surgery. Audiometric thresholds were completed in a double-walled sound treated booth. Air-conduction thresholds were obtained for all octaves and inter-octave frequencies from 125 to 8,000 Hz using an insert earphone. Bone-conduction thresholds were obtained for octave frequencies from 500 to 4,000 Hz using a bone oscillator placed on the mastoid. Contralateral masking was implemented when appropriate. Low-frequency PTA was calculated using the average of unaided air-conduction thresholds at 125, 250, and 500 Hz.

ECochG Recording

ECochG potentials were measured from the most apical electrode of the implant array intraoperatively as the surgeon was inserting the CI and postoperatively at each subject's CI activation. Intraoperatively, after the patient was intubated, an ER-3A (Etymotic Research, Inc. 61 Martin Lane, Elk Grove Village, IL) insert earphone and an ER-7 (Etymotic Research, Inc. 61 Martin Lane, Elk Grove Village, IL) probe microphone were placed in the external auditory canal of the surgical ear (See Koka et al., 2016, Figure 1). Since the insert earphone and probe microphone were not sterilized, these pieces were kept out of the sterile field by folding the pinna anteriorly and securing it with a large Tegaderm® transparent adhesive film dressing (3M, 2501 Hudson Rd., Maplewood, MN) taking caution to not compromise the tube delivering sound to the ear. At this point, calibration was completed to ensure that the tube was not crimped or that the insert placement was faulty. The cables/tubes connecting the insert earphone and probe microphone to the measurement equipment were then disconnected, wrapped in a cloth, and placed underneath the surgical table so as to minimize interference with the surgical procedure. The surgical preparation (i.e., sterilization and draping) and surgical procedure (cortical mastoidectomy, facial recess, and round window exposure) then progressed according to normal protocols until just before insertion of the electrode array at which point the cables/tubes were reconnected to the recording equipment and the Universal Headpiece and cable were covered with a sterile ultrasound bag and magnetically coupled to the patient's newly implanted receiver/stimulator. Calibration was repeated, and the ECochG recording was started. The CI electrode was introduced via the round window or extended round window and inserted according to the manufacturer's recommendations (i.e., insertion with the stylet to the first blue marker at which point the pre-curved electrode was advanced off the stylet until the second blue marker was located at the round window). The surgeon reported a full insertion in all cases. While the surgeon was inserting the electrode, the audiologist used markers to identify different key points during the surgery (i.e., round window, first blue marker, second blue marker, complete insertion). For the duration of electrode insertion and ECochG insertion, an acoustic tone burst was delivered via the insert earphone (500-Hz, toneburst, 110 dB SPL or 97 dB HL, alternating polarity, 50-ms duration with 5-ms onset/offset ramp time) while the ECochG response was recorded from the most apical electrode. The neural response imaging (NRI) amplifier in the implant was used for amplification of the response (gain of 1,000). The recordings were done with alternating polarities (2 rarefaction and 2 condensation traces) and averaged in the implant amplifier, then transferred to the processor. Data plotting for the insertion tracks depends on SNR of the signal, which usually averages and plots at a single point until SNR reaches 18 dB, or 8 averages have been performed (internally 16 averages). The SNR benefit can be achieved by 55 ms recordings that can be seen in frequency spectrum with larger acquisition times; the acquisitions were done at 4–6 stimuli per second. In presenting this data, the CM amplitude during the insertion track is normalized with respect to the amplitude obtained at the round window, therefore values are presented as dB. After insertion was complete, the recording electrode was changed to 1, 5, 9, and then 13; additional ECochG measurements were obtained from these electrodes to try and understand electrode location with respect to the 500-Hz stimulus. Subsequently, the stimulus frequency was changed from 125 to 2,000 Hz in octave steps using electrode 1 as the recording electrode to estimate each subject's CM threshold in dB HL at each frequency. Surgery concluded per standard. It is estimated that intraoperative ECochG testing added approximately 5 min of time to each case. It should be noted that for this study, the surgeon was not informed of the ECochG results during the insertion of the electrode.


[image: image]

FIGURE 1. Pre- and postoperative pure-tone thresholds; each symbol represents an individual patient. Scalar location of electrode, when available, has been denoted (the * represents the electrode abutting the basilar membrane). Diagonal lines are used to depict hearing preservation in relation to pure-tone average (PTA) shift bins as follows: PTA shift <15 dB, PTA shift between 15–30 dB, and PTA shift >30 dB.



Postoperative ECochG measurement occurred in the audiology clinic on the same day as the patient's CI activation appointment, typically 2 weeks after surgery. An ER-3A (Etymotic Research, Inc. 61 Martin Lane, Elk Grove Village, IL) insert earphone and an ER-7 (Etymotic Research, Inc. 61 Martin Lane, Elk Grove Village, IL) probe microphone were placed in the external auditory canal of the implanted ear, and the Universal Headpiece was coupled with the patient's receiver stimulator. Calibration was completed to ensure that the tube was not crimped or that the insert placement was faulty. Tone bursts were presented sequentially at 125, 250, 500, 1,000, and 2,000 Hz. The patient's ECochG response was measured from the apical electrode and recorded for each frequency. These frequency scan responses were used to estimate subjects' CM thresholds.

Stimuli and Recording Parameters

The amplitude of the ECochG response was calculated using fast Fourier transformation (FFT) analysis within the Bionic Ear Data Collection System. A sample rate of 9,280 and a low pass filter of 5 kHz in the NRI amplifier were used to acquire the responses over a 54.5 ms recording duration through back-telemetry.

Computerized Tomography (CT) Scanning

A subset (n = 16) of patients received postoperative CT scans using a low-dose, flat-panel, volumetric computerized tomography machine (Xoran XCAT, Xoran Technologies; Ann Arbor, MI). Using previously described and validated image-processing algorithms (Noble et al., 2011) scans were analyzed for scalar location of the electrode array (Noble et al., 2011). ST insertions were defined as insertions in which all electrode contacts were located entirely within the ST. Conversely, SV insertions were characterized by electrode arrays that translocated from the ST into the SV, such that at least one electrode contact was located within the SV.

Statistical Methods

Data were plotted and analyzed using GraphPad Prism 7.0 software (GraphPad Software Inc, 2012). Continuous variables were tested for normal distribution with D'Agostino and Pearson omnibus normality test.

Correlations were performed to examine the relationships between ECochG thresholds and behavioral thresholds at individual frequencies (125, 250, and 500 Hz). Parametric and nonparametric data were examined using a Pearson or Spearman correlation analysis, respectively. Spearman correlation was also used if the sample size of a group was too small to determine distribution of data. Given that correlations were performed at multiple frequencies, the Bonferroni correction was used adjusting the critical p-value. Patients were then categorized by the scalar location of their electrode array (ST and SV), and correlations between ECochG and behavioral thresholds within both these groups were assessed.

The following dependent variables were also assessed: (1) the absolute difference between ECochG thresholds and behavioral thresholds at individual frequencies (125, 250, and 500 Hz), (2) low-frequency PTA shift, (3) rise in CM amplitude from start of insertion to the peak value during insertion, and (4) the drop in CM amplitude from the peak value during insertion to completion of insertion. Patients were again characterized into groups according to scalar location and comparisons of the aforementioned variables were made between ST vs. SV insertions with an independent t-test (normal distribution) or a Mann-Whitney U-test (non-normal distribution). A p < 0.05 was considered indicative of statistical significance, with the exception of data pertaining to absolute differences between ECochG thresholds and behavioral thresholds, as multiple frequencies were analyzed; the Bonferroni correction was used in these analyses.

RESULTS

Demographics and Operative Characteristics

Eighteen patients met inclusion criteria and were prospectively enrolled (Table 1). The median age at the time of surgery was 67 years (range 23–80); 61% of the patients were male. Round window insertions were performed in the 78% of cases (n = 14), with extended round window insertions used in the remaining 22% (n = 4). Surgeons reported full insertion in all cases. Resistance during insertion was subjectively noted in one case; with electrode repositioning resistance subsided and a full insertion was achieved.

Electrode Location

Sixteen patients consented to undergo postoperative CT imaging such that scalar electrode location could be determined. Two patients electively chose not to participate in the postoperative imaging portion of the study, therefore scalar location of these electrode arrays could not be determined. Because all insertions were performed through either round window or extended round window approaches, all electrodes were initially inserted into the ST within the basal turn. In six patients (38%), electrode translocation from the ST into the SV was observed. In one patient, after analysis, the electrode array was pushing against the basilar membrane but did not clearly translocate into the SV; interestingly, this was the case in which resistance was subjectively felt during insertion. Because of the limits of our image processing algorithms, this patient was excluded from subsequent statistical analyses that examined the impact of scalar location on audiologic outcomes.

Hearing Preservation

Preoperatively, all patients had functional residual hearing (≤80 dB HL at 250 Hz) prior to surgery. The mean preoperative low-frequency PTA was 54 dB HL (range 27–75). At activation, the majority of patients (n = 12, 66%) demonstrated measurable unaided air-conduction thresholds at 125, 250, and 500 Hz. One patient had measurable thresholds at 125, and 250 Hz but did not respond to unaided pure-tones at 500 Hz; the remaining 5 patients demonstrated no responses at 125, 250, and 500 Hz.

Eleven patients (61%) maintained thresholds ≤80 dB HL at 250 Hz. Mean low-frequency PTA at activation was 82 dB HL (range 45–105), yielding an average low-frequency PTA shift of 28 dB (range 8–50). As depicted in Figure 1, 5 patients (28%) demonstrated low-frequency PTA shift <15 dB, 5 patients (28%) demonstrated low-frequency PTA shift between 15 and 30 dB, and the remaining 8 patients demonstrated low-frequency PTA shift >30 dB (44%).

The impact of demographic and surgical variables on low-frequency PTA shift was then assessed. No relation between age at surgery and postoperative PTA shift was noted (r = 0.13, p = 0.60). Further, no difference in median PTA shift was observed when round window insertions (23 dB, range 8–50) were compared to extended round window insertions (22 dB, range 12–47, p = 0.81). The median low-frequency PTA shift was significantly lower for electrodes entirely inserted into the ST (16 dB, range 8–25) as compared to electrodes that translocated into the SV (38 dB, range 10–48, p = 0.02; Figure 2).
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FIGURE 2. Scatter plot of low-frequency pure-tone average (PTA) shift depicted according to scalar electrode location. Lower median shift (i.e., better hearing preservation) was noted when comparing electrodes inserted entirely into the scala tympani (ST) to electrodes that translocated into scala vestibuli (SV). Shown are the median and the range of the 25–75th percentile.



Intraoperative ECochG Thresholds vs. Postoperative Behavioral Thresholds

The relationship between intraoperative ECochG thresholds and postoperative behavioral audiometric thresholds was analyzed. Intraoperative ECochG thresholds were successfully measured in 17 patients (94.4%); connection between the receiver stimulator and external monitoring equipment was lost in one patient. The absolute mean difference between intraoperative ECochG thresholds and postoperative behavioral thresholds for 125, 250, and 500 Hz is shown in Table 2. The absolute difference between intraoperative ECochG thresholds and postoperative audiometric thresholds was significantly lower (i.e., better) for ST insertions compared to SV insertions at 125 and 250 Hz frequencies (p = 0.001 for both analyses). In the overall cohort, no significant correlations between intraoperative ECochG thresholds and postoperative behavioral thresholds were noted at 125 Hz (r = 0.12, p = 0.64), 250 Hz (r = 0.08, p = 0.77), or 500 Hz (rs = 0.46, p = 0.07; Figure 3). The relationship between ECochG and behavioral thresholds at activation is also plotted as a function of scalar location.


Table 2. The mean absolute difference between intraoperative electrocochleography (ECochG) thresholds and postoperative behavioral thresholds at 125, 250, and 500 Hz frequencies are shown in the overall cohort.
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FIGURE 3. The relationship between intraoperative ECochG thresholds, in dB HL, and postoperative behavioral thresholds, also in dB HL, for 125, 250, and 500 Hz are depicted in the entire cohort, and for those cases in which scalar location is known. Bonferroni correction is applied for multiple comparisons, with p < 0.017 indicative of statistical significance. The diagonal and dotted lines represent the ±20 dB difference between ECochG thresholds and behavioral thresholds.



Postoperative ECochG Thresholds vs. Postoperative Behavioral Thresholds

Postoperative ECochG thresholds were successfully measured in 17 patients (94%) at activation; testing in one patient was limited by time constraints and patient preference. The mean difference between ECochG thresholds and behavioral thresholds at activation is shown in Table 3. At 125 Hz, the difference between postoperative ECochG threshold and pure tone thresholds was significantly lower (i.e., better) for ST insertions compared to SV insertions (p = 0.0007). A significant correlation between ECochG thresholds and behavioral thresholds at activation was observed at 125 Hz (r = 0.83, p < 0.0001), 250 Hz (r = 0.88, p < 0.0001), and 500 Hz (r = 0.88, p < 0.0001; Figure 4). These relationships are also shown according to scalar location. Bland-Altman plots assessing agreement between methods at activation for low-frequencies are shown in Figure 5.


Table 3. The mean absolute difference between postoperative electrocochleography (ECochG) thresholds and postoperative behavioral thresholds at 125, 250, and 500 Hz frequencies are shown in the overall cohort.
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FIGURE 4. The relationship between postoperative ECochG thresholds and postoperative behavioral thresholds for 125, 250, and 500 Hz frequencies are depicted in the entire cohort, and for those cases in which scalar location is known. Bonferroni correction is applied for multiple comparisons, with p < 0.017 indicative of statistical significance.
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FIGURE 5. Bland-Altman plots depict the average and difference between postoperative behavioral and ECochG thresholds at 125, 250, and 500 Hz. The 95% limits of agreement are shown as two dotted lines. The biases, or average of the differences at each frequency, are reported.



ECochG Insertion Monitoring

Changes in CM amplitude during electrode insertion were then analyzed. As mentioned previously, intraoperative ECochG could not be performed in one patient; in addition, the insertion scans from four other patients were invalid secondary to monitoring issues. Insertion scans from the remaining 13 patients are depicted in Figure 6 according to scalar electrode location. The mean rise in CM amplitude from start of insertion at the round window to the peak value during insertion, was 22 dB (range 5–40). On average, the CM amplitude dropped 3 dB (range 0–8) from the peak value during insertion to completion of insertion. These objective measures of CM amplitude change were compared between ST and SV insertions; no significant differences were noted (p = 0.35 and p = 0.61; Table 4). Further, low-frequency PTA shift did not correlate significantly with round window to peak amplitude (r = −0.40, p = 0.17) nor drop from peak to completion of insertion (r = 0.26, p = 0.38).
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FIGURE 6. Change in cochlear microphonic (CM) amplitude, in dB re: microVolts, during insertion is shown according to scalar location of the electrode array.




Table 4. Various objective measures of change in cochlear microphonic (CM) amplitude during insertion are compared between scala tympani (ST) and scala vestibuli (SV) insertions.

[image: image]



DISCUSSION

In the current study, we completed ECochG obtaining CM amplitude at various stages in the electrode insertion as well as an estimate obtained at the activation appointment. We did not observe a significant relationship between CM amplitude obtained during electrode insertion and scalar electrode location for our group of 16 patients with postoperative CT scans. Intraoperative ECochG thresholds, via frequency scan, did not correlate significantly with postoperative audiometric thresholds; however, a trend was noted between ECochG thresholds and behavioral thresholds for electrodes inserted entirely into the ST at 125 Hz (p = 0.06). Further, the mean difference between intraoperative ECochG thresholds and postoperative audiometric thresholds was significantly smaller for electrodes in ST as compared to those which translocated into SV at 125 and 250 Hz.

At present, postoperative audiometric thresholds represent a marker for intracochlear insertion trauma. We hypothesize that intraoperative ECochG may provide us with valuable information at the time of surgery that may be significantly correlated with behavioral audiometric thresholds obtained at activation if electrodes remain within ST. Though we did not observe a significant correlation between ECochG thresholds obtained intraoperatively (measured via frequency scan immediately after insertion) and postoperative audiometric thresholds at activation, the difference between intraoperative ECochG thresholds and postoperative audiometric thresholds was significantly lower (i.e., better) for electrodes completely located in ST. These data support the notion that changes in cochlear physiology occur in the time period between electrode insertion and activation, and are more pronounced for electrodes that translocate into the SV. Further, these data suggest that ECochG may hold clinical utility providing surgeons with feedback regarding insertion trauma as well as information regarding expected hearing preservation. Additional data are needed with larger sample sizes and broader distributions of preoperative audiometric thresholds in the low-frequency region to thoroughly investigate this relationship.

We also sought to examine whether various objective measures of CM amplitude during electrode insertion (measured via insertion scan) were related to either scalar location or hearing preservation outcomes. In order to objectively assess this relationship, we chose to record the following: (1) rise in CM amplitude from start of insertion at the round window to the peak value during insertion, and (2) drop in CM from the peak value during insertion to completion of insertion. Neither of these measures was found to be associated with scalar location or hearing preservation. It is possible that the small sample size of adequate insertion scans (n = 13) limited our analysis in this regard. Alternatively, we may have chosen outcomes measures that lack sensitivity to pick up differences between groups. Further studies assessing amplitude and phase characteristics of the ECochG waveform are warranted. It should be emphasized that no feedback was provided to the surgeon in the current study; we do however, plan to commence a thorough study of the utility of intraoperative ECochG in helping to guide surgical insertion. Should ECochG data obtained during insertion serve as a tool guiding surgical insertion, such feedback may allow for surgical modifications (e.g., redirecting insertion vector) resulting in less traumatic insertions, preservation of intracochlear structures, and potentially, higher rates of hearing preservation.

Current clinical practice uses audiometric thresholds (e.g., Carlson et al., 2011; Cosetti et al., 2013; Sweeney et al., 2016) and retained unaided word recognition in the postoperative period as markers of surgical trauma (inflammation, fibrosis, and/or bone growth). Postoperative audiograms, however, provide only a gross estimate of peripheral auditory function. Furthermore, in standard clinical practice, postoperative acoustic word recognition is rarely obtained for the implanted ear. In some cases, preoperative acoustic word recognition is near zero, rendering retention of word recognition potentially an irrelevant measure. Despite these challenges, the biggest restriction in our current clinical practice is that we are currently unable to assess the effects of implantation trauma until the damage has occurred which is likely irreversible. Thus, we need a measure capable of providing real-time estimates of insertion trauma providing feedback to surgeons during electrode insertion. Theoretically speaking, reducing insertion trauma will potentially result in less fibrosis, bony growth, and cellular apoptosis—though the patient-specific inflammatory response remains an unknown variable. Additional value from such a measure of insertion trauma may help guide clinical decision making regarding administration of postoperative steroids in cases where concerns may arise regarding acoustic hearing preservation.

In addition to investigating the effect of cochlear implantation on ECochG responses measured during surgical insertion, ECochG responses at postoperative activation were also assessed. Significant correlations between postoperative ECochG thresholds and pure-tone behavioral thresholds were noted across low frequencies. Our findings corroborate data recently published by Koka et al. (2016), in which strong agreement between postoperative ECochG thresholds and behavioral thresholds was also demonstrated. As physiologic estimates of hearing thresholds (via ECochG frequency scan) and behavioral measurements of hearing (pure-tone audiometry) correlate well when measured at the same time-point, the fact that intraoperative ECochG thresholds did not correlate with postoperative behavioral hearing herein further supports that cochlear physiology changes in the time between electrode insertion and activation. Future studies examining the differential changes that result directly from electrode insertion vs. those that occur in the acute post-insertion period are needed; controlling for scalar location in such reports appears to be very important. Taken together, ECochG thresholds may be capable of quantifying the degree on insertion trauma and resultant intracochlear physiological changes impacting behavioral hearing thresholds. Lastly, our data may also hold significant clinical value for patients unable to provide reliable behavioral data at the activation appointment and even possibly at subsequent postoperative audiology appointments.

Limitations

The primary limitation of the current study was the sample size (n = 18) and as a result, generalizations cannot be made at this time. Further, though ECochG including CM peak amplitude with electrode insertion may hold future surgical value regarding insertion trauma, no feedback was provided to the surgeons during the insertions on any of the cases included here. In order to thoroughly investigate the utility of this measure—particularly in helping to avoid scalar dislocation—real-time feedback is likely a necessary component. Finally, all participants in the current study were recipients of a conventional, pre-curved electrode, the AB mid-scala electrode. That is, none of the subjects were implanted with a lateral-wall electrode specifically designed for hearing preservation. Thus, it is possible that ECochG thresholds may not generalize to recipients of a shorter, lateral-wall electrode who may have lower, and potentially better, audiometric thresholds across a broader range of frequencies. Our research team is actively involved in ongoing efforts to investigate the clinical utility of ECochG as both a measure of intracochlear insertion trauma and postoperative audiometric thresholds in larger sample sizes with patients of varying residual hearing in the low-frequency and both pre-curved and lateral-wall electrodes.

Summary

More patients are presenting for CI who have measureable and clinically significant preoperative hearing thresholds. However, we are unable to appreciate the effects of CI insertion trauma and resultant postoperative audiometric thresholds until the point of device activation or even later when behavioral hearing thresholds are measured. The current study investigated the relationship between intraoperative and postoperative ECochG measurements and postoperative audiometry in a group of 18 patients with preoperative 250-Hz thresholds up to 80 dB HL who were implanted with an AB mid-scala electrode. Sixteen of the 18 patient consented to postoperative CT imaging allowing for determination of electrode scalar location. From the current dataset, the primary conclusions were as follows:

• Scalar translocation from ST to SV was associated with significantly higher shifts in low-frequency PTA when compared to electrodes inserted entirely within ST.

• There was no statistically significant relationship between intraoperative ECochG thresholds and postoperative audiometric thresholds at the group level.

◦ However, a trend was noted between intraoperative ECochG thresholds and postoperative audiometric thresholds when excluding patients for whom electrode crossed from ST to SV.

◦ Further, the difference between intraoperative ECochG thresholds and postoperative audiometric thresholds was significantly lower (i.e., better) for electrodes completely located in ST.

◦ This leads us to conclude that ECochG may hold clinical utility providing surgeons with intraoperative feedback regarding insertion trauma as well as information regarding expected hearing preservation.

• There was a significant relationship between postoperative ECochG thresholds and postoperative audiometric thresholds.

◦ This measure may hold significant clinical value for patients unable to provide reliable behavioral data at the activation appointment (e.g., young children) and potentially for appointments when time does not allow for comprehensive device programming and behavioral audiometry.

◦ Further this suggests that changes in cochlear physiology following cochlear implantation may be evidenced by changes noted in ECochG data obtained intraoperatively and at various postoperative time points.
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Objective: The aims of this study were: (1) To investigate the correlation between electrophysiological changes during cochlear implantation and postoperative hearing loss, and (2) to detect the time points that electrophysiological changes occur during cochlear implantation.

Material and Methods: Extra- and intracochlear electrocochleography (ECoG) were used to detect electrophysiological changes during cochlear implantation. Extracochlear ECoG recordings were conducted through a needle electrode placed on the promontory; for intracochlear ECoG recordings, the most apical contact of the cochlear implant (CI) electrode itself was used as the recording electrode. Tone bursts at 250, 500, 750, and 1000 Hz were used as low-frequency acoustic stimuli and clicks as high-frequency acoustic stimuli. Changes of extracochlear ECoG recordings after full insertion of the CI electrode were correlated with pure-tone audiometric findings 4 weeks after surgery.

Results: Changes in extracochlear ECoG recordings correlated with postoperative hearing change (r = −0.44, p = 0.055, n = 20). Mean hearing loss in subjects without decrease or loss of extracochlear ECoG signals was 12 dB, compared to a mean hearing loss of 22 dB in subjects with a detectable decrease or a loss of ECoG signals (p = 0.0058, n = 51). In extracochlear ECoG recordings, a mean increase of the ECoG signal of 4.4 dB occurred after opening the cochlea. If a decrease of ECoG signals occurred during insertion of the CI electrode, the decrease was detectable during the second half of the insertion.

Conclusion: ECoG recordings allow detection of electrophysiological changes in the cochlea during cochlear implantation. Decrease of extracochlear ECoG recordings during surgery has a significant correlation with hearing loss 4 weeks after surgery. Trauma to cochlear structures seems to occur during the final phase of the CI electrode insertion. Baseline recordings for extracochlear ECoG recordings should be conducted after opening the cochlea. ECoG responses can be recorded from an intracochlear site using the CI electrode as recording electrode. This technique may prove useful for monitoring cochlear trauma intraoperatively in the future.

Keywords: cochlear implantation, cochlear implant, electrocochleography, residual hearing, hearing preservation, cochlear trauma

INTRODUCTION

Electrocochleography (ECoG) seems to be a promising method to assess cochlear trauma during cochlear implantation. In an animal model, changes in ECoG responses during insertion of an electrode into the cochlea correlated with histological trauma (Adunka et al., 2010; Campbell et al., 2010; Choudhury et al., 2011, 2014; Ahmad et al., 2012; DeMason et al., 2012). The feasibility of ECoG in human cochlear implant (CI) recipients has also been demonstrated (Choudhury et al., 2012; Mandalà et al., 2012; Radeloff et al., 2012; Calloway et al., 2014; Adunka et al., 2015; Campbell et al., 2015, 2016; Dalbert et al., 2015a,b, 2016). Recordings were performed from extracochlear sites (Choudhury et al., 2012; Mandalà et al., 2012; Radeloff et al., 2012; Adunka et al., 2015; Dalbert et al., 2015b, 2016) and from inside the cochlea using either customized recording electrodes (Calloway et al., 2014) or the contacts of the CI electrode itself as recording electrodes (Campbell et al., 2015, 2016; Dalbert et al., 2015a). Almost all human subjects showed some ECoG responses to sound despite substantial levels of hearing loss (Choudhury et al., 2012). Furthermore, some correlation between the assessment of cochlear trauma by ECoG and radiological findings could be demonstrated (Dalbert et al., 2016). However, the predictive value of ECoG changes during cochlear implantation regarding preservation of residual hearing is controversial. Although multiple studies demonstrated a correlation between hearing loss and ECoG changes during surgery for extra- (Mandalà et al., 2012; Radeloff et al., 2012; Dalbert et al., 2015b, 2016) as well as intracochlear recordings (Campbell et al., 2016), contradictory results have also been published (Adunka et al., 2015).

ECoG signals represent electrophysiological responses of the cochlea and the auditory nerve to sound and can provide information about the state of these structures. In CI recipients, these responses are generated by the remaining intact cochlear structures, which are the basis for residual hearing. The ECoG signal combines potentials of cochlear and neural origin. The cochlear microphonic (CM) is a hair cell potential, mainly produced by the outer hair cells. The auditory nerve neurophonic (ANN) and the compound action potential (CAP) are produced by the auditory nerve fibers. The summating potential (SP) most likely has hair cell as well as neural components (Sellick et al., 2003; Forgues et al., 2014).

For the assessment of cochlear trauma during cochlear implantation, the focus of most studies has been on the changes of the CM or the so called ongoing ECoG signal, composed of the CM and the ANN (Radeloff et al., 2012; Calloway et al., 2014; Adunka et al., 2015; Dalbert et al., 2015a,b; Campbell et al., 2016). The CAP has been investigated less extensively (Mandalà et al., 2012; Dalbert et al., 2016). The CM and the ongoing ECoG signal have three distinct advantages over the CAP: (1) Both signals are detectable in almost all CI recipients (Choudhury et al., 2012), (2) Animal studies have demonstrated a better correlation between cochlear trauma and changes of the CM than between cochlear trauma and changes of the CAP (Choudhury et al., 2014), and (3) Both signals show a linear growth up to high-intensity level stimulation (Dalbert et al., 2016). Due to the linear growth, threshold changes and changes of the amplitude near threshold reflect changes at higher intensities. This again allows to record at high intensities where clear ECoG signals are detectable and to avoid time-consuming threshold determinations during surgery.

On the other hand, the correlation between behavioral hearing tests and the amplitude or threshold of the CM or the ongoing ECoG signal is controversial (Campbell et al., 2015; Dalbert et al., 2015a; Koka et al., 2017). Most likely, changes in the CM or the ongoing ECoG signal cannot be directly translated into changes of residual hearing (Campbell et al., 2015; Dalbert et al., 2015a). This could be a reason in favor of using the CAP. It seems reasonable to assume that the purely neural CAP signal has a better correlation to behavioral hearing tests than signals representing hair cell activity, at least in part.

Nevertheless, based on animal studies, a pure hair cell potential would be the best electrophysiological marker to monitor trauma during insertion of an electrode into the cochlea, making the CM a natural choice (Choudhury et al., 2014). However, the often used assumption that the difference of two ECoG signals with alternating starting phases cancels out the neural contribution to the signal and only the CM remains, is not valid at low frequencies and high intensities (Forgues et al., 2014). Consequently, in human CI recipients, a separation of CM and ANN is difficult and to our knowledge, potentials labeled as CM in studies investigating ECoG in human CI recipients cannot be considered as pure hair cell potentials. Thus, the analysis of the ongoing ECoG signal seems to be more adequate as CM and ANN are combined. In this study, we analyzed the ongoing ECoG signal in the low and the CAP in the high frequencies.

This study aimed to accomplish the following: (1) Evaluation of the correlation between changes in extracochlear ECoG recordings at low and high frequencies immediately after insertion of the CI electrode with changes of residual hearing 4 weeks after surgery; (2) Determining electrophysiological changes at different time points during surgery by extra- and intracochlear ECoG.

MATERIALS AND METHODS

This study is part of a prospective, continuous enrollment study at the University Hospital of Zürich, Switzerland. Part of the data has been previously analyzed and published (Dalbert et al., 2015b, 2016). The study was performed in concordance with the Helsinki Declaration. The study protocol was approved by the Ethical Committee of Zurich (KEK-ZH-Nr. 2013-0317). The indication for cochlear implantation was given after standard evaluations in the CI Clinic of the University Hospital of Zurich, Switzerland. All subjects provided written informed consent before surgery. They were included between November 2013 and December 2016.

All surgeries were performed at the University Hospital of Zurich, Switzerland. A standard anterior mastoidectomy and a maximum size posterior tympanotomy were performed to allow for placement of the extracochlear recording electrode as described later. Then, an anterior-inferior cochleostomy, or an incision of the round window membrane, was conducted. The CI electrode was inserted, and after complete insertion, the site was sealed with soft tissue. Afterwards, the wound was closed in layers and CI telemetry performed. For a detailed description of the surgical procedure we refer to a previous publication (Dalbert et al., 2015b).

Pure-tone testing, performed according to ISO 8235-1, was conducted within 3 months prior to surgery and approximately 4 weeks after surgery. The pure-tone average (PTA) was calculated from the threshold values at 250, 500, 1,000, 2,000, and 4,000 Hz. Hearing loss after surgery was defined as the difference between the pre- and the postsurgical PTA. The maximum output of the audiometer plus 5 dB was used as a threshold value if no response was present at the maximum output of the audiometer.

Statistical analyses were conducted with Stata Statistical Software (Release 13, StataCorp LP, College Station, Texas, U.S.A.).

Extracochlear ECoG Recordings

The Navigator Pro stimulation/recording device and AEP software (Biologic Systems) were used for acoustic stimulation and recording. Before surgery, an insert earphone (Biologic Systems, Mundelein, IL, U.S.A.) was placed in the ear canal for acoustic stimulation. Tone bursts at 250, 500, 750, and 1,000 Hz were used as low-frequency acoustic stimuli, click stimuli as high-frequency acoustic stimuli. Responses to 400 tone bursts or 400 clicks with alternating starting phases were filtered and averaged. The high pass filter was set at 10 Hz, the low pass filter at 3000 Hz for acoustic stimuli at 250, 500, and 750 Hz, at 5,000 Hz for acoustic stimuli at 1,000 Hz, and at 1,500 Hz for acoustic click stimuli. The rise and fall time for tone bursts was 2 cycles shaped by a Blackman window. The plateau phase of tone bursts was 4 cycles at 250 Hz, 10 cycles at 500 Hz, 14 cycles at 750 Hz, and 20 cycles at 1,000 Hz. The recording window was 32 ms for tone bursts and 10.66 ms for click stimuli. The acoustic stimuli were presented at 80–85 dB nHL at 250 Hz, at 85–95 dB nHL at 500 Hz, and at 90–100 dB nHL at 750 and 1,000 Hz. Click stimuli were presented with an intensity of 95 dB nHL.

Standard needle electrodes (20 × 0.3 mm, Neurosign, Magstim Co., Wales, U.K.) were placed in the contralateral pre- or postauricular region (negative), on the forehead (ground), and after complete visualization of the round window on the promontory (positive). Impedances were below 10 kOhm on all electrodes for all ECoG recordings.

Data were exported from the AEP software using the AEP to ASCIII software from Biologic Systems. MATLAB (MathWorks Inc., Natick, MA, U.S.A.) and GraphPad Prism V5.04 (GraphPad Software Inc., La Jolla, CA, U.S.A.) were used for post-processing.

The data from condensation and rarefaction phases were stored separately. The average curve was determined by subtracting both responses and the sum curve by adding both responses. For analysis of the amplitude of the ongoing ECoG signal, the spectrum of each ECoG response was obtained. A time window was defined (9 to 23 ms), isolating the ongoing ECoG signal from the CAP, and a fast Fourier transform (FFT) conducted. The response amplitude at the frequency of the acoustic stimuli (first harmonic) and at the frequency of twice the acoustic stimuli (second harmonic) were determined and added. The sum was defined as the amplitude of the ongoing ECoG signal. An ongoing ECoG signal was considered valid if a response could be visually detected in the average and/or the sum curve and if the amplitude exceeded the mean noise floor plus 3 standard deviations. The mean noise floor and its standard deviation (SD) for each frequency were determined from 173 recordings without acoustic stimulation. To obtain the spectrum of each noise recording, an FFT was performed using the same time window as for all other recordings.

The repeatability of ECoG recordings was assessed by comparing the amplitude of ongoing ECoG signals. Sixty-four ECoG recordings (6 at 250 Hz, 37 at 500 Hz, 16 at 750 Hz, and 5 at 1,000 Hz) were repeated under unchanged conditions before insertion of the CI electrode. The mean amplitude difference was −0.2 dB (SD 0.1 dB).

As in a previous publication (Dalbert et al., 2015a), the sum of the amplitudes of valid ongoing ECoG signals at 250, 500, and 1,000 Hz was defined as the low-frequency ECoG response and taken as a measure of the cochlear function at low frequencies. In concordance with a previous publication (Dalbert et al., 2016), a difference of ≥3 dB between low-frequency ECoG responses was considered relevant. The low-frequency ECoG response was assessed together with the CAP in response to an acoustic click stimulus as high-frequency acoustic stimulus at two time points during surgery: (1) Before opening the cochlea and (2) after full insertion of the CI electrode and sealing of the insertion site with soft tissue. The CAP in response to acoustic click stimuli was assessed visually in the average curve.

In 11 subjects (S59–S62, S65, S66, S68, S69, S72–S74), ECoG recordings were conducted before opening the cochlea, after opening the cochlea, after halfway insertion of the CI electrode, and after full insertion and sealing of the insertion site with soft tissue. For these recordings, one frequency with a clear ECoG response before opening the cochlea was selected and changes of the ongoing ECoG signal at that frequency were analyzed. For the recording, the insertion of the CI electrode was paused and the CI electrode held in an unchanged position by the surgeon.

Intracochlear ECoG Recordings

Intracochlear ECoG recordings were conducted through the HiRes90K CI system (Advanced Bionics, Stafa, Switzerland). The Bionic Ear Data Collection System research software (BEDCS, Advanced Bionics, Stafa, Switzerland) was used. The BEDCS was connected to the CI through the Clarion Programming Interface (CPI, Advanced Bionics, Stafa, Switzerland) and the Platinum Series Speech Processor (Advanced Bionics, Stafa, Switzerland). The amplifier on the HiRes90K CI was configured to have a gain of 1000. The sampling rate was 9,280 Hz. The low pass filter was set at 5,000 Hz. The most apical contact of the HiFocus Mid-Scalar electrode array was used as the recording electrode, the ring electrode as reference electrode.

The acoustic stimulus was generated by a NI DAQ system (NI DAQ 6216, National Instruments Corporation, Austin, TX, U.S.A.) along with an audio amplifier (Sony PHA-2, Sony Corporation, New York, NY, U.S.A.). The sound was presented through ER-3A insert earphones (Etymotic Research Inc., Elk Grove Village, IL, U.S.A.). As acoustic stimulus, a sinusoidal tone burst at 500 Hz with a level of approximately 110 dB SPL was used. The CPI delivered an external trigger to synchronize stimulus generation and ECoG recording through the CI. The recordings were acquired either continuously (S77) or stepwise (S48, S52) during insertion of the CI electrode.

RESULTS

Extracochlear ECoG recordings were conducted in 22 subjects (Figure 1), intracochlear ECoG recordings in 3 subjects (S48, S52, S77). For further analyses, the data was combined with data from 36 additional subjects, which was published previously (Dalbert et al., 2015b, 2016). The demographic, audiometric and electrophysiological data are summarized in Table 1. Subjects included in the two previous publications are marked in Table 1.
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FIGURE 1. Two examples of typical ECoG responses before insertion of the CI electrode. (A,B) show the time waveform (A) and the corresponding spectrum (B) of an ECoG signal in response to a sinusoidal tone burst with alternating starting phases at 500 Hz, 95 dB nHL (S54). The blue line represents the difference, the red line the average of the responses with alternating polarity. The black rectangle (A) marks the time window, used for the spectral analysis. (C) Displays an ECoG signal in response to an acoustic click stimulus at 95 dB nHL (S43). Only the average of the responses with alternating starting phases is shown. A clear CAP is visible.




Table 1. Subject demographics, audiometric, and electrophysiological findings.
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Extracochlear ECoG Recordings after Insertion of the CI Electrode and Hearing Preservation

In 20 subjects, the low-frequency ECoG response was assessed before opening the cochlea and after full insertion and sealing of the round window with soft tissue. Changes in extracochlear ECoG recordings correlated with the postoperative hearing change (Pearson correlation coefficient, r = −0.44, p = 0.055, n = 20, Figure 2).
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FIGURE 2. Correlation between the change of the low-frequency ECoG response immediately after full insertion of the CI electrode array (Δ Low-frequency ECoG response) and the change of the pure-tone average 4 weeks after surgery (Δ PTA) (Pearson correlation coefficient, r = −0.44, p = 0.055, n = 20).



When the data from previous publications (Dalbert et al., 2015b, 2016) was included, a decrease of the low-frequency ECoG response of ≥3 dB occurred in 4/51 subjects (S15, S36, S44, S64) (Figures 3A,B). Subjects with a decrease of ≥3 dB in the low-frequency ECoG response after insertion of the CI electrode had a mean hearing loss of 24 dB at 4 weeks after surgery (SD 14 dB, mean presurgical PTA 94 dB HL); subjects with no relevant decrease in the low-frequency ECoG response, a mean hearing loss of 12 dB (SD 9 dB, mean presurgical PTA 92 dB HL).
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FIGURE 3. Two examples of a decrease of ECoG signals after insertion of the CI electrode. (A,B) show the ECoG response (only the difference curve is shown) in response to a sinusoidal tone burst at 250 Hz, 85 dB nHL before and after insertion of the CI electrode. A decrease of the response amplitude after insertion is visible in the time waveform (A) and the corresponding spectrum (B) (S64). In S66 (C), a decrease of the CAP amplitude in response to an acoustic click stimulus at 95 dB nHL was detectable after insertion of the CI electrode.



A CAP in response to a high-frequency acoustic stimulus was detectable in 16 subjects. Including previously published data (Dalbert et al., 2015b, 2016), a decrease of the amplitude of the CAP or a complete loss of the CAP in response to an acoustic click stimulus after full insertion of the CI electrode was detectable in 6/24 subjects (Figure 3C). This was associated with a mean hearing loss of 21 dB (SD 13 dB, mean presurgical PTA 83 dB HL).

Overall, in subjects without a decrease or loss of ECoG signals in the high or low frequencies, the mean PTA was 91 dB HL (SD 15 dB) before surgery and 103 dB HL (SD 14 dB) 4 weeks after surgery. In subjects with detectable decrease or loss of ECoG signals, the mean PTA was 87 dB HL (SD 13 dB) before surgery and 109 dB HL (SD 15 dB) after surgery. Therefore, the mean hearing loss in subjects without decrease or loss of ECoG signals was 12 dB, compared to a mean hearing loss of 22 dB in subjects with a detectable decrease or loss of ECoG signals (Unpaired t-test, p = 0.0058, n = 51) (Figure 4).
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FIGURE 4. Correlation of hearing loss 4 weeks after surgery with intraoperative ECoG findings. The mean postsurgical hearing loss was 12 dB (standard error of the mean 1.4 dB, n = 41) in subjects with no detectable decrease of ECoG signals after insertion of the CI electrode and 22 dB (standard error of the mean 4 dB, n = 10) in subjects with decrease of high- or low-frequency ECoG signals (Unpaired t-test, p = 0.0058).



Extracochlear ECoG Recordings during Insertion of CI Electrode

Different patterns occurred in extracochlear ECoG recordings during insertion of the CI electrode (Figure 5). After opening the cochlea, 5/11 subjects (S59, S60, S62, S69, S74) showed an increase of the amplitude of the ongoing ECoG signal of ≥3 dB. Six out of 11 subjects showed unchanged ongoing ECoG responses and no decrease occurred. On average, the amplitude of the ongoing ECoG signal increased by 4.4 dB after opening the cochlea.
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FIGURE 5. Mean change of the ongoing ECoG signal in extracochlear ECoG recordings during insertion of the CI electrode.



During the first half of the insertion of the CI electrode, the ongoing ECoG signals remained unchanged in all subjects. The mean ECoG response amplitude was 29.2 dB re 0.1 uV (SD 6.8 dB) after opening the cochlea and 29.6 dB re 0.1 uV (SD 6.8 dB) after halfway insertion.

During the second half of the insertion, a decrease of the ongoing ECoG signal was detectable in 6/11 subjects (S59, S60, S62, S66, S68, S72). On average, the ECoG response amplitude was 26 dB re 0.1 uV (SD 12 dB) at the end of the insertion. In S72, no valid ECoG signal was detectable after full insertion (amplitude of the ongoing ECoG signal after halfway insertion was 28 dB re 0.1 uV).

Intracochlear ECoG Recordings during Insertion of the CI Electrode

The results of the intracochlear ECoG recordings are shown in Figure 6. Two out of 3 subjects (S52, S77) showed an increase of the amplitude of the ECoG signal until the last ECoG recording. In S77, one small, temporary decrease during insertion was detectable, whereas in S52, the ECoG responses continuously increased until full insertion. Subject S48 showed, after an initial increase of the ECoG signal, a decrease of 5.2 dB during the last fifth of the insertion.
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FIGURE 6. Changes of ECoG signals in intracochlear ECoG recordings during insertion. The most apical contact of the CI electrode itself was used as recording electrode.



DISCUSSION

As a correlation between histological trauma and a decrease of ECoG responses during insertion of an electrode into the cochlea could be demonstrated in animal studies (Adunka et al., 2010; Campbell et al., 2010; Choudhury et al., 2011, 2014; Ahmad et al., 2012; DeMason et al., 2012), it is plausible to assume that a decrease of ECoG responses in human CI recipients during insertion of the CI electrode represents trauma to cochlear structures. However, although the great potential of ECoG regarding monitoring cochlear trauma during cochlear implantation is generally accepted, the correlation between changes of ECoG signals during surgery and postoperative hearing loss—and therefore the clinical value of such recordings—has still to be proven. Therefore, the aim of this study was to further elucidate the correlation of ECoG changes during surgery and postoperative hearing loss. Furthermore, we aimed to describe at which points during cochlear implantation changes of ECoG signals occur.

Correlation between Changes of Extracochlear ECoG Responses after Insertion of the CI Electrode and Hearing Preservation

Changes in low-frequency ECoG responses correlated with the postoperative hearing change (r = −0.44, p = 0.055). Subjects with a decrease of high- or low-frequency ECoG signals immediately after insertion of the CI electrode, therefore assumed trauma to cochlear structures during CI surgery, showed a significantly greater hearing loss 4 weeks after surgery compared to subjects without decrease of ECoG signals (22 dB vs. 12 dB, p = 0.0058). Subjects with an atraumatic insertion, based on the ECoG recordings, showed a mean hearing loss of 12 dB, corresponding with the amount of hearing loss that is assumed to result from the mechanical changes caused by the insertion of an electrode into the cochlea (Gifford et al., 2008; Gantz et al., 2009; Podskarbi-Fayette et al., 2010). Overall, the presented findings show a significant relationship between trauma during cochlear implantation and loss of residual hearing after surgery. However, a lack of decrease in ECoG signals did not exclude hearing loss exceeding 12 dB or complete loss of residual hearing. This suggests that either postoperative mechanisms independent from cochlear trauma are responsible for postoperative hearing loss or that trauma to cochlear structures occurred but was not detectable by extracochlear ECoG recordings. However, although a decrease of low-frequency ECoG signals seems to be associated with complete or almost complete loss of residual hearing in all cases, a decrease of high-frequency ECoG signals occurred without relevant postoperative hearing loss (S25, S66). In animal studies, changes in ECoG signals were also described when the inserted electrode only touched the basilar membrane but no histologically detectable trauma to cochlear structures resulted (Adunka et al., 2010). Such a mechanism could explain the decrease of high-frequency ECoG responses without relevant postoperative hearing loss.

The addition of high-frequency ECoG recordings, when responses can be detected, increases the information value of ECoG recordings regarding cochlear trauma. A decrease or loss of the high-frequency ECoG response without detectable changes in the low-frequency ECoG response (S23, S25, S37, S60, S66, S71) was associated with a mean hearing loss of 21 dB at 250, 500, and 1,000 Hz and therefore in a majority of cases—except S25 and S66—with a considerable postoperative hearing loss. Had we considered only low-frequency ECoG recordings, these insertions would have been considered atraumatic. Thus far, most studies investigating ECoG changes during cochlear implantation have focused on recordings in the low frequencies (Radeloff et al., 2012; Calloway et al., 2014; Adunka et al., 2015; Dalbert et al., 2015a,b; Campbell et al., 2016). This is an obvious choice, as most CI recipients primarily have low-frequency residual hearing and as hearing preservation is mainly attempted in the low frequencies. However, isolated trauma to high-frequency regions seems to affect hearing preservation in the low frequencies and remains undetected in low-frequency ECoG recordings. We hypothesize that such trauma limited to high-frequency regions triggers postoperative mechanisms that affect low-frequency residual hearing in the postoperative phase.

Changes of Extracochlear ECoG Responses during Insertion of the CI Electrode

The sequential extracochlear ECoG recordings during cochlear implantation showed that the previously described increase of ECoG responses (Adunka et al., 2015; Dalbert et al., 2015a,b, 2016) occurs after opening the cochlea. As discussed in a previous study (Dalbert et al., 2016), intracochlear pressure changes could explain the increase (Ruben et al., 1976). Alternatively, the increase could be caused by contact of the recording electrode with perilymph. As a consequence of this finding, future studies using extracochlear ECoG recordings should conduct baseline recordings after opening the cochlea as a decrease of ECoG signals during the following insertion could otherwise be concealed.

If a decrease of the ongoing ECoG signal occurred during the following insertion of the CI electrode, then the decrease occurred during the second half of the insertion. As for these recordings, acoustic stimuli in the low frequencies were used, two explanations are possible: (1) Cochlear trauma during insertion of the CI electrode occurs mainly during the second half of the insertion and therefore mainly beyond the basal turn, or (2) Cochlear trauma can be detected by low-frequency ECoG recordings only when the CI electrode approaches the tonotopic regions of the acoustic stimulus.

Comparison of Extra- and Intracochlear ECoG Recordings

Extracochlear ECoG recordings are a reliable tool to assess electrophysiological changes during cochlear implantation. One distinct advantage over intracochlear ECoG recordings is that with the technique described in our study, the placement of the recording electrode remains stable for all recordings. In intracochlear ECoG recordings, the recording electrode moves along the cochlea during insertion, which itself causes a change of the ECoG signal as the relative placement toward the generators of the ECoG signals shifts.

In our study, the number of intracochlear ECoG recordings was not large enough to draw any conclusions. Nonetheless, the findings show the feasibility of this new technique for intraoperative ECoG recordings. Overall, we think intraoperative ECoG recordings using the CI electrode itself as recording electrode hold great promise for the future. The ECoG responses recorded from inside the cochlea are usually much larger and therefore more robust to background noise than extracochlear recordings (Calloway et al., 2014; Dalbert et al., 2015a). Additionally, the sometimes cumbersome placement of an extracochlear recording electrode is circumvented, which facilitates the procedure and makes widespread use in clinical practice more realistic. However, future studies have to investigate the correlation between extra- and intracochlear ECoG findings and thereby allow a more adequate interpretation of intracochlear ECoG recordings.

CONCLUSION

ECoG recordings allow for detection of electrophysiological changes in the cochlea during cochlear implantation. A decrease of extracochlear ECoG recordings has a significant correlation with hearing loss 4 weeks after surgery. Therefore, cochlear trauma detectable by extracochlear ECoG recordings seems to be associated with postoperative hearing loss. High-frequency ECoG recordings in addition to low-frequency ECoG recordings add valuable information regarding cochlear trauma. Multiple extracochlear ECoG recordings during surgery revealed a regular increase of ECoG responses after opening the cochlea. Consequently, baseline recordings for extracochlear ECoG recordings should be conducted after opening the cochlea. If a decrease of ECoG responses occurred, the decrease was detectable during the second half of the insertion of the CI electrode. This implies that trauma to cochlear structures occurs toward the end of the insertion of the CI electrode. Intracochlear ECoG recordings seem to be able to detect electrophysiological changes during cochlear implantation but further studies are needed to elucidate the implications of intraoperative findings.
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Auditory neuropathy spectrum disorder (ANSD) is characterized by an apparent discrepancy between measures of cochlear and neural function based on auditory brainstem response (ABR) testing. Clinical indicators of ANSD are a present cochlear microphonic (CM) with small or absent wave V. Many identified ANSD patients have speech impairment severe enough that cochlear implantation (CI) is indicated. To better understand the cochleae identified with ANSD that lead to a CI, we performed intraoperative round window electrocochleography (ECochG) to tone bursts in children (n = 167) and adults (n = 163). Magnitudes of the responses to tones of different frequencies were summed to measure the “total response” (ECochG-TR), a metric often dominated by hair cell activity, and auditory nerve activity was estimated visually from the compound action potential (CAP) and auditory nerve neurophonic (ANN) as a ranked “Nerve Score”. Subjects identified as ANSD (45 ears in children, 3 in adults) had higher values of ECochG-TR than adult and pediatric subjects also receiving CIs not identified as ANSD. However, nerve scores of the ANSD group were similar to the other cohorts, although dominated by the ANN to low frequencies more than in the non-ANSD groups. To high frequencies, the common morphology of ANSD cases was a large CM and summating potential, and small or absent CAP. Common morphologies in other groups were either only a CM, or a combination of CM and CAP. These results indicate that responses to high frequencies, derived primarily from hair cells, are the main source of the CM used to evaluate ANSD in the clinical setting. However, the clinical tests do not capture the wide range of neural activity seen to low frequency sounds.

Keywords: cochlear implants, electrocochleography, auditory neuropathy spectrum disorder, intraoperative, pediatrics, cochlear microphonic

INTRODUCTION

Auditory neuropathy spectrum disorder (ANSD) is a hearing dysfunction characterized by an apparent discrepancy between the measures of cochlear and neural function when viewed by surface electrode auditory brainstem response (ABR) testing. Relatively healthy hair cells are identified by the presence of otoacoustic emissions (OAEs) and/or cochlear microphonic (CM) in ABR testing, coupled with small or absent wave V (Kaga et al., 1996; Starr et al., 1996; Berlin et al., 1998; Rance et al., 1999; Teagle et al., 2010). A wide range of etiologies and associations for ANSD has been identified, including perinatal hyperbilirubinemia, mechanical ventilation, infection (measles, mumps), mutations in the otoferlin gene and cochlear nerve deficiency (Starr et al., 2001; Varga et al., 2003; Buchman et al., 2006; Bielecki et al., 2012). Proposed sites of lesion include the inner hair cells (IHCs), the synapse between the IHCs and the type I afferents of the auditory nerve, the auditory nerve itself, and the synapse between the auditory nerve fibers and their targets in the cochlear nucleus (Starr et al., 1996; Doyle et al., 1998; Zeng et al., 1999; Berlin et al., 2003; Fuchs et al., 2003; Rapin and Gravel, 2003). Many subjects with ANSD have hearing loss and/or speech perception deficits severe enough that treatment with a cochlear implant (CI) is indicated. A number of studies of the electrocochleography (ECochG) of ANSD subjects receiving CIs have been done, however these studies used acoustic stimuli specialized for this group such as high frequency 8 kHz tone pips or clicks (McMahon et al., 2008; Santarelli et al., 2008; Santarelli, 2010; Stuermer et al., 2015). While high frequencies may be useful in diagnosis, most of the ECochG responses in CI subjects, in both children and adults, are in fact to low frequencies (Fitzpatrick et al., 2014; McClellan et al., 2014; Formeister et al., 2015). Thus, to compare ANSD with non-ANSD subjects, responses to both high and low frequencies must be obtained. For this study, we recorded responses to tones across the frequency range in CI subjects, both children and adults, with and without ANSD.

Speech perception outcomes with cochlear implantation, including those with ANSD, demonstrate wide variations from patient to patient (Cohen et al., 1991; Gantz et al., 1993; Firszt et al., 2004; Holden et al., 2013). Most studies have failed to demonstrate specific factors or combinations of factors that account for more than about 25% of the variance in outcomes (Shea et al., 1990; Fayad et al., 1991, 2006; Gantz et al., 1993; Shipp and Nedzelski, 1995; Blamey, 1997; Nadol, 1997; Shipp et al., 1997; Rubinstein et al., 1999; Friedland et al., 2003; Lazard et al., 2012; Blamey et al., 2013). A recent measure used in both adults and children is the “total response” seen in the ECochG responses (ECochG-TR), which is the sum of the spectral peaks in response to tones of different frequencies. In adults, the ECochG-TR has been shown to account for about 40–50% of the variance in speech perception outcomes (Fitzpatrick et al., 2014; McClellan et al., 2014). In a specific group of children old enough for word test scores to be administered, the ECochG-TR accounted for 32% of the variance (Formeister et al., 2015). Thus, ECochG-TR provides a description of residual cochlear physiology that could prove useful in providing counseling and rehabilitation on the basis of patient-specific factors.

When using low frequency tones, the “on-going response” (continuous steady state response to tones) of the ECochG signal, which is used to calculate the ECochG-TR, is typically composed of the cochlear microphonic (CM) and the auditory nerve neurophonic (ANN). The CM is derived from currents through mechano-sensitive transduction channels in the stereocilia of hair cells (Dallos, 1973), and the ANN is the evoked potential correlate of phase-locking in auditory nerve fibers (Snyder and Schreiner, 1984; Henry, 1995). It is similar to the frequency-following response recorded from the scalp, except that the phase-locking represented is dominated by the auditory nerve rather that brainstem sources. Potentials more commonly seen to high frequencies include the compound action potential (CAP) and summating potential (SP). The CAP represents synchronous firing of auditory nerve fibers to the onsets of sounds, and the SP is derived from complex mixture of sources that roughly follows the envelope, which to tones is a sustained baseline offset. In short, the CM is a hair cell potential, the ANN and CAP are neural potentials, and the SP is affected by hair cell and neural sources capable of envelope-following. Unfortunately, methods to quantify the contributions of the different sources to each potential are lacking, particularly in CI subjects. The major contributor to the TR is the CM, but to low frequencies in many cases the ANN is also present. Although, the presence of the ANN affects the patterns of distortions and spectral components in the recording, a quantitative separation is not currently available. In addition, the morphology of the CAP in CI subjects is highly variable (Scott et al., 2016), and to low frequencies it is mixed with the CM while to high frequencies it can be mixed with the SP, so quantification is difficult. Thus, there is at present no method for determining the proportion of the ECochG that can be considered neural. However, the presence and to an approximation the strength of the ANN and CAP are visually apparent in the recordings, so the approach used here was to score these components individually and add the results to produce a “nerve score” in each case. The CM and SP to high frequencies were also measured as clues to the relative contributions of hair cells to the ECochG.

METHODS

Data in this study include 296 ears from 267 subjects (29 were second sides). Of these, 285 ears were studied under the approval of the Institutional Review Board (IRB) at the University of North Carolina at Chapel Hill (#05-2616) and 11 ears from the Ohio State University (OSU) and Nationwide Children's Hospital (Ohio State University IRB approval #2015H0045). Adults and pediatric (<18 years of age) CI recipients who were English speaking or whose parents were English speaking, and whose ear for implantation was not atretic, were offered enrollment in the study. Written informed consent was obtained from all adults, and parental/guardian consent was obtained for all pediatric subjects. Children who had attained 7 years of age were also asked to assent to participate in the study. In the situation where both ears were implanted and recorded, each ear was considered separately.

ANSD Subjects

A total of 48 ears (39 subjects) were in the ANSD group, 45 ears from children and 3 from adults. The evaluation and management paradigm for children with ANSD is the same between participating study institutions, which for UNC has been published previously (Buchman et al., 2006; Roche et al., 2010; Teagle et al., 2010; Hang et al., 2012). The diagnosis of ANSD was established by the finding of absent or disordered auditory neural activity in the setting of preserved cochlear function, typically established with ABR and OAE testing. Preserved cochlear function was determined when OAEs were present or the early part of the ABR waveforms demonstrated reversal of polarity with alternation of the stimulus polarity in either click or pure tone testing- representing a present CM. Most children were diagnosed with ANSD in our tertiary institutions though some were referred for treatment after a diagnosis was established. All available diagnostic tests were reviewed to confirm the electrophysiological phenotype and diagnosis. The adults all underwent routine CI evaluation, and were tested with a “click” ABR to confirm CM presence. Other groups used for comparison included children (119 ears, 101 subjects) and adults (163 ears, 158 subjects) undergoing cochlear implantation who were not classified as having ANSD.

Surgical and Recording Setup

All ECochG recordings were made to acoustic stimulation from the round window (RW) intraoperatively during CI surgery. For the purposes of this study, a foam insert earphone was placed and secured in a manner to prevent occlusion of the sound tubing. The inverting and common electrodes were placed behind the contralateral mastoid and on the glabella, respectively. A standard transmastoid facial recess approach was employed. The anterosuperior portion of the RW overhang was drilled to provide better access to the RW niche. A monopolar electrode (Neurosign, Magstim Co., Wales, UK or Neuro-Kartush raspatory probe instrument, Integra, Plainsboro, NJ, U.S.A.) was then placed with the tip situated immediately within the RW niche. Impedance of the RW and surface electrodes were measured and recordings were terminated if any had impedances of greater than 16 kilo-ohms (kΩ) that could not be reduced below this point. Saline was introduced into the RW niche if the monopolar electrode impedance was high; this was typically enough to bring the impedance measurement to an acceptable level. The Bio-logic Navigator Pro (Natus Medical Inc., San Carlos, CA) system was used to generate acoustic stimuli and record responses. Acoustic stimuli were delivered from Etymotic speaker (ER-3b) through sound tubing and insert earphones. Responses to a frequency series were performed in all subjects, and in most subjects a level series was then performed at the frequency which elicited the strongest response during the prior sweep (typically 500 Hz). The frequency series consisted of 250, 500, 750, 1,000, 2,000, and 4,000 Hz tone bursts presented in alternating phase at 90 dB nHL (101–112 dB SPL). A Blackman window was used to shape the tone bursts which had 1–4 ms rise and fall times with plateaus ranging from 5 to 20 ms (lower frequencies 250–750 Hz had shorter rise and fall times with longer plateaus compared to higher frequencies). Next the level series began at 90 dB nHL and was typically performed in 10 dB decrements until no response was seen during the recordings. Condensation, rarefaction, as well as the difference and sums of pairs of these were stored as averages in separate buffers. A final trial was included where the sound tubing was occluded with a surgical clamp to ensure the recorded responses were not speaker artifact.

Physiologic Analysis

The ECochG results were processed and analyzed using custom software routines written in MATLAB. The condensation and rarefaction traces were extracted and used to calculate the sum and difference waveforms. To evaluate the overall residual response magnitude from each cochlea we measured the “total response,” or ECochG-TR, from the ongoing, steady-state part of the response to the tones (Fitzpatrick et al., 2014). To estimate the proportion of the neural as opposed to hair cell activity we developed a “nerve score” based on visual analysis of the CAP and ANN.

ECochG-TR

For each frequency a window (4–12 cycles per window dependent on frequency with bin widths ranging from 62 Hz at 250–331 Hz at 4,000 Hz) that isolated the ongoing portion, which occurs after the CAP and prior to the end of the stimulus, was selected for a fast Fourier transform (FFT) to analyze the spectral characteristics of the response. A significant response at a given stimulus frequency or harmonic was present if it exceeded the noise level by three standard deviations. The noise and its variance were determined from up to 6 bins, 3 on each side of the peak that were outside the ranges of response to the stimulus frequency. Responses that were not significant were given a value of 0.02 μV, which is the limit of our detection threshold, when included in summary data. The ECochG-TR was calculated as the sum of the magnitudes of the significant responses at the first, second and third harmonics across all 6 stimulus frequencies, all presented at 90 dB nHL. The first and third harmonics were measured from the difference of the two phases, and the second harmonic from the sum.

Nerve Score

In the Introduction, we described some of the issues related to measuring and separating the different potentials in the ECochG. Here, we will describe the presumed sources for each potential and describe in more detail the issues with more quantitative measurements that lead to the development of the nerve score. In Figures 1A–C we show schematics of the sources of the CM, ANN and CAP, respectively. The CM is derived from the opening and closing of transduction channels in the stereocilia of hair cells that follows the sinusoidal motion of the basilar membrane. However, the input/output function of each hair cell has limits based on saturation of channel openings or closings, so the CM is only nearly sinusoidal to low intensities (Figure 1A; see Russell, 2008 for a review). In addition, the saturation in the two directions of motion can be asymmetric, with the operating point, or proportion of channels open at rest, typically <50%. Thus, to moderate intensities there will be asymmetric saturation, and then to high intensities there will be a symmetric component as saturation occurs to both directions of motion. The distortions produced by these limits, in the absence of higher order features such as adaptation, would be expected to produce a flattening of the peaks in the ECochG from the CM. Spectrally, the asymmetric component of the saturation produces even harmonics of the fundamental, including zero or DC, while the symmetric component produces odd harmonics (Teich et al., 1989). For moderate and high intensities the population recording will be from regions with various degrees of saturation as the excitation spreads basally. The function shown is generic to illustrate these basic points; in vivo IHCs are thought to have more asymmetric input/output functions than OHCs, and basal IHCs are more asymmetric than apical. In recordings from the round window in a noise-damaged cochlea the degree of hair cell asymmetry contributing to the population response is difficult to predict.
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FIGURE 1. Schematics of the sources of the CM, ANN, and CAP (A–C) and examples of ECochG responses obtained from two CI subjects (D,E). (A) Typical input-output function of hair cell transduction (top row) producing asymmetries in saturation points as a function of intensity (bottom row). (B) The ANN is produced by the convolution (*) of a unit potential, or shape of an action potential as it appears at the round window, and the cyclic response to a low frequency in the population of unit responses, which is equivalent to the cycle histogram. The waveform expected is shown to the right. (C) The CAP is produced by the convolution (*) of the unit potential and well-timed onset responses in the population. (D,E) Responses from two subjects to a low and a high frequency tones. For each subject and frequency, the first three rows are, respectively, the responses to condensation phase of stimulation, the difference between the responses to condensation and rarefaction phases (not shown), and the sum of the responses to the two phases. The fourth row depicts an “average cycle” which is the average of all cycles from condensation phase stimuli in a window after the CAP, and from rarefaction stimuli after flipping and shifting the response in time to match that of the condensation phase. See text for further explanation of features identified in these examples.



The ANN is the evoked potential correlate of neural phase-locking to low frequency stimuli, which is the firing of action potentials over restricted portions of a stimulus cycle. Like the CAP (Goldstein and Kiang, 1958; Wang, 1979; Chertoff, 2004), the ANN can be considered to be the result of a convolution of a unit potential with the post-stimulus time histogram (PSTH) from the population of neural responses (Figure 1B). The unit potential is the representation of a single action potential observed at the round window, which has been described using spike-triggered averaging (Kiang et al., 1976; Prijs, 1986; Versnel et al., 1992). To low frequencies, the PSTH of single neurons contains peaks separated by the stimulus period, which can be folded into the cycle histogram (Rose et al., 1967; Johnson, 1980; Palmer and Russell, 1986). The cycle histogram shows rectification since the firing rate cannot go below zero. The population cycle histogram is less well-understood, but would presumably include some smearing in time and phase when averaged across multiple fibers. The smearing must be relatively small, because the ANN is a prominent feature of the responses to low frequency sounds (Snyder and Schreiner, 1984; Henry, 1995; Forgues et al., 2014; Lichtenhan et al., 2014; Verschooten et al., 2015).

As mentioned, the CAP is produced by the convolution of the unit potential and the population PSTH of auditory nerve fibers (Figure 1C). The CAP is a prominent feature because of the synchronous firing of action potentials that occur to the onset of sounds. These onset responses are timed most precisely to broad band stimuli produced by fast rise times. Thus, the CAP is stronger to high than to low frequency sounds, where the rise time is limited by the stimulus period.

The SP (not shown) is produced by multiple sources capable of producing a DC response to tones. These include the asymmetry in hair cell transduction, which is likely to different between inner and outer hair cells, which also differ in their membrane properties (Kros, 2007). The auditory nerve has also been shown to contribute to the SP in several studies (van Emst et al., 1995; Sellick et al., 2003; Forgues et al., 2014). For the auditory nerve, the DC is unlikely to be due to timing in PST, which, unlike the CAP and ANN is asynchronous to high frequencies and intensities. However, an asymmetry in the unit potential, even if small, could produce a DC given the large number of action potentials produced in response to even moderate levels of sound. Such asymmetry in the unit potential has not yet been shown.

With these features of the ECochG signal in mind, the goal of this study is to subjectively characterize the presence of neural compared to hair cells components in the responses to tones of children with and without ANSD who are receiving CIs. The neural components are the ANN and the CAP, with some neural contribution to the SP a possibility as well. The descriptions of the sources of these potential provided above helps to explain why the ANN and CAP are difficult to quantify, such that only a qualitative method was used. That is, the ANN is always mixed with the CM in the ongoing part of the response to the low frequency tone. However, the ANN is generally the more distorted signal, because the shape of the unit potential is unrelated to the stimulus, and the cycle histogram is roughly half-wave rectified. So the presence of strong harmonics, both even and odd, is evidence of the presence of the ANN. However, due to its periodicity the ANN's magnitude cannot be known because some or most will be in the first harmonic, where the largest part of the CM also resides. Furthermore, some of the CM can be in the higher harmonics due to the asymmetric and symmetric distortions described in Figure 1A, so the simple presence of higher harmonics of either even or odd order is not proof that the ANN is present. Thus, there is no simple method to objectively identify or quantify the CM and ANN contributions to the ongoing response.

In many CI subjects the CAP is obvious and can be measured using accepted methods. However, in a recent study (Scott et al., 2016) only 50% of CI subjects showed a CAP, and the difficulties in measurements were described, including (1) most CI subjects have responses only to low frequencies where the CAP is small compared to high frequencies; (2) the frequency content of the CAP, centered near 1,000 Hz, overlaps that of the stimulus frequencies that produce the largest responses in CI subjects, preventing the use of filtering to separating the CAP and CM, and (3) some CI subjects have an SP that is strong and rising (or falling) relative to the CAP, so that determining the strength of the CAP is problematic even when one is visually apparent.

The SP is relatively easily quantified as a sustained shift in the baseline. Here the problem is one of interpretation, since the sources of the SP are less than fully clear. However, we will present data from ANSD subjects that suggests there is a neural contribution to the SP.

For these reasons we have not yet found an acceptable objective means of identifying neural activity in each case. That is, although many features, such as large CAP or large harmonic distortions clearly correlate with neural activity, each metric has issues with false positive or negatives. In most cases, the reasons for the results can be observed in the responses themselves when further examined. In Figures 1D,E, we present examples of the data subsequently used to determine the “nerve score,” based on the presence and approximate strength of the ANN and CAP. For each case the responses to a low and to a high frequency are presented, with low defined as in the range of strong phase-locking and high as above that range as defined in animal studies (Weiss and Rose, 1988). The first three rows in the figures are, respectively, the responses to condensation phase of stimulation (top), the difference between the responses to condensation and rarefaction phases (second row), and the sum of the responses to the two phases (third row). The responses to the condensation phase stimulus are the “raw” data, while the difference curves represent the part of the responses that changes with the change of polarity of the stimulus, and the summed curves represents the parts of the responses that don't change with the stimulus phase. These features make the difference curve contain predominantly odd-order harmonics, dominated by the first harmonic at the stimulus frequency, while the summed curve contains predominantly the even-order harmonics, particularly the second which is at twice the stimulus frequency. The CAP (arrows) is usually most visible in the summed curve when present, as is the SP. The bottom row shows the “average cycle” obtained from the cycles of response after the CAP and prior to the stimulus offset. This average cycle is where the distinct types of distortions characteristic of the CM and ANN can best be seen.

The example in D is a case with both a strong ANN and a strong CAP. A strong ANN is suggested by the prominent response at twice the stimulus frequency seen in the summed curve to the 250 Hz stimulus, and is clearly seen in the “average cycle” (lower left, solid curve). This curve is the average of all cycles from condensation phase stimuli in a window after the CAP, and from rarefaction stimuli after shifting the response in time to match that of the condensation phase. The average curve in this case is highly distorted compared to a sinusoid representing the stimulus (dashed line) that has been shifted in phase to have the best fit to the response. The lack of an ANN to the high frequency stimulus is shown by the lack of an AC component in the summed curve, and to a purely sinusoidal average cycle. The CAP (arrows) is most clearly seen to the high frequency stimulus in the summed curve, but is also readily visible in the response to condensation phase stimuli. However, it is embedded in an SP that is rising during the same time period, making its measurement problematic.

The example in E is a case where the ANN and CAP were small relative to the CM. To the low frequency stimulus there was still an AC component in the summed curve, but inspection of the average cycle showed a peak-flattened shape that is consistent with rectification of the CM as much as the presence of an ANN. There is also some AC response to twice the stimulus frequency in the summed curve to the high frequency stimulus, representing asymmetry in the CM rather than the ANN. To both frequencies a CAP is present but small CAP (arrows).

Because of these difficulties in measurement of the ANN and CAP we devised a subjective scale termed the “nerve score.” To classify the presence and strength of the ANN we examine the average cycle of the ongoing response to low frequency tones (1,000 Hz and less). An ANN was considered present when the response appeared as a distorted version of a sinusoid, and the distortion was not compatible with a simple rectification or saturation of the CM. Our previous animal experiments where the neural responses were removed with kainic acid (Forgues et al., 2014) demonstrated that removing the neural activity removes these complex distortions, but leaves the peak-flattening type typical of the CM. The CAP was identified primarily in the summed curves, but in some responses to low frequencies the CAP shifts when the phase is changed by a time interval similar to the stimulus period, such that it shows up either exclusively or partially in the difference curve. The strength of each neural potential was defined on a scale of 0–2, where a score of 0 indicated there was no identifiable neural contribution across any frequency, 1 indicated small but clear evidence for the component and 2 indicated a large CAP or ANN to one or more frequencies. Once the CAP and ANN were individually scored, their scores were then added to produce a nerve score, with a range of 0 (no CAP or ANN) to 4 (CAP and ANN both strong). The case in D was given a nerve score of 4 because both the ANN and CAP were 2's, while the case in E had a nerve score of 1 because of the small but CAP but no definitive evidence of an ANN. Additional examples of data leading to particular nerve scores are provided in the results.

The SP

To tones, the SP is a baseline shift that persists for the duration of the tone (Figure 1D). Using the summed curve, this shift was measured by averaging points in the 2 ms prior to stimulus onset (i.e., the baseline) and offset (i.e., during the response), and computing the difference.

RESULTS

ECochG-TR

The ECochG-TR magnitudes as a function of age for the entire cohort are depicted in Figure 2A. The cases with ANSD (Figure 2A, triangles) were found at the upper end of the magnitude distribution. The overall distributions of ECochG-TR for the ANSD subjects, non-ANSD children, and non-ASND adults are shown in Figure 2B. The ANSD cohort had the highest median ECochG-TR, followed by the adults and the non-ANSD children. The differences were significant both as a main effect of group (Kruskal–Wallis, df = 2, chi-sq = 61.1, p < 0.0001), and for each comparison (p < 0.01).
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FIGURE 2. RW ECochG-TR for all CI ears. (A) Scatter plot of ECochG-TR vs. Age. (B) Distributions of ECochG-TR for three groups. (C) Percent of cases with significant responses across frequency for the three groups. (D) Magnitude of significant responses across frequency for the three groups.



The proportion of significant responses obtained at each frequency was also different among the groups (Figure 2C). For frequencies of 1,000 Hz and lower, the proportions of ears with significant responses were nearly universal for ANSD cases, and were ~80% of ears in the other groups. Above 1,000 Hz, the proportion of ears with responses declined in all groups, but ANSD subjects had a smaller decline. When present, the magnitudes of the responses (Figure 2D) were higher to all frequencies in the ANSD ears compared to the others.

Pediatric Cohort

Most of the ANSD cases were children, who have a distinct mix of hearing loss etiologies that leads to CI use. As expected from the results in Figure 2, when evaluating the distribution of ECochG-TR across etiologies for the pediatric ears, the ANSD group demonstrated larger overall magnitudes compared to all other etiologies (Figure 3) The ANSD children almost universally had an ECochG-TR >1 μV (0 dB in the graph) with a mean magnitude of 23.6 ± 13.6 dB (standard deviation). A large fraction of the ANSD subjects had responses greater than 10 μV (20 dB on the graph). In contrast, for the non-ANSD etiologies a significant fraction had an ECochG-TR of <1 μV and few had values larger than 10 μV. Etiologies associated with widespread cochlear inflammation and fibrosis (meningitis and CMV) had among the lowest ECochG-TRs.
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FIGURE 3. Distributions of ECochG-TR by etiology in children. ANSD subjects had the highest ECochG-TR magnitudes. Outliers: o, Close extreme; *, Far extreme.



Degrees of Neural Activity in ANSD Subjects

It might be expected that the large responses seen in the ANSD cohort would be associated with relatively low nerve activity. However, we found a wide spectrum of neural responses, which spanned the full range of “nerve scores.” Examples of ANSD cases with nerve scores demonstrating a high degree of neural activity, in the form of a CAP and/or ANN, are shown in Figure 4. The left panels show the summed responses to a low frequency stimulus, and the middle panels show each cycle plotted individually (dotted lines) to produce an “average cycle”(thick line). The black line in the middle panels represents the best fit sinusoid to each case, which was used for the visual analysis of the ANN (see Section Methods). The right panels of Figure 4 show the summed responses to the alternated stimulus phases. These curves emphasize the CAP which is used in the nerve score, and also help visualize the SP, which has a strong hair cell component, and will be described further in later sections.
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FIGURE 4. ECochG examples of ANSD subjects with considerable evidence of neural activity. For each case the response to condensation and rarefaction phase of a low frequency stimulus is shown on the left. The middle panels show the individual (dotted lines) and average cycles (thick line) to condensation phase stimuli taken from a window (8–20 ms) intended to isolate the ongoing, or steady state portion of the response. The solid black line is the best fit sinusoid. The right panels show the sum of responses to the two phases, for the frequencies as shown, which isolates the CAP and SP. (A) Phenotype demonstrating a score of 4, with a strong ANN shown by the distortions on the average cycles, and a strong CAP to 2,000 Hz. (B) This case had a nerve score of 3 with a strong ANN and small but clear CAP. (C) A case with a nerve score of 2, and a phenotype demonstrating a strong, ANN but no CAP, and a large negative SP. (D) Another case with a nerve score of two with no apparent ANN but a strong CAP. Here the SP was small. (E) Another nerve score of two with a phenotype showing a small CAP and ANN.



The case in Figure 4A showed strong distortions in the ANN as well as a prominent CAP, so the ANN and CAP were both individually scored a 2 for a total nerve score of 4. The other cases (Figures 4B–E) had nerve scores of 2 or 3, derived through different combinations of the ANN and CAP, as indicated.

Examples of cases with nerve scores demonstrating a low degree of neural activity (nerve score ≤ 1) are shown in Figure 5. The case in Figure 5A showed a small ANN (middle panel with arrow), and no CAP (right panel), so the nerve score was 1. The case in Figure 5B showed no ANN but a small CAP, so the nerve score was also 1. In Figures 5C,D there was no CAP or ANN, so the nerve scores were both zero. However, the SPs were markedly different in these cases.
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FIGURE 5. ECochG examples with minimal neural activity. (A) A case with a nerve score of 1, showing a small ANN (arrow) and no CAP, and a large negative SP. (B) Another case with a nerve score of 1, that had a phenotype with no ANN and a small CAP. (C) A case with no ANN or CAP, and no SP either. (D) Another case with no ANN or CAP, but a large negative SP.



Two additional cases in ANSD subjects help to show the sensitivity of the method to identify neural activity even in cases where it is expected to be small. One of the cases was a 1 year old with a mutation in the gene for otoferlin, a protein required for docking of vesicles containing neurotransmitter. This was the only one of our sample with this etiology. This presynaptic site of lesion should block the ANN but not affect transduction, so the phenotype expected is a large CM with no ANN. The case did show a very large CM to all frequencies as expected. However, there was also evidence for neural activity in the average cycle to a 250 Hz tone (Figure 6A). The deviation from the sinusoid (arrows) is small, but in a signal this large all of the individual cycles lie on top of each other and each shows this same feature, so it is not attributable to noise. This type of distortion also has no clear correlate in the CM (see Figure 1A, and so instead is most likely to be due to neural activity). The second case was of cochlear nerve deficiency, and was the only one of these cases (n = 4) where the ANN was apparent in the average cycle to 250 (Figure 6B). These examples help to illustrate that the responses of tones to low frequencies can provide a highly sensitive means of assessing neural activity.
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FIGURE 6. Average 500 Hz cycle for two different known etiologies of the ANSD group. (A) Subject had confirmed otoferlin gene mutation. To 500 Hz distortions (arrows) due to the ANN can be identified. (B) Subject had cochlear nerve deficiency as identified by neuroimaging but has strong ANN distortions in the 500 Hz average cycle. These examples illustrate the sensitivity of ECochG for detecting neural activity when little is expected to be present.



Distributions of Nerve Scores

The distributions of the different patterns of ANN and CAP are shown in Table 1. There was a wide spectrum of nerve scores, with scores of 2 or higher seen in 29 ears while 19 had nerve scores ≤1. An ANN score of 2 was seen in 20 ears compared to only 8 for the CAP, and the ANN scores were higher than the CAP for 23 cases compared to only 9 where the CAP had the higher score.


Table 1. Distribution of nerve scores in ANSD subjects.
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To compare the nerve scores among the different groups, only those where the ECochG-TR was >0.5 μV were used for the non-ANSD groups. The nerve score for responses smaller than this were always 0 because components other than the CM could not be visually distinguished. All of the ANSD subjects had and ECochG-TR >0.5 μV. Nerve scores were not significantly different among subjects with different etiologies of hearing loss (Figure 7) including ANSD (Kruskal–Wallis, df = 2, chi-sq = 5.88, p = 0.053). The near-significant p-value is due to the relatively high nerve scores among subjects with idiopathic hearing loss compared to subjects with known non-ANSD etiologies. The median nerve scores among subjects with ANSD were in-between the two non-ANSD groups.
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FIGURE 7. Nerve score distributions for children with different etiologies of hearing loss. All groups showed the full range of nerve scores, and the distribution in the ANSD group was not significantly different from the others.



A Negative SP and a Phenomenon of “Offset Overshoot” May Be Related to a Lack of Neural Activity

To frequencies of 1,000 Hz or greater the SP could be prominent, but to lower frequencies it was typically small. In response to the higher frequencies, three morphologies of the SP were observed, as illustrated in Figures 4, 5. One morphology was a large, negative SP (right panels in Figures 4C, 5A,D). This morphology was associated with either no CAP or only a small CAP. In cases with a large CAP (Figures 4A,D), the SP was small, and could be negative or positive. Finally, some cases had a large CM but no SP (Figure 5C). These latter two cases (Figures 5C,D) are interesting because they are both cases of cochlear nerve deficiency, and the difference in SP magnitude may be indicative of different sites of lesion (see Section Discussion).

The distributions of SP polarity and magnitude differed among ANSD and non-ANSD groups. The frequency where these differences were most clearly seen was 2,000 Hz as in Figures 4, 5. As shown in Table 2, most of the ANSD cases (17/27) had a negative SP and no CAP to 2,000 Hz. Only 3 cases had a CAP to 2,000 Hz, so in the calculation of the nerve score, most of the CAPs were seen to frequencies of 1,000 Hz and below. In contrast, cases with the features of no CAP and a negative SP were uncommon in the two non-ANSD groups (6/32 combined). The number of cases included in the two-non ANSD are relatively reduced compared to the ANSD group, because of the few cases with good responses to this high frequency (Figure 2).


Table 2. SP morphologies to 2,000 Hz at 90 dB nHL in ANSD and non-ANSD subjects.
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Illustration of the differences in the values of SP for ANSD and non-ANSD subjects is shown in Figure 8. In Figure 8, the magnitude and polarity of the SP to 2,000 Hz at 90 dB nHL are plotted against the magnitude of the ongoing response. The dotted lines are shown at ±2 μV, to highlight that most of the cases with negative SPs were ANSD subjects, while most non-ANSD cases had SPs near zero. One ANSD and one adult non-ANSD case had positive SPs >2 μV. The ANSD case had no CAP and the morphology of the SP was similar to those with negative SPs, but reversed. The non-ANSD case with a large, positive SP had a large CAP. The distributions of the SP values are shown in Figure 7B. There was a main effect of group (Kruskal–Wallis test, dfs = 2, chi-sq = 11.4, p = 0.003) and multiple comparisons of the mean ranks showed the ANSD group to have a significantly more negative SP overall compared to the other groups, which did not differ between themselves (Figure 8C).
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FIGURE 8. Distributions of the SP to 2,000 Hz at 90 dB nHL among the three groups. (A) SP distribution among the groups as a function of the ongoing response. (B) Distributions of the SP by group. (C) Mean SP rank by group. Dotted lines are the 95% confidence interval around the non-ANSD children.



In addition to the SP, a number of ANSD cases (n = 5) were seen which demonstrated an offset overshoot to 2,000 Hz (Figures 9A–C, right panel). No identifiable onset CAP was discernable in any of the ears where this overshoot was observed. In addition, a similar overshoot is often seen in gerbil responses after a neurotoxin has been applied (personal observations). Tentatively therefore, we consider this overshoot to be related to the SP. The SP is a complex mixture of sources with different polarities and time courses, so complex phenomena can be expected under different hearing conditions.
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FIGURE 9. Overshoot potential in some ANSD children reflected in the “sum” tracing. (A–C) Three different cases showing the offset overshoot. Note that there is no onset CAP, so this overshoot is unlikely to be related to a CAP to the offset.



Adult Cohort

Three adults with ANSD were identified by the presence of CM on ABR, after audiological testing had suggested ANSD. As with the children, the ECochG-TRs in adults were large (Figure 2) and the degree of neural activity varied considerably even in this small group, with nerve scores of 1–3, demonstrating a mix of ANN and CAP involvement.

DISCUSSION

Our expectation was that ANSD subjects would have a large cochlear response and relatively little neural activity compared to other CI subjects. The results were that ANSD cases had on average a larger ECochG-TR; the responses extended more often to high frequencies; and responses to each frequency were on average larger in ANSD compared to non-ANSD cases. However, in the ANSD cases there was a full range of “nerve scores,” derived from CAPs and the ANN, with the scores dominated by the presence of the ANN. Thus, to low frequencies there was little difference in neural activity in ANSD compared to non-ANSD cases. In contrast, to high frequencies the majority of ANSD cases showed no CAP and a strongly negative SP, while this pattern was rare in the non-ANSD groups. Thus, the hallmark of ECochG in subjects with a clinical report of ANSD is of large responses with a lack of neural activity to high frequencies, combined with responses to low frequencies that have the same distribution of neural activity as found in non-ANSD cases. In the following, we will describe how these attributes are fully compatible with the main clinical findings of a CM with small or absent wave V in ABR results.

The Cochlear Microphonic in ANSD Subjects

To high frequency stimuli the cyclic response to tones consists purely of the CM, since it is above the range of phase-locking in the auditory nerve. The main distinction of ANSD compared to other CI subjects is the large CM to high frequencies, which accounts for the appearance of the CM in ABR recordings from these subjects. We did not fully explore the upper end of the frequency range, since in most subjects the highest frequency used was 4 kHz, where most ANSD subjects still had robust responses, in contrast to the non-ANSD groups, where responses to 2 and 4 kHz were relatively rare.

To low frequencies the responses in ECochG are still primarily the CM, even though they can be mixed with the ANN, when present. Thus, the larger overall responses to low frequencies in ANSD compared to non-ANSD subjects could indicate greater CM from the apex than in the non-ANSD groups. However, a more likely cause is the additional CM from higher CF regions of the cochlea that respond to low frequency stimuli as well.

The presence of the CM indicates the integrity of hair cells, but it cannot be specifically localized to outer hair cells, as is generally understood to be the case in studies of normal hearing animals (Dallos, 1973). This determination is difficult because both inner and outer hair cells produce a CM, and the pattern of hair cell loss in an individual subject is unknown. The presence of OAEs would be a more direct measure of functional outer hair cells, but a CM could be derived from the low CF cochlear regions where OAEs are not tested, and/or damaged hair cells that generate a CM but do not produce a functioning cochlear amplifier. Other responses features, in particular the SP, might be able to contribute to the determination of OHC vs. IHC activity.

Neural Activity in ECochG: The Compound Action Potential and ANN in ANSD Subjects

The CAP is a highly variable feature in CI subjects (Scott et al., 2016), including those with ANSD, as documented here. When present, it is a clear indication of neural activity. However, its absence does not fully assess neural activity, since the ANN was more prevalent than the CAP. We tried numerous methods to quantify the ANN prior to adopting the subjective method ultimately used. The ANN contributes to a 2nd harmonic in the response (Henry, 1995; Lichtenhan et al., 2013; Forgues et al., 2014), but the amount of the 2nd harmonic is not directly related to the size of the ANN because (1) most of its energy is at the first harmonic, where it is mixed with energy from the CM, (2) phase relationships between the ANN and CM can cause the net magnitudes in each harmonic to vary independent of their strength, and (3) the CM can produce harmonics of both even and odd order as well, so the simple presence of distortions in the spectrum is not a reliable indication of the ANN. Instead, the shape of the distortions in the average cycle must be examined to determine if the harmonics could plausibly be attributed to hair cells. In addition to harmonic analysis we have tried a number of different measurements to quantify the strength of the neural activity in our responses, such as correlation with a sine wave or power-line analysis such as form factor and crest factor. Unfortunately, none has proven adequate to capture the variety of responses seen. Our qualitative approach was therefore to note the presence of the ANN in the shape of the cyclic waveform, and to estimate its strength over a narrow range. We are currently investigating modeling methods to quantify the relative contribution of the CM and ANN.

The finding of a large degree of neural activity to low frequencies seems at odds with the clinical understanding of ANSD as representing an underlying etiology that affects the chain from IHCs to the CNS differently than in non-ANSD cases. However, the main difference between the clinical definitions of ANSD used here is the presence of a CM; both groups are receiving a CI and thus have a small or absent wave V. So, as previously discussed, the presence of a CM is well accounted for by the ECochG results showing greater hair cell activity to high frequencies, and the small but measurable neural activity primarily to low frequencies across all groups accounts for the reduced magnitudes of later waves in the ABR.

The SP in ANSD Subjects

Despite its first description in the 1950s (Davis et al., 1950, 1958), the origin of the SP is still a matter of considerable debate in terms of contributions from inner and outer hair cells and neural sources. Early work suggested outer hair cell sources predominate (Dallos and Cheatham, 1976) but later studies that removed inner hair cells in chinchillas showed a large effect on the CM (Zheng et al., 1997; Durrant et al., 1998). Furthermore, animal work in gerbils using the neurotoxin kainic acid recently showed a neural contribution to the SP (Forgues et al., 2014), which had also been reported previously using other species and compounds for blocking neural activity (van Emst et al., 1995; Sellick et al., 2003). In addition to the complexity of sources, the geometry between sources and recording sites will affect the polarity of the SP, contributing to complex changes across frequency and intensity as sites of generation within the cochlea shift. With these caveats, the phenotype of a large, negative SP (positive in one case) was correlated with the absence of a CAP, and therefore presumably of sustained neural activity as well. In ANSD subjects this phenotype predominated, while it was uncommon in the other groups. Furthermore, in both ANSD and non-ANSD groups, when a large CAP did exist the morphology of the SP was distinctly different, being close to zero in most cases with no preference for polarity. These findings of a relatively reduced CAP and enhanced SP closely parallel those reported previously for ANSD subjects using high frequency stimuli such as clicks and 8 kHz tone bursts (McMahon et al., 2008; Santarelli et al., 2008; Stuermer et al., 2015).

Two cases with cochlear nerve deficiency, an extreme example of ANSD (Figures 5C,D), had distinctly different SPs, that may, or may not, be related to different sites of lesion. Both cases had large CMs and no evident neural activity, but one case had no SP, while the other had a large negative SP. The presence of the large, negative SP typical of this and other ANSD cases may be due to the presence of IHCs, which are thought to have much more asymmetrical operating point, or proportion of open channels at rest, than OHCs (Russell, 2008). Thus, the presence of the negative SP could indicate the presences of functioning IHCs, and the lack of the negative SP, combined with no neural activity, could indicate the lack of IHCs. Alternatively, however, the operating point in the IHCs and OHCs in given case may be less asymmetric than in other cases, or the “effective intensity” of the stimulus in the face of hearing loss may produce basilar membrane movement too small for any asymmetry to be evident in the ECochG. Finally, the SP in one case and not the other could be due to presence of currents related to the dendritic potential, or the sum of excitatory post synaptic currents from the terminals of auditory nerve dendrites. These possibilities show that the SP could reveal considerable insights regarding sources of residual physiology in individual cases, as its sources become better understood.

In some cases, a large transient potential was observed to the stimulus offset to high frequencies. There was no CAP at stimulus onset in these cases, so the offset potential is unlikely to be a CAP to the offset. These responses were scored as “no SP” but a small or absent SP can also indicate a balance of contributions from outer hair cells, inner hair cells, and the auditory nerve. That is, different sources of sustained potentials can sum to be near zero at the steady state, while different time courses for each source allow them to be revealed when the stimulus changes.

Current Study in Relation to Previous Studies of ECochG in ANSD Children

Most previous studies of ECochG in ANSD children undergoing cochlear implantation used 8 kHz tone pips or clicks as stimuli (Gibson and Sanli, 2007; McMahon et al., 2008; Santarelli et al., 2008; Stuermer et al., 2015). These are primarily high frequency stimuli, which is an appropriate choice for many ANSD subjects who typically have good responses to high frequencies. However, to characterize ANSD subjects in the context of the general pediatric population, tone bursts that can transmit concentrated energy to low frequencies are needed because many CI subjects have no residual responses to high frequencies. Nearly all subjects, adult and pediatric, show responses to low frequency tone bursts with high signal to noise ratio when recorded at the RW (Figure 2 and Choudhury et al., 2012; Fitzpatrick et al., 2014; McClellan et al., 2014; Dalbert et al., 2015).

The focus of much of the previous work with ECochG in ANSD subjects has been to identify phenotypes showing different sites of lesion that may result in different speech perception outcomes (Gibson and Sanli, 2007; McMahon et al., 2008). Sites can be identified as pre-synaptic by the absence of dendritic or spiking nerve activity and post-synaptic if either of these exist (McMahon et al., 2008). The idea is that if the lesion is presynaptic there is insufficient neurotransmitter release and thus a lack of neural spiking, but if there is spiking the lesion must be post-synaptic, e.g., demyelination causing asynchrony, central deficits, or loss of a fraction of synaptic connections due to excitotoxicity at the nerve terminal. Results in the current study showed that only a small number of ANSD cases did not demonstrate any evidence of a CAP or ANN, and hence had no evidence of neural spiking activity. However, rather than interpreting all of the cases with spiking activity as “post-synaptic” we think it is likely that in many instances there are still some residual neural connections primarily in low frequency regions of the cochlea, even in cases that should be considered a pre-synaptic etiology, such as otoferlin (see Figure 6). In general, therefore, the presence of neural activity in the ECochG does not necessarily indicate a post-synaptic site of lesion.

Non-ANSD and Unknown Etiologies

In both adult and pediatric non-ANSD cases the ECochG-TR was on average lower than in ANSD cases. In children, those with inflammatory reactions including CMV or meningitis had the lowest ECochG-TR. For those with the smallest responses there were no detectable CAPs, ANNs or SPs that could be distinguished from a sinusoidal CM. However, to the majority of cases where these additional potentials could be detected, the neural involvement covered the full spectrum of nerve scores, similar to the ANSD group. Previously, it was noted that adults and children had similar ranges of ECochG-TR, and a similar distribution of frequencies that contributed to the responses, as also reported here in Figure 2 (Fitzpatrick et al., 2014). However, here we report that in children the upper end of the ECochG-TR distribution is mostly filled by ANSD cases, which represents a large difference from adults, in whom ANSD is uncommon.

CONCLUSIONS

The difference between ANSD and non-ANSD subjects lies primarily in the high frequency regions of the cochlea. These regions produce a larger CM and SP, and are less likely to produce a CAP, compared to non-ANSD subjects. These features are consistent with a large hair cell response combined with a limited neural response expected for ANSD. In contrast, for responses to low frequencies the neural components, primarily in the form of the ANN, are similar between ANSD and non-ANSD subjects, and vary from no evidence of neural contributions to clear evidence of CAP and/or ANN. Therefore, responses from low frequency parts of the cochlea produce a similarly wide distribution of evidence for neural activity between ANSD and non-ANSD subjects. It remains to be determined if the levels of neural activity seen using acoustic stimuli by ECochG are important in speech perception outcomes with the CIs.
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Cochlear outer hair cells (OHC) receive direct efferent feedback from the caudal auditory brainstem via the medial olivocochlear (MOC) bundle. This circuit provides the neural substrate for the MOC reflex, which inhibits cochlear amplifier gain and is believed to play a role in listening in noise and protection from acoustic overexposure. The human MOC reflex has been studied extensively using otoacoustic emissions (OAE) paradigms; however, these measurements are insensitive to subsequent “downstream” efferent effects on the neural ensembles that mediate hearing. In this experiment, click- and chirp-evoked auditory nerve compound action potential (CAP) amplitudes were measured electrocochleographically from the human eardrum without and with MOC reflex activation elicited by contralateral broadband noise. We hypothesized that the chirp would be a more optimal stimulus for measuring neural MOC effects because it synchronizes excitation along the entire length of the basilar membrane and thus evokes a more robust CAP than a click at low to moderate stimulus levels. Chirps produced larger CAPs than clicks at all stimulus intensities (50–80 dB ppeSPL). MOC reflex inhibition of CAPs was larger for chirps than clicks at low stimulus levels when quantified both in terms of amplitude reduction and effective attenuation. Effective attenuation was larger for chirp- and click-evoked CAPs than for click-evoked OAEs measured from the same subjects. Our results suggest that the chirp is an optimal stimulus for evoking CAPs at low stimulus intensities and for assessing MOC reflex effects on the auditory nerve. Further, our work supports previous findings that MOC reflex effects at the level of the auditory nerve are underestimated by measures of OAE inhibition.

Keywords: medial olivocochlear reflex, efferent auditory system, electrocochleography, compound action potential, chirps

INTRODUCTION

Cochlear outer hair cells (OHC) receive direct efferent feedback from the caudal auditory brainstem via the medial olivocochlear (MOC) nerve bundle. The MOC bundle inhibits OHC motility and indirectly modulates basilar membrane motion and inner hair cell (IHC) sensitivity—an effect termed the MOC reflex (Mountain, 1980; Siegel and Kim, 1982; Murugasu and Russell, 1996; Cooper and Guinan, 2003, 2006). Experiments in animal models have revealed that excitation of the MOC reflex “unmasks” signal representation in the auditory nerve by reducing mechano-electrical transduction of noise within the cochlea and therefore may play an active role in hearing in noise (Kawase and Liberman, 1993; Kawase et al., 1993). The functional importance of the MOC reflex in human hearing, however, remains unclear.

Because otoacoustic emissions (OAEs) likely originate from mechanics associated with OHC motility (Liberman et al., 2002; Cheatham et al., 2004; Dallos et al., 2008), they are sensitive to MOC reflex-induced changes in OHC function and provide a non-invasive, albeit indirect, method to study efferent effects in humans. In the classic contralateral inhibition of OAEs paradigm, OAEs are measured without and with presentation of a contralateral acoustic stimulus (CAS; e.g., broadband noise, BBN), which activates the uncrossed MOC fibers of the reflex circuit. Magnitude and/or phase differences between OAEs recorded without and with CAS are then used to quantify MOC reflex-induced shifts in OHC function (Guinan, 2006). Such studies have quantified characteristics of human MOC reflex strength (e.g., Backus and Guinan, 2007; Marshall et al., 2014), tuning (e.g., Veuillet et al., 1991; Chéry-Croze et al., 1993; Lilaonitkul and Guinan, 2009; Zhao and Dhar, 2012), and laterality (e.g., Francis and Guinan, 2010; Garinis et al., 2011). However, OAEs are pre-neural measurements and are therefore less informative about the “downstream” MOC effects on IHC excitation and the subsequent neural ensembles that mediate hearing.

Few experiments have reported MOC reflex effects on evoked compound action potentials (CAPs) from the human auditory nerve (Folsom and Owsley, 1987; Kawase and Takasaka, 1995; Chabert et al., 2002; Lichtenhan et al., 2016; Najem et al., 2016). Both the dearth of research in this area and the wide range of reported inhibition with CAS (2–20 dB) may stem from technical issues related to CAP inhibition measurements. For example, OAE experiments have shown that the effect of MOC reflex inhibition on OHC activity is more potent at lower stimulus levels (e.g., Hood et al., 1996); however, clicks and tone bursts presented at these levels evoke less synchronized neural responses from a smaller population of auditory nerve fibers and therefore produce CAP waveforms with poorer morphology than higher stimulus levels. Without adequate response averaging, CAP waveforms evoked by low- to moderate-level clicks or tone bursts are highly variable with poor signal-to-noise ratios and “true” physiologic changes attributable to the MOC reflex (i.e., reduction in CAP amplitude) are difficult to separate from measurement variation.

Stimuli evoking more robust CAP responses than clicks or tone bursts, such as rising frequency chirps, may circumvent some of the technical issues related to neural MOC reflex measurements. Unlike a click, which initiates synchronized responses predominately from more basal auditory nerve fibers (Kiang, 1975; Abdala and Folsom, 1995), chirps synchronize auditory nerve fiber excitation along the length of the cochlear spiral by correcting for temporal delays associated with tonotopicity (Shore and Nuttall, 1985; Fobel and Dau, 2004). Recently, Chertoff et al. (2010) demonstrated that chirps optimized for eliciting human CAPs produced significantly larger amplitudes than those evoked by clicks in young, normal-hearing adults at moderate to high stimulus levels (75–125 pSPL). The improved signal-to-noise ratio of chirp-evoked CAPs, compared to those from clicks, may thus provide a higher fidelity response to assay CAS-induced MOC reflex effects on the auditory nerve. Additionally, MOC fibers innervate the length of the cochlear spiral with tuning similar to afferent auditory nerve fibers (Warr, 1992). Chirp-evoked CAPs may therefore be more sensitive to the summed CAS-induced MOC reflex effects along the entire length of the cochlea and thus show greater inhibition than click-evoked CAPs.

In this experiment, we tested two hypotheses: (1) That chirps evoke larger CAP amplitudes than clicks using low to moderate stimulus levels, which engage the cochlear amplifier and are thus more sensitive to MOC effects and (2) That MOC reflex inhibition of chirp-evoked CAPs is larger than for click-evoked CAPs due to the broader basilar membrane area represented in chirp responses. To relate our findings to more commonly used MOC reflex assays, we also compared average chirp- and click-evoked CAP inhibition to click evoked OAE (CEOAE) inhibition measured in the same subjects.

METHODS

Participants

The University of Arizona Human Subjects Protection Program approved the following methods which were carried out with written, informed consent from all subjects. Eighteen adult participants without history of neurologic or otologic disease were enrolled in the study; however, due to attrition, 14 subjects (average age 22.25 years; 10 females) completed all six testing sessions. Otoscopy examinations found that all ear canals were free of excess cerumen and that tympanic membranes (TMs) appeared healthy in all subjects. Participants had normal tympanograms bilaterally, defined as ear canal volume of 0.6–1.5 cc and peak-compensated static admittance between 0.3 and 1.4 mL (Margolis and Heller, 1987), and contralateral acoustic reflex thresholds to 1–10 kHz BBN ≥70 dB SPL, measured using conventional admittance methods (Sun, 2008). The latter requirement was to mitigate the possible involvement of middle ear muscle contractions during MOC inhibition measurements, although others have shown that acoustic reflex thresholds can be lower when measured using more sensitive techniques (e.g., Zhao and Dhar, 2010; Lichtenhan et al., 2016). Air conduction hearing thresholds from 0.25 to 8 kHz were within normal limits (≤25 dB HL) bilaterally for all subjects.

Equipment and Procedures

Stimulus Generation and Calibration

A 100-μs click and 10-ms chirp were used to evoke CAPs. The click was created using the Intelligent Hearing Systems Smart-EP stimulus generator (Intelligent Hearing Systems, Miami, FL). The chirp was created in WAV file format in MATLAB (The Mathworks, Inc., Natick, MA, USA) using a modified “O-Chirp” from Fobel and Dau (2004), as implemented by Chertoff et al. (2010). The O-Chirp is a flat-spectrum stimulus relating frequency to basilar membrane delay using parameters from stimulus frequency OAEs. To optimize the O-Chirp for evoking CAPs, forward traveling wave delays were estimated from Eggermont's (1979) derived-band CAP latencies as opposed to stimulus frequency OAEs. The relationship between basilar membrane delay in milliseconds and frequency was expressed as:

[image: image]

where 0.45 kHz ≤ f ≤ 10 kHz and c (0.69) and α (−77) are constants. The chirp WAV file was converted into a stimulus file suitable for presentation by the Intelligent Hearing Systems Smart-EP program.

The click and chirp were presented through ER-3A insert earphones (Etymotic Research, Elk Grove Village, IL) to a 2-cc coupler and calibrated in units of dB peak-to-peak equivalent sound pressure level (ppeSPL) using a 1,000 Hz tone as a reference (Burkard, 2006). Click and chirp spectra were comparable with the exception that the chirp had 3–5 dB less energy below ~3.5–4 kHz (see Chertoff et al., 2010, Figure 1).
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FIGURE 1. Chirp-to-click CAP amplitude ratios for waveforms obtained without CAS. Each symbol represents a single subject. Symbols falling above the dotted line indicate larger chirp responses than clicks.



Behavioral thresholds for clicks and chirps were obtained from the right ears of 18 subjects using a modified Hughson-Westlake procedure. Stimuli were presented at a starting presentation level of 50 dB ppeSPL. Presentation level was decreased by 4 dB after every positive response and increased by 2 dB after each failure to respond. Threshold was defined as the lowest presentation level at which three positive responses occurred. These measurements were made without electrodes in the ear canal, as our previous work demonstrated that TM electrode contact with the eardrum can influence audiometric thresholds, particularly to low frequencies (Smith et al., 2016). Average behavioral thresholds were 32 dB ppeSPL and 30 dB ppeSPL for clicks and chirps, respectively. While we express stimulus levels in units of dB ppeSPL throughout this paper, behavioral thresholds to clicks and chirps can be subtracted from these values to convert from dB ppeSPL to normalized hearing level (nHL).

Tympanic Membrane Electrodes

Using a modified protocol by Ferraro and Durrant (2006), we assembled TM electrodes in our laboratory that were suitable for our evoked potentials recording system. The electrodes were constructed from 11.43-cm long sections of PFA-insulated silver wire (0.1 mm gauge) encased in 10.16-cm long pieces of flexible silastic medical tubing. The PFA-insulation was removed from the last 0.635 cm of each end of the wire. One uninsulated end was crimped with a female machine pin that was connected to an electrode cable interfacing with the bio-amplifier. The other uninsulated end was bent to form a hook around a 0.25 gram wisp of cotton, and the end of the hook was tucked back into the opening of the silastic medical tubing to ensure that it did not directly make contact with the eardrum when it was inserted. Prior to each recording session, the cotton-tipped end of a TM electrode was saturated with 1-cc of Synapse electrode cream (Kustomer Kinetics, Arcadia, CA) using a 27-gauge needle. TM electrodes were inserted into the right ear canal of each subject and advanced until the TM was contacted, which was verified by subject report of the occlusion effect and by monitoring electrode impedance changes until they were consistently ≤7 kΩ on the Intelligent Hearing Systems bio-amplifier (Ferraro, 2010). Further confirmation of electrode contact with the TM was indicated by areas of acute redness and accumulation of electrode gel observed otoscopically after TM electrodes were removed at the end of each testing session (see Smith et al., 2016, Figure 1). Each electrode was held in place throughout the session by a 13 mm ER3-14A foam ear tip coupled to the ER-3A insert earphone.

CAP Measurements and Amplitude Calculations

Each subject participated in six 2-h CAP recording sessions—three in which clicks were used to evoke CAPs and three in which chirps were used. The order in which subjects participated in click or chirp sessions was randomized. In every session, subjects were comfortably reclined in a lounge chair in an electromagnetically shielded sound booth and remained awake and alert throughout recordings. CAPs were acquired using a single-channel electrode montage: right TM electrode (+), left earlobe (−), and forehead ([image: image]). Waveforms were sampled at a rate of 40 kHz over a 25.6 ms epoch, filtered from 0.1 to 3 kHz, and amplified by 150,000. Stimulus presentation rate was Gaussian distributed from 9.1/s to 13.1/s with a mean rate of 11.1/s. This relatively slow range of presentation rates was selected to ensure that the stimuli did not temporally summate to activate the MOC reflex, which has been shown to affect OAE measurements at stimulus presentation rates as low as 30/s–50/s (Veuillet et al., 1991; Francis and Guinan, 2010; Boothalingam and Purcell, 2015). A Gaussian-distributed (i.e., “temporally jittered”) presentation rate was selected to facilitate subject alertness, as this may influence MOC reflex strength (Aedo et al., 2015).

CAP level-series measurements without and with CAS (1–10 kHz flat spectrum BBN at 60 dB SPL, delivered to left ears through an ER-2 earphone) were interleaved throughout the duration of each 2-h session with the exception that the first 20 min of the sixth session was devoted to CEOAE measurements (described in Section CEOAE Measurements). A 60 dB SPL CAS presentation level is commonly used for MOC reflex experiments, as it is the highest BBN level, on average, that elicits MOC reflex activity without triggering the middle ear muscle reflex (Guinan, 2006). CAP level-series were obtained using a chained stimulus paradigm (Hamill et al., 1991), which randomized stimulus levels from 50 to 80 dB ppeSPL using 10 dB steps. Each of the interleaved recording blocks automatically stopped after 2,048 averages were collected at each of the four stimulus levels and a 120 s break was inserted between each interleaved trial to allow subjects to reposition, etc. Advantages of using the chained paradigm in this context were that complete level-series functions could be obtained relatively quickly (~12 min) in a single testing block and that the effects of electrophysiologic or myogenic noise were randomly distributed across responses to all stimulus levels as opposed to one. In a typical recording session, three to four pairs of level-series functions without and with noise were obtained and averaged at the end of the session. Each recording session thus resulted in eight grand average waveforms (2 conditions × 4 stimulus levels) with each grand average waveform being comprised of ~6,144–8,192 sweeps. At the end of six recording sessions, there were 48 waveforms (2 conditions × 4 stimulus levels × 2 stimulus types × 3 sessions) for each subject.

The 48 CAP waveforms for each subject were saved as ASCII files and analyzed offline in MATLAB. CAP waveforms were grouped based on stimulus type (click or chirp), level (50–80 dB ppeSPL), and whether they were obtained without or with CAS. CAP amplitudes for each waveform were expressed in two different ways: (1) Raw amplitude was calculated as the μV difference between the pre-stimulus baseline average amplitude and the N1 peak, which was automatically selected as the largest waveform minimum within a restricted time epoch at each level based on normative click and chirp latency data from our laboratory. Responses were “not present” if the raw amplitude of a peak was less than one standard deviation of the pre-stimulus baseline amplitude. (2) Normalized amplitude expressed each CAP peak magnitude as a percentage of the maximum raw amplitude (either without or with CAS) in the level-series in which it was acquired:

[image: image]

Treating the data in this manner produced normalized level-series functions for each subject at the end of each recording session. We hypothesized two advantages to this approach. First, normalizing data obtained in each recording session would be expected to minimize differences in raw CAP amplitudes within subjects that were due to changes in electrode placement or orientation in the ear canal between visits, which can significantly influence raw amplitudes (e.g., Alhanada, 2012). Second, a normalized scale would be expected to make level-series functions between subjects more similar; because we analyzed group data in this experiment, it was imperative to reduce the effects of inter-subject differences in raw amplitude on our results.

CEOAE Measurements

Three pairs of CEOAE level-series functions (60-80 ppeSPL1) without and with CAS were obtained using a Mimosa Acoustics HearID System (Mimosa Acoustics, Inc. Champaign, IL). Responses were collected using “linear” clicks (i.e., consistent stimulus polarity and level across all presentations) presented at 11/s for 250 sweeps in each trial. CEOAEs were considered present if they were ≥6 dB above the noise floor and if emission waveform sub-averages from response bins A and B were ≥80% correlated. CEOAE files were saved and offline analyzed in MATLAB, which extracted the composite values representing total emission amplitude and noise floors for each level and CAS condition. All response amplitudes were converted from dB to a pressure scale in order express CEOAE level-series on a linear ordinate scale, as was done with CAPs.

Analyses

Chirp-to-Click CAP Amplitude Ratios and Amplitude Comparisons

Chirp-to-click CAP amplitude ratios were calculated for each stimulus level using grand-averaged chirp and click raw amplitudes obtained without CAS for each subject. The purpose of this analysis was to determine the relative amplitude advantage of the chirp at each stimulus level. Paired t-test comparisons between chirp and click raw amplitudes without CAS at each level were also conducted.

CAP Inhibition Measurements: Amplitude Reduction and Effective Attenuation

The first step in testing the hypothesis that chirp-evoked CAPs were more sensitive to MOC reflex inhibition than clicks was to determine whether level-series functions were less variable when expressed either in units of raw amplitude or normalized amplitude. While we expected that normalizing amplitudes for each recording session would decrease between-subject CAP amplitude variability and provide a better scale on which to analyze group data, this was tested empirically. Coefficients of variation, which allow for variability comparisons between data sets with different units (e.g., μV vs. %), were calculated at each level and compared for raw and normalized level-series functions for each stimulus type. The amplitude scale producing the smallest coefficients of variation at each stimulus level and across all stimulus levels was used in subsequent analyses of CAP inhibition under the assumption that the less variable scale would be more sensitive to “true” physiologic changes induced by the MOC reflex.

Group CAP inhibition for chirps and clicks was quantified using two measures reported in the literature: (1) Amplitude reduction was calculated as the average “vertical” (ordinate) difference in CAP amplitudes without and with CAS at each level of the level-series function. This method of quantifying MOC reflex strength is most commonly used in the OAE inhibition literature; (2) Effective attenuation of chirp and click CAPs was calculated as the “horizontal” (abscissa) difference between linear regression fits to level-series without and with CAS using all subject data. Effective attenuation expresses the amount of dB that the stimulus would need to be increased to overcome the effects of MOC reflex inhibition; it is therefore useful in quantifying inhibition in terms of input level, which allows for gross comparisons of pre-neural and neural responses on the same scale (e.g., Puria et al., 1996).

RESULTS

Amplitude Differences between Chirp- and Click- Evoked CAPs

With few exceptions, chirps produced larger raw peak amplitudes than clicks in individual ears, as evidenced by chirp-to-click CAP amplitude ratios (Figure 1). The size of the chirp/click amplitude ratio differed between subjects and showed a range of 0.76–4.22 across all stimulus levels. For most participants, the amplitude ratios decreased slightly as level was increased. Note that click-evoked responses at 50 dB ppeSPL were separable from the noise floor in all three test sessions in only 9 of the 14 participants; thus, amplitude ratios were calculated for only 9 participants at this level.

The mean raw amplitudes of chirp-evoked CAPs without CAS were larger than those for clicks at each level tested (Figure 2). Paired t-tests with Bonferroni corrections for multiple comparisons (α = 0.0125) revealed that these differences were significant at 50 [t(8) = −2.85, p = 0.008], 60 [t(13) = −7.19, p = 0.0009], 70 [t(13) = −4.28, p = 0.001], and 80 dB ppeSPL [t(13) = −2.57, p = 0.007].
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FIGURE 2. The average amplitudes for CAPs in response to chirps (▲) and clicks (•) without CAS are shown as a function of level. Chirp raw amplitudes were significantly larger than click raw amplitudes at every level using a corrected alpha level for multiple comparisons (α = 0.0125). Error bars = SEM; NF = Noise Floor.



CAP Inhibition

Representative chirp- and click-evoked CAP waveforms without and with CAS from a randomly selected participant are plotted in Figure 3. This figure demonstrates three pertinent observations that were noted in most subjects including: (1) the overall amplitude advantage of chirps, especially at lower stimulus levels, (2) the small reductions in chirp- and click-evoked CAP amplitudes with CAS, and (3) the stability of pre-stimulus baselines prior to the N1 peak of the CAP.
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FIGURE 3. Average CAP waveforms evoked by chirps (top) and clicks (bottom) for a representative subject. Small reductions in N1 peak amplitudes with CAS can be seen in the chirp-evoked CAP waveforms at lower stimulus levels, but not for the click at any level. Note that at 50 dB ppeSPL, a click-evoked CAP was not identified in this subject (Black = without CAS; Red = with CAS).



Figure 4 displays chirp and click average level-series functions across all subjects and sessions without and with CAS. Level-series functions are expressed in both normalized and raw amplitudes for each stimulus type. For chirps, the average coefficient of variation across four stimulus levels and two noise conditions was 45% when expressed in raw amplitude and 20% when expressed in normalized amplitude; this mean difference was significant [t(14) = 3.46, p = 0.0038]. For clicks, the average coefficient of variation was 47% when expressed in raw amplitude and 29% when expressed in normalized amplitude, which was also a significant mean difference [t(14) = 2.86, p = 0.013]. Thus, we used the less-variable measurements expressed in normalized amplitude for subsequent MOC reflex inhibition of CAP analyses.
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FIGURE 4. Average level-series functions for chirps (top) and clicks (bottom) expressed in raw (left) and normalized (right) amplitudes. Response variability was smaller across all subjects when amplitudes were expressed on a normalized scale. Error Bars = SEM; NF = Noise Floor.



Normalized CAP Amplitude Reductions

Average normalized amplitude inhibitions were largest for stimulus levels below 80 dB ppeSPL for both chirps and clicks (Figure 5). Normalized amplitude reduction with CAS was statistically significant only for chirp-evoked responses at 50 [t(30) = 3.55, p = 0.0006] and 60 dB ppeSPL [t(38) = 4.18, p < 0.0001], respectively, using an alpha level (α = 0.0125) to account for multiple comparisons.
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FIGURE 5. Average normalized chirp and click amplitude reductions for all subjects. Asterisks indicate significant reductions (p < 0.01). Note that at every stimulus level, chirp inhibition was less variable than clicks, as indicated by the 95% confidence interval bars.



CAP Effective Attenuation

Separate linear regression models were fit to the normalized group level-series data2 obtained without and with CAS for chirps (y = 1.33x–11.96, R2 = 0.47; y = 1.59x–33.22, R2 = 0.57) and clicks (y = 1.77x–50.13, R2 = 0.51; y = 1.86x–60.75, R2 = 0.54), respectively (Figures 6A,B). For both stimulus types, the models fit to CAP amplitudes without and with CAS diverged at low stimulus input levels and converged at higher stimulus input levels, indicating a greater effect of CAS on CAP amplitudes at low input levels. Regression coefficients as a function of condition (without or with CAS) were not significantly different for chirps (t = 1.63, p = 0.103) or clicks (t = 0.45, p = 0.66). Effective attenuation for each stimulus type was calculated as the difference in the abscissa between without and with CAS linear regression lines for equivalent ordinate values (Figure 6D). At the lowest stimulus level, effective attenuation was 5.07 dB for chirps and 3.02 dB for clicks (Figure 6D).
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FIGURE 6. Linear regression fits (with 95% CIs) to normalized chirp CAP (A), click CAP (B), and CEOAE (C) level-series functions. Effective attenuation (D) was calculated as the abscissa (horizontal) difference between linear fits to without and with CAS group data.



Comparison of CAP and CEOAE Effective Attenuation

Based on our findings that CAP amplitudes were less variable when expressed on a normalized scale (see Section CAP Inhibition), we only report CEOAE inhibition in terms of effective attenuation of normalized responses in the present experiment for comparison. CEOAE normalized level-series data from all subjects obtained without (y = 2.84x–131.42, R2 = 0.78) and with CAS (y = 2.92x–141.87, R2 = 0.80) were also fit with separate linear regression models (Figure 6C). The CEOAE models were better fit than CAP data, as normalized CEOAE amplitudes were less variable across subjects. The largest differences in without and with CAS models occurred at the lowest input level, as was observed in the CAP data. Regression coefficients as a function of condition (without or with CAS) were not significantly different (t = 0.43, p = 0.67). Effective attenuation was calculated in the same manner as the CAP data. A comparison of chirp-evoked CAP, click-evoked CAP, and CEOAE effective attenuations at 60 dB ppeSPL revealed that inhibition was largest for chirps (3.42 dB), followed by click CAPs (2.49 dB) and CEOAEs (1.93 dB).

GENERAL DISCUSSION

The findings of this study were that: (1) Chirps evoked larger CAP amplitudes than clicks at low to moderate stimulus levels; (2) Normalized CAP amplitude reductions with CAS were largest at the group level using chirps at 50 and 60 dB ppeSPL (5.89 and 7.75%, respectively). These were the only statistically significant amplitude reductions observed; (3) Effective attenuation measurements were largest at the group level for chirp-evoked CAPs followed by click-evoked CAPs and CEOAEs, respectively, at the lowest stimulus levels where all three could be measured (i.e., 60 dB ppeSPL).

The Chirp Advantage

The chirp generated larger CAP amplitudes at each stimulus level in most subjects; however, the size of this advantage varied considerably across subjects. This finding is consistent with the observations of Chertoff et al. (2010; see Figure 3) who used higher presentation levels than the present study. Inter-subject differences in the chirp advantage may be related to multiple factors. First, the chirp used in the present study and by Chertoff et al. (2010) related frequency to basilar membrane delay using derived band CAP latencies from 15 normally hearing subjects reported by Eggermont (1979). Subject characteristics, such as sex, were not reported in that study, but it has been inferred that sex differences in cochlear length may affect basilar membrane delays and therefore the degree to which neural responses are synchronized (e.g., Don et al., 1993, 1994). With the current participant pool of 10 females and 4 males, it is possible that the chirp was not optimized for individual ears based on these differences. One way to quickly construct a CAP chirp that is more optimized for an individual ear than a click may be to use basilar membrane delay estimates from OAEs, as derived-band CAP masking procedures are time consuming. Secondly, some authors have encouraged the use of chirps that are optimized for different presentation levels (Elberling and Don, 2010; Elberling et al., 2010; Kristensen and Elberling, 2012), suggesting that cochlear frequency place maps do not scale simply with level. Our use of a chained stimulus paradigm, which allows for random level presentation of a single stimulus file, did not provide the flexibility to use multiple chirps optimized for different levels in this investigation.

The chirp advantage reported here and by Chertoff et al. (2010) suggests that chirps may also be a useful tool in studying animal and human synaptopathy—a pathology in which noise exposure predominately insults high threshold auditory nerve fibers but spares low threshold fibers and hair cells (Kujawa and Liberman, 2009). Synaptopathy has been postulated as the basis of severe hearing difficulties in patients with normal audiograms (i.e., “hidden hearing loss”) and may also be involved in the generation of tinnitus (e.g., Schaette and McAlpine, 2011). The synaptopathy “phenotype” in animal models presents as significantly reduced CAP amplitudes evoked by suprathreshold sounds in the presence of normal (electrophysiologic) audiometric thresholds and OAE responses. Because chirp-evoked CAPs are larger and represent the summed activity from auditory nerve fibers along the length of the basilar membrane, they may provide a more sensitive measure of synaptopathy. Further, narrowband chirps tailored to evoke CAPs may be even more sensitive to synaptopathy in distinct cochlear regions.

MOC Reflex Effects on CAPs

Our findings suggest that chirps may be more suitable than clicks in studying the neural consequences of MOC reflex inhibition for a few reasons. First, chirp-evoked CAPs were larger than clicks even at the lowest stimulus level, which allowed for more accurate N1 peak identification in quiet and with CAS conditions (e.g., compare 60 dB ppeSPL waveforms for chirps and clicks in Figure 3). Since OHCs are more potently inhibited by the MOC reflex at low input levels, using a chirp may allow for more accurate estimates of MOC effects in this range. Because chirp-evoked CAPs reflect the summed activity over broader cochlear regions, they may also be more sensitive to the summated effects of MOC fibers than click-evoked CAPs, which mainly reflect neural synchrony from fibers innervating the cochlear base (Don and Eggermont, 1978). Second, the variability of CAP inhibition for chirps was smaller relative to clicks on both amplitude reduction and effective attenuation measurement scales (Figures 5, 6A,B). This finding suggests that chirps may be more sensitive to “true” physiologic changes attributable to MOC reflex activation than clicks. It is important to note, however, that chirp and click CAP effective attenuation was calculated from relatively weak linear regression fits to group data, which may have been caused by individual differences in both level-series function contours and magnitude of inhibition. An analysis of individual data using the same method resulted in even poorer linear fits due to the fewer data points in the models. Thus, a limitation of our work is that we were unable to reliably resolve efferent inhibition of CAPs at the single-subject level, which is of interest in studying individual variation in MOC function and in understanding the predictive relationships between pre-neural and neural efferent assays. This issue may have been resolved by focusing recording time on obtaining more response averages to fewer low-intensity input levels (Lichtenhan et al., 2016); however, an advantage of acquiring a level-series function spanning 40 dB was that CAS effects on CAPs evoked by different stimulus levels could be evaluated.

Involvement of the middle ear muscle reflex is always a consideration in MOC reflex experiments, as CAS can activate both mechanisms. The observed CAP amplitude reductions with CAS were unlikely to be the consequence of “sub-threshold” middle ear compliance changes from activation of the middle ear acoustic reflex because such a change would be expected to reduce responses to all input levels of the level-series function. In contrast, the CAS-induced changes in our data were primarily at low input levels, which is suggestive of changes in OHC function. Nevertheless, the possibility of middle ear muscle involvement cannot be fully ruled out, as some reports indicate that standard measures of acoustic reflex threshold, like the one used in our screening protocol, may overestimate the level at which the stapedius muscle is activated by CAS (Feeney and Keefe, 2001; Zhao and Dhar, 2010).

CEOAE and CAP Effective Attenuation Comparisons

OAE measurements are used far more often as an indirect assay of MOC reflex effects than CAP amplitudes, as they require less time to collect and are less inherently variable than electrophysiologic techniques (see Figure 6). This difference is presumably because far-field CAP recordings are influenced by more sources of noise (e.g., background EEG, myogenic and electrical noise, high electrode impedance due to small surface area) than OAEs. Based on these technical differences, a compelling argument can be made for using OAE based assays of the MOC reflex in a clinical setting, for example. It is, however, of great importance to understand the relationships between pre-neural and neural inhibition because the latter reflects modulation of the auditory nerve signal mediating hearing, which cannot be assessed with OAEs. Pre-neural and neural inhibition comparisons must be made in light of evidence that there is not a one-to-one correspondence between changes in OHC function and modulation of IHC neurotransmitter release, which is the basis for auditory nerve fiber depolarization (Guinan, 2012). However, by expressing CEOAE and CAP inhibition in terms of effective attenuation, direct comparisons can be made between MOC reflex effects on each type of response.

Our observation that CEOAE effective attenuation underestimated chirp- and click-evoked CAP effective attenuation by up to ~1.5 dB at low stimulus levels was consistent with previous reports in animals and humans (e.g., Puria et al., 1996; Lichtenhan et al., 2016). The source of this consistently reported discrepancy is not clear. OHCs are postsynaptic only to MOC fibers, whereas the auditory nerve is postsynaptic to both MOC and lateral olivocochlear (LOC) fibers, which directly contact type I auditory nerve fibers (Warr and Guinan, 1979). This anatomical configuration suggests that CAP inhibition reflects the summation of MOC and LOC inhibition, whereas OAEs only reflect MOC inhibition. However, several lines of evidence appear to refute this suggestion. Gifford and Guinan (1987) measured CAP inhibition from cats while electrically stimulating different regions of the caudal brainstem. They observed that stimulating the floor of the fourth ventricle (which diffusely activates the OCB proper) is comparable to the combined inhibitory effects of directly stimulating MOC neurons. When LOC neurons were directly stimulated, no inhibitory effects on the CAP were observed. The investigators also documented that increases in cochlear microphonic amplitude were related to decreases in CAP amplitude during OCB stimulation, indicating that the same process (i.e., direct modulation of OHCs) likely mediates each effect. Brown et al. (1983) measured IHC receptor potential tuning curves (from the AC component) with and without fourth ventricle electrical stimulation and observed 9–24 dB of inhibition at the tuning curve “tips” (i.e., center frequency) with no change away from center frequencies. Basilar membrane displacement tuning curves show similar effects (Murugasu and Russell, 1996; Cooper and Guinan, 2003). While these measurements are pre-neural, they are remarkably similar to auditory nerve tuning curves using the same paradigm (Wiederhold and Kiang, 1970; Bonfils et al., 1986). Thus, there is strong evidence that the MOC system is the main effector of inhibition in both pre-neural and neural assays. In contrast, there is no evidence that the LOC system can be excited with acoustic stimulation and its role in hearing remains poorly understood. The best available evidence suggests that the LOC system's influence on hearing is likely through slow “top-down” potentiation of auditory nerve activity (Sahley and Nodar, 1994; Groff and Liberman, 2003; Le Prell et al., 2005), which may protect auditory nerve fibers from acoustic trauma (e.g., Darrow et al., 2007).

If the MOC reflex accounts for inhibition measured from both OHCs and the auditory nerve, it may be expected that effective attenuation slopes of CEOAEs and CAPs would be parallel. We observed at the group level that the slopes of click CAP and CEOAE effective attenuation were similar to each other and quite different than chirp CAP effective attenuation (Figure 6D). Because we did not measure chirp-evoked OAEs, it is unclear if this difference is stimulus related or explained by some other mechanism. The temporal differences between clicks and chirps make the chirp a better stimulus for evoking synchronized neural responses, but these differences would not be expected to produce significantly dissimilar composite emission amplitudes evoked by each stimulus. Previous work has indicated that stimulus frequency OAEs (SFOAEs) and CEOAEs are generated in a nearly equivalent manner through coherent reflection when the spectral power within a bandwidth on the basilar membrane is equal (Neumann et al., 1994; Kalluri and Shera, 2007); if a chirp is conceptualized as a swept SFOAE, the effect of MOC reflex inhibition on chirp-evoked OAEs and CEOAEs would be expected to be similar. To our knowledge, there have been no experiments comparing MOC reflex inhibition of click- and chirp-evoked OAEs; therefore, the origin of the differences in effective attenuation slopes between chirp-evoked CAPs and pre-neural and neural measurements evoked with clicks in the group data is not clear.

CONCLUSIONS

The present study is the first in which a chirp was used to evoke CAPs from the human auditory nerve with and without MOC reflex activation. Our findings indicate that, at least at the group level, the chirp may be a more sensitive stimulus for evaluating neural efferent effects than a click because it evokes a larger response at lower stimulus intensities and may be more sensitive to summed efferent activity along the cochlear spiral. Additionally, our findings are consistent with previous work indicating that OAE assays of the MOC reflex underestimate neural inhibition (i.e., Puria et al., 1996; Lichtenhan et al., 2016). Future experiments which optimize chirp parameters for individual ears and allow for reliable within-subject neural measurements of MOC reflex inhibition are warranted.
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FOOTNOTES

1CEOAE responses to clicks at 50 dB ppeSPL were absent in most subjects based on our criteria; therefore, CEOAE level-series measurements were made from 60 to 80 dB ppeSPL.

2Note that while normalizing CAP amplitudes to the maximum value in a subject's level-series function reduced amplitude variation across all levels, it also introduced heteroscedasticity; therefore, robust standard errors were used for each regression model, which allowed for the presence of heteroskedastic data by relaxing the assumptions that errors were independent and identically distributed (Hayes and Cai, 2007).
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With changes to cochlear implant candidacy and improvements in surgical technique, there is a need for accurate intraoperative assessment of low-frequency hearing thresholds during cochlear implantation. In electrocochleography, onset compound action potentials (CAPs) typically allow estimation of auditory threshold for frequencies above 1 kHz, but they are less accurate at lower frequencies. Auditory nerve neurophonic (ANN) waveforms, on the other hand, may overcome this limitation by allowing phase-locked neural activity to be tracked during a prolonged low-frequency stimulus rather than just at its onset (Henry, 1995). Lichtenhan et al. (2013) have used their auditory nerve overlapped waveform (ANOW) technique to measure these potentials from the round windows of cats and guinea pigs, and reported that in guinea pigs these potentials originate in the cochlear apex for stimuli below 70 dB SPL (Lichtenhan et al., 2014). Human intraoperative round window neurophonic measurements have been reported by Choudhury et al. (2012). We have done the same in hearing impaired awake participants, and present here the results of a pilot study in which we recorded responses evoked by 360, 525, and 725 Hz tone bursts from the cochlear promontory of one participant. We also present a modification to the existing measurement technique which halves recording time, extracting the auditory neurophonic by recording a single averaged waveform, and then subtracting from it a 180° group-delayed version of itself, rather than using alternating condensation and rarefaction sound stimuli. We cannot conclude that the waveforms we measured were purely neural responses originating from the apex of the cochlea: as with all neurophonic measurement procedures, the neural responses of interest cannot be separated from higher harmonics of the cochlear microphonic without forward masking, regardless of electrode location, stimuli or post-processing algorithm. In conclusion, the extraction of putative neurophonic waveforms can easily be incorporated into existing electrocochleographic measurement paradigms, but at this stage such measurements should be interpreted with caution.

Keywords: cochlea, electrocochleography, cochlear microphonic, auditory neurophonic, hearing impairment

INTRODUCTION

Over time, changes in the criteria for cochlear implant (CI) candidacy have led to growing numbers of CI candidates presenting with useable low-frequency (LF) hearing thresholds (i.e., <1 kHz). Improvements in minimally traumatic surgical techniques and the availability of “atraumatic” electrodes have improved the chances that this residual hearing may be preserved, enabling improved speech perception and appreciation of music (Gantz et al., 2005; Dorman and Gifford, 2010; Adunka et al., 2013). Intraoperative monitoring of LF hearing has the potential to help preserve this residual hearing (Mandalà et al., 2012). One approach has been to use cochlear response telemetry, using the CI electrodes themselves to monitor cochlear responses (Radeloff et al., 2012; Campbell et al., 2016). Of the cochlear potentials measurable using this technique, Campbell et al. have found that the onset compound action potential (CAP) and summating potential (SP) had poorer signal-to-noise ratios than the cochlear microphonic potential (CM), leading them to rely on the CM for intraoperative monitoring. While CM changes may indicate damage to the organ of Corti, the low-frequency CM amplitude recorded in the basal turn is not frequency specific (Patuzzi et al., 1989). It also does not provide information about the function of residual inner hair cells (IHCs) or neurons, and cannot be used for participants with non-functional outer hair cells (OHCs). Similarly, practitioners of electrocochleography (ECochG) have reported that while tone-burst stimuli allow estimation of auditory threshold for frequencies above 1 kHz, tone burst CAPs below 1 kHz are often smaller, because the slow onset/offset ramps required to avoid spectral splatter are less effective at eliciting synchronized neural firing at the onset of the tone burst, thereby underestimating LF sensitivity. Therefore, there is a need for a reliable intraoperative assay of very low frequency (<1 kHz) IHC/neural function in CI recipients.

One such assay may be the synchronized neural firing evoked during longer-duration LF tones. The cochlear response to ongoing tones has been measured since the earliest studies of cochlear potentials (Wever and Bray, 1930). Then, as now, a major issue was determining the source of the measured potential (i.e., cochlear or brain stem, OHC or neural). Because assumptions about generator sites are closely linked to the names given to such responses, nomenclature must be carefully considered. Over the decades, the response to ongoing tones has been given various names. In the earliest studies of cochlear potentials, the response termed the “Wever and Bray phenomenon” (Wever and Bray, 1930) in due course came to be understood as having both hair cell (cochlear microphonic) and neural contributions (Adrian, 1930; Adrian et al., 1931; Derbyshire and Davis, 1935). Similar responses measured with intra-cranial electrodes within various parts of the auditory brainstem were called “frequency following responses” (Boudreau and Tsuchitani, 1964; Worden and Marsh, 1968) but were later dubbed “auditory neurophonic” by Weinberger et al. (1970) to reflect their neural origin, and their similarity with the cochlear microphonic potential. Snyder and Schreiner (1984) reused this terminology but re-defined the “auditory neurophonic” as the response of individual auditory brainstem nuclei, and used the more specific term of “auditory nerve neurophonic” (ANN) to refer to the neurophonic measured differentially along the auditory nerve. Moreover, they reserved the (previously used) term “frequency-following response” to refer to activity measured from the scalp, which included auditory neurophonics from the auditory nerve, as well as higher auditory brainstem structures (Snyder and Schreiner, 1984, 1985). Henry (1995, 1997) and Choudhury et al. (2012) also used the term ANN, but this time referring to the neural component of the response measured from the round window (RW) of gerbils and humans, respectively. These authors used alternating condensation and rarefaction sound stimuli to cancel the first harmonic of the contributions to the averaged waveforms (assuming this to be dominated by the CM). This processing strategy cancels out the fundamental frequency of all response components, including the CM, leaving a smaller amplitude, frequency-doubled residual waveform containing the higher harmonics and baseline shifts of the hair cell and neural responses (Sellick et al., 2003). It is worth emphasizing that this frequency-doubling is a consequence of the summing of responses to alternating stimuli, and that any neural response in the unprocessed waveform will repeat at the stimulation frequency f, rather than at 2f. Lichtenhan et al. (2013) subsequently used the term the “auditory nerve overlapped waveform” (ANOW) to describe this same residual waveform recorded from the RW or nearby bone in cats and guinea pigs, albeit with the baseline shift removed to facilitate measurement of the AC component. Using a name other than “ANN” avoids the insinuation that the residual waveform is purely neural. However, the inclusion of “auditory nerve” in the “ANOW” name may also be problematic: any such waveform will inevitably contain both neural (ANN) and residual hair cell (CM) contributions, and it is not possible to determine the source of these higher harmonics by this processing strategy alone (see Section Discussion). In addition to “ANOW”, Lichtenhan et al. (2014) also used the term CRave, mid (i.e., the averaged cochlear response from the middle of the alternating tone burst) to acknowledge that multiple cochlear generators contribute to this response over a range of sound levels. In light of this ambiguity, here we will also refer to the response as CRave, mid, or as the “putative neurophonic”.

We present here examples of the waveform recorded from the cochlear promontory in one participant (one ear). The invasive nature of the measurements limited our participant pool to subjects with suspected cochlear pathologies already undergoing transtympanic ECochG. We present in-depth results from one participant chosen for their clear tone-burst CAP responses and cochlear microphonic waveforms as seen in standard ECochG recordings, and use these (i) to demonstrate a novel technique that halves the averaging time for extracting steady-state tone responses and obviates the need for alternating condensation and rarefaction stimuli; (ii) to demonstrate that these measurements can be made as a relatively quick addition to any standard ECochG protocol; and (iii) to highlight the inherent ambiguity in any such waveform regarding contributions from the non-linear OHC receptor current (CM), and non-linear neural responses. This ambiguity is not an artifact of any particular processing algorithm, stimuli or electrode placement, but is intrinsic to the physiological mechanisms generating the CM and neurophonic. This point is critical, given the renewed clinical interest in the use of ECochG for intraoperative monitoring, and must be addressed before the relationship between neurophonic and audiometric thresholds can be established. It is not possible to confirm the neural origin of such a response without, for example, showing it is susceptible to forward masking (unlike hair cell responses), or by using neurotoxins such as tetrodotoxin or kainate, as is possible in experimental animals.

METHODS

Patient Selection and Pre-testing

This study was carried out in accordance with the recommendations of the National Ethics Advisory Committee's “Ethical Guidelines for Intervention Studies”. The participant gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Southern Health and Disability Ethics Committee (Ethics Ref: 14/STH/92). Following air- and bone-conduction audiometry and tympanometry, the participant underwent routine transtympanic ECochG in one ear only, as part of diagnosis for suspected Menière's syndrome (Allsop, 2016). In the end, for this participant the SP/CAP ratios in response to both clicks and tone bursts were not consistent with hydrops in the ear tested, according to Gibson's criteria (see Hornibrook et al., 2012). Audiometry revealed that the participant had a mild-to-moderate sensorineural hearing impairment in that ear: air conduction thresholds in dB HL (dB SPL in brackets) were 30 (55) at 250 Hz, 25 (35) at 500 Hz, 40 (45) at 1 kHz, 40 (50) at 2 kHz, 25 (35) at 4 kHz, 55 (70) at 6 kHz, and 60 (75) at 8 kHz, with bone conduction thresholds within 5 dB of air-conduction at the four frequencies tested (0.5, 1, 2, and 4 kHz). The contralateral ear showed a profound hearing loss, with responses unable to be measured at the limits of the audiometer.

ECochG Procedure

ECochG procedures used were the same as described in Hornibrook et al. (2012). The combined reference/ground electrode was placed on the forehead. Both electrodes were Ag/AgCl ECG electrodes (Blue Sensor; Ambu, Denmark). The tympanic membrane and ear canal were numbed with phenol before placing the monopolar transtympanic needle electrode (TECA; CareFusion, USA) onto the cochlear promontory. The electrode was held in place by a custom-made headphone holder, over which the magnetically shielded supra-aural headphone was placed.

Custom-written software was used to generate the stimuli, and record and process the responses. Tone burst stimuli at 360, 525, and 725 Hz (30 ms duration, 2 cycle rise-fall time) were presented at 18 stimuli/second at calibrated levels through the supra-aural headphone via a digital-to-analog converter (NI9269; National Instruments, TX, USA), and a battery-powered amplifier (MX28 MiniMix VI, Rolls Corporation). Sound stimuli frequencies were chosen to avoid harmonics of the 50 Hz mains power frequency. Where time constraints allowed (i.e., for 525 and 725 Hz), presentation levels were incremented in 5 dB steps, to obtain at least two responses above and below onset-CAP threshold. Sound levels are presented here as dB peSPL, which should allow the reader to reconstruct the stimuli used in this study. While we did not measure psychophysical detection thresholds to these stimuli, we assume they would lie between those recorded by Poulsen and Legarth (2008) for 5 ms tone bursts, and the long-duration tones used in audiometry (ANSI, 2004).

The ECochG response was amplified with an electrically isolated bioamplifier (MK15; Amplaid, Milan, Italy), band-pass filtered at 0.5 Hz and 3 kHz (1st order high-pass, 2nd order low-pass), and sampled at 44.1 kHz (NI9222; National Instruments, TX, USA). Averaging and processing of the responses was performed by our software. Whole averaged ECochG waveforms (n = 300–310) were recorded, and the plateau region of the response was used for post-processing.

The analysis window was chosen to be during the plateau (after the tone burst onset CAP), where the amplitude of the response has largely adapted. The exact analysis window varied with frequency, commencing 1.5 stimulus cycles after the onset CAP at response threshold, and included an integer number of stimulus cycles (4 cycles for 360 Hz, 8 for 525 Hz, and 13 for 725 Hz) before the start of the stimulus offset ramp. The noise floor and pre-stimulus DC offset were calculated from the 5 ms pre-stimulus window. The entire averaging process lasted ~10 min per ear when presenting alternating stimuli at three frequencies and six sound levels.

Responses from condensation (“CON”) and rarefaction (“RAR”) tone bursts were averaged separately. After removing any DC offset, the CON and RAR waveforms were summed and divided by 2 to produce the “SUM” waveform (see Figure 1) with the aim of canceling, or at least minimizing, any contributions that are of opposite polarities in the CON and RAR responses (assumed to be dominated by CM). The RAR waveform was subtracted from the CON waveform, and the result divided by 2 to produce the “DIFF” waveform, which allowed examination of the putative CM contribution.
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FIGURE 1. The post-processing steps to produce the CRave,mid from the ECochG response, in this case a 525 Hz 85 dB peSPL tone burst. CON and RAR are the averaged ECochG responses to condensation and rarefaction tone bursts, respectively. The CRave,mid is the sum of the CON and RAR responses, with the baseline shift removed. The SUMsmooth waveform was produced by low-pass filtering the SUM waveform at f. The analysis window was further divided into epochs with a duration of one cycle of the stimulus in length for further averaging of the CRave,mid. The averaged CRave,mid waveform therefore contains 2 cycles of CRave,mid at 2f.



The SUM waveform contained a slow baseline shift, which could be removed by subtracting a bandpass filtered version of the SUM response (high-pass at 0.01 Hz, low-pass at stimulus frequency, both with 35 dB/octave roll-off) from the unfiltered SUM waveform, leaving the CRave,mid waveform that is the focus of this study.

Averaging Within the Tone Burst

As in Lichtenhan et al. (2013), the signal-to-noise ratio of the waveform could be further improved by dividing the analysis region of the CRave,mid waveform into epochs the length of one cycle of the stimulus frequency f (or two cycles of the 2f CRave,mid). These epochs were then averaged together (Figure 1). For the 360 Hz tone burst, 4 stimulus cycles were averaged, increasing the SNR by 6 dB (√4) or reducing the time taken to reach a given SNR by 4-fold. Similarly, averaging time was reduced at 525 Hz and 725 Hz by 8-fold and 13-fold, respectively, with increases in SNR of 9 dB and 11 dB, respectively.

Sham Control Responses

As in any electrophysiological response that follows the sound stimulus, it is essential to confirm that the recorded responses are not the result of electromagnetic feed through between the headphone and the recording electrode. If using insert earphones, control responses could be obtained simply by clamping off the sound delivery tube or blocking the ear canal, but this was not possible with the supra-aural headphones used in this study, with an electrode placed through the tympanic membrane. This is a limitation of this study. However, as shown in Figure 2, the CRave,mid and DIFF responses did not grow with sound level by 1dB/dB (gray lines in Panels G and H), as would be expected from electrical capacitive feedthrough from the headphone transducer. Moreover, our focus on the higher harmonics of the averaged responses makes any residual linear feed-through of little concern.


[image: image]

FIGURE 2. (A) Plots of averaged SUM (dark trace) and DIFF (light trace) responses to 30 ms condensation and rarefaction tone bursts at 360 Hz. The SUM trace is equivalent to averaged ECochG responses to alternating stimuli. The onset CAP can be seen in the SUM trace at the highest level presented (asterisk). The analysis window is shown in gray. (B) CRave,mid waveforms (±1 s.d.) obtained by further averaging of the baseline-shifted SUM waveforms shown in (A). The analysis window was divided into integer multiples of the stimulus cycle at f, and so contains 2 cycles of the CRave,mid at 2f .(C) and (E): As for (A), with tone bursts at 525 and 725 Hz, respectively. (D) and (F): As for (B), with tone bursts at 525 and 725 Hz, respectively. (G) Input-output curves for the CRave,mid response amplitude, calculated from the amplitude of the 2f spectral peak of the baseline shifted SUM waveforms at 360 Hz (blue circles), 525 Hz (green squares), and 725 Hz (orange triangles). The noise floor (horizontal dashed lines) was calculated from the RMS amplitude of the waveforms in the 5 ms pre-stimulus window for each frequency and stimulus presentation level, and then averaged to produce the average noise floor value shown for each frequency. CRave,mid amplitudes that are below the noise floor are shown with open symbols and dotted lines. (H) Input-output curves for the DIFF response amplitude, calculated from the amplitude of its spectral peak at f.



RESULTS

Figure 1 shows an example of the sequence of post-processing steps to produce a CRave,mid waveform. The CRave,mid waveform is essentially the sum of the condensation and rarefaction tone burst responses, with the baseline shift removed to facilitate processing (i.e., further averaging within the plateau region analysis window). Note that the CRave,mid appears as a frequency-doubled waveform (i.e., at 2f) as a result of the summing of condensation and rarefaction stimuli. The putative neurophonic appears in the CON and RAR waveforms at f, where it contributes to their distorted wave shapes (Figure 1).

In Figure 2 panels A, C, and E are plots of the entire 30 ms- long SUM and DIFF waveforms over a range of stimulus sound levels. The CAP at the tone-burst onset is visible in the SUM waveform (indicated by an asterisk in Panels A, C, and E). The SUM waveform is equivalent to the averaged response from alternating stimuli commonly used in ECochG. The decrease in CAP latency with increasing stimulus sound level can also be clearly seen for 525 and 725 Hz. Unfortunately, due to time constraints, not all sound stimulus levels were tested at 360 Hz. Panels B, D, and F of Figure 2 show the corresponding CRave,mid waveforms for each sound level, obtained as shown in Figure 1. The gray traces above and below these averaged CRave,mid waveforms (shown in black) represent ± 1 standard deviation (calculated across the number of averaged stimulus cycles in the analysis window; i.e., n = 4, 8, and 13 for 360, 525, and 725 Hz, respectively).

Panels G and H of Figure 2 show input-output functions for the CRave,mid and DIFF. The amplitude values of CRave,mid and DIFF were obtained from the spectrum at 2f and f, respectively. Responses below the noise floor are shown with open symbols. The noise floor for visual detection for each input/output function was calculated as the mean RMS amplitude of the averaged trace in the pre-stimulus window (5 ms before tone-burst onset).

The growth of the CRave,mid and DIFF responses out of the noise floor shown in the input-output functions can be seen in the averaged traces (Figures 2A,C,E). The diagonal lines in panels G and H of Figure 2 represent the 1 dB/dB growth expected for a capacitive feed-through electrical artifact.

An Alternative Processing Strategy

Because the analysis time window covered a relatively stable region of the LF-evoked promontory response waveform and excluded any onset components, we were able to employ a novel variation of the technique described above that halved the time taken to obtain an averaged response. This was achieved by presenting only CON tone bursts, and using a 180° group-delayed version of the CON response to replace the RAR responses during the processing described above, producing the trace shown as the [image: image] waveform in Figure 3. Similarly, if only rarefaction tone bursts were presented then group-delayed RAR responses could be used instead of CON responses ([image: image] in Figure 3). In both cases, the exact delay applied corresponded to half of one cycle of the stimulus frequency. These three processing methods are compared in Figure 3, both in the time and frequency domains.


[image: image]

FIGURE 3. Comparison of the CRave,mid processing strategies at the 3 frequencies tested. Responses were obtained by averaging CON and RAR alternating stimuli as in standard ECochG (“CRave,mid”, black solid traces), and also by presenting only CON tonebursts, and using a 180° group-delayed version of CON response to replace the RAR responses during the processing (“[image: image]”, gray solid traces). Similarly, the “[image: image]” responses (gray dotted traces) were obtained by presenting only RAR tonebursts and using a 180° group-delayed version of the RAR response to replace the CON response during the processing. Although, the onset CAPs differ in latency for these three methods, these fall outside our CRave,mid analysis window. Within the analysis window (gray boxes), the CRave,mid, [image: image] and [image: image] waveforms mostly overlie. Similarly, the spectra of the three waveforms (right) within these analysis windows also overlie.



The three waveforms do not overlie at the beginning of the tone burst, because the transient onset components differ in latency between condensation and rarefaction responses (Peake and Kiang, 1962). However, the onset-CAP falls outside the analysis window used in our and previous studies. Within the analysis window the three waveforms mostly overlie, as do their amplitude spectra calculated over this same window.

DISCUSSION

The results of the present study have been obtained using variations on the methods and post-processing strategies described by Henry (1995, 1997), Adrian (1930), and Lichtenhan et al. (2013, 2014). The novel averaging strategy presented here halved the averaging time without substantially changing the response for this participant (Figure 3), and within-tone-burst averaging improved the signal-to-noise ratio by a factor proportional to the number of analyzed cycles. Ideally, the length of these tone bursts could be greatly increased, thereby lengthening the usable analysis window and further improving the signal-to-noise ratio. This measure would further reduce the averaging time if using a fixed SNR criterion for response detection. It would also improve the frequency specificity of the stimulus by reducing spectral splatter often present in short-duration tone-bursts. These advantages may outweigh the reduction in response amplitude that may result from excluding the pre-plateau components from the analysis window.

We and others are interested in the neurophonic waveform as an objective indicator of low-frequency cochlear sensitivity that can be added to existing ECochG protocols. The waveform may be of particular use for i) objective measurement of low-frequency thresholds/cochlear function in the clinic, and ii) intraoperative monitoring during ear surgery for patients with serviceable low-frequency hearing (e.g., CI recipients). CM recordings during implantation may prove a useful indicator of generalized damage to the organ of Corti (Campbell et al., 2016), and may also provide information regarding OHC operating point shifts caused by cochlear pressure and fluid balance changes (Patuzzi and Moleirinho, 1998). However, the CM is an assay of local OHC function only; a reliable frequency-specific assay of cochlear nerve sensitivity would be useful.

Unfortunately, we cannot conclude that the CRave,mid waveforms presented here were purely neural, nor that they originated solely from the cochlear apex. This is because (a) no post-processing strategy can distinguish between cochlear microphonic and neurophonic, because the two responses will have varying degrees of both symmetric and asymmetric distortion, depending on sound level and pathology; (b) no additional procedure to assess the neural component (e.g., forward masking) was performed; and (c) our participant did not have normal hearing. The last point means we cannot rely on evidence from previous studies illustrating the reliability of the CRave,mid as a measure of neural function for stimuli presented below certain sound levels.

The issue of the separation of CM and neurophonic is not new (see, for example, Marsh et al., 1970; Snyder and Schreiner, 1984; Chimento and Schreiner, 1990; Forgues et al., 2014), and must be considered in any future studies of neurophonic waveforms, because the neurophonic and the CM occur concomitantly in cochlear recordings to varying degrees depending on recording location, electrode montage and pathology. Even for differential recordings along the cochlear nerve at the internal auditory meatus (e.g., Snyder and Schreiner, 1984), the CM may be present to a degree because of the proximity of the electrode locations to the cochlear fluids (see Stegeman et al., 1997, Pastras, under review).

Ideally then, to improve the reliability of the CRave,mid as an estimate of low-frequency sensitivity of the cochlear nerve, recordings should be performed with an electrode placement or montage that limits the contribution of cochlear hair cell potentials and maximizes the contribution of the cochlear nerve electrical activity. For example, we would expect that placing the non-inverting electrode on the promontory rather than the RW would reduce the amplitude of the CM, with little attenuation of the neurophonic. This assumes that the neurophonic, like the CAP, is a field-potential whose dipole is localized to the internal auditory meatus (Brown and Patuzzi, 2010; Rattay and Danner, 2014), whereas the CM is a field potential whose dipole spans the basilar membrane, and which electrically partially cancels at locations such as the bony regions of the middle ear. That is, by utilizing differences in the electrotonic spread of the VIIIth nerve field potential and cochlear hair cell field potential, it should be possible to choose a recording location that has an optimal nerve:hair cell contribution, in regards to their electrical activity. We have not compared recording locations in this study, and we do not suggest that the promontory is by any means the optimal recording location for neurophonic potentials, but the promontory should have a better neural:CM ratio than the RW. This issue should be considered in future measurements, because any reduction in the hair cell component of the response would reduce averaging time and increase certainty about the neural threshold, both of which are crucial considerations for real-time intraoperative monitoring of peripheral sensitivity. It is important to note that optimal electrode recording location will reduce but not eliminate possible “contamination” of neural responses by CM.

Methods for Separating Hair Cell and Neural Contributions

Averaging of responses to alternating polarity stimuli is routinely used in ECochG and provides “good enough” cancelation of CM for detection of onset-CAP. However, it will not cancel the CM unless the CM waveform is symmetric. It has been proposed that CM and neural components could be separated using spectral analysis of the CRave,mid waveform, assuming asymmetric distortion of CM and half-wave rectification of neural responses (Choudhury et al., 2012; Forgues et al., 2014). This method is unreliable, however, because the CM can distort symmetrically or asymmetrically, depending on the operating point of the non-linear transfer curve relating the opening probability of the mechanoelectrical transduction channels and the flow of current into the OHCs (Patuzzi and Moleirinho, 1998). Furthermore, OHC operating point is labile, particularly as a result of exposure to (intense) low-frequency tones (O'Beirne, 2005) or as a result of cochlear pathology such as Menière's syndrome or endolymphatic hydrops (Sirjani et al., 2004; Brown et al., 2013). Similarly, neural response phase varies with sound level (e.g., “peak-splitting”; Kiang, 1990) and following acoustic trauma (Patuzzi and Sellick, 1983). Thus, it is not possible to isolate the underlying cause of changes in the magnitude or phase of spectral components in any given participant, without application of additional measurement techniques, or a priori knowledge of the underlying physiology. In animal experiments, Henry (1995, 1997) and Lichtenhan et al. (2014) used tetrodotoxin to block neural responses and reported that, at least in their experiments, a significant proportion of the response measured at the RW was neural in origin. Nevertheless, the question remains whether the source of a response obtained with a human participant in a clinical setting is predominantly neural or OHC, particularly because any given participant will have their own individual pattern of OHC and/or neural hearing loss.

Forward masking presents one potentially useful clinical method of separating CM and neurophonic. Henry (1995, 1997) has demonstrated the use of forward masking of neural responses in RW measurements to obtain “pure” CM waveforms that could be subtracted from the raw waveform to produce a “pure” ANN. This process is analogous to the masking protocol presented by Chimento and Schreiner (1990) for removing CM from scalp-recorded FFR, and has the advantage that the resultant waveform retains the large amplitude response at the stimulus frequency (Chimento and Schreiner, 1990), unlike the summing of responses to alternating polarity stimuli.

CRave,mid and Audiometric Thresholds

We were not able to compare audiometric thresholds to CRave,mid threshold here, because (i) the CRave,mid was obtained at non-standard frequencies (for which audiometric thresholds were not measured) in order to avoid harmonics of 50 Hz mains interference, and (ii) because of the limited amount of data obtained (3 frequencies only). Approximate audiometric thresholds at 360, 525, and 725 Hz (obtained by interpolating from the audiogram data—see Section Methods) did not show a clear relationship to CRave,mid thresholds, nor did onset-CAP thresholds obtained from the SUM waveforms in Figure 2. Audiometric thresholds, together with onset-CAP and CRave,mid input-output functions should be obtained in a large number of both normal and hearing-impaired participants to determine the relationship between CRave,mid and audiometric threshold.

Neurophonic Frequency Specificity

Another issue that must be considered in interpreting CRave,mid amplitudes is the basal-ward recruitment of neural firing at high sound levels (Snyder and Schreiner, 1985). CRave,mid measurements in (normal hearing) guinea pigs show a significant neural component originating in the cochlear apex only for sound levels of 70 dB SPL or less (Lichtenhan et al., 2014). This issue is further complicated for individuals with hearing loss: the low-frequency tuning curve tails of high characteristic frequency neurons can become hypersensitive with particular patterns of neural/inner hair cell and OHC damage (Liberman and Dodds, 1984; also reviewed in Patuzzi and Robertson, 1988). That tail hypersensitivity also occurs with temporary threshold shift after acoustic trauma (Patuzzi and Sellick, 1983) is a salient point if measuring neurophonic responses intraoperatively before and after temporal bone drilling. High characteristic frequency neuron tail responses could be reduced by masking.

CONCLUSIONS

Incorporating neurophonic measurement into standard ECochG protocols may offer an attractive method for objectively estimating the sensitivity of the apical portions of the cochlea. However, the fact that the CM and neurophonic can have varying degrees of both symmetric and asymmetric distortion in any given participant means that no post-processing algorithm can reliably separate these two components (either in the time- or frequency-domains). Before the relationship between the neurophonic and audiometric threshold can be established in normal hearing and pathological ears, future research in humans must determine optimal electrode montages that reduce CM contamination of neurophonic responses at the “front-end”, and most importantly, pursue masking techniques that ensure reliable separation of neural and hair cell responses, and which increase the frequency selectivity of the measured neurophonic waveform. These issues must be addressed in a timely manner given the growing interest in the use of the neurophonic as an objective measure of low-frequency cochlear function.
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Electrocochleography (ECochG) to high repetition rate tone bursts may have advantages over ECochG to clicks with standard slow rates. Tone burst stimuli presented at a high repetition rate may enhance summating potential (SP) measurements by reducing neural contributions resulting from neural adaptation to high stimulus repetition rates. To allow for the analysis of the complex ECochG responses to high rates, we deconvolved responses using the Continuous Loop Averaging Deconvolution (CLAD) technique. We examined the effect of high stimulus repetition rate and stimulus duration on SP amplitude measurements made with extratympanic ECochG to tone bursts in 20 adult females with normal hearing. We used 500 and 2,000 Hz tone bursts of various stimulus durations (12, 6, 3 ms) and repetition rates (five rates ranging from 7.1 to 234.38/s). A within-subject repeated measures (rate x duration) analysis of variance was conducted. We found that, for both 500 and 2,000 Hz stimuli, the mean deconvolved SP amplitudes were larger at faster repetition rates (58.59 and 97.66/s) compared to slower repetition rates (7.1 and 19.53/s), and larger at shorter stimulus duration compared longer stimulus duration. Our concluding hypothesis is that large SP amplitude to short duration stimuli may originate primarily from neural excitation, and large SP amplitudes to long duration, fast repetition rate stimuli may originate from hair cell responses. While the hair cell or neural origins of the SP to various stimulus parameters remains to be validated, our results nevertheless provide normative data as a step toward applying the CLAD technique to understanding diseased ears.

Keywords: cochlea, auditory nerve, phase locking, tone burst, high stimulus rate, continuous loop averaging deconvolution

INTRODUCTION

Electrocochleography (ECochG) is a technique that can be used to objectively assess physiologic properties of the auditory periphery. The application of ECochG to both clinical and research purposes is extensive and its use as a diagnostic tool for Ménière's disease has long been considered. While specific criteria have been examined, such as the use of the summating potential (SP)/compound action potential (AP) amplitude ratio, the relatively low sensitivity of this measure alone has limited its diagnostic value for Ménière's disease (Ferraro and Tibbils, 1999; Ferraro and Durrant, 2006; Al-momani et al., 2009). The lack of sensitivity of the SP/AP ratio measure obtained from click stimuli, and the unknown origins of the disease, has led to the continued refinement of ECochG uses to advance the differential diagnosis of Ménière's disease.

One such method has been the use of tone burst stimuli to assess the SP across frequencies. As Ménière's disease typically presents with fluctuating hearing loss, initially affecting the low frequencies, physiologic measurements from throughout the length of the cochlear spiral may help provide new insight into the disease. While the origins of various components of the SP and AP components are still being sought after and understood, both have been shown to vary greatly with stimulus parameters. While the SP and AP can interleave in a given measurement, the amplitude of the SP appears to sustain for the duration of the response and makes it an attractive attribute to study.

Gibson (1993) was one of the first to develop criteria for the use of tone burst ECochG measurements to assess of Ménière's disease with the SP amplitude. Gibson (1993) determined that the most effective frequencies when evaluating the disorder were 500 and 1,000 Hz, while 4,000 Hz was the least effective. Gibson (2009) repeated the study with matched hearing loss controls (ears without Ménière's disease, but with sensorineural hearing loss) and found that 500, 1,000, and 2,000 Hz were most sensitive, while significant overlap in responses between groups occurred at 4,000 and 8,000 Hz. (Gibson, 1993, 2009) also compared the results to click stimuli SP/AP amplitude ratio measurements, and determined the use of tone burst SP amplitude was a sensitive measure to Ménière's disease. Others have found increased sensitivity with SP amplitudes obtained from 1,000 Hz tone burst stimuli when compared to click evoked SP/AP amplitude ratios (Conlon and Gibson, 2000; Iseli and Gibson, 2010). These findings support the use of frequency specific stimuli in ECochG measures when examining the effects of Ménière's disease.

At present time, the majority of tone burst ECochG studies designed to examine the SP have used relatively long stimulus durations (≥12 ms). While this approach allows for clearer observation of the SP after the AP amplitude has adapted, it limits the stimulus repetition rate at which tone burst stimuli can be presented without overlaying of the signal. Wuyts et al. (2001) examined the effect of 1,000 Hz repetition rate on the SP amplitude in subjects with and without Ménière's disease. Stimulus repetition rate was varied between 8.4 and 37.4 tone bursts/second and the investigators found that that SP amplitude increased with increased rate, regardless of the presence or absence of the disease, with larger SP amplitude found in those with the disease. While Wuyts et al. (2001) studied the effect varying stimulus repetition rate using transtympanic ECochG, there is limited research focused on the use of extratympanic ECochG measurements to tone burst with various repetition rates, particularly above 37 tone bursts/second.

The use of high stimulus repetition rates face limitations as rate increases to the point where the responses overlay, obscuring one another. As measurements to high rates are significantly degraded and difficult to interpret using the standard measure analysis technique, ECochG to very high repetition rates requires a special technique to help analyze the complex, overlain responses (Delgado and Ozdamar, 2004). This complex waveform occurs as the response from one eliciting stimulus has not ended before the presentation of the next. Recently, a new technique, continuous loop averaging deconvolution (CLAD), has been designed to employ algorithmic formulas to deconvolve or “unmix” waveforms collected at very high rates. The application of CLAD to ECochG measurements obtained with high stimulus repetition rates has been utilized successfully. Kaf et al. (2017) quantified normative ECochG and ABR measures to click at rates up to 507 clicks/s using this novel technique. The CLAD technique has also shown promise in the assessment of Ménière's disease through the use of high, 780 clicks/s, repetition rates (Bohorquez et al., 2009).

The present study was designed to investigate the effects of high rate and stimulus duration on SP amplitude of 500 and 2,000 Hz tone burst ECochG in adults with normal hearing. This research is the first step in understanding the physiological effect of high rate on tone burst ECochG in subjects without a history of inner ear pathology, and in establishing normative SP amplitude data upon which further research can build. The goals of this study are to (1) establish normative SP amplitude data for high repetition rate 500 and 2,000 Hz tone bursts, and (2) quantify the effect of stimulus duration on measurements to various stimulus repetition rates.

METHODS

Participants

This study was approved by the Missouri State University Institutional Review Board and written informed consent was obtained from each participant. Twenty-one female adults between the ages of 20–35 years with normal hearing sensitivity were recruited for participation in this study. However, due to poor replicability of tone burst waveforms from one participant, only the data of 20 participants was analyzed in this study. Criteria for participation in the study included: (1) otoscopic evaluation revealing ear canals clear of cerumen and debris, (2) normal hearing sensitivity determined by pure tone air conduction audiometry, with thresholds ≤25 dB HL from 250 to 8,000 Hz (Goodman, 1965); (3) normal middle ear status as confirmed by 226 Hz tympanometry and the presence of normal static compensated admittance, tympanometric pressure, and ear canal volume (American Speech-Language-Hearing Association, 1988); and (4) a recordable SP and AP with standard click ECochG measurements. Female participants were recruited for participation in this study. Although gender differences were not assessed during this study, previous research has not demonstrated significant differences in ECochG responses between male and female subjects (Wilson and Bowker, 2002).

Equipment

All participants were tested in the sound booth at the Missouri State University auditory research laboratory. The Intelligent Hearing Systems SmartAudiometer was used to assess hearing thresholds from 250 to 8,000 Hz using pure tone stimuli presented via ER-3A insert earphones under sound booth conditions. The Intelligent Hearing System Smart–Evoked Potential equipment was used for the extratympanic ECochG recordings; with ER-3A insert earphones used to deliver the stimuli. The equipment was calibrated according to manufacturer specifications, using a precision sound level meter (Quest, Model 155), microphone (Bruel and Kjaer, Model 4144), and a 2-cc (HA-2) coupler (Bruel and Kjaer, Model DB-0138) and followed the IEC standard for peSPL (0 dBnHL = 32 dB peSPL ±3 dB). A homemade tympanic electrode (Ferraro and Durrant, 2006) was used as the inverting electrode placed on the tympanic membrane. The materials used to construct the electrodes included bare silver wire (0.008 inch diameter), silicon tubing (0.0077 inch outer diameter; 0.058 inch inner diameter), cotton balls, electrode conducting gel, and a needle syringe. A microalligator clip was used to connect the wire end of the tympanic membrane electrode to the pre-amplifier.

Stimulus and Recording Parameters

A one channel montage was used for ECochG recording from the test (right) ear of each participant. The inverting tympanic membrane electrode was placed on the tympanic membrane of the right ear, the non-inverting electrode was placed on the ipsilateral (right) mastoid, and the ground electrode was placed on the contralateral (left) mastoid. Ferraro et al. (1994a) suggest the use of an ipsilateral montage in order to reduce the contribution of later waves associated with ABR in the response. Electrode impedance was kept ≤7 Ω at each electrode site.

Prior to the collection of tone burst ECochG at high rate, standard, slow rate click ECochG was performed for the right ear. This step allowed for a clear observation of the SP and AP components in the waveform to ensure these potentials were present under standard ECochG parameters prior to the implementation of the experimental test protocol. Hundred microsecond broad-band click stimuli were presented at 75 dB nHL, with alternating polarity at a rate of 7.1/s. The recording epoch was set for 5 ms. A band-pass filter setting of 10–3,000 Hz and a gain setting of 100,000 were utilized. Two traces were collected, each recorded for 1,000 sweeps.

For the present study, the rate values examined included 7.1, 19.53, 58.59, 97.66, and 234.38/s. All rates, with the exception of 7.1/s, are CLAD rate sequences that were developed and evaluated by the Intelligent Hearing Systems for their ability to deconvolve the recorded response using the CLAD algorithm. These four CLAD stimulus rates were chosen based on the stimulus durations of the tone burst stimuli in order to ensure no overlap occurred in the eliciting signal. As stimulus rate is limited by the stimulus duration, higher rates could not be used without the potential of overlap in the stimulus signal which would be detrimental to the recordings. Loopback recordings of the 500 and 2,000 Hz stimuli were performed at each rate to ensure no overlap occurred within the stimulus.

Each trace was repeated to ensure replicability, with the 2,000 sweeps per trace. The recording epoch was set at 12 ms. As with standard ECochG, recordings were made using an alternating polarity signal a gain of 100,000, and were presented at an intensity level of 75 dB nHL (107 dB SPL). The band-pass filter was set to 3–3,000 Hz; a high pass filter of 3 Hz was used because the SP, as a direct current potential, is particularly sensitive to high pass filter settings. The use of a high pass filter of 3 Hz, is thought to minimize the distortion present in the SP signal (Ferraro et al., 1983).

To examine the effect of rate on SP amplitude response as a function of stimulus duration, recordings were conducted with stimulus durations of 12, 6, and 3 ms for each rate in which no overlap would occur. For example, at 19.53/s all durations (12, 6, and 3 ms) were examined as no overlap occurs at this rate. On the other hand, at the highest rate, 234.38/s, only the 3 ms stimulus duration was examined due to the stimulus overlap that would result from testing using the longer duration stimuli. For both the 500 and 2,000 Hz conditions, 2 ms rise and fall times with an 8 ms plateau was used for the 12 ms duration stimuli and 2 ms rise and fall times with a 2 ms plateau was applied for the 6 ms duration stimuli. For the 3 ms duration stimuli, rise and fall times of 1.5 ms were used, with no plateau.

Procedures

Standard click ECochG was performed on the right ear for all participants. Though not formally analyzed, standard ECochG was performed on all participants to ensure reliable and replicable click ECochG could be obtained prior to the collection of tone burst ECochG. Figure 1 displays standard click ECochG traces for one of the participants (P9). Two traces were recorded, averaged and assessed to ensure the presence of both the SP and AP waveform components before proceeding with the experimental, tone burst ECochG protocol. In a laboratory environment, participants were comfortably seated in a reclining chair. The participant's skin was scrubbed gently with Nu-Prep gel on the electrode site areas, the participant's right (M2) and left (M1) mastoids. Disposable surface electrodes were then placed and attached to these sites. Next, the tympanic membrane electrode was inserted along ear canal and slowly moved toward the tympanic membrane. The patient was informed that they would feel a slight pressure as the electrode came in contact with the tympanic membrane. The patient was instructed to provide verbal feedback regarding their comfort and the pressure sensation accompanying the contact of electrode with their tympanic membrane. The electrode placement was guided by otoscopy, patient report of tympanic membrane contact, and electrode impedance measure of less than 7kΩ. Following placement of the tympanic membrane electrode, an ER-3A insert earphone was placed in the ear canal to hold the electrode in place and deliver the sound stimuli. The portion of the electrode protruding from the ear canal was taped down to the side of the participant's face and attached to a microalligator clip. Participants were reclined, instructed to relax, and encouraged to take a nap during standard click ECochG and experimental tone burst ECochG testing to 500 and 2,000 Hz.
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FIGURE 1. Standard click ECochG responses from one of the participants (P9). Two traces (top) were recorded and averaged (bottom) depicting a typical ECochG response. The SP and AP are labeled on the averaged tracing, though standard ECochG data was not formally assessed during this study.



Following recording of standard click ECochG, tone burst ECochG to 500 and 2,000 Hz were recorded. The order of the tone burst stimuli and the repetition rates were randomized a priori to eliminate any order effect. At each repetition rate, the appropriate stimulus durations were adjusted from long to short duration as applicable. With each duration and rate, two traces of 2,000 sweeps each were recorded. Once all recordings from the right ear at both 500 and 2,000 Hz were completed, the tympanic membrane electrode was removed from the participant's ear and otoscopy was performed to rule out any sign of injury to the ear canal and tympanic membrane as a result of tympanic membrane placement and to assess tympanic membrane contact location.

Data Analysis

Recordings were completed on 21 participants; however, only data from 20 participants were included in the analysis. Data from one of the participants was excluded due to poor replicability of the tone burst ECochG waveforms. In addition, data from one participant for the 500 Hz, 234.38/s condition was excluded from the analysis due to an incomplete recording for that rate. All other recordings were included in the data analysis. Analysis of the recorded waveforms occurred offline. The two recorded, non-deconvolved traces from each condition were averaged (see Kaf et al., 2017; Figure 1 non-deconvovled ECochG to high click rates). Because of the complexity of the non-deconvolved waveforms, the averaged waveforms were then deconvolved using the CLAD algorithm, and the resulting deconvolved traces were labeled to determine the SP amplitude. Uniform labeling was used across all deconvolved waveforms according to the frequency and duration of the recording; rate was not a factor in the labeling of the waveforms. The SP amplitude measurements were made from the midpoint of the stimulus duration, beginning at the onset of the response, to the baseline. SP amplitude measurement from the midpoint of the response is a common practice in the recording of tone burst ECochG and is thought to allow for SP measurement to made without contribution from the AP at the onset of the response and prior to SP decay at the end of the response (Gibson, 1993, 2009; Ferraro et al., 1994a,b; Wuyts et al., 2001). For 12, 6, and 3 ms stimulus durations, the midpoints were 6, 3, and 1.5 ms respectively. Each of these midpoint measures were made from the onset, the beginning of the response, in order to maintain a uniform SP midpoint latency from which the SP amplitude was measured. The onset of the response was chosen as the point at which a positive shift from baseline was noted and was defined as a latency of 1.5 ms for the 2,000 Hz condition, and at a latency of 2.5 ms for the 500 Hz condition across the recordings from all participants. These latency differences between frequencies may be associated with cochlear travel time, which is longer at apical, low frequencies than basal, high frequencies (Ferraro et al., 1994a). All baseline measurements were made at a latency of 1 ms to measure SP amplitude from a point prior to the onset of the response.

Repeated measures analysis of variance was conducted to compare the effect of rate, duration, and the combination of the two on SP amplitude for both the 500 and 2,000 Hz conditions. A 3 (rate—7.1, 19.53, 58.59/s) × 3 (duration—12, 6, 3 ms) within-subject design was utilized in order to assess the interaction across the variables. To evaluate the remaining rates 97.66 and 234.38/s rates, separate one-way analysis of variance for each duration was conducted to compare responses as a function of repetition rate for both frequencies examined. This included comparing three rates (7.1, 19.53, 58.59/s) at 12 ms durations, four rates (7.1, 19.53, 58.59, 97.66/s) at 6 ms durations, and five rates (7.1, 19.53, 58.59, 97.66, 234.38/s) for the evaluation of 3 ms durations.

RESULTS

Figure 2 depicts the deconvolved tone burst ECochG responses from one of the participants (P9) for the 500 Hz condition for the 12, 6, and 3 ms durations. The SP onset to 500 Hz began at a ~2.5 ms, the location of a positive shift in amplitude from the baseline, and was defined as the starting latency from which the SP midpoint was measured. SP amplitudes were compared across stimulus duration and rate. As the SP is dependent on stimulus duration, the latency of the SP response varied with duration: SP latencies were progressively shorter with decreasing stimulus durations. The SP with the longest latency was to 12 ms stimulus duration, while the shortest was to 3 ms.
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FIGURE 2. CLAD deconvolved, 500 Hz tone burst ECochG measurements from one participant (P9) across stimulus duration (12 ms—top; 6 ms—middle; 3 ms—bottom). Responses to increasing repetition rate are displayed from top to bottom in each panel. SP amplitude was measured as the baseline at 1 ms to the SP waveform midpoint (SP). The SP waveform midpoint (SP) was measured from onset (O).



SPs differed with stimulus repetition rate duration, particularly to the slowest and highest rates. Most notably, oscillations in the waveform can be observed across the slower rates. This pattern was most evident to slower stimulus repetition rates, 7.1 and 19.53/s, but was less evident to increasing rates and not apparent to the fastest rates. This result is consistent with SP oscillations originating from phase-locked neural excitation that adapts to increasing stimulus rate. Oscillations in the SP waveforms did not cause us to deviate from our methods of quantifying SP amplitudes from various stimulus repetition rates and durations.

Figure 3 shows deconvolved measurements from one participant (P9) to the 12, 6, and 3 ms 2,000 Hz stimulus durations. We identified the SP onset (O) as the point where a positive shift from baseline was observed. SP onset was defined as a 1.5 ms latency to 2,000 Hz, an absolute latency kept constant each stimulus repetition rate and duration for all participants. The length of the SP varied with stimulus duration, with the longest SP response associated with the 12 ms stimulus duration and the shortest with the 3 ms duration.
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FIGURE 3. CLAD deconvolved, 2,000 Hz tone burst ECochG measurements from one participant (P9) across stimulus duration (12 ms—top; 6 ms—middle; 3 ms—bottom). Responses to increasing repetition rate are displayed from top to bottom in each panel. SP amplitude was measured as the baseline at 1 ms to the SP waveform midpoint (SP). The SP waveform midpoint (SP) was measured from onset (O).



In contrast to the measurements to 500 Hz stimulus, no oscillating patterns were seen in measurements to 2,000 Hz. Rather, the SP to 2,000 Hz was a notable positive amplitude shift from baseline. The SP latency at peak amplitude varied with stimulus repetition rate and duration, with earlier peak SP amplitude latencies being earlier for slower stimulus repetition rates compared to higher rates. Following this peak the SP amplitude was a gradual decrease in amplitude and increasing latency as the measurement approached baseline. While general amplitude trends were observed over the entirety of the waveform, only the amplitude at midpoint of the SP response was formally assessed.

Group SP amplitudes to 500 Hz varied with stimulus repetition rate (Figure 4A) and duration (Figure 4B). ANVOA results quantified statistically significant differences for main effect of rate, F(2, 38) = 6.216, p < 0.05, η2 = 0.246, and duration, F(2, 38) = 16.097, p < 0.001, η2 = 0.459, and a significant rate and duration interaction, F(4, 76) = 3.461, p < 0.05, η2 = 0.154. The mean difference between SP amplitude as a function of rate was due to significantly larger SP amplitudes (p < 0.05) to 58.59/s (mean = 0.047 μV) than to 7.1/s (mean = 0.00 μV) and 19.53/s (mean = −0.016 μV). No significant difference was found between mean SP amplitudes for the two slowest stimulus repetition rates (7.1 and 19.53/s). The SP amplitude was significantly different (p < 0.05) between all stimulus durations. Mean SP amplitude increased with decreasing stimulus duration, in that the smallest mean SP amplitude was found for 12 ms duration and the largest for the 3 ms duration. The SP amplitude trends observed as a function of duration and rate independently indicate significant differences between the applied stimulus parameters in the collection of the SP response, with high rate and short stimulus duration leading to the largest SP amplitude measurements.
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FIGURE 4. (A) SP amplitudes to 500 and 2,000 Hz varied with stimulus repetition rate (7.1, 19.53, and 58.59/s). SP amplitude to both 500 and 200 Hz were larger for 58.59/s compared to rates 7.1 and 19.53/s. (B) SP amplitudes to 500 and 2,000 Hz varied significantly with stimulus duration (12, 6, and 3 ms). SP amplitudes to 500 Hz were significantly larger for 3 ms stimulus duration than for 12 ms durations and 6 ms durations. Likewise, SP amplitudes to 2,000 Hz were significantly larger for the 3 ms stimulus duration than for 12 and 6 ms durations.



SP amplitudes to 2,000 Hz varied with stimulus repetition rate (Figure 4A) and duration (Figure 4B). We found statistically significant differences for main rate effect F(2, 38) = 6.774, p < 0.005, η2 = 0.263, and duration effect F(2, 38) = 11.379, p < 0.001, η2 = 0.375, and an interaction between rate and duration, F(4, 76) = 6.480, p < 0.001, η2 = 0.254. The mean difference between SP amplitude as a function of rate is due to significantly larger (p < 0.05) SP amplitude at 58.59/s rate (mean = 0.190 μV) than at 7.1/s (mean = 0.075 μV) and 19.53/s (mean = 0.117 μV) rates. No significant difference was found between mean SP amplitudes for 7.1 and 19.53/s. The SP amplitude was significantly larger (p < 0.05) to 3 ms stimulus duration compared to the smaller mean amplitudes to 12 and 6 ms. No statistically significant difference was found between the 12 and 6 ms stimulus durations. Again, significant differences across parameters noted, with SP amplitude values significantly larger for short duration and high repetition rates. Further evaluation of SP amplitudes were performed to examine the effect of stimulus repetition rate for each stimulus duration.

Figure 5 shows mean SP amplitude to each duration of 500 Hz. SP amplitude measurements to each stimulus duration was examined independently across each rate. Statistically significant difference, F(2, 38) = 9.74, p < 0.005, η2 = 0.339 was found for the 12 ms duration across rate. Post-hoc pairwise comparison revealed significantly larger (p < 0.05) SP amplitude to 58.59/s (mean = 0.028 μV) compared to 7.1/s (mean = −0.067 μV) and 19.53/s (mean = −0.107 μV). No significant difference in SP amplitude was found between rates 7.1 and 19.53/s (p > 0.05) to 12 ms stimulus duration. The effect of stimulus repetition rate on SP amplitude was also assessed independently for the 6 ms stimulus duration condition, in order to include 97.66/s, and for the 3 ms duration recordings, in order to include 97.66 and 234.38/s. There was no significant effect (p > 0.05) across rate for the 6 ms condition. However, a statistically significant difference, F(4, 76) = 2.499, p < 0.05, η2 = 0.116, was found for the SP amplitude across rate for the 3 ms condition. Post-hoc pairwise comparison revealed significant differences (p < 0.05) between SP amplitude due to significantly larger SP amplitude to 58.59/s (mean = 0.095 μV) and 97.66/s (mean = 0.07 μV), compared to 234.38/s (mean = 0.026 μV). For the long duration stimuli, a significantly larger SP amplitude is collected with higher stimulus rate; however, the opposite trend is observed with the shorter duration stimuli that produces a smaller mean SP amplitude when the fastest rates are used to elicit the response. To evaluate the SP amplitude data of the responses obtained with use of 2,000 Hz eliciting stimuli, identical analysis procedures were applied.
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FIGURE 5. Mean SP amplitude values for the 12 ms duration, 6 ms duration, and 3 ms duration as a function of repetition rate for the 500 Hz condition.



SP amplitudes to 2,000 Hz varied with stimulus rate and duration (Figure 6). An independent analysis of the measurements to 12 ms stimulus durations revealed a statistically significant difference across rate F(2, 38) = 9.936, p < 0.005, η2 = 0.343. Significantly larger SP amplitude (p < 0.05) was found for 58.59/s (mean = 0.189 μV) compared to 7.1/s (mean = −0.042) and 19.53 (mean = 0.018). No significant difference was found between SP amplitude to 7.1 and 19.53/s (p > 0.05) stimulus repetition rates. To examine the remaining rates, 97.66 and 234.38/s, in the analysis, the effect of stimulus rate was assessed independently for the 6 and 3 ms conditions. The 6 ms duration condition revealed a statistically significant difference, F(3, 57) = 6.009, p < 0.005, η2 = 0.240, between SP amplitude across rate. Specifically, a significant difference was found due to larger amplitude at rates 58.56/s (mean = 0.170 μV; p < 0.05) and 97.66/s (mean = 0.180 μV; p < 0.005), when compared to rate 7.1/s (mean = 0.042 μV). A significantly larger (p < 0.005) amplitude was also found for 97.66/s than for 19.53/s (mean = 0.071 μV). No other significant difference (p >0.05) was observed between rates for the 6 ms duration. For the 3 ms condition, a statistically significant difference, F(4, 76) = 3.384, p < 0.05, η2 = 0.151, was noted. Specifically, we found a significantly larger (p < 0.05) SP amplitude to 19.53/s (mean = 0.262 μV), than for the two highest rates, 97.66/s (mean = 0.201 μV) and 234.38/s (mean = 0.146 μV). No other significant differences (p > 0.05) were found between rates for the 3 ms duration. As was found with the 500 Hz frequency, the application of high rate and long stimulus duration again finds mean SP amplitude that is significantly larger when compared to slow rates, suggesting the use of high rate to elicit a larger SP when long duration stimuli are utilized. Again, the opposite trend was found with the use of short duration stimuli where we observed mean SP amplitude decreasing with increasing rate.
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FIGURE 6. Mean SP amplitude values for the 12 ms duration, 6 ms duration, and 3 ms duration as a function of repetition rate for the 2,000 Hz condition.



DISCUSSION

The use of ECochG in the assessment of the auditory system has garnered a great deal of evaluation in terms of protocol, parameters, and methodology. While ECochG measurements to tone bursts have been studied for its potential usefulness in objectively assessing Ménière's disease (Gibson, 1993, 2009; Ferraro and Krishnan, 1997; Wuyts et al., 1997; Conlon and Gibson, 2000; Iseli and Gibson, 2010), a condition defined by endolymphatic hydrops (Merchant et al., 2005; Nadol, 2010), fewer studies have examined the usefulness of slow repetition rates (Levine et al., 1992; Ferraro et al., 1994a; Margolis et al., 1995). Ours was a study on a novel assessment of ECochG measurements to tone bursts analyzed with the CLAD technique to quantify SP amplitude at various stimulus repetition rates. Normative data was obtained across frequency, stimulus repetition rate, and stimulus duration to understand the effects of these parameters on the SP.

SP Amplitude

Our study is rooted in the assumption that SP originating from hair cells will sustain throughout the duration of the measurement because hair cells do not habituate, while SP originating from neural excitation will decrease in amplitude because of neural habituation. We found that trends in SP amplitudes to various tone burst repetition rate and durations for both 500 and 2,000 Hz. In particular, SP amplitude was significantly larger for the highest stimulus repetition rate, 58.59/s compared to the slower rates, 7.1 and 19.53/s. Additionally, SP amplitude was significantly larger for the shortest tone burst duration, 3 ms, compared to longer durations, 12 and 6 ms. SP amplitudes were significantly larger for 2,000 Hz than 500 Hz for each stimulus repetition rate and duration.

Overall, the longer duration stimuli evoked larger SP amplitudes with increasing stimulus repetition rate. However, this trend was reversed with the use of short duration stimuli (3 ms), in which mean SP amplitude to 3 ms duration decreased as repetition rate increased. SP amplitudes to 3 ms tone bursts were larger for all repetition rates. While our results are statistically significant, they are not always consistent with that found in previous studies. We flesh out the inconsistencies below in this section.

Slow Repetition Rate

The SP to long duration (12 ms), slow rate (7.1/s) tone bursts had negative amplitude, with −0.067 μV to 500 Hz and −0.042 μV to 2,000 Hz. The direct comparison of the current SP amplitude measures to published research is difficult due to distinct differences in recording and stimulus parameters, as well as differences in methods used to quantify the SP amplitude. Wuyts et al. (1997) performed a meta-analysis of ECochG measurements to click and tone burst stimuli and found that too few reports exist to extract normative SP amplitude data from tone bursts stimuli. Nevertheless, Wuyts et al.'s meta-analysis found a trend that SP from near-baseline levels generally have positive, not negative, amplitudes. Our approach to assigning the non-inverting and inverting electrodes resulted in positive going SP amplitudes, which is consistent with Wuyts et al. (1997) report of negative SP amplitudes. Our findings are consistent with those reported by Ferraro et al. (1994a), though precise stimulus parameter differences exist. Ferraro et al.'s results to 90 dBnHL, 11.3/s, and 2-10-2 duration can be generally compared to our SP amplitudes to slow rate, long duration tone bursts. Ferraro et al. (1994a) found mean SP amplitude values of 0.19 μV to 500 Hz and 0.08 μV to 2,000 Hz, which are comparable to our SP amplitudes when polarity differences from electrode montages are accounted for. While our results are similar to the Ferraro et al. (1994a) study, other reports utilizing long duration tone bursts (15 ms) with slow rate (13/s) obtained larger, positive SP amplitude values in subjects without inner ear disease: Margolis et al. (1995) found respective SP amplitudes of 0.65 and 0.96 μV to 100 and 110 dB SPL 2,000 Hz tone bursts from ears with normal hearing, which are markedly larger than amplitudes found in our study, even when compared to the most positive amplitudes to our 7.1 and 19.53/s stimulus repetition rates.

Our measurements to 500 Hz tone bursts can be informative about the extent to which neural excitation can contribute to recordings made from the auditory periphery. We found oscillations in response waveforms to slower rate, long duration conditions (Figure 2), consistent with the contribution of neural excitation that is phase locked to this low frequency stimulus (Lichtenhan et al., 2013, 2014; Chertoff et al., 2015). Oscillations decreased with increasing stimulus repetition rate, further supporting the interpretation of the neural origin of this waveform component, as auditory nerve fibers cannot respond to high-rate stimuli while in their refractory period. As such, it is possible that the oscillations occurring in the slow rate, long duration 500 Hz recordings are contributing to the mean SP amplitude results obtained in the study.

SP amplitude was measured from one pre-defined midpoint along the waveform for all rates and participants and the measurements did not take into account variations associated with the peaks and troughs of the oscillations. As SP amplitudes collected were small, these oscillations may have had a significant impact on the collected amplitude data. For example, the midpoint occurring at a peak of the oscillation for one recording and at a trough for another had the potential to influence the SP amplitude values obtained.

A technique to reduce the contribution of the oscillations within the 500 Hz recordings is to filter the measurements with a low-pass cut-off frequency. Using the Intelligent Hearing Systems software, spectral filtering was applied offline to a single measurement to evaluate this method as a technique to examine the 500 Hz recordings. Figure 7 displays this technique for a 12 ms, 58.59/s deconvolved trace across four spectral filters: 0–250 Hz, 0–300 Hz, 0–350 Hz, and 0–450 Hz. As more filtering was applied, the smoother the resultant waveform. The labeled SP indicates the pre-defined midpoint for the 12 ms stimulus duration. Filtering the measurements is a possible technique to improve SP detection.
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FIGURE 7. Spectral filtering of a CLAD deconvolved tone burst ECochG waveform (top) for the 500 Hz, 12 ms, 58.59/s condition. Displayed in descending order, four spectral band pass filters were applied: 0–250, 0–300, 0–350, and 0–450 Hz. SP indicates the pre-defined midpoint of the 12 ms duration.



High Repetition Rate

Our negative SP amplitudes to slow repetition rate, 12 ms stimulus duration tone bursts contrast the positive amplitudes we measured to higher rates. SP amplitudes to higher rate (58.59/s), long duration (12 ms) tone bursts were significantly larger than those to slower rates (7.1 and 19.53/s) to both tone burst frequencies. Oscillations in responses to high rate, 500 Hz tone bursts were reduced and a positive mean SP amplitude of 0.028 μV was collected for the highest rate. There were no significant differences found among SP amplitudes to 6 ms 500 Hz tone bursts of various repetition rates. These results can inform clinicians and basic investigators on the appropriate parameters needed to assess low-frequency function: use long duration stimuli with a high repetition rate to quantify non-neural SP to 500 Hz.

Also our results showed that SP amplitudes tended to increase with increasing stimulus repetition rate with the use of 2,000 Hz, long duration tone bursts, a common finding in previous studies. Wilson and Bowker (2002), for example, studied ECochG measurements to clicks ranging from 7.1 to 151.1/s, albeit without the CLAD technique. They found that SP amplitudes increased in response to higher stimulus repetition rates. However, their SP amplitudes were overall reduced because of poor frequency specification to their click stimuli and poor morphology and overlying responses that result from not using the CLAD technique. These findings highlight the usefulness of tone burst stimuli and the CLAD technique for measurements to high stimulus rates.

Stimulus Level and Recording Location

We made SP amplitude measurements to higher stimulus repetition rates, shorter stimulus duration, and, perhaps more importantly, to low stimulus intensity. DC responses are generally thought to originate from higher level stimuli that probe the asymmetric regions of the sigmodial, saturating, non-linear function that can describe the transfer of sound from mechanical to electrical mediums in the inner ear. We avoided high-intensity stimuli because of our lengthy test sessions, and presented both the 500 and 2,000 Hz tone bursts at 75 dB nHL (107 dB SPL), a level which may resulted in lower SP amplitudes. It is possible that our lower levels may have evoked a larger SP had we used a transtympanic approach, but a transtympanic approach would increase the measured amplitude of all DC origins, albiet hair cell or neural. Indeed, amplitudes from an extratympanic approach can be ~4–10 times smaller than those from transtympanic approach (Ferraro et al., 1994b; Haapaniemi et al., 2000). Direct microscope visualization for uniform electrode placement on the umbo may provide uniformity in measurements, but straightening the ear canal with the electrode in place can be painful and direct microscopic visualization is challenging because the white cotton tipped electrode soaked in gel reflects a light that obstructs the visualization of electrode placement. The most common way to identify electrode placement is after measurements are done and remaining electrode gel and irritation is visualized with otoscopy. Smith et al. (2016) found that electrode placement mostly affects measurements from low-frequencies when an insert-earphone is used, a possible influence on our measurements to 500 Hz.

High Repetition Rate and Continuous Loop Averaging Deconvolution

Our study demonstrated the use of the CLAD technique applied to ECochG measurements to tone bursts. Several studies have also demonstrated the use of the CLAD technique to ECochG measurements, but those studies focused on the use of click stimuli (Bohorquez et al., 2006, 2009; Bextermueller, 2015; Dixon, 2015; Kaf et al., 2017). Measurements to stimulus repetition rates up to 234.38/s were successfully deconvolved allowing for clear observation of the SP and the AP within the recordings. This novel finding supports the use of CLAD with responses evoked using tone burst stimuli. With close monitoring of the maximum repetition rate in the CLAD sequence, CLAD can be applied to test SP amplitudes at high rates which were previously limited due to the overlain responses.

Limitations and Future Studies

Our results cannot be generalized outside the specific recording analysis techniques. Currently, there is no standardized tone burst parameters for ECochG approaches across research institutions. This is a double edged sword making direct comparison from one study to another quite challenging, but does not restrict investigators' creative use of stimulus parameters to study and understand normal and diseased ears.

We subjectively measured SP amplitudes at mid-point that was relative to a fixed waveform onset to mediate uniform SP amplitude measurement across participants. A limitation of this approach was that SP onset did indeed vary between participants. Our SP amplitude measures may thus have variations that were untethered to a gold standard for the onset of SP measurements. Future research could reassess our data to determine how various definitions of SP onset influences results.

The most pressing research to address in future work on this topic is to use legitimate DC-coupled recordings of SP measurements and validate our interpretations in animal models where the neural origins of SP amplitude measures can be manipulated. Injection of neurotoxic solutions into the cochlear apex is a new approach that can treat the entire length of the cochlear spiral (Lichtenhan et al., 2016). Using the stimulus and analysis approaches of our current study in animals where the apical injection technique can be applied could quantify the extent to which neural excitation contributes to our interpretation of data presented here.

CONCLUSION

We collected normative SP amplitude from females with normal hearing using extratympanic ECochG, tone burst stimuli, and a CLAD analysis technique. SP amplitude measures to 2,000 Hz, long duration stimuli increased with increasing repetition rate, as did SP amplitudes to 500 Hz with the longest stimulus duration (12 ms) and highest stimulus repetition rate (58.59/s). These increased amplitude measures are consistent with SP origins from hair cell responses, not neural excitation, and suggest that high stimulus repetition rate could be used to minimize neural contributions to SP measures. SP amplitude measures to our shortest stimulus duration (3 ms) were consistent with marked contribution of neural excitation, thus identifying a stimulus condition to use when an SP measurement originating from neural responses is desired. Our study also demonstrated the use of the CLAD technique with ECochG measurements to tone bursts presented with high stimulus repetition rates. While the use of tone burst stimuli limited our stimulus repetition rate to 234.38/s, the deconvolved waveforms nevertheless show that the CLAD technique can be used with frequency-specific stimuli. Overall, this research was a step toward understanding how varying stimulus parameters can be used to advance our understanding of the origins of SP amplitude measures, an important step for advancing the use of ECochG in diagnosis of Ménière's disease that mainly affects low frequency hearing early in the disease process.
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Electrocochleography (ECochG) is a potential clinically valuable technique for predicting speech perception outcomes in cochlear implant (CI) recipients, among other uses. Current analysis is limited by an inability to quantify hair cell and neural contributions which are mixed in the ongoing part of the response to low frequency tones. Here, we used a model based on source properties to account for recorded waveform shapes and to separate the combined signal into its components. The model for the cochlear microphonic (CM) was a sinusoid with parameters for independent saturation of the peaks and the troughs of the responses. The model for the auditory nerve neurophonic (ANN) was the convolution of a unit potential and population cycle histogram with a parameter for spread of excitation. Phases of the ANN and CM were additional parameters. The average cycle from the ongoing response was the input, and adaptive fitting identified CM and ANN parameters that best reproduced the waveform shape. Test datasets were responses recorded from the round windows of CI recipients, from the round window of gerbils before and after application of neurotoxins, and with simulated signals where each parameter could be manipulated in isolation. Waveforms recorded from 284 CI recipients had a variety of morphologies that the model fit with an average r2 of 0.97 ± 0.058 (standard deviation). With simulated signals, small systematic differences between outputs and inputs were seen with some variable combinations, but in general there were limited interactions among the parameters. In gerbils, the CM reported was relatively unaffected by the neurotoxins. In contrast, the ANN was strongly reduced and the reduction was limited to frequencies of 1,000 Hz and lower, consistent with the range of strong neural phase-locking. Across human CI subjects, the ANN contribution was variable, ranging from nearly none to larger than the CM. Development of this model could provide a means to isolate hair cell and neural activity that are mixed in the ongoing response to low-frequency tones. This tool can help characterize the residual physiology across CI subjects, and can be useful in other clinical settings where a description of the cochlear physiology is desirable.

Keywords: cochlear physiology, electrophysiology, auditory hair cells, auditory nerve, auditory nerve model, computational modeling, modeling and simulations

INTRODUCTION

Electrocochleography is the recording of electrical potentials produced by the cochlea in response to stimulation. It has been extensively used to evaluate peripheral auditory system physiology, and is used clinically to identify hydrops in Meniere's patients and other retrocochlear pathologies (Schmidt et al., 1974; Gibson and Beagley, 1976). It has also drawn interest for the study of auditory neuropathy spectrum disorder (ANSD, Santarelli, 2010; Rance and Starr, 2015). Recently, ECochG has been used to account for speech perception outcomes in cochlear implant (CI) recipients (Fitzpatrick et al., 2014; McClellan et al., 2014; Formeister et al., 2015) and is showing promise for detecting intraoperative trauma in CI patients (Adunka et al., 2010; Mandala et al., 2012; Radeloff et al., 2012; Calloway et al., 2014; Campbell et al., 2015; Dalbert et al., 2015, 2016; Bester et al., 2017). Liberman and colleagues, among others, have investigated various aspects of ECocG for detecting evidence of cochlear synaptopathy, or hidden hearing loss (Liberman et al., 2016). Analysis of the hair cell and neural contributions to ECochG responses recorded in CI recipients is the main objective of this study.

The responses from the cochlea to sounds consist of several distinct signals which overlap in time. The compound action potential (CAP) occurs near the onset of the response to stimuli with fast rise times, and has a purely neural source produced by the synchronous action potential produced to onsets of sound. The alternating-current (AC) component of the ECochG response is a mixture of the cochlear microphonic (CM) and auditory nerve neurophonic (ANN). The CM is produced by transducer current through stereocilia of hair cells in response to basilar membrane movement, and is thus phase-locked to all tone frequencies. The ANN is the evoked potential correlate of phase-locked responses in neural fibers, which is strong only to frequencies below ~2,000 Hz. The direct current (DC) response to tones is the summating potential (SP) which is derived from a complex mixture of hair cell (Davis et al., 1958; Dallos, 1973; Zheng et al., 1997; Durrant et al., 1998) and neural (van Emst et al., 1995; Sellick et al., 2003; Forgues et al., 2014) sources.

There are several cases where it would be useful to separate the CM from the ANN in the ongoing portion of the response to tones. These include a non-invasive way to estimate the upper limit of phase locking (Verschooten and Joris, 2014; Verschooten et al., 2015); as a screen for low frequency hearing loss (Lichtenhan et al., 2013, 2014); and to determine the proportions of hair cell and neural activity in the responses of CI recipients, which are most reliably elicited by low frequency stimuli (Choudhury et al., 2012). Historically, the ANN was considered the principal source of the 2nd harmonic (Henry, 1995; Lichtenhan et al., 2013; Chertoff et al., 2015). However, asymmetries of the transduction process also produce even harmonics in the CM (Teich et al., 1989; Santos-Sacchi, 1993; Forgues et al., 2014). The periodicity of both the CM and the ANN reflect the stimulus frequency, thus, both potentials contribute to the magnitude of the first harmonic peak (Snyder and Schreiner, 1984; Forgues et al., 2014; Verschooten et al., 2015). Masking has been used to recover the proportion of the neural response removed by adaptation, based on the idea that only neural signals show such adaptation (Snyder and Schreiner, 1984; Sparacino et al., 2000; Verschooten et al., 2015). However, this approach only quantifies the neural proportion that adapts to the masker, and cannot quantify the total amount of neural response within the signal.

The approach presented here uses discrete analytic models of the expected ANN and CM waveforms in order to separate them in the combined signal, as would be acquired in a clinical setting. By varying the proportions of expected CM and ANN, and the phases between them, we can determine the best fit for the parameters to match the recorded waveforms. To validate the approach we first show that the model is able to fit the complex waveforms recorded from human CI subjects. We then examine the parametric performance of the model using artificially mixed signals, and show results from animals before and after application of the neurotoxins kainic acid (KA), tetrodotoxin (TTX), and ouabain (OA) to the round window. Finally, the model is used to examine the CM and ANN in responses from CI recipients.

METHODS

Three data sets were used in the experimental design: human CI recipients, gerbils, and simulated signals created by varying the parameters of interest.

Human CI Recipients

All adult and pediatric patients who were scheduled for CI at University of North Carolina Hospitals in 2011–2017 were eligible to be enrolled in the study. Thus, the sample population (N = 285) includes the heterogeneity of conditions leading to a recommendation for a CI. Non-native English speakers, children of non-native speakers, and those undergoing revision surgery or with severe inner ear malformations (cochlear atresia, etc.) were excluded. The recordings in human CI recipients were carried out in accordance with the recommendations of Declaration of Helsinki guidelines as reviewed and approved by the Institutional Review Board at University of North Carolina. All subjects gave written informed consent in accordance with the Declaration of Helsinki. Parental consents were obtained for all pediatric subjects and assent was obtained for pediatric subjects at least 7 years old.

The recording procedures for pediatric and adult CI recipients have been previously described (Choudhury et al., 2012; McClellan et al., 2014; Formeister et al., 2015). A Biologic Navigator PRO (Natus Medical Inc., San Carlos, CA) was used for acoustic stimulation and ECochG recordings. The stimuli were delivered through an in-ear foam insert attached to a speaker (Etymotic ER3b) by a sound tube. Stimuli were alternating phase tone bursts from 250 to 4,000 Hz presented at 90 dB nHL (from 108 to 114 dB peak SPL for 250–2 kHz, 95 dB for 4 kHz). Rise/fall times were 1 ms or 1 cycle, whichever was longer. Calibration of sound levels was by a ¼″ microphone and measuring amplifier (Bruel and Kjaer, Nærum, Denmark). Distortion at these sound levels for the second harmonic was from −37 to −67 dB compared to the fundaments for frequencies of 1–2 kHz, but was −26 dB for 4 kHz. The third harmonic was < −40 dB compared to the fundamental for all frequencies.

A standard transmastoid facial recess approach was used to surgically access the round window. The recording used surface electrodes on the forehead contralateral mastoid as ground and reference electrode, respectively. The active electrode a stainless-steel monopolar probe (Neurosign; Magstim Co., Wales, UK) placed in the round window niche. The ECochG recordings were obtained immediately before CI insertion. Recording epochs were 512 points each, from 32 ms for 250–1,000 Hz (16,000 Hz sampling rate) to 10.66 ms for 2,000 and 4,000 Hz (48,000 Hz sampling rate). Filter settings were 10 Hz high-pass and low passes were 5,000 Hz for 250–1,000 Hz, and 15,000 Hz for 2 and 4 kHz.

Recordings in Gerbils

The experiments with gerbils (Meriones unguiculatus) were carried out in accordance with the standards of the National Institutes of Health and Committee on Care and Use of Laboratory Animals. All procedures were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the University of North Carolina.

Gerbils with clean middle ears had ECochG recordings using the same equipment as in the human recordings. Anesthesia, surgery, and ECochG recording procedures have been previously described (Forgues et al., 2014). Animals were sedated using sodium pentobarbital (10 mg/kg, i.p.) and anesthetized with urethane (1.5 g/kg, i.p.), Atropine was used to control respiratory secretions. The animal was maintained at 38°C using a heating pad. Needle electrodes were placed at the base of the tail and contralateral neck muscles for the ground and reference inputs, respectively. A sealed sound tube was then placed within the external auditory canal. A sealed sound tube was then placed within the external auditory canal. After surgical exposure of the round window, the Neurosign electrode was placed inside the niche. Tone bursts of 250–8,000 Hz over levels from 30 to 80 dB SPL were presented with the same stimulus/recording conditions as for the humans. Additional frequencies in some cases included 375 and 8,000 Hz; both had second and third harmonic distortion levels of < −50 dB compared to the fundamental.

The neurotoxins KA, TTX, and OA were used to obtain signals with diminished neural contribution. Different substances were used because the material was available from other experiments, and because the use of multiple compounds can help avoid the possibility of one or the other having unexpected actions on hair cells in addition to nerve fibers. KA is a glutamate analog and destroys the nerve terminals by excitotoxicity; TTX blocks sodium channels and thus removes the spiking component of the neural response, and OA inhibits the sodium pump also blocking the nerve from firing as well as further depolarizing, but without physically removing the nerve terminal. Six animals were used for each substance. The neurotoxins were applied for 1 h to the round window following baseline ECochG recordings. The toxins were dissolved in lactated Ringer's solutions for KA, and artificial perilymph for TTX and OA. The solutions were warmed to 38°C before use. The KA (Sigma USA #K0250) was 60 or 100 mM; the TTX was 15 μM (Tocris Bioscience, #1069) and the OA (Calbiochem, #4995) was 1 or 10 mM. After application the solutions was wicked from the round window and replaced with vehicle alone. The ECochG recording series was then performed again.

Signal Analysis

Figure 1A depicts a typical ECochG response to a 500 Hz condensation-phase tone burst with the ongoing portion highlighted (green area). Within this region, the CM and ANN are mixed together, with both following the amplitude changes in the tone. Each cycle of the ongoing portion of the response was combined to produce an “average cycle” (Figure 1B). The mixture of the CM and ANN affect the distortions in the response, compared to the sinusoidal stimulus (dashed green line). This average cycle became the input that the model attempted to fit.
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FIGURE 1. Electrocochleography (ECochG) response to a tone burst from a human CI subject. (A) A Human ECochG response to a 500 Hz tone burst presented in condensation phase. The ongoing portion is highlighted (green area). The CAP is shown in red. (B) Each cycle in the ongoing response (dashed lines) and the “average cycle” (solid line). The presence of the ANN causes distortions in the response compared to a reference sinusoid (dotted line).



The time waveforms were analyzed with using fast Fourier Transforms (FFTs) and the magnitude peaks to the stimulus frequency and its harmonics were considered significant if they exceeded the noise by more than three standard deviations, as measured from three bins on either side of the peaks. Typically, the minimum detectable signal was ~20 nV after 500 repetitions (−34 dB re 1 μV).

For the human CI subjects, evidence of neural activity from CI recipients was graded based on a visual assessment of the response, including evaluation for the presence of a CAP and ANN across the frequency range (Riggs et al., 2017). Briefly, a CAP was typically detected as a negative deflection within the first few ms of the response (although some were delayed as long as 10 ms, see Scott et al., 2016; Abbas et al., 2017). The ANN was determined to be present when the average cycle deviated from a possible shape attributable to the CM alone, as further described below. The CAP and ANN were each scored over the range of 0–2, so the range of “nerve scores” was from 0 to 4. A zero for the CAP or ANN indicated no conclusive evidence of presence; one indicated present but small (in the case of the CAP), or with clear but relatively minor distortions in the average cycle (in the case of the ANN); while two indicated large (in the case of CAP) or with strong distortions (for the ANN). The shapes of the average cycle that indicated the presence of the ANN was strongly influenced by the animal work reported in part here. For examples of human CI cases with each nerve score, see Riggs et al. (2017). It was the need for an objective means of determining the presence of the ANN that prompted the development of the model reported here. The nerve score is useful as an independent means of assessing neural activity (see Figure 11).

The Conceptual Basis of the Model

The conceptual basis for the individual contributions of CM and ANN used in the model are depicted in Figure 2. The source of the CM is the transducer current through mechanosensitive channels in the stereocilia of hair cells. The input-output function of the current flow is typically modeled as an asymmetrically saturating second-order Boltzmann function (Santos-Sacchi, 1993; Sirjani et al., 2004; Ramamoorthy et al., 2007). To a low intensity stimulus (Figure 2A), the hair cell movement is within the linear range of the function producing a sinusoidal CM. To a moderate intensity stimulus (Figure 2B), the hair cell movement can saturate in one direction producing a partially rectified signal, depending on the degree of distance of the operating point, or proportion of open channels at rest, from the midpoint of the function. For a high intensity stimulus, the movement saturates in both directions of the CM waveform (Figure 2C). Thus, the CM can be represented as a sinusoid at the stimulus frequency, with two additional parameters of saturation of the peak and trough of response, to capture both asymmetric and symmetric saturation.
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FIGURE 2. Conceptual basis of the model for the ongoing part of the ECochG response to low frequency tones. (A–C) The CM. To a low stimulus intensity (A), the hair cell stereociliary motion and channel openings operate symmetrically within the input-output function (top, black bar), producing a sinusoidal CM response (bottom). (B) With increasing stimulus intensity, asymmetric saturation can occur if the operating point (average state of the channels at rest) is displaced from the center of the function (top), producing a CM saturated only to one side of motion, in this case the trough of the CM (bottom). (C) With a high stimulus intensity, symmetric saturation occurs with maximal deflection at both ends of the oscillation (top), creating a CM with saturation to both the peak and trough. (D–F) The ANN is created by the convolution (*) of the unit potential (D) and the population cycle histogram (E). The unit potential is the shape of a single action potential at the round window, and the cycle histogram is the sum of action potential firing in the population of the across all responding nerve fibers. Because the cycle histogram is derived by folding the periods in the post-stimulus time histogram, this process is identical to that previously modeled to produce the CAP (see text for references). The non-linearities inherent in this process will always create a distorted version of the cyclic response (F). (G) The ongoing ECochG represents the sum of the CM and ANN.



As with the CAP, the ANN can be described as the convolution of a unit potential (UP), which is the shape of a single action potential as it appears at the round window (Kiang et al., 1976; Prijs, 1986; Versnel et al., 1992a), and the cumulative post-stimulus time histogram, or summed histogram of all responding auditory nerve fibers (Goldstein and Kiang, 1958; Snyder and Schreiner, 1984; Chertoff, 2004). For low frequency tones, the post-stimulus time histograms of auditory nerve fibers shows cyclic firing to the positive-going half-phase of the stimulus (Rose et al., 1967). By folding across stimulus cycles, the resulting cycle histogram (CH) resembles the half-wave rectified form of the phase-locking. The curve shown (Figure 2E) has been stretched to be more than a half-cycle to simulate the spread in phase associated with inclusion of fibers at more basal positions on the basilar membrane as the intensity is varied (Kim and Molnar, 1979).

Implementation of the Model

The CM was described by Equation (1). A sinusoid (Equation 1a) was defined in time (t, in seconds) with frequency (f in Hz) equal to the stimulus frequency and amplitude (ACM in μ V) and starting phase (φCM, in cycles) as parameters. Additional parameters were upper and lower cutoffs that represented saturation of the peak and trough independently (Equation 1b). The ACM was allowed to vary between 0 and 5x the maximum of the input signal. The phase boundaries were from −2 to 2 cycles. Boundaries of clipping the peak and trough were 50% of the maximum or minimum input, respectively.
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To fit the neural contributions to the ongoing response, the UP was described as a single cycle of a sinusoid at 1,100 Hz. This frequency was selected based on pilot studies where values over the range of 800–1,200 Hz were tested, where 1,100 Hz provided the best fits on average. The UP has also been previously modeled using a dampened sinusoid (Chertoff, 2004) but we found that a peak in a second cycle of the UP introduced distortions not reflective of those seen in the physiological data, producing poor fits. The cycle histogram (CH), was described as a lognormal probability distribution function (Equation 2) which describes when neural spikes are most likely to fire. Probability in the CH is highest during the phase of basilar membrane motion that depolarizes hair cells, and is zero for the hyperpolarizing direction because the spike rate cannot go below zero (although spontaneous activity can be modulated; Rose et al., 1967). The width of the CH distribution curve (σ) was determined by the “SOE” parameter, which was allowed to range from 0.35 to 0.65 of the stimulus cycle. The lower limit was chosen because it is sharper than the vector strength of a typical nerve fiber over most frequencies and intensities, so a sharper cycle histogram for the population is not expected. The upper limit was chosen because there is a natural limit for SOEs greater than one cycle, because only the cyclic part of the ANN contributes to the ac component of the ongoing response as because a constant level of firing occurs as the cycle histogram from different regions overlap.
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t = timeline of the CH, μ = period of UP, and σ = SOE

Convolution of the UP and the CH, multiplied by an ANN amplitude term, AANN, was performed to yield a single cycle of ANN (Equation 3). The AANN was allowed to vary between 0 and 5 times the maximum of the input signal.
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Phase shift (φANN) was a parameter applied to the convolved signal using MATLAB function “circshift” which discretely shifts the array circularly. It could vary over the range of −2 to 2 cycles.

The two signals were then summed to produce the model ECochG by Equation (4).
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A schematic representation of the analytical process performed by the computational model is shown in Figure 3. To fit an observed ECochG using the model, the averaged ongoing response was evaluated using a nonlinear least squares curve fitting function (MATLAB function “lsqcurvefit”) which calculated optimized values of the CM and ANN parameters (ACM, AANN, φCM, φANN, SOE, peak saturation and trough saturation) based on Equation (4). The specific least-squares algorithm implemented used the “trust-region-reflective” approach because the model was defined with specified equations (Equations 1–4) and the parameters were bounded. Optimized parameters were returned when the output waveform approximated the input signal, using the default optimality tolerance of 1 × 10−6.
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FIGURE 3. Block diagram for fitting an observed ECochG to model parameters. The ongoing portion of a recorded/input ECochG signal (lower left corner) is the basis for a fit-adaptive modeling function (center, bottom). To estimate the hair cell contribution (right column), the fitting function generates a sinusoidal CM at the stimulus frequency and optimizes the coefficients for amplitude and phase, and saturation of the peaks and troughs of the response. To estimate the neural contribution (left column), a unit potential is convolved with a cycle histogram of variable spread of excitation (SOE) and the resulting ANN amplitude and phase are also optimized. The output of the model is the estimated ongoing ECochG and its associated CM and ANN parameters (lower right corner).



Goodness of fit was evaluated using regression analysis to calculate the degree of correlation (r) and determination coefficient (r2) between the average cycle of the recorded ECochG and one cycle of the modeled ECochG. Frequency spectra of the modeled ECochG and the individually modeled CM and ANN components were also computed using FFTs.

The model reports the amount of “CM” and “ANN” required to best fit the input waveforms. However, for various reasons described throughout the manuscript these modeled results are not identical to the actual amounts of CM and ANN that produced the waveforms, only an approximation of them. To avoid calling them “mCM” and “mANN” throughout, for example, it should be understood that the reported CM and ANN represent these approximations.

Generation of Simulated Signals for Model Testing

In addition to the human and animal data sets from ECochG, a third data set was a series of simulated signals where the values of each parameter were systematically varied. These simulated signals served to determine the model's ability to detect the changes and observe the effects of the change in each parameter on the others. The simulated signals used the same fitting functions for the CM and ANN as described above.

RESULTS

Modeled Fits to the Average Cycles from Human CI Recipients

The fits between recorded waveforms used as inputs and the outputs produced by mixing parameters of the CM and ANN are shown in Figure 4. The examples in Figures 4A–E were chosen to illustrate the variety of waveform morphologies seen to low frequency tones. The waveforms show the inputs and modeled outputs to two concatenated average cycles (left panels), and the spectra show the magnitudes of the individual CM and ANN components (right panels). Some of the responses showed strong distortions compared to the sinusoidal stimuli (e.g., Figures 4A,E), while in others the distortions were smaller (Figures 4B–D). Metrics used to compare the average cycle and model fit were the correlation coefficient (r) between the two (from the xcorr function in MATLAB) and the coefficient of determination (r2). The additional examples in Figures 4F–J show responses and the modeled fits across a wider range of stimulus frequencies (250–2,000 Hz) and in subjects with a variety of hearing loss etiologies. The case shown in Figure 4F, reported as ANSD, showed extreme distortions and a strong ANN to a 250 Hz tone. Another case with a specific type of ANSD, cochlear nerve deficiency (Figure 4G) had very small distortions or ANN, as did a case with an unknown cause of sensorineural hearing loss. Distortions could be present to 1,000 Hz (Figure 4I), while to 2,000 Hz it was absent; in this case there was only saturation (Figure 4J).
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FIGURE 4. Model fits to ECochG responses in human subjects. (A–E) Responses from different subjects to 250 Hz (A,B) or 500 Hz (C–E) show that the output of the model (left panels, red, dotted line) is able to reproduce the wide variety of waveforms seen in human CI subjects (solid black lines). From the model, the spectra of the CM and ANN used to produce the fit can be produced (right panels). For each case the linear fit between the two curves was described by the r2 value, and the ANN/CM ratio is given for the spectra. (F–J) Similar to the previous examples, except these cases are from subjects with different hearing loss etiologies, to indicate the heterogeneity of causes leading to cochlear implantation (ANSD, auditory nerve spectrum disorder; CND, cochlear nerve deficiency, SNHL, unknown cause of sensineural hearing loss; Meniere's, Meniere's disease; EVA, enlarge vestibular aqueduct). The responses are shown in order of increasing stimulus frequency. The spectrum of the ANN is slightly displaced for clarity. (K) Across all recordings (n = 1,126) from 284 subjects, the model was able to fit observed ECochG signals with an mean r2 of 0.97 ± 0.058 (standard deviation).



Figure 4K demonstrates the distribution of the fits produced by the model based on the analysis of all of the ECochG signals from 284 CI recipients. The mean r2 produced by the model, based on analysis of 1,241 signals recorded, was 0.97 ± 0.051 (standard deviation).

The data in Figure 4 indicates the model can accurately reproduce the recorded waveforms from CI subjects, and that the ANN/CM ratio reported follows the degree of distortions (other than saturation that can be attributed to the CM) in the waveforms. This data suggests that the model is a plausible means to analyze the responses to assess the underlying sources. We will test this idea with three data sets, first with simulated signal that can be varied parametrically, second with data from gerbils before and after application of neurotoxins to the round window, and finally in the sample population of CI subjects.

Assessment of the Model Using Simulated Signals

To help understand interactions between ANN and CM that help fit particular shapes, and to evaluate possible interactions between parameters returned by the model, we simulated waveforms with parametric variations using the same equations for the CM and ANN that the model used to fit ECochG signals. In Figure 5, we show effects of variation of the phase between the CM and ANN when the amplitudes of each remained the same. This manipulation resulted in waveforms which closely resembled the physiologic signals we have collected from experiments with human CI recipients (see Figures 4E, 4I, and 4E for analogs of Figures 5A, 5B, and 5C, respectively). The phase relationship also changed the overall peak to peak magnitude of the ongoing response, which was at its largest when the two signals were in phase (Figure 5A) and smallest when out of phase (Figure 5C), due to constructive and destructive interference.
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FIGURE 5. Waveforms generated using simulated signals varied in phase. (A) When the CM and ANN are in phase, the waveform is only slightly distorted, and the amplitude is maximal. (B) When the CM and ANN are ¼ cycle out of phase, the distortion increases. (C) When the CM and ANN are ½ cycle out of phase the distortion is even greater and the overall response magnitude is at a minimum.



The effects of parametric variations of the inputs on the outputs of the model are shown in Figure 6. The parameter that was varied is indicated for each column (Figures 6A–F) and the outputs of the model are shown in the rows. Each panel shows the output to a series of 100 input signals. The input values are indicated by black lines. Only small deviations were seen in the amplitudes of the CM and ANN (top row) and the phases between them (second row), with the largest deviation occurring to the CM amplitude as symmetric saturation increased (Figure 6D, top row, blue trace). For the trough saturation (third row, green trace) a relatively large deviation occurred as the ANN became large (Figure 6A), but this had only a small effect on the CM amplitude. The peak saturation parameter (third row, black trace) and the SOE, showed small deviations that were associated with minor effects on the CM and ANN amplitudes, and did not affect the phase measurement. These results indicate the model can detect independent parameter changes in the underlying formulae, and that interactions of the parameters do occur, but do not appear to be major.
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FIGURE 6. Parametric examination of model outputs to simulated signals. The parameter varied is changed along the columns (A–E), and the responses obtained for each parameter is varied by row. (A) The ANN amplitude was gradually increased from 0.01 to 2 μV with CM amplitude of 1 μV, no phase difference between the two signal components or trough or peak saturation, and SOE of 0.65 cycles. (B) The phase difference between the two CM and ANN was gradually increased from −0.5 to 0.5 cycle while CM amplitude was 1 μV, no trough or peak saturation, and ANN amplitude was 0.3 μV with SOE of 0.65 cycle. (C) The trough saturation of the CM component was varied from 0 to 15% of the CM amplitude with no peak saturation, the ANN amplitude was 0.3 μV in dB and SOE 0.65 cycles while the phase difference between the two signal components was zero. (D) The degree of peak saturation of CM was varied from zero to approximately 10% of the CM amplitude of 1 μV while trough saturation was stable at 15% of the CM amplitude; ANN amplitude was 0.43 μV in dB, SOE 0.65 cycles and phase difference between the two components zero. (E) The SOE increased from 0.35 to 0.65 cycles while the CM amplitude was 1 μV, ANN amplitude was 0.3 μV and no trough or peak saturation and the phase difference between these two signal components was zero.



Modeled Fits of the ECochG Signals from Gerbils before and after Application of Neurotoxins

The previous data showed that the model provided good fits to the raw curves and tracks the changes in simulated signals. To further assess how well it could capture the ANN and CM in ECochG responses, experiments using neurotoxins were performed in gerbils. Expected effects of the neurotoxins included (1) a reduced proportion of ANN, (2) little or no effect on the CM, (3) low-pass filtering of the ANN compared to the CM due to the range of phase-locking in auditory nerve fibers, and (4) greater compression of the rate-level function in the ANN compared to the CM; i.e., there should be a greater proportion of ANN to low and moderate intensities than to high intensities in low frequency sounds. These features, if captured by the model, could then be experimentally related to the ANN.

Examples of the effects of the different neurotoxins are shown in Figure 7. The frequency/intensity combination in each response was 500 Hz at 50 dB SPL. This stimulus was chosen for illustration because: (1) the phase-locking is expected to be strong to this low frequency, so a large ANN is expected; (2) the ANN should be proportionally larger compared to the CM than would be the case at higher intensities; and (3) the 500 Hz region is relatively apical in the gerbil cochlea, so it represents a site where the spread of the neurotoxin can be assessed. In addition, 500 Hz is the “sweet-spot” for human CI subjects, where the responses tend to be the largest, so the choice is relevant for our main purpose. The left column shows responses from three gerbils (Figure 7A1–3) prior to any drug application. Each case shows the signal waveform and the model fit (top) and the FFT of the ANN as reported by the model (bottom). Both the waveforms and FFT are normalized by the maximum firing rate. The numbers in the FFTs are the ANN/CM ratio reported by the model. For each neurotoxin (Figures 7B–D), the three examples (Figures 7B–D, 1–3) were chosen to cover the range of distortions remaining; cases in row 1 had the least remaining distortion, those in row 2 an intermediate level, and those in row 3 were at the upper end of distortions seen for that drug. The “Post-KA” responses (Figure 7C) are from the same gerbils as the “Pre-KA” responses (Figure 7A). The main results were that application of the drugs removed most of the distortions compared to the Pre-KA responses, and that the ratio of ANN/CM reported decreased. Application of TTX (Figure 7B) resulted in more complete removal of the distortions and reported reduction in the ANN compared to KA (Figure 7C), or OA (Figure 7D), although with each substance cases with nearly complete reported removal of the ANN occurred (e.g., row 1).


[image: image]

FIGURE 7. Examples of waveforms and frequency spectra of ECochG signals in response to 500 Hz tone burst at 50 dB SPL (A). Three examples (1–3) recorded prior to KA. The waveforms shown strong distortions and in the ECochG and model waveforms (top panels) and the ANN has multiple harmonics in its spectra (bottom panels). Both sets of data were normalized by the maximum response. The numbers in the spectra represent the ANN/CM ratio. The CM is not shown. (B–D) Three examples each (1–3) recorded after KA, TTX, and OA, respectively. The waveforms show less distortion and smaller ANN/CM ratios, although the ANN is not completely removed in most cases. The cases (1–3) are in order of least to most remaining ANN for that drug. The Pre-Drug condition for TTX and OA are not shown, but were similar to that for Pre-KA.



The population data for the gerbil experiments across frequencies and intensities is shown in Figure 8. The four columns, representing the responses recorded in gerbils before application of any neurotoxin (Figure 8A) and the effects of the drugs (Figures 8B–D) are the same as the previous figure. The rows represent the CM (top) and ANN (middle) reported by the model which were used to calculate the “ANN/CM index” (bottom). The index is an alternate method for reporting the proportion of ANN using the formula (ANN-CM)/(ANN+CM), so that negative values indicate CM larger than ANN (−1 is all CM), 0 indicates equal amounts of CM and ANN, and positive values indicate greater ANN than CM (+1 is all ANN). A larger range of frequencies and intensities was tested in the KA experiments compared to when TTX or OA was used. Across the top row, the use of the neurotoxins had little effect on the CM, although to low intensities in the post KA cases the values reported for 750 and 1,000 Hz were reduced (arrows). For the ANN, in the pre-drug condition (Figure 8A) there was a considerable effect of frequency with both the ANN (middle) and the ANN/CM index (bottom). This bias of the ANN toward low frequencies is expected from neural phase-locking. However, to achieve this effect in the case of the ANN magnitude the values reported as 5% or less of the total were scored as a zero, because the model rarely produced an ANN much smaller than 5%. Without this cut-off the ANN reported for high frequencies and high intensities was only slightly lower than for low frequencies; i.e., because the responses themselves were so large even a small percentage produced a relatively large ANN. The cut-off did not affect any of the measurements to low frequencies (<= 1,000 Hz) in the pre-drug condition, and the cut-off was not used for the ANN/CM index, so the low pass filtering of the ANN compared to the CM is clear from the model.
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FIGURE 8. The CM, ANN, and ANN/CM index reported by the model as functions of frequency and intensity. (A) The Pre-KA condition. The CM shows an orderly pattern of CM across frequency and intensity, with no cut-off to higher frequencies. The arrow represents a small discontinuity to low frequencies (750 and 1,000 Hz) and intensities (30–50 dB SPL). The ANN shows a low-pass cut-off to frequencies >1,000 Hz. However, a non-linearity was introduced—all responses where the ANN/CM ratio was <5% were considered no response (see Text for further explanation). The ANN/CM index, where no non-linearity was introduced, also showed the low pass cut-off to frequencies >1,000 Hz. (B–D) Responses after KA, TTX, and OA, respectively. The Pre-Drug condition for TTX and OA are not shown, but were similar to that for Pre-KA. A smaller range of frequencies and intensities was tested with TTX and OA that with KA. In general, the CM was little affected by the neurotoxin. However, the discontinuity seen in the CM was not present after KA (arrow). The ANN/CM index was also reduced to low intensities, but was already small at high intensities so a change was difficult to detect. The reduction in the ANN and ANN/CM index was greater for KA and TTX than OA. Errors bars are standard deviation.



In the post-drug conditions (Figures 8B–D), the ANN was reduced compared to the predrug condition, but large values were still reported to high intensities. These large values were probably due to a mixture of two effects. First, the effects of the drug were variable, so some ANN left over after drug application on average is expected. Second, in the post-drug condition the need for the 5% cut-off comes into play for low frequencies as well as high frequencies. The ANN/CM index appeared to capture the effect of the neurotoxins more accurately than the raw numbers. Note that as in the examples presented earlier (Figure 7) the OA had the least effect.

Another way to assess the effect of the neurotoxin is to compute the difference between the pre and post drug conditions reported by the model. In Figure 9 we show this data for control cases where only vehicle (lactated Ringer's or artificial perilymph) was applied to the round window as well as for when neurotoxins were applied. In the control cases with lactated Ringer's as the vehicle (Figure 9A), a non-specific effect of time is evident by the small decrease in response of the CM and ANN. This is the main reason the frequency and intensity combination were decreased in later experiments. With this smaller stimulus set and change and using artifical perilymph as the vehicle (Figure 9C), the changes in the CM and ANN were much less. After KA (Figure 9B), the subtraction showed the CM to 750 and 1,000 Hz at the lowest intensity (30 dB SPL) to be reduced by a relatively large amount (arrow), as shown in the previous figure with the raw data. The CM after KA, TTX, and OA (Figures 9B,D,E) showed no changes in the CM compared to controls. For the KA (Figure 9B) and TTX (Figure 9D), the ANN was reduced to frequencies of 1,000 Hz and below for intensities below 70 dB SPL. To low frequencies at high intensities and for high frequencies the effects of these neurotoxins were small. The ANN showed the greater effect of KA than the CM, with the CM similar to the control. The OA showed the same trends but with smaller effect.
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FIGURE 9. Difference in the CM (top row) and ANN (bottom row) before and after application of vehicle only or vehicle + neurotoxins. Each subtraction is paired between the Pre and Post data for each animal. (A,C) Control cases where vehicle only was applied to the round window. For the lactated Ringer's (LR) there was a small reduction in both the CM and ANN that could be related to the passage of time (A). For the artificial perilymph (AP), the smaller frequency, and intensity range decreased the time between recordings, and the reduction in the CM and ANN was smaller (C). (B,D,E) Responses after KA, TTX, and OA, respectively. After KA (B), the reduction in the CM to 750 and 1,000 Hz, also shown in the previous figure, was greatest to the lowest intensity (arrow). After TTX (D), the reduction in the ANN was large at 500 and 1,000 Hz, and similar to controls the higher frequencies. After OA (E), the reduction to the lower frequencies was smaller than with KA or TTX. Errors bars are standard deviation.



With the KA and the TTX, the reduction of the ANN was less substantial for high than for low intensities, corresponding to the larger remaining ANN to high intensities. However, the expected effect is that the largest reduction in the ANN would be to high intensities, since the neurotoxin would have the greatest effect on the cochlear base, thus blocking spread of excitation. Remaining ANN from the apex would be relatively less affected by the neurotoxin. Thus, less ANN than was actually removed was detected when it is was a small or neligible fraction of the total response at the beginning, and more of the response was estimated to remain than was likely to actually be present. To help understand possible reasons for these results, Figure 10 depicts examples of waveforms and spectra to 1 and 4 kHz before and after the application of TTX, presented at 80 dB SPL. To the 1 kHz tone, some ANN is expected prior to TTX, but at such a high intensity it should be small relative to the CM. After TTX the ANN should be small or negligible. To the 4 kHz tone there should be no ANN either before or after TTX. However, all four of these responses were reported by the model to have considerable ANN—from 7 to 17% of the CM. In addition, all were accompanied by a similar waveform. To be called purely CM, the model expects a sine wave that can be saturated in the peaks and/or troughs. However, responses shown had a declining, rather than purely saturated, response at the peak (arrows). Although many of the pre and post-TTX responses to high frequencies (and post-TTX to low frequencies) had ANN/CM ratios below 0.05, for those that exceeded this cut-off the waveform shape shown here was often encountered.
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FIGURE 10. Examples of average cycle waveforms and frequency spectra in response to tone bursts at 80 dB SPL. These examples depict a particular type of ECochG response that does not conform to the shapes expected for CM. To the 1,000 Hz (A) and 4,000 Hz stimuli (B) there was a sloping response to the clipped peak of the average cycle (arrows). To a 1,000 Hz stimulus at this sound level the ANN should be a relatively small proportion of the response, and smaller still after TTX. For the 4,000 Hz stimulus there should be little or no ANN either before or after TTX. Thus, these waveforms are likely to be nearly-pure CM. The model did capture considerable clipping of the CM, indicated by the large saturation values reported for the peak (Pk. Sat.) and smaller values for the trough (Tr. Sat.). However, the spectrum of each modeled waveform showed considerable ANN even after TTX, suggesting the model interpreted the sloping shape of the CM as ANN. The waveforms and the spectra are normalized to the amplitude of CM contribution measured by the model. The CM of the first harmonic is off-scale to emphasize the higher harmonics, which were present due to the clipping. The spectrum of the ANN is slightly displaced for clarity.



The CM and ANN in Human CI Recipients as Determined by the Model

The data presented to this point support the ability of the model to reproduce waveform shapes in CI subjects (Figure 4), and the parameters identified provide reasonable estimates of the CM and ANN for most frequency/intensity combinations before and after neurotoxins (Figures 7–10). Here, we apply the model to the population of CI recipients (Figure 11). For 500 Hz stimuli at 90 dB nHL, the magnitude of the reported ANN was typically lower than for the CM. On average, this difference was 14.7 ±13.9 dB (standard deviation). However, there was a general trend for a larger ANN as the CM increased. This trend is expected to the degree that a larger response indicates both larger CM and ANN. However, the data indicated by the “X” symbols are the cases where the ANN/CM ratio was <0.05, and in some of these cases, such as for cochlear nerve deficiency (see Figure 4G), it is highly likely that the ANN would be small or absent. Thus, as with the animal data, the model as currently implemented does not allow for small or absent ANN when the overall response is very large. The average reduction compared to the CM in these cases where the ANN ratio was <0.05 was 26.2 dB, so this appears to be essentially a lower limit for the ANN using the model. Figure 11B shows there was a wide variety in the proportion of the ANN across cases. In the large majority of cases (93%) the ANN/CM index was negative, indicating a predominance of CM over ANN (mean index of −0.56 ±0.31, or an average of about 3.5 time larger CM than ANN). However, a number of cases had an ANN approaching 50% of the CM (index of 0), and in some the ANN contribution was reported as larger than the CM.
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FIGURE 11. The CM and ANN in human CI subjects. (A) In 249 subjects with significant responses (see section Methods) to 500 Hz tone bursts at 90 dB HL the ANN amplitude was generally smaller than the CM (below the line of equality, dashed) but the two were positively correlated (r = 0.75, p < 0.001). Symbols with an X had an ANN/CM ratio <0.05. (B) The ANN/CM index of the same subjects. On this scale an index of−1 is all CM, 0 is equal amount of CM and ANN, and 1 is all ANN. Usually the CM was greater than the ANN, although in a number of cases they were nearly equal, and in a few the ANN was larger than the CM (C–E). The CM (C), ANN (D), and ANN/CM index (D) as a function of frequency and with the parameter of “nerve score,” which is a subjective scaling of the neural activity in each cases based on visual observation of the CM and ANN. There was no trend for the subjective nerve activity to reflect the size of the CM, in contrast, the size of the ANN and the ANN/CM index reflected the nerve activity. Both also showed low-pass filtering of similar to that in gerbil. The responses included for each frequency had to be significant (see section Methods) so the numbers of cases differ by a small amount for 250–1,000 Hz (>80% of cases have significant responses to these frequencies) but are fewer to 2 and 4 kHz (43 and 26%, respectively). Errors bars in (C–E) are standard error.



To assess the effects of frequency, the ECochG signals belonging to each individual were categorized based on a visual assessment of the neural activity, including evaluation for the presence of a CAP and ANN across the frequency range (see section Methods). The data for the CM was not well-ordered by the amount of neural activity (Figure 11C), and showed only a small frequency effect (these cases show only responses that were significant for each frequency, so the numbers are smaller for 2 and 4 kHz compared to 250–1,000 Hz). In contrast, the reported ANN supported the results of the subjective assessment (Figures 11D,E). As with the gerbil data, a non-linearity at ANN/CM ratio of 0.05 was applied forcing lower ratios to have zero ANN (Figure 11D). The CM/ANN index showed a similar trend as the ANN magnitude without no non-linearity used (Figure 11E). For cases with the highest nerve score the cut-off frequency for the ANN was similar to that seen in the NH gerbils, while the responses in cases with the lowest nerve scores were similar to that seen with gerbils after neurotoxins.

DISCUSSION

Although, the responses to tones have long been known to contain both CM and ANN, methods to quantitatively separate them have been largely lacking. Here, we created an analytic model of the CM and ANN intended to separate and estimate the magnitudes of these two components of the ongoing response. We used the model to analyze ECochG responses recorded in CI recipients, NH gerbils before and after application of a neurotoxin, and simulated ECochG signals. The model succeeded in capturing the overall shapes of waveforms in CI subjects (Figure 4), was affected in generally predicable ways by parametric manipulation of simulated signals (Figures 5, 6), captured aspects of the responses expected after application of neurotoxins in gerbils (Figures 7–10) and provided estimates of the ANN and CM in human CI subjects that generally matches that of a subjective estimate of neural activity (Figure 11). However, the model also showed limitations, of which the most important was to overestimate the amount of ANN in cases where little or none is expected, such as after neurotoxins or in some CI subjects, and to underestimate the amount of ANN when the CM is extremely large, such as to high intensities in normal hearing animals.

Need for the Model

Masking techniques can reveal the presence of the ANN in many cases, but can quantitatively recover only the amount that is masked, which for suprathreshold stimuli in single unit studies is not the entire neural component (Smith, 1977; Harris and Dallos, 1979). In addition, in CI subjects the stimulus levels are already very high (typically >100 dB peakSPL), so maskers have to be presented at levels that can be prohibitive. In addition, recovery from masking is relatively slow (Snyder and Schreiner, 1985; Verschooten et al., 2015), a major issue with intraoperative techniques. We have tried numerous other methods to quantify the ANN in animals and CI subjects prior to adopting the modeling method used here. As described in Figure 2D, the ANN has inherent asymmetry due to the half-wave rectification of phase-locking in auditory nerve fibers. Thus, the ANN typically contributes a robust 2nd harmonic in the response. This has also been called the “auditory nerve overlapped waveform” (Lichtenhan et al., 2013, 2014). However, the 2nd harmonic is not a quantitative measure of neural contribution because most of the energy of this waveform is periodic at the stimulus frequency, i.e., in the first harmonic, where it is mixed with the CM. The ANN and CM are produced by independent processes that can have different spatial distributions in the cochlea, which results in highly variable phase relationship between the two signals. Therefore, the proportion of ANN present in the first harmonic cannot be predicted by the sizes of the higher harmonics alone. Finally, the second harmonic is not entirely ANN, as high stimulus intensities can cause asymmetric and symmetric saturation of the CM which results in even and odd order harmonics as well (Teich et al., 1989).

In addition to investigating measurements of each harmonic and the total harmonic distortion, we have used cross-correlation and error measures between the average cycle and a sinusoidal representation of the stimulus, as well as shape distortions in the response such as the form factor, crest factor, and skew. The spectral and time-based approaches both identified features indicative of the ANN in many cases, such as the presence of 2nd harmonic, low correlation with a sinusoid, low form factor, high crest factor, or high skew. While these approaches are not quantitative, in most cases their results agreed with our visual assessment of the waveforms. However, with each measure there were clear false positive and false negatives in terms of identifying the degree of ANN, based on visual examination of the average cycle for distortions indicative of neural activity that has been our “gold standard” for identifying the presence of ANN. This visual approach is strongly informed by the animal experiments with neurotoxins, where absence of the ANN was indicated by the loss of the distortions except for saturation that can be attributed to the CM.

It was because of these issues that we considered the approach of using an adaptive model which treats the ECochG waveform as the sum of the discrete CM and ANN signals. This approach depends on accuracy of the equations used to estimate the physiological processes, which we have only partially achieved in this early implementation. Based on our experience up to this point, physiological signals in which the ANN is either very small or exceptionally large relative to the CM are challenging for the model to analyse.

Basis of the Model: The CM

The CM was modeled as a sinusoid with parameters of peak and trough saturation. A benefit of this method is that it requires no a priori knowledge or assumptions about the shape of the function or operating point—the proportion of open channels in hair cell stereocilia in the absence of sound stimulation. In a population response the shape of input/output function will be affected by the spatial extent of responding hair cells which will be stimulated at different effective levels according to their distance from the characteristic frequency locus of the stimulation frequency. In addition, the CM will be a mixture of contributions from outer and inner hair cells, which can have different operating points. By using such a simple and hard-edged description we probably underestimate the complexity of the responses produced by hair cells. In particular, responses in gerbils without ANN, either after neurotoxins or to high frequencies before neurotoxins, show what resemble cycle-by-cycle-adaptation to high intensity sounds (Figure 10). It is not clear what drives this small decline in response during each cycle in some cases. If such adaptation were present in the model it might reduce some of the response interpreted as ANN that is really CM.

Basis of the Model: The ANN

The ANN was modeled as the convolution of the UP and CH, and included a parameter to represent the effect of SOE. This convolution procedure is similar to the convolution of the UP and PST histogram that has been used successfully to model the CAP (Goldstein and Kiang, 1958; Chertoff, 2004) with the cyclic firing to low frequencies in the PST collapsed to produce the CH (Snyder and Schreiner, 1984). After piloting a range of frequencies, the UP was ultimately modeled as a single cycle of an 1,100 Hz sinusoid. The use of a single cycle is similar to the UP determined from experimental data (Versnel et al., 1992b), although we have not yet implemented the exact shape they described. A better approximation of the UP is also an improvement to the model that could be implemented. The shape of the CH was modeled as a stretched lognormal probability density equation, with the variable width of the curve (σ) representing the SOE. These equations represent a version of the underlying processes, and a more accurate description of the actual physiology is likely to be achieved if a biophysically-based model were used (Carney and Yin, 1988; Meddis, 1988; Meddis et al., 2013; Zilany et al., 2014).

Results with the Model: Simulated Signals

With simulated waveforms as inputs the model was able to reproduce the values of the parameters across the range encountered physiologically. This simulation was presented in detail to 500 Hz, since that is a frequency where both the CM and ANN can have a wide range of relative values. The features reproduced with the most accuracy were CM amplitude, ANN amplitude, and the phase difference between them. The model reported a small degree of primarily saturation, primarily in the trough, when the ANN amplitude exceeded the CM amplitude. This deviation was accompanied by small deviations in the reported CM and ANN amplitudes. The model was less precise with its estimation of SOE, however, inaccuracies in that parameter did not seem to affect other parameters of the ANN component.

One purpose in using the simulated signals was to assess the effects of phase differences between the ANN and CM on the ECochG waveforms and compare them to the distortions commonly seen in the human and gerbil data. We found that manipulating the phase resulted in a variety of waveforms which closely resembled the physiologic signals we have collected from experiments with the animal model and human CI recipients. The phase relationship also changed the magnitude of the ongoing response, which was at its largest when the two signals were in phase and smallest when out of phase; i.e., there was constructive and destructive interference. This effect has implications for studies of ECochG as a monitoring tool for cochlear trauma during CI surgery. Many of these studies use 500 Hz tones as a stimulus, and some monitor the magnitude of the response, either as an RMS signal (Campbell et al., 2015, 2016) or as the peak of the spectrum at the stimulus frequency (Koka et al., 2016). Because of the expected effect of phase interactions, which was demonstrated here in the model, in the past we (Fitzpatrick et al., 2014; McClellan et al., 2014; Formeister et al., 2015) and others (Dalbert et al., 2016) have summed the peaks of the spectrum of the response to each stimulus frequency as the measure of response magnitude. By summing the spectral peaks, rather than calculating their RMS value as would be done to reproduce the time waveform, the contributions of the distortions to the overall signal are given more weight. While summing rather than squaring the response peaks partially mitigates the effect of phase when assessing the magnitude of the ECochG response, the model offers the possibility of measuring the potentials separately and thus accurately measuring the overall response independent of phase effects.

Results with the Model: Studies Using Gerbils

The results from the gerbil indicate that the model captures some important features of phase-locking in the auditory nerve across frequency and intensity. It reports a larger CM than ANN, with the major effects of neurotoxins limited to the ANN. In the case of KA we did see some effect of KA on the CM at a few frequency/intensity combinations, but this was not seen with the other neurotoxins. However, the vehicle was also different between the experiments (lactated Ringer's for KA and artificial perilymph for the others) so it hard to know what to attribute this difference to. The proportion of the ANN relative to CM is strongly reduced to high frequencies compared to low, with the cut-off between 1,000 and 2,000 Hz, consistent with the range where phase-locking in gerbil auditory nerve fibers has the greatest synchrony (Ohlemiller and Siegel, 1998; Versteegh et al., 2011). The relationship with intensity is similar to that expected from compression of the ANN relative to the CM, which is that the proportion of ANN is much greater to low intensities compared to high. Thus, the model does identify the major features of phase-locking expected from single unit studies and extrapolated to a population response.

The major limitation in the model was the report of substantial ANN in cases where little or no neural responses were expected (e.g., high frequency stimulus, or after treatment with a neurotoxin). Large values of ANN were reported when the CM was large, even if the overall percentage reported was relatively low. To help mitigate this error, we set values of ANN to be zero when the ANN/CM ratio was <0.05. There is evidence (Figure 10) that the flaw lies in an incomplete modeling of processes which can affect the CM waveform morphology. A promising direction is to allow some adaptation in the response on a cycle-by-cycle basis. The model also struggled with some responses to low frequencies presented at low to moderate intensities—these signals tended to have the largest ANN and produce highly complex waveforms. While the model accurately identified large ANN amplitude in these cases, the correlations between the input and the model signals tended to be lower than the average, suggesting possible areas of improvement in the implementation of UP, CH, and SOE.

Application of KA also resulted in a small decline of the CM signal magnitude to low frequencies (750 and 1,000 Hz) and intensities (30 dB SPL), suggesting the neurotoxin affected hair cells, or that the model was incorrectly assigning some of the ANN to the CM prior to KA application. A similar change in the CM did not happen with either TTX or OA. A small effect of KA on the CM has previously been reported in other animal models (Zheng et al., 1996; Sun et al., 2001). In addition, although we have not examined the question in detail, some effect on the CM, either an increase or decrease, can be expected in individual cases due to changes in the efferent system that can affect the operating point of outer hair cells. Such changes are expected once the afferent input is removed, but the direction may vary across cases.

The frequency range of ANN reported by the model is a close match to the range where the ANN was detected in a spectral analysis using some of the same KA data (Forgues et al., 2014). It is also similar to the range of the “auditory nerve overlapped potential,” reported in similar experiments in other species (Lichtenhan et al., 2013, 2014). In contrast to the evoked potential results, single units in gerbils can show phase-locking to frequencies up to 3–4 kHz (Versteegh et al., 2011), as is also reported in other species (Johnson, 1980; Weiss and Rose, 1988). There are at least two reasons why the ANN in ECochG recordings may have a more limited phase-locking range than the single units. The first is that the ANN may only be detectable over the range of phase-locking where the synchrony is the highest. In gerbils and most species there is a steep decline in the vector strengths of single units beyond about 1,000 Hz. The second is that there will also be low-pass filtering of the ANN due to the overall UP duration of ~1 ms (~period of 1,000 Hz sinusoid), as previously suggested by Lichtenhan et al. (2013). Due to the UP's relatively long duration, overlapping responses to higher frequency stimuli may reduce the cyclic component in the evoked response.

A main assumption of the model is that the ongoing response consists of only the ANN and CM. This misses at least one known source of cochlear electrical responses—the dendritic current that is produced from the sum of synaptic currents in auditory nerve fiber terminals (Dolan et al., 1989). Since the dendritic potential is not based on spikes, the correlate of the UP would be the synaptic EPSP from transmitter-gated channels. TTX blocks only the action potentials and should not affect these EPSPs, unlike KA which removes the nerve terminal, and OA which prevents further depolarization. This dendritic current is not currently considered in the model. By initial application of TTX followed by KA, the dendritic contribution can be isolated as the difference of the response seen after each compound. Preliminary results from this experiment show the dendritic response to be present but smaller than the spiking component. Future iterations of the model will need to consider both sources of neural contributions to the ongoing response to better account for recorded waveform shapes.

Finally, the model does not include separate functions for inner and outer hair cells. This is reasonable given that the recordings from the round window are the sum of all contributions to the CM, which include both types of hair cells. However, it would be important to know whether the asymmetries are different in the two cell types, which could also be approached pharmacologically in gerbils, as it has in guinea pigs (van Emst et al., 1995, 1996).

Results with the Model: Human CI Subjects

The results of model analysis of the signals recorded in human CI subjects are encouraging, however, issues similar to those in the animal experiments were present. The reported CM was on average larger than the ANN, by 26 dB on average. This corresponds with our expectation that the ECochG responses in CI subjects are dominated by the CM, which is the reason why the measure of “total response” (sum of all significant responses to harmonics 1–3 across a range of tone burst frequencies) account for more of the variance in outcomes in adults (>40%, Fitzpatrick et al., 2014; McClellan et al., 2014) and in older children (>30%, Formeister et al., 2015) than does audiometric or biographic data (Lazard et al., 2012). That is, the proposed explanation for correlation of outcomes with a signal dominated by the CM in these studies is that the degree of hair cell survival is a better correlate to “cochlear health” than is the degree of intact connections with nerve fibers. Here, the CM did not show a low-pass cut-off frequency, consistent with the animal data and basilar membrane movement. Furthermore, it was not correlated with the degree of neural activity determined subjectively, and which was a good fit with the results for ANN, further supporting the view that the CM and ANN in CI subjects do not provide identical information regarding outcomes.

In the population-wide results, as in the gerbil data, the model did not always report a small ANN for cases where the CM/ANN ratio was small; instead, enough ANN was reported for it to scale with the size of the CM. As was discussed with the gerbil results, it may be that the shape of the CM is more complex than a sinusoid with parameters of asymmetric and symmetric saturation, such that any waveform abnormalities beyond those would likely be attributed to the ANN. The importance of this issue is that to the degree the reported ANN is covariant with the CM rather than independent, its value as a independent predictive measure for speech perception outcomes with the CI recipients is limited.

Unlike gerbils, the phase-locking range in the human auditory nerve is unknown. There are some indications that human phase-locking could go to higher frequencies than found in animal single unit studies (Moore et al., 2006), but the more general view is that the weight of evidence supports a range of up to about 1.5 kHz for strong phase-locking, i.e., similar to other species (Joris and Verschooten, 2013). Here we are able to report that the frequency range of the ANN estimated by the model (and seen visually in the average cycle) is similar to that in the gerbil.

CONCLUSION

A model based on an analytic description of hair cell and neural contributions to the ongoing responses to low frequency tones was used to separate the ECochG signals into their individual components. This analytical tool can help characterize the residual physiology CI recipients, and can be useful in other clinical settings where a description of the cochlear physiology is desirable.
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The spectral analysis of the spontaneous activity recorded with an electrode positioned near the round window of the guinea pig cochlea shows a broad energy peak between 800 and 1,000 Hz. This spontaneous electric activity is called round window noise or ensemble background activity. In guinea pigs, the proposed origin of this peak is the random sum of the extracellular field potentials generated by action potentials of auditory nerve neurons. In this study, we used a non-invasive method to record the tympanic electric noise (TEN) in humans by means of a tympanic wick electrode. We recorded a total of 24 volunteers, under silent conditions or in response to stimuli of different modalities, including auditory, vestibular, and motor activity. Our results show a reliable peak of spontaneous activity at ~1,000 Hz in all studied subjects. In addition, we found stimulus-driven responses with broad-band noise that in most subjects produced an increase in the magnitude of the energy band around 1,000 Hz (between 650 and 1,200 Hz). Our results with the vestibular stimulation were not conclusive, as we found responses with all caloric stimuli, including 37°C. No responses were observed with motor tasks, like eye movements or blinking. We demonstrate the feasibility of recording neural activity from the electric noise of the tympanic membrane with a non-invasive method. From our results, we suggest that the 1,000 Hz component of the TEN has a mixed origin including peripheral and central auditory pathways. This research opens up the possibility of future clinical non-invasive techniques for the functional study of auditory and vestibular nerves in humans.

Keywords: electrocochleography, round window noise, tympanic membrane, spontaneous activity, auditory nerve, vestibular nerve

INTRODUCTION

Auditory nerve fibers (ANF) transmit action potentials from the cochlea to the brain. This neural activity can be recorded spontaneously, -in the absence of acoustic stimulation-, or in response to auditory stimuli (Walsh et al., 1972; Kiang et al., 1976; Manley and Robertson, 1976; Liberman and Kiang, 1978). Dolan et al. (1990) placed an electrode near the round window (RW) of guinea pigs and recorded spontaneous electric activity. The spectral analysis of this signal showed a broad peak centered between 800 and 1,000 Hz. As the extracellular field potentials generated by action potentials of the auditory nerve last 1–2 ms (Kiang et al., 1976), their spectral analysis contributes to the frequency band of this peak. Therefore, these authors suggested that this peak at ~900 Hz reflects the sum of the spontaneous discharge of auditory nerve neurons (Dolan et al., 1990). Since the first recordings of round window noise (RWN) made by Dolan et al. (1990), several authors have studied its properties, including its possible origin (McMahon and Patuzzi, 2002; Searchfield et al., 2004), olivocochlear influence (Popelar et al., 1996; Lima da Costa et al., 1997), and its relationship with tinnitus (Cazals et al., 1998). In a clinical setting, the functional evaluation of the auditory nerve is essential for the perceptual outcome of cochlear implant patients (Abbas et al., 2017). In humans, while stimulus driven auditory-nerve activity can be measured through compound action potentials of the auditory nerve (CAP) or by means of wave I from auditory brainstem responses, the spontaneous activity of ANF can only be recorded during neurosurgical procedures, like cerebellopontine angle surgery (Martin, 1995). However, to date there are no good non-invasive electrophysiological measures of auditory nerve status in profound deaf patients that are candidates for cochlear implantation.

We propose that it is possible to record the tympanic electric noise (TEN) using a non-invasive method, similar to that used for tympanic electrocochleography (ECochG), which could be indicative of auditory-nerve spontaneous activity. The aim of the present work is to analyze the frequency components of the electric noise recorded from the tympanic membrane in humans, and to study whether the amplitude of these frequency components depends on acoustic and vestibular caloric stimulation. We found a reliable frequency peak at ~1,000 Hz in the TEN signal of all subjects recorded in the absence of acoustic stimulation. In addition, we found that in most subjects, the amplitude of the TEN increased with acoustic and caloric vestibular stimulation. The current study demonstrates the possibility to further contributions of the TEN as a potential clinical technique for the functional study of auditory nerve in humans.

MATERIALS AND METHODS

Subjects

Twenty-four adults of both sexes (12 women) were included in this study. The mean age was 25.4 ± 4.93 years, ranging between 20 and 45 years old. All subjects had normal hearing thresholds (audiometric thresholds ≤20 dB HL from 250 Hz to 4,000 Hz). This study was carried out in accordance with the recommendations for clinical research of the University of Chile, and was approved by the Institutional committee of Ethics (Hospital Clínico de la Universidad de Chile). All subjects gave written informed consent in accordance with the Declaration of Helsinki.

TEN Recordings

Tympanic ECochG recordings were obtained in awake subjects under silent condition or in response to stimuli of different sensory modalities in a sound-attenuating room. The external ear canal was cleaned with saline solution (0.9% sodium chloride solution) and ear wax was removed by aspiration. Then, a wick electrode (Intelligent Hearing Systems®) was carefully placed on the tympanic membrane. Both procedures were performed by an otolaryngologist under microscopic view. Surface electrodes were placed on the forehead (ground) and on the contralateral ear lobe (reference). The electrodes were secured with tape to the skin. Impedance of reference and ground electrodes were maintained below 5 kΩ, while we tried to keep the impedance of the tympanic electrode below 25 kΩ by means of a conductive gel applied to the tympanic membrane. This conductive gel was used in addition to the recommendation given by the manufacturer of hydrating the wick electrode with saline solution. At the end of the experiments, the conductive gel applied to the tympanic membrane was aspirated by an otolaryngologist under microscopic view. We used a PZ3 preamplifier on the ECochG channel coming from the tympanic electrode (low pass filtered at 10 kHz), and a multiprocessor (RZ6) connected to a computer (Tucker-Davis Technologies®). Both equipments were controlled with a custom software (System 3, Tucker-Davis Technologies®) to record data and generate sounds with sampling rate of 50 kHz.

Stimulation Protocols

Electrophysiological recordings were conducted with the subject lying down on a clinical bed. The TEN signal was recorded during six minutes without any external stimuli. Subjects were asked to remain still and quiet during this time. This protocol was repeated twice to test reliability of recordings. Furthermore, electromyographic and neural activity of trigeminal, facial and oculomotor nerves were explored by means of isometric muscle contractions of masseter, blinking, and ocular movements during TEN recordings. In addition, to investigate the origin of the TEN 1,000 Hz peak, we performed electrocardiographic (ECG) like recordings in the absence of external stimuli, placing an additional surface electrode on the ipsilateral wrist while maintaining ground (forehead) and reference (contralateral ear lobe) electrodes.

Acoustic Stimulation (n = 11)

In a subset of the volunteers (n = 11) we performed acoustic stimulation presenting an ipsilateral, filtered, and continuous broad-band noise (4–20 kHz). The broad-band noise was digitally generated at 50 kHz sampling rate, and high pass filtered at 4 kHz to avoid the acoustic energy overlapping with the spectrum of the TEN peak at 1 kHz. The noise was delivered by insert phones (ER-10C, Etymotic Research®) at 72 and 82 dB SPL. Phones were previously calibrated by means of 2-ml artificial cavity (up to 10 kHz). The tympanic electrode was placed on the ear drum and fixed to the ear lobe. After that we used a large foam tip to seal the ear canal, which might yield to slightly different sound pressure levels to those measured in the two-ml cavity. The experimental protocol consisted of 40–60 s of spontaneous recording (silent period without stimulation) followed by acoustic stimulation with each intensity sequentially presented for 60–80 s (72 and 82 dB SPL). The TEN signal was recorded continuously during the full protocol. In addition, to confirm adequate impedance of the tympanic electrodes, acoustically evoked CAPs at different sound pressure levels were obtained (100 μs clicks, presented at 21 Hz rate, repetitions = 1,000).

Vestibular Stimulation (n = 8)

To stimulate the vestibular nerve fibers, we decided to perform vestibular stimulation with caloric stimuli in eight volunteers (n = 8). We used bithermal caloric stimulation during TEN recordings (ATMOS Varioair®) at 26°C (cold) and 49°C (warm) delivered during 120 s through the external ear canal. In five subjects, we also tested the effects of 37°C airflow stimulation, as control experiments with body temperature. The auditory and vestibular experiments were performed in different days. The flow of air was delivered to the tympanic membrane by a plastic tube tip connected to the irrigation handle and inserted into the ear canal. In order to confirm vestibular stimulation, the presence of nystagmus was explored using Frenzel goggles (ICS FL-15, Otometrics®). The experimental vestibular protocol consisted in 60 s of spontaneous baseline recording followed by 120 s of caloric stimulation and a final recovery period of 60 s without stimuli. The TEN signal was recorded continuously during the full 240 s protocol.

Data Analysis

Fast Fourier transforms (FFT) were applied to data using time windows of 1,000 ms (1 Hz resolution), which were moved in steps of 800 ms (100 ms overlap each side). This procedure yields a matrix of data corresponding to the time spectrogram of the TEN signal. Given the small amplitudes of the frequency components of the TEN signal (tens of nanoVolts), an iterative smoothing algorithm for removing the noise peaks at 50 Hz and its harmonics was developed. First, a smoothing boxcar function using 35 Hz width (21 points) was applied to the original average spectrum of the TEN signal. Then, the original average spectrum was compared to its smoothed version by subtraction. All differences (point by point) yielded statistical values (mean ± standard deviation) which were used to detect outlier points. Every point (and both immediate neighboring points) with a difference exceeding mean ± three standard deviations were eliminated from the original average spectrum. This procedure was iterated three times to provide a satisfactory denoised spectrum, as judged by visual inspection. Finally, the missing points of the denoised spectrum were filled by linear interpolation. With the denoised version of each TEN average spectrum (taken from the 7 consecutive spectra inside 6 s), we could automatically calculate integral values between 650 and 1,200 Hz from the amplitude spectrum. The magnitude of the peak between 650 and 1,200 Hz of the TEN, as measured by this integral in 6 s steps, was the sample in statistical analyses during auditory and vestibular stimulation (SigmaPlot 12.5, Systat Software®, Inc., USA). In the acoustic and vestibular stimulation experiments, data were expressed as dB of change from baseline levels (dB = 20*LOG x/baseline amplitude). The normal distribution of these samples were evaluated using Shapiro-Wilk tests. If the distribution was normal, possible differences between conditions were evaluated with one-way ANOVA, if not, the Mann-Whitney or Kruskal-Wallis tests were applied, depending of the number of conditions analyzed. In every case, a p < 0.05 was considered as a significant difference.

RESULTS

We recorded the TEN under silent conditions in 24 normal-hearing subjects. All volunteers showed spontaneous activity with a broad spectral peak around 1,000 Hz (Figure 1). The amplitude values of the 1,000 Hz peak of the TEN varied from 5 to 80 nV across subjects. Figure 2 displays an example of time-frequency analysis of the peak at 1,000 Hz in one volunteer in the absence of acoustic stimulation, showing that the 1,000 Hz peak of the TEN remained stable during the 360 s session. Next, to test possible biological artifacts affecting the 1,000 Hz peak from TEN, different control experiments were performed: (1) electrocardiogram like recording, (2) masticatory isometric muscle contractions, (3) blinking, and (4) ocular movements. The 1,000 Hz peak was absent when using a wrist ECG-like electrode configuration, while masseter muscle activation produced an increase in the power of frequencies below 800 Hz, but not in the 1,000 Hz component (Figure 3). Non-significant differences were found during blinking or ocular movements (data not shown).
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FIGURE 1. Power spectrum of the tympanic electric noise. Each colored curve represents one different subject. Note the presence of a broad peak in all subjects around 1,000 Hz. The missing points in the curves were eliminated by the denoise procedure (described in the Methods section).
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FIGURE 2. Time spectrum of the tympanic electric noise in humans. This spectrogram shows the stability of the 1,000 Hz peak throughout a complete session of tympanic electric noise recording (360 s) in one subject. Notice that, although the spectral peak is centered around 1,000 Hz, at the single epoch level (each dot in the time spectrum), varies between 800 Hz and 1,200 Hz. This figure shows data before the denoise procedure. The subject corresponds to the volunteer with the largest peak at 1,000 Hz in Figure 1.
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FIGURE 3. Tympanic electric noise ECG-like and EMG controls. (A) Comparison between TEN and ECG-like spectrums. The blue line shows the averaged spectrogram of a 360 s recording from an ECG-like signal with wrist electrodes, while the red line shows the spectrum of the TEN signal in the same volunteer. To compare the wrist and eardrum noise signal, the y-axis is shown in arbitrary units measured in dB of attenuation. The frequency components of the ECG-like signal are probably observed in the low frequency band (<100 Hz) of the corresponding power spectrum. (B) TEN spectrum with (red) and without (black) masseter muscle activation. Volunteers activated their masseter muscles through isometric contraction, with mouth closed during 1 min. Note that the muscle activation produces a power increase in the frequency band <800 Hz, but not in the 1,000 Hz peak, probably related to EMG activity.



Regarding auditory stimulation, we found a significant increase of the TEN 1,000 Hz peak amplitude using ipsilateral broad-band noise in 9 out of 11 subjects at 72 and 82 dB SPL [one way ANOVA, F(2): 241.420; p < 0.001, Tukey post-hoc p < 0.05 compared to silent conditions] (Figure 4). The amplitude increase of the 1,000 Hz peak with 72 dB SPL was 1.74 ± 0.16 dB (mean ± standard deviation); while for 82 dB SPL was 2.27 ± 0.22 dB. In the other two subjects, we found an amplitude reduction with ipsilateral broad-band noise at 72 dB SPL of −0.92 ± 0.25 dB and at 82 dB of −1.06 ± 0.35 dB. Figure 5 shows an example of the time frequency spectrum measured during acoustic stimulation with broad-band noise at 72 and 82 dB SPL. A cochlear microphonic response above 2 kHz is clearly seen in the time spectrum, while an increase of the spectral components of the TEN around 800 Hz is also observed.
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FIGURE 4. Increase of the TEN 1,000 Hz peak amplitude during auditory stimulation with broad-band noise in the majority of the subjects (n = 9). This graph shows the effect (in dB) of broad-band noise stimulation on the nine subjects with an increase in the amplitude of the TEN 1,000 Hz peak (measured as the integral value between 650 and 1,200 Hz) [One way ANOVA, F(2) = 241.420, p < 0.001; Tukey post-hoc, p < 0.05 in the three pairwise comparisons]. In addition to the amplitude increase of the TEN 1,000 Hz peak observed in these nine subjects, in two cases we found an amplitude decrease with broad-band noise stimulation.
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FIGURE 5. Time and power spectrums of the tympanic electric noise with broad-band noise stimulation. (A) Time spectrum, the filtered broad-band noise (>4 kHz) increases the TEN 1,000 Hz peak at 72 and 82 dB. Notice the presence of a cochlear microphonic component above 2 kHz with broad-band noise stimulation. (B) Spectrum of the averaged signals in silence (baseline) and with 72 and 82 dB SPL. This figure shows data before the denoise procedure.



Vestibular stimulation with cold airflow at 26°C produced an increase in TEN 1,000 Hz peak amplitude (1.74 ± 1.53 dB, mean ± SD) which almost returned to base levels (0.66 ± 0.60 dB) during the recovery period [Kruskal–Wallis analysis, H(2) = 6.038, p = 0.037, Dunn post-hoc test p < 0.05] (Figure 6). Warm stimulation at 49°C produced a significant increase in the TEN 1,000 Hz peak amplitude (1.89 ± 1.1 dB) compared to base levels. This effect did not return to base levels (1.90 ± 1.4 dB of change) [Kruskal–Wallis analysis, H(2) = 9.420, p = 0.009]. Figure 7 shows an example of the time frequency spectrum measured during caloric stimulation with air at 26°C. A progressive increase of the TEN 1,000 Hz peak is observed along cold stimulation. Next, we measured the effects of 37°C airflow stimulation in the ear canal in five subjects as a control condition. Since two of the five subjects had nystagmus and vertigo with this temperature, we describe the effects of this stimulation in three volunteers. A similar increase to those observed in cold stimulation was obtained in these subjects (37°C: 1.15 ± 0.37 dB; recovery 0.61 ± 0.12 dB) (Figure 6).
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FIGURE 6. Increase of the TEN 1,000 Hz peak during vestibular caloric stimulation at 26°C (blue), 49°C (red), and 37°C (green). This figure show box-plots of TEN 1,000 Hz peak amplitudes for baseline and caloric stimulation at 26 and 49°C in eight volunteers and at 37°C for three subjects, showing the effect in dB of change (measured as the integral value between 650 and 1,200 Hz). Note that the amplitude of the 1,000 Hz peak of TEN does not return to base levels after warm stimulation at 49°C. [Cold air: Kruskal–Wallis analysis, H(2) = 6.038, p = 0.037, Dunn post-hoc test p < 0.05; warm air: Kruskal-Wallis analysis, H(2) = 9.420, p = 0.009]. Stimulation at 37°C also produced an increase of the 1,000 Hz peak of the TEN (b, baseline and p, recovery period).
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FIGURE 7. Time and power spectrums of the tympanic electric noise with cold air stimulation at 26°C. (A) Notice the presence of low frequency artifacts at the beginning and at the end of the caloric stimulation (around 60 and 180 s), while there is a progressive increase of the 1,000 Hz peak during vestibular stimulation (between 60 and 180 s). (B) Spectrum of the averaged signals during baseline period, during the first and second minutes of caloric stimulation and after cold stimulation. Notice that the largest 1,000 Hz peak was obtained in the second minute of cold stimulation. This figure shows data before the denoise procedure.



DISCUSSION

We found a reliable frequency peak at ~1,000 Hz in the spectral analysis of the TEN measured with a non-invasive technique in humans. In the majority of the cases, the amplitude of the TEN 1,000 Hz peak increased with auditory and vestibular stimulation, but not with motor activation.

Differences between RWN and TEN

The RWN studied in animal models has received a number of different names: ensemble spontaneous activity (Snyder and Schreiner, 1987), ensemble spontaneous neural activity (Martin et al., 1993), ensemble background activity (Popelar et al., 1996), average spectrum of electrophysiological cochlear activity (Cazals and Huang, 1996), and spontaneous neural noise (McMahon and Patuzzi, 2002). These studies were all performed with electrodes located near the round window membrane, they all showed an energy peak between 800 and 1,000 Hz in silent conditions, and probably correspond to the same biological signal. These animal studies have shown that the RWN is a biological signal recorded in silent conditions that disappears in post-mortem status (Dolan et al., 1990), and that the spectral peak found between 800 and 1,000 Hz probably corresponds to the extracellular field potentials generated by action potentials of the ANFs (Kiang et al., 1976; Versnel et al., 1992; Searchfield et al., 2004). In guinea pigs, the contribution of auditory-nerve action potentials to the RWN peak at 800–1,000 Hz was demonstrated by applying to the inner ear pharmacological treatments that block or reduce the neural activity (Searchfield et al., 2004). They showed that the ~900 Hz peak was reduced in amplitude or disappeared like in post-mortem animal recordings. Furthermore, these studies suggested that the generation or principal contribution of the RWN is given by the spontaneous activity of ANFs arising from the basal cochlear region and consequently, the amplitude of the RWN peak correlates with good auditory sensitivity at high frequencies (Dolan et al., 1990; Searchfield et al., 2004). Together, these studies performed in animal models evidence that the spectral peak ~900 Hz of the neural noise recorded near the round window is an indirect measure of the ANF spontaneous activity.

In the present work, we recorded the electrical noise from the tympanic membrane in human subjects, and obtained a similar broad frequency peak (around 1,000 Hz). Although, the tympanic membrane is relatively close to the inner ear, the anatomic location of the positioned electrode is different from that of animal models (round window membrane). The consequence of the difference in the recording position is that neural contributors can be different and therefore the ~900 Hz frequency peak obtained from the RWN in the animal models cannot be directly equated to the TEN 1,000 Hz peak in humans. For this reason, in addition to the auditory and vestibular nerves, we conducted experiments to rule out possible contributions of cranial nerves passing near the tympanic membrane, as facial, and trigeminal nerves. As we found no amplitude changes of the TEN 1,000 Hz peak with ocular movements, or facial and masticatory tasks, we focused on auditory and vestibular stimulations.

TEN 1,000 Hz Peak and Auditory Stimuli

In the absence of acoustic stimulation, we found a repeatable frequency peak at ~1,000 Hz in the TEN signal of all recorded subjects. One possibility is that the spontaneous 1,000 Hz peak in the TEN is driven by ANF responses to self-generated sounds, but it could also reflect non-stimulus driven spontaneous activity. Independently of its acoustic source, this neural peak might be used as an additional objective measure of cochlear nerve function, with the advantage of providing a measure of non-synchronized activity to auditory stimuli.

In addition, amplitude changes of the TEN 1,000 Hz peak were clearly obtained with acoustic stimulation. We found an amplitude increase of the TEN 1,000 Hz peak with broad-band noise in 9 out of 11 volunteers (Figure 4). As we used a high pass filtered noise (4–20 kHz), we stimulated the base of the cochlea, therefore, this increase probably corresponds to recruitment of ANFs innervating the first cochlear turns and not to cochlear microphonic potentials in response to 1,000 Hz (Heil and Peterson, 2015). On the other hand, in two cases we found amplitude reductions of the TEN 1,000 Hz peak, which could be reflecting olivocochlear activation (Lima da Costa et al., 1997; Guinan, 2006) or middle ear muscle reflex activation (Liberman and Guinan, 1998). However, there is a physiological dilemma with the activation of these feedback circuits, as efferent or middle ear muscle recruitment would produce a decrease in auditory nerve activity, which in turn would decrease efferent and middle ear function. Still, we do not have any better explanation for reductions of the TEN 1,000 Hz peak amplitude during broad-band noise stimulation.

TEN 1,000 Hz Peak and Vestibular Stimuli

We found an amplitude increase of the TEN 1,000 Hz peak during both caloric stimulation periods (Figure 6). Importantly, we showed that ocular movements alone did not increase the power of the spectral peak at 1,000 Hz, indicating that the increase during caloric tests was not due to nystagmus. Unexpectedly, either warm or cold stimuli caused an increase in the TEN 1,000 Hz peak amplitude, despite the evidence that warm temperatures increase firing rate over the spontaneous level while cold decrease neural responses (Young and Anderson, 1974). One difference between warm and cold stimulation was that the former produced a sustained increase (at least upon the end of our protocol) that was not observed in the latter. One possibility is that the active warming up to body temperature after cold air stimulation might be faster than the cooling down after warm air stimulation, explaining the difference in recovery between cold and warm stimulation.

In addition to cold and warm vestibular stimulation, we performed temperature controls with airflow at 37°C that also produced a small increase in the TEN 1,000 Hz peak (see Figure 6). There is no single answer to elucidate these findings; consequently, we give speculative hypotheses to explain these results. The first hypothesis is that we may have stimulated vestibular afferents with all caloric stimuli, including warm, cold and 37°C degrees. This idea is supported by the fact that two of the five subjects had evoked nystagmus and vertigo using stimulation at 37°C. In addition, in the three included subjects (at 37°C) nystagmus was evaluated by visual inspection with Frenzel goggles. One possibility is that all our subjects stimulated at 37°C could had nystagmus if they had been evaluated with electronystagmography (ENG) or video-oculography (VOG). The lack of ENG or VOG recordings to evaluate the presence of nystagmus is a limitation of our study, that should be addressed in the future. The second hypothesis is that the airflow of the caloric stimulation (independently of the temperature) produced a low intensity acoustic noise in the low frequency band that could modify the amplitude of the TEN 1,000 Hz peak.

Neural Source of the TEN 1,000 Hz Peak

Regarding the possible neural sources of the TEN 1,000 Hz peak, we ruled out possible contributions of facial and trigeminal nerves, and we found clear responses to auditory stimuli. Our results with the vestibular stimulation are not conclusive, and more research with other vestibular stimuli (vibration or rotation) should be performed. We propose a mixed origin in humans, with peripheral and central neural contributions, including the auditory nerve, and central auditory pathways. Another possibility is that peripheral and central vestibular pathways are also contributing to this signal. Similar to the auditory brainstem responses, in which far-field potentials can be recorded from the scalp (Jewett et al., 1970; Jewett and Williston, 1971), the origin of the TEN 1,000 Hz peak could involve asynchronous brainstem sources from the auditory pathways, but even from other brain structures not related auditory inputs.

Possible Clinical Use of TEN 1,000 Hz Peak

To date, ECochG is one of the few techniques that allows a non-invasive functional evaluation of the auditory nerve, mainly focused on CAP measurements. Results show that RW response magnitudes correlate with speech perception outcomes after cochlear implantation in adult (Fitzpatrick et al., 2014; McClellan et al., 2014) and pediatric population (Formeister et al., 2015). Nevertheless, CAP recordings require a synchronizing stimulus (acoustic or electrical) to evoke neural responses, implying difficulties in the case of profound deaf patients, since adequate auditory synchronization could not be achieved. On the other hand, electrical stimulation on the promontory or through cochlear implants are invasive techniques usually performed during ear surgery, which restrict its predictive usefulness of auditory nerve functionality, whereas the measurement of the TEN 1,000 Hz peak may represent a non-invasive option to explore auditory-nerve activity before surgery.

It has also been suggested that the RWN could be employed in the study of tinnitus (McMahon and Patuzzi, 2002; Sendowski et al., 2006), which is the perception of a sound in the absence of any external stimulation (Cazals et al., 1998). Previous studies of the RWN in animals have shown that after administration of salicylate, a chemical that triggers reversible tinnitus in humans (McCabe and Dey, 1965), the broad peak around 900 Hz decreases while a narrow spectral peak around 200 Hz emerges (Snyder and Schreiner, 1987; Martin et al., 1993; Cazals et al., 1998). Similar to these results, a 200 Hz peak component has also been recorded in humans with tinnitus during surgery (Martin, 1995; Feldmeier and Lenarz, 1996). In the present study, we found that masseter muscle activation produced an amplitude increase of frequencies below 800 Hz (Figure 3), probably reflecting EMG activity. As tinnitus pathophysiology can involve hearing loss and/or head and neck injuries (Langguth et al., 2013), we propose that non-invasive measurements of the TEN spectrum in humans could be useful to evaluate tinnitus patients.

CONCLUSIONS

We found a reliable frequency peak at 1,000 Hz in the TEN of humans. The amplitude of this TEN 1,000 Hz peak was modified by acoustic and caloric vestibular stimulation. We propose the TEN 1,000 Hz peak as a potential clinical non-invasive measure for the functional study of the auditory nerve in humans. Future research in bilateral and unilateral deafness subjects and in patients with vestibular function loss will help to unravel the contributions of the vestibular and auditory nerve to the TEN 1,000 Hz peak.
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Electrocochleography (EcochG), incorporating the Cochlear Microphonic (CM), the Summating Potential (SP), and the cochlear Compound Action Potential (CAP), has been used to study cochlear function in humans and experimental animals since the 1930s, providing a simple objective tool to assess both hair cell (HC) and nerve sensitivity. The vestibular equivalent of ECochG, termed here Electrovestibulography (EVestG), incorporates responses of the vestibular HCs and nerve. Few research groups have utilized EVestG to study vestibular function. Arguably, this is because stimulating the cochlea in isolation with sound is a trivial matter, whereas stimulating the vestibular system in isolation requires significantly more technical effort. That is, the vestibular system is sensitive to both high-level sound and bone-conducted vibrations, but so is the cochlea, and gross electrical responses of the inner ear to such stimuli can be difficult to interpret. Fortunately, several simple techniques can be employed to isolate vestibular electrical responses. Here, we review the literature underpinning gross vestibular nerve and HC responses, and we discuss the nomenclature used in this field. We also discuss techniques for recording EVestG in experimental animals and humans and highlight how EVestG is furthering our understanding of the vestibular system.
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ELECTROVESTIBULOGRAPHY BACKGROUND

The history of Electrocochleography (ECochG) as a technique for recording cochlear field potentials is well established (Eggermont, 2017), beginning with Wever and Bray’s (1930) recordings of the Cochlear Microphonic (CM) in response to air conducted sound (ACS) stimuli in cats, and the 8th nerve compound action potential (CAP) response shortly after by Fromm et al. (1935). Predominantly, ECochG is used to objectively monitor cochlear sensitivity to ACS in animal experiments. During the 1970s, ECochG evolved as a clinical tool for diagnosing 8th nerve schwannomas, for monitoring 8th nerve function during surgery, and for diagnosing endolymphatic hydrops, where the ratio of the Summating Potential (SP) to CAP ratio was of primary interest (Gibson et al., 1977). More recently, variants of ECochG have been used to monitor 8th nerve and hair cell (HC) function during cochlear implantation using the electrically evoked CAP (Scott et al., 2016), or have used the acoustically evoked auditory nerve neurophonic (Lichtenhan et al., 2014; Koka et al., 2017; Rampp et al., 2017) or the CM (Campbell et al., 2016) during surgery. It should be made clear that ECochG is not the name of a response per se (the response is the CM, CAP, ANN or SP), but rather the process of monitoring electrical potentials from excitable cochlear cells. Today, there is a decreasing reliance of ECochG in the clinical setting (Hornibrook et al., 2016), with the Auditory Brainstem Response (ABR; and variants of) and otoacoustic emissions primarily being used to objectively monitor patient hearing and an increasing reliance on diagnostic imaging.

Whilst ECochG is an established tool in hearing research, there is less appreciation for the vestibular analog of ECochG, which has been infrequently termed Electrovestibulography (EVestG; Charlet de Sauvage et al., 1990; Lithgow, 2012). EVestG may be considered the process of measuring electrical responses of the peripheral vestibular system. Analogous to the CM and CAP or ABR in ECochG, EVestG responses consist of both vestibular HC and vestibular nerve field potentials. Fluctuations in the extracellular potential due to movement induced changes in the vestibular HC conductance and receptor current has been termed the “Vestibular Microphonic” (VM), whereas the vestibular afferent nerve response (or central vestibular neuron response) to movement has been termed the short-latency Vestibular Evoked Potential (VsEP). This review article will focus on the VM and VsEP, as fundamental EVestG components.

EVestG has not been extensively used by inner ear researchers. That is, although the VM and the VsEP have been characterized, they are used far less often and rarely compared to their cochlear counterparts. A simple PubMed search for “vestibular VsEP” returns a list of just 49 publications, whereas a search for “cochlear CAP” or “cochlear CM” returns a list of 570 and 930 publications respectively1. Moreover, Electrocochleography is an established term, with more than 4000 publications listed on Pubmed, whereas the term Electrovestibulography has only been used in 20 publications, 18 of which were from the same research group. Some of this discrepancy may be due to variation in the nomenclature of these responses.

Over the last 20 years, the term Electrovestibulography has only been used to describe a recent controversial response that forms part of a patented recording technique (Lithgow, 2006, 2012). Here, Lithgow (2006) claim that the stochastically occurring field potential of the vestibular nerve can be extracted from the biological noise measured from the ear canal (i.e., this is not a stimulus evoked response per se). The authors use a signal analysis process to localize any stochastically occurring field potentials that have characteristics resembling the VsEP, occurring within the raw electrical recording from the ear canal. They then average these asynchronous field potentials, somewhat similar to the methods involving spike-triggered averaging (Kiang et al., 1976). To obtain a response that is dominated by vestibular activity, they accelerate the subject in a given direction for approximately 1 s. By subtracting the averaged field potential recorded during movement, from that without movement, the resulting difference waveform theoretically resembles a response of stimulated vestibular neurones. At present, there is only weak evidence to support the claim that such a response faithfully represents the activity of vestibular neurones, and other clinical or experimental researchers have not adopted the technique. Furthermore, the technique requires a complex system capable of performing a controlled acceleration of a person many times, synchronized with the recording condition. Fortunately, researchers have demonstrated much simpler techniques for objectively measuring peripheral vestibular function, via the VM and VsEP. Most of these studies have been performed in experimental animals, with a limited number of human studies.

RESPONSE NOMENCLATURE

Prior to reviewing how EVestG and ECochG measurements compare, there is perhaps a need to revisit, or clarify some of the terminology used in this field. Inner ear evoked responses, and more broadly electrophysiological responses, are rife with inappropriate nomenclature, although it would be impractical to alter their use today because they have been used for several decades. Nevertheless, it is necessary to have a clear understanding of how the electrical activity of excitable cells relate to extracellular potentials (Bressler, 2011; Buzsáki et al., 2012). A brief description of the major cochleovestibular electrophysiological responses, and stimulus “typically” used to evoke them is listed in Table 1.

TABLE 1. Common cochlear and vestibular electrophysiological activity used to objectively measure inner ear function.
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These responses are all field potentials, generated by a subset of cells, evoked by a given ACS or bone conducted vibration (BCV) stimulus, whose response waveform differs with recording location and stimulus protocol. Unfortunately, most ACS or BCV stimuli will evoke a response from multiple cell-types (e.g., cochlear or vestibular neurons or HCs). For example, the CAP and VsEP can both be measured with electrodes in or near the inner ear, evoked by a BCV stimulus. Therefore, researchers might employ a technique, such as using moderate level transient ACS stimuli, with a low stimulation rate (e.g., 11/s), to maximize the contribution of the cochlear nerve to the field potential, and we may call this technique ECochG. EVestG is the technique of recording field potentials that predominantly reflect vestibular nerve or vestibular HC activity. Specifically, EVestG responses include the VM and the VsEP.

However, even the VM and VsEP may contain responses from different cell types. As discussed later, the VM may originate from either semicircular canal (SCC), utricular, or saccular HCs, and the VsEP may either reflect the compound activity of the 8th nerve, or central vestibular activity. It could be argued, for the purpose of consistency and to avoid confusion, that the VM should ideally be separated into SCC microphonic, utricular microphonic, or saccular microphonic, and that the VsEP recorded from the periphery should be re-termed the vestibular nerve CAP (as opposed to the cochlear nerve CAP), and that the VsEP recorded from the scalp should be re-termed the vestibular brainstem response. However, within this review we will continue to use the commonly accepted more general terminology, explicitly defining the recording location and origin of the response where appropriate.

THE VM AND VsEP

Arguably, the greatest obstacle with performing EVestG measures and using them as a faithful measure of peripheral vestibular function is that both ACS and BCV stimuli can evoke cochlear field potentials (i.e., CM and CAP), which are an order of magnitude larger than vestibular responses, and will summate with the VsEP or VM. Selectively destroying the cochlea, which does not abolish the VsEP or VM, or destroying the vestibule, which does abolish them, provides clear evidence that these responses originate from vestibular sources. Researchers wishing to use EVestG without destroying the inner ear either need to suppress cochlear responses, or record responses at a location where cochlear activity is not present, or use a stimulus that does not stimulate the cochlea. There are a number of technical considerations when measuring EVestG responses, and a clear understanding of recording techniques is necessary when using EVestG as an objective measure of peripheral (or central) vestibular function.

EVestG BCV Stimuli

Some form of transient or cyclic translation or rotation of the skull is commonly used to evoke the VsEP and VM. Often, this stimulus is transmitted to the head via an electromagnetic transducer or “modal shaker”, rigidly attached to the head. Whether the stimulus is a pulsed, cyclic, or angular translation of the head, here we consider all forms of head movement to be BCV stimuli. Other forms of vestibular stimulation include ACS, manual force applied to the head, or even force directly applied to the HC stereocilia, although this last method requires surgical exposure of the inner ear.

For the purposes of reproducibility and interpretation, it is necessary to measure the stimulus delivered to the vestibular system. Ideally, researchers could measure the movement of the vestibular end-organ directly (as has been performed in cochlear mechanics studies; Sellick et al., 1982; Chen et al., 2007), however this is impractical in most scenarios because the vestibular system is housed deep inside the inner ear. The next best, albeit indirect, option is to measure the movement of the skull, which can be achieved by rigidly attaching an accelerometer to the bone, skin, or to the modal shaker directly. However, with these indirect methods, the property of vibration through the skull needs to be considered.

The mechanical properties of BCV are complex, because the skull consists of rigid and compliable bone, combined with soft tissue and fluids. Additionally, the skull is segmented and separated by sutures, and has complex resonance features (Håkansson et al., 1994). Various attempts have been made to model and measure the properties of vibration transmission through the head, primarily in humans, and primarily aimed at understanding BCV hearing (Stenfelt, 2015, 2016). For the human head at least, the skull approximately moves as a rigid structure for BCV below 400 Hz (Stenfelt and Goode, 2005), as a resonant structure between 400 Hz to 2 kHz (Håkansson et al., 1994), and as a wave-propagating structure above 2 kHz (Stenfelt, 2015). These parameters solely relate to the propagation of vibration through the bone, and do not include the additional compliance of soft tissues like skin, or the fluid dynamics of the inner ear known to play a role in HCs stimulation (Sohmer et al., 2000; Sohmer and Freeman, 2004; Stenfelt, 2015). Moreover, there is little information regarding BCV through experimental animal heads, which will have vastly different mechanical properties to that of human skulls. Ultimately, it should be made clear that, particularly for pulsed or cyclic (>100 Hz) BCV in experimental animals, that movements measured on or near the skull are unlikely to faithfully represent the vibration of the vestibular HCs. Moreover, particularly for high-frequency (>400 Hz) BCV, the head movement is likely to differ when measured at different locations (Durrant and Hyre, 1993). Without a standard BCV measurement technique, it can be difficult to compare head movements between studies. Thus, whilst researchers can directly measure otolith sensitivity to different BCV frequencies, caution should be taken when interpreting the response properties of the end-organ itself, particularly when the BCV stimulus is delivered to the head at different locations and under different conditions.

At one level, ACS stimulation of the vestibular system may be easier to interpret, because the bulk of the energy is transmitted through the ear canal where sound levels can be measured as a standard, and a great deal of work has been done on ACS transmission through the middle-ear (Ravicz et al., 2010). The frequency response of ACS stimulation of the otolith neurons closely resembles middle-ear transmission frequency response, although there are differences in the sensitivity of the different vestibular end-organs. How ACS stimulates the vestibular system is less clear, although it presumably involves fluid pressure waves inducing displacements of the vestibular HCs or their stereocilia. The problem with ACS stimulation for EVestG measurements however, is that cochlear HCs are 100 dB more sensitive to ACS than vestibular HCs, and relatively large ECochG responses will be present in ACS evoked field potential recordings.

VM Recordings

The VM was first reported just 8 years after the CM in 1938, albeit in an ex vivo preparation (Adrian et al., 1938; Zotterman, 1943; Lowenstein and Roberts, 1951; Wever and Vernon, 1956). Since then, the VM has been recorded in vivo in zebrafish (Trapani and Nicolson, 2010; Yao et al., 2016), toadfish (Rabbitt et al., 1995), bullfrogs (Eatock et al., 1987), pigeons (De Vries and Vrolijk, 1953; Wit et al., 1986, 1990), and guinea pigs (Trincker and Partsch, 1959). The VM reflects changes in the receptor current through the mechano-electrical transduction channels located on the stereocilia of the vestibular HCs, which are displaced due to inertial drag, resulting from a shearing force that displaces the otoconia or cupula (Fernández and Goldberg, 1976).

Ex Vivo VM

Much of our knowledge regarding the properties of HCs comes from ex vivo recordings of the VM from bullfrog otolithic HCs (Corey and Hudspeth, 1983; Azimzadeh and Salvi, 2017). Here, the otolithic maccula (most studies have used the sacculus) is extracted and placed between perilymph/endolymph filled baths in an Ussing chamber (Figure 1A; from Corey and Hudspeth, 1983), with a region of the epithelia exposed to both baths. Vibration is directly applied to the macula, or overlying otolithic membrane (OM), via a stiff probe (Figures 1A,B). Recording the bath potential provides a global measure of the VM generated from the HCs exposed to both baths (i.e., a summed response of all HCs), or alternatively intracellular potentials can be recorded with glass microelectrodes. VM recordings have been made with either the OM intact (Figure 1C), partially removed so as to only stimulate HCs with stereocilia of a particular orientation (Figure 1D), or totally removed. Removing the OM uncouples hair bundle motions from neighboring HCs, and has substantial effects on their excitability and sensitivity (Benser et al., 1993; Dierkes et al., 2008; Fredrickson-Hemsing et al., 2012; Ó Maoiléidigh et al., 2012). With the otolith membrane intact and all HCs are stimulated, the global VM will exhibit a response with twice the frequency of the vibration stimulus (Figures 1C,E). This is because HCs of both polarities are stimulated (Flock, 1965; Corey and Hudspeth, 1983). When only HCs on one side of the line of polarity reversal (Li et al., 2008) are stimulated the VM is cyclic, following the vibration stimulus (Figures 1D,E), although it will saturate at high stimulus levels (Hudspeth and Corey, 1977; Corey and Hudspeth, 1983).
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FIGURE 1. (A) Ex vivo Vestibular Microphonic (VM) recordings from a bullfrog’s saccular maccula. The macula has been extracted and placed between two fluid-filled baths, sealed with a washer (W) in an Ussing-chamber format. A thin plastic film (F) isolates a region of the macula exposed to the bath. The fluid potential between the baths is used to provide a measure of the VM. The macula is vibrated via a stimulating probe (SP) directly attached to the otolithic membrane (OM), which is either intact, or partially removed from the macula such that it only adheres to hair cells (HCs) of a single orientation. (B) A schematic illustrating of the saccular macula, with arrows indicating HCs polarities, and highlighting the location of the probe (dark shaded circle) and the area where the OM remains intact (shaded region on right of macula). (C) The VM response with the OM covering all HCs, demonstrating a response with twice the frequency of the vibration stimulus. (D) The saturated VM response, with the OM peeled back so that only HCs of a single orientation were stimulated. (E) The 16.5 Hz vibration stimulus. Reproduced with permission from Corey and Hudspeth (1983).



Several other studies have examined the microphonic from the SCC HCs using an ex vivo preparation (De Vries and Bleeker, 1949; Van Eyck, 1951a,b,c; Masetto et al., 1995; Botta et al., 1998; Rabbitt et al., 2005). Here, the polarity of mechanical sensitivity is the same for all hair bundle stereocilia, such that mechanical displacements of the cupula either increases the conductance of all SCC HCs, or decreases it. This results in an asymmetrically distorted microphonic, which can be recorded some distance from the cristae in the vestibular fluids (Botta et al., 1998).

In Vivo VM

Few studies over the last 50 years have recorded the VM in vivo. This is arguably because evoking the VM requires low-frequency (10–1000 Hz) stimulation, which induces hair bundle displacements (Huizinga and Van Der Meulen, 1951; Trincker and Partsch, 1959; Bleeker et al., 1980; Wit et al., 1981, 1990), yet this will evoke a CM that will dominate the inner ear fluid potentials. That is, compared to VM responses, the CM is large (1–2 millivolts in the perilymph, and several times larger in endolymph; Honrubia et al., 1973) because there is a large electrochemical driving potential for the receptor current through cochlear HCs of +150mV (involving a +90 mV electrogenic potential on the apical surface, and a transmembrane potential of −60 mV; Davis, 1965), whereas the driving potential for the receptor current through HCs in the SCCs, utricle or saccule is most likely to be closer to +65 mV due to a much lower endolymphatic potential (Schmidt, 1963; Ono and Tachibana, 1990; He et al., 1997). Additionally, the CM is large because the polarization of HCs stereocilia sensitivity, within a given region of the cochlea, are aligned in the same direction (Russell, 1983), and cochlea scalae are separated by an epithelium with an electrical impedance of 40–50 kOhm (Johnstone et al., 1966). Conversely, the otolith HCs microphonic will cancel in the fluids due to opposite polarity of HCs either side of the line of polarity reversal, which generates microphonic potentials in the fluids which are 180° out of phase (Corey and Hudspeth, 1983). Furthermore, vestibular HCs are either supported by bone-anchored epithelia, or in the case of the utricle, suspended on a membrane which most likely has an electrical impedance close to 13 kOhm, and therefore the circuit potential related to vestibular HC stimulation will be comparatively low.

Most in vivo studies of the VM have necessarily abolished cochlear function prior to monitoring the VM, and have measured the VM within the inner ear fluids (Adrian et al., 1938; Wever and Vernon, 1956; Trincker and Partsch, 1959; Wit et al., 1981, 1986, 1990). Only a few studies, mostly using fish, have recorded the VM without destroying the cochlea (Zotterman, 1943; Furukawa and Ishii, 1967; Fay and Popper, 1974; Rabbitt et al., 2005; Sisneros, 2007; Yao et al., 2016). VM recordings in fish, particularly zebrafish, are emerging as a powerful tool for studying inner ear developmental biology (Trapani and Nicolson, 2010; Yao et al., 2016). Here, both the lateral line organ and the inner ear (the otic capsule) will respond to alternating pressures and generate microphonic potentials, and differentiating the source of the VM (i.e., explicitly which HCs generate the VM), will be complex due to the small size of the organ.

De Vries and Bleeker (1949) and Van Eyck (1949) were the first to measure VM in vivo, from the SCCs of pigeons. De Vries and Vrolijk (1953), used sinusoidal tympanic membrane displacements to evoke SCC microphonics in pigeons after the cochlea and otoliths had been destroyed. The otoliths were destroyed because they too were stimulated by displacement of the tympanic membrane, and the otolith responses contaminated the SCC responses. Here, the VM was recorded both in the vestibule, and in the SCC after a small hole had been made in the canal wall, which was shown to induce the Tullio effect and enhance SCC responses. Ultimately, the VM from the SCCs demonstrated phase relationships which supported Ewald’s laws, demonstrating highly nonlinear microphonic potentials, where each SCC was maximally stimulated for fluid motion in a given direction. Later Wit et al. (1986) used ACS stimuli, with a SCC fenestration and cochlear extirpation, to evoke VM responses in pigeons (Figure 2). Increasing the level of the stimulus resulted in the response frequency doubling, similar to that obtained with ex vivo experiments where the whole otolith was stimulated (Figure 1C), suggesting that additional vestibular HCs were being recruited with high level ACS, which had a response phase difference of 180°. No attempt was made to separate the response components.
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FIGURE 2. Scala tympani recordings of the VM recordings in pigeons, in response to a 700 Hz air conducted sound (ACS) tone (upper trace) after cochlear extirpation and semicircular canal (SCC) fenestration. At low sound levels, the VM (lower three traces) is a slightly distorted sinusoid, and as the stimulus level increases, so does the distortion, generating a response whose frequency is twice that of the stimulus. Reproduced with permission from Wit et al. (1986).



Trincker and Partsch (1959) performed arguably the most extensive in vivo assessment of the VM in mammals, using guinea pigs, and stimulated microphonic potentials from the SCCs, utricle, and saccule, using both BCV and ACS tones, after the cochlea was completely destroyed. Recordings were performed with electrodes within the cochlear fluids, within the SCCs, or within the ampulla. Selective ablation of each end organ was used to confirm the specific origin of the microphonic. VM responses from all vestibular end organs were evoked with sinusoidal stimuli of frequencies between 300 Hz and 120 kHz. Given that CM responses are known to be evoked in mammals by sinusoidal stimuli up to 30 kHz (Cheatham et al., 2011), it seems highly unlikely that either cochlear or vestibular microphonic responses would have been evoked by the ultrasonic stimuli by Trincker and Partsch, and suggests that potentially some of the ultrasonic responses in their study may have included an artifact component.

Ultimately, whilst much research continues to utilize ex vivo measurements of vestibular HCs function, there is a need to substantiate the use of such ex vivo preparations as a reliable measure of the in vivo properties of vestibular HCs. Certainly for cochlear research, the CM remains a mainstay of experimental research measures, and has been used to support and further our understanding of the properties of HCs transduction, derived from intracellular receptor potential measurements (Patuzzi and Sellick, 1983; Patuzzi et al., 1989). For example, the in vivo CM has been used to demonstrate the underlying HCs related cause of many forms of sensorineural hearing loss (Patuzzi et al., 1989), which may have otherwise been attributed to neural dysfunction. Unfortunately, there has been little work done to establish techniques for measuring the VM in vivo, and most in vivo animal studies of the vestibular system are limited to measuring single-unit afferent responses (Fernández and Goldberg, 1976; Curthoys et al., 2006; Curthoys and Vulovic, 2011), single cell receptor potentials (Rabbitt et al., 2005), and VsEP responses (see below). Thus, our understanding of the origin of many forms of vestibular dysfunction may be lacking, as we have not utilized methods that may separate vestibular HCs from neural dysfunction. VM recordings offer an opportunity to perform simple recordings of vestibular HCs sensitivity in vivo, and may demonstrate changes that drive or differ from neural dysfunction.

VsEP Recordings

The VsEP was arguably first demonstrated in 1949 in pigeons (De Vries and Bleeker, 1949). The VsEP has been further demonstrated in pigeon (Wit et al., 1981), chicken (Jones and Pedersen, 1989; Jones and Jones, 1996, 2000; Nazareth and Jones, 1998), canary (Jones S. M. et al., 1998), quail (Jones et al., 1997), mouse (Jones and Jones, 1999; Jones et al., 2006), rat (Lange, 1988; Plotnik et al., 1999a,b), chinchilla (Böhmer, 1995; Böhmer et al., 1995; Plotnik et al., 2005), guinea pig (Cazals et al., 1987; Jones and Jones, 1999; Oei et al., 2001; Kingma and Wit, 2010; Brown et al., 2013; Chihara et al., 2013; Bremer et al., 2014), rhesus monkey (Böhmer et al., 1983) cat (Elidan et al., 1987a,b; Böhmer, 1995), and human (Elidan et al., 1991a,b; Knox et al., 1993; Pyykkö et al., 1995; Rodionov et al., 1996; Loose et al., 2002). The VsEP has predominantly been evoked by a brief (2 ms) “linear” BCV pulse stimulus, with the response evoked by skull jerk rather than acceleration (Jones T. A. et al., 2011). It has mostly been recorded in experimental animals with a non-inverting electrode placed at the vertex, or within the facial nerve canal. The VsEP reflects the compound field potential of vestibular neurons (either peripheral or central), firing synchronously to the onset of a motion.

It is important to note that there are various VsEP recording procedures, and as a result, responses can reflect activity from different sources. Some recording protocols use linear-BCV pulses, whereas others use rapid head rotations. Moreover, the location of the recording electrodes significantly determines the VsEP waveform. The non-inverting VsEP recording electrode has been placed at various locations including the vertex (Elidan et al., 1982; Jones, 1992; Bremer et al., 2014), at different sub-cranial locations (Jones et al., 2002), within the vestibular nucleus (Cazals et al., 1987), within the facial nerve canal (Böhmer, 1995; Kingma and Wit, 2009; Bremer et al., 2012; Chihara et al., 2013), or on the round window (Aran et al., 1980). The inverting electrode is typically placed subcutaneously at a relatively non-responsive area such as the pinna or mastoid, and the ground (or common) electrode is placed at a distal location on the body, such as the neck. The characteristics of these different VsEPs, such as latency, waveform, and stimulus related phenomena also change with recording protocol. Importantly, all responses have short latencies (starting 1 ms to 2 ms) and remain after cochlear extirpation, but are abolished by damage of the vestibule or 8th nerve, or death (Jones and Jones, 1999). Moreover, the response is abolished via the application of neural blockers such as tetrodotoxin (Weisleder et al., 1990; Jones, 1992; Jones and Jones, 1999; Chihara et al., 2013), demonstrating that the VsEP is a neurogenic response. Any new VsEP recording protocol should first demonstrate that the response reflects the activity of the vestibular nerve.

Central vs. Peripheral VsEPs

The majority of VsEP studies have recorded the response with the non-inverting electrode placed subcutaneously at the vertex, or sub-cranially at different locations overlying the cortex. Here, responses typically start with a small (~0.5–1 μV) P1 peak (Figure 3A; which corresponds to the initial peak in facial nerve recordings; (Aran et al., 1980; Jones, 1992; Nazareth and Jones, 1998), and a series of slightly larger positive and negative peaks thereafter (Elidan et al., 1987a; Jones and Pedersen, 1989; Jones and Jones, 1999; Plotnik et al., 1999b; Bremer et al., 2014). This VsEP primarily reflects the response of various vestibular brainstem nuclei and nerves (Nazareth and Jones, 1998), much the same way the ABR reflects central auditory neuron responses (Figure 3B). Importantly, ACS evoked ABR responses are suppressed by acoustic forward-masking noise (Figure 3B), whereas BCV evoked VsEP responses are not (Figure 3A).
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FIGURE 3. Vestibular evoked potential (VsEP) responses recorded from sub-cranial vertex electrodes in mice. (A) VsEP responses evoked by a 2 ms bone conducted vibration (BCV) jerk pulse, with and without forward acoustic masking, which does not alter the response. (B) Auditory brainstem response (ABR) responses with and without forward masking, demonstrating that ABR responses are forward masked. Reproduced with permission from Jones and Jones (1999).



VsEP recordings performed with the non-inverting electrode within the cochlea or facial nerve canal will appear similar in waveshape to the cochlear CAP, with an initial negative and positive peak (with amplitudes between 20 μV and 100 μV), termed N1 and P1, with a few smaller peaks thereafter (Böhmer, 1995; Bremer et al., 2012; Chihara et al., 2013); Figure 4A). That said, other studies have suggested that VsEPs recorded within the facial nerve begin with a large positive peak (Oei et al., 2001; Kingma and Wit, 2009), and appear similar to an inverted version of a cochlear CAP. Regardless of the polarity of the first VsEP peak, this activity primarily reflects the compound field potential of the vestibular nerve.
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FIGURE 4. (A) Facial nerve canal recordings of the VsEP in an anesthetized guinea pig, in response to a brief, linear BCV click. Recordings were performed with the cochlea intact, and in the presence of continuous ACS masking noise. The VsEP consists of an initial negative peak (N1) and positive peak (P1), and a series of smaller peaks thereafter. (B) The acceleration of the skull, where the stimulus was designed to produce minimal oscillation of the head. Reproduced with permission from Chihara et al. (2013).



VsEP Stimulus

The most widely utilized stimulus for evoking the VsEP involves delivering a rapid, linear-BCV impulse to the skull, in a naso-occipital direction, transduced by a large electrodynamic shaker bolted or clamped to the skull (Figure 5A). This theoretically permits a controlled, rapid push-pull of the animal’s entire head (with <100 μm displacement) in the naso-occipital direction. An extensive examination of the appropriate parameters for evoking the VsEP in mice and rats using this setup has been performed by Jones et al. (Jones and Jones, 1999; Jones et al., 2002; Jones T. A. et al., 2011). Here, it has been suggested that a rapid acceleration of the head, producing a 1 ms to 4 ms pulsed “jerk” (the derivative of acceleration; Figure 5B) is ideal for evoking the VsEP. Indeed, the level of BCV jerk, rather than the level of acceleration, velocity, or displacement, appears to be the main factor determining the amplitude of the VsEP response, and suggests the VsEP is a response of the primary afferents that innervate otolith jerk-sensitive HCs (Jones T. A. et al., 1998; Jones T. A. et al., 2011). Jones T. A. et al. (2011) also suggest that an ideal duration of the linear BCV jerk pulse is approximately 2 ms, which preferentially stimulates the vestibular system, with less cochlear activation. Most studies have demonstrated a reliable VsEP in response to a linear BCV stimulation between 0.5 g and 8 g, or 0.1 g/ms to 6 g/ms.
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FIGURE 5. (A) The typical experimental setup used to evoke VsEP responses in animals. An electrodynamic modal shaker is attached to the animal’s skull via a screw or clamp. The acceleration is measured on the modal shaker connector. (B) Acceleration pulses rise gradually over 2 ms, producing a monophasic 2 ms jerk of the head. Reproduced with permission from Jones and Jones (1999).



It should be noted that a 2 ms duration jerk pulse requires an acceleration pulse that increases from zero, peaks at 2 ms, and slowly declines thereafter (Figure 5B). The head velocity change will peak several milliseconds after the onset of the movement, and the peak displacement will occur several milliseconds after that (typically well after the VsEP has occurred). Such a movement of the head can be difficult to produce (particularly for larger heads), but may be necessary to maximally stimulate the jerk-sensitive HCs of the otoliths with minimal cochlear stimulation. Importantly, the head acceleration in this setup is measured on the mechanism attached to the shaker and skull, which arguably may not faithfully represent the acceleration of the vestibular system (Jones et al., 2015). That is, the otolith acceleration may be more complex than that recorded elsewhere in the system, given that the skull can compress and resonate in a complex manner in response to BCV pulses (Durrant and Hyre, 1993), and viscous forces act on the otolith organs (Jones et al., 2015). Moreover, it is not clear how much inter-aural or rostro-caudal movement of the skull is induced by a BCV pulse applied directly to the vertex in a naso-occipital direction.

Other studies have utilized a linear BCV pulse without necessarily controlling for jerk, and most often recording the VsEP from the facial nerve canal (Böhmer, 1995; Kingma and Wit, 2009, 2010; Brown et al., 2013; Chihara et al., 2013). These later studies have all utilized simultaneous acoustic masking to suppress ECochG responses evoked by the BCV click stimulus. Importantly, click-like BCV stimulation can induce a highly synchronized response of the vestibular afferents (Figure 6; Curthoys et al., 2006), where typically only one spike is initiated by the BCV pulse, but the latency of this spike relative to the peak skull acceleration may vary slightly (by 0.2 ms to 0.5 ms) between afferent neurons. This latency variability is most likely related to the indirect nature of measuring skull acceleration as a means of interpreting the displacement of otolith HCs, although it may also demonstrate variability in the response of different HCs to a given vibration of the vestibular end-organ. Regardless of this slight variability, single-unit recordings suggest that the histogram of afferent responses to a BCV-click should be highly synchronized, and therefore the VsEP response should provide a faithful representation of the vestibular nerve field potential. This raises a question—what are the later peaks in the VsEP recorded from the facial nerve canal (Figure 4A)? Are they derived from brainstem activity, or are they a result of a complex resonance of the skull producing multiple successive VsEP responses, or are they the result of different vestibular afferent nerve responses to the BCV stimulus?


[image: image]

FIGURE 6. Repeated single-unit responses from two pitch-static sensitive otolith afferent neurones, evoked by a BCV click (acceleration shown below the unit responses). Reproduced with permission from Curthoys et al. (2006).



Chihara et al. (2013) attempted to determine if the later peaks were the result of a skull-resonance, evoking multiple vestibular nerve responses. Here, we (the experiments were performed in the author’s laboratory) used an audiometric bone conductor rigidly attached to the skull of a guinea pig, with an accelerometer placed nearby on the skull, to deliver a brief linear-BCV stimulus that resulted in an acceleration profile that had minimal later peaks or resonant features (Figure 4B). Acoustic masking was used to suppress cochlear responses. This approach reduced some, but not all of the later components in the VsEP response. Again, it should be realized that skull acceleration responses, particularly at high frequencies, are unlikely to represent the vibration of the end-organ. We have now abandoned this approach, and instead simply deliver brief (0.2–4 ms) monophasic pulses to the bone conductor, which is attached to the ear-bar (Brown et al., 2016). The later peaks in the VsEP responses remain, but we have so far been unable to clarify their origin.

Regardless of the exact vibration of the vestibule, using variants of this setup, several studies have demonstrated that the linear-BCV evoked VsEP is a response of otolith organs. That is, the VsEP remains after cochlear extirpation, or SCC plugging, but is abolished after death (Jones and Jones, 1999; Plotnik et al., 1999b). Moreover, selective otolith destruction abolishes the linear VsEP (Chihara et al., 2013), and otoconia deficient mice have absent or reduced VsEP responses (Jones et al., 1999, 2004). A few studies (Freeman et al., 1999a; Plotnik et al., 1999a) have attempted to stimulate selected vestibular end-organs with pulsed BCV applied in either the naso-occipital, dorso-ventral, or inter-aural directions (along with rotatory pulses), and found similar VsEP response waveforms evoked by all stimuli, but with different response amplitudes. Moreover, Jones et al. (2001) demonstrated in chickens that the initial directional polarity of the linear BCV (relative to the vestibular system), particularly for inter-aural directed stimuli, significantly alters the response waveform. It is not clear if such selective linear BCV stimulation permits a selective activation of the different vestibular end-organs, but this result highlights that that the VsEP is, at least partly, directionally sensitive.

Whilst the linear-BCV evoked VsEP is believed to originate from otolith afferent neurons, several studies have suggested that different stimuli, such as a rapid rotation of the head may generate a SCC afferent VsEP response (Elidan et al., 1982, 1987b; Li et al., 1993; Freeman et al., 1999b; Sohmer et al., 1999). Other studies have used brief low-frequency sinusoidal ACS tones, with fenestration of a given SCC canal, to stimulate a nerve response from the SCC (Wit et al., 1981; Curthoys, 2017). Some studies have suggested that high-intensity ACS can stimulate SCC afferent neurons (Zhu et al., 2014), whereas others have suggested that it does not (Curthoys et al., 2006; Curthoys, 2017). Certainly, it would seem that the otoliths are far more sensitive to transient ACS or BCV than the SCCs. Ultimately, the majority of VsEP studies that have performed additional experimental measures to investigate the origin of the VsEP response, such as selective end-organ ablation, have used a linear-BCV stimulus, and currently more evidence is required to demonstrate that a VsEP can be evoked via a stimulus designed to selectively, or preferentially activate the SCCs afferent neurons.

Reducing Artifacts and Cochlear Contributions

There are several potential pitfalls that need to be considered when recording EVestG responses. First, most EVestG responses are evoked using BCV stimuli generated by an electrodynamic shaker. This can produce a significant amount of electromagnetic radiation, which should be prevented from radiating to the electrodes using standard techniques such as shielded or twisted cables, and electrical and magnetic shielding of the shaker with grounded MU-metal shielding (Ford et al., 2004). Moreover, BCV of the head can produce significant electrode movement artifact, although electrode stabilization techniques can be of benefit (Comert and Hyttinen, 2015). Using alternating polarity (i.e., reverse direction) BCV stimulation can attenuate much of the artifact in VsEP measurements, but this should only be employed if the VsEP has the same waveshape and latency for either polarity stimuli, otherwise responses may partially cancel. Jones et al. (2002) demonstrated that the VsEP amplitude changed slightly with stimulus polarity, but the latency did not,2 and therefore alternating polarity responses could be averaged together to minimize any electrical or movement artifact, with minimal changes to the VsEP waveshape. Both Plotnik et al. (1997) and Jones et al. (2002) demonstrated that the amplitude of the VsEP decreased by up to 15% with increasing stimulus presentation rates, suggesting that an ideal rate should be around 16 per second, which is similar to the ideal repetition rate used for ECochG responses (Eggermont, 1974).

In order to suppress ECochG responses from VsEP recordings, most studies have utilized broad-band acoustic masking noise. This is often necessary because transient BCV stimuli can produce an acoustic click that is transmitted to the cochlea either as an ACS or through direct BCV (Puria and Rosowski, 2012). Acoustic masking noise can either be presented simultaneously with BCV stimulus (Böhmer, 1995; Jones and Jones, 1999; Oei et al., 2001; Chihara et al., 2013), or it can be silenced immediately prior to it (Jones T. A. et al., 2011; King et al., 2017), where forward-masking effects are sufficient to suppress any cochlear responses (Verschooten et al., 2012). It’s not clear if the primary purpose for silencing the masking noise just prior to the BCV stimulus is because the masking noise itself generates CM or electrical artifact, which can contaminate the VsEP response, or if it is believed that the acoustic masking noise may directly interfere with the BCV stimulation of the vestibular system. Several studies have suggested that high levels of noise (>110 dB SPL) can reduce the linear-VsEP amplitude (Böhmer, 1995; Sohmer et al., 1999), particularly if there is a fenestration of the SCC (Wit et al., 1981; Biron et al., 2002). This suggests that the otolith jerk-responsive HCs may be sensitive to high levels of ACS, as is known from single-unit recordings (Curthoys and Vulovic, 2011), and studies have demonstrated that loud noise exposure can produce a permanent reduction in the VsEP (Biron et al., 2002), although this conflicts with previous studies (Sohmer et al., 1999). Nevertheless, moderate continuous or forward-masking acoustic noise most likely provides an adequate suppression of cochlear activity, without overly attenuating otolith responses. Interestingly, Jones and Jones (1999) and Jones et al. (2002) suggest that VsEP responses, recorded with sub-cranial electrodes, are often unaffected by forward masking noise, suggesting that there is little contamination from ABR. This likely reflects the fact that they use a stimulus designed to maximize jerk stimulation of the otoliths, whilst minimizing cochlear stimulation.

Lastly, whilst several studies have demonstrated that the VsEP is a response of peripheral and central vestibular neurones (Nazareth and Jones, 1998; Jones and Jones, 1999; Jones et al., 2002), some studies have suggested that the VsEP measured within the inner ear can contain components that reflect vestibular HCs activity (Wit et al., 1986, 1990). This raises the possibility that there may be an SP-like component of the VsEP when it is measured close to the vestibular HCs. Moreover, it suggests that it may be possible to measure vestibular HCs responses, such as VM, from electrode montages that enable recording of both vestibular nerve and HCs activity.

Interpretation of the VsEP

A concern with interpreting VsEP responses is the uncertainty of which vestibular end-organs contribute to the response. That is, BCV stimuli can induce neural responses from all vestibular end-organs, despite primarily activating otolithic irregular afferent neurons (Curthoys et al., 2006). Whilst researchers have attempted to use the direction of the applied BCV to activate selected vestibular HCs, it is unlikely that this circumvents the complex 3-dimensional vibration of the inner ear and the complex transduction pathways (Stenfelt, 2015, 2016; Chhan et al., 2016). Mechanical engineers are well aware of the complexity of interpreting the vibrational response of a structure via its “impulse response”. An alternative method involves measuring the “steady-state” or continuous vibrational response, where the complexities of the impulse response have dissipated. For the vestibular system, this would involve measuring its response to a continuous sinusoidal linear (or rotatory) BCV stimulus, which should provide a stimulation of the vestibule that is easier to interpret, and would provide a response that could be more readily compared to single-unit recordings obtained during sinusoidal BCV (Curthoys et al., 2006; Curthoys and Vulovic, 2011). Indeed, a few studies have demonstrated that a continuous sinusoidal stimulus can evoke both a sinusoidal VM (Wit et al., 1986) and cyclic neural responses (Wit et al., 1981, 1986 Figure 7). These responses are reminiscent of the auditory nerve neurophonic, used to assess low-frequency sensitivity of the cochlea during a tone (Henry, 1995; Lichtenhan et al., 2014). It may therefore be possible to use sinusoidal ACS or BCV to evoke vestibular neurophonic, and this may provide a means to obtain responses from vestibular neurones which are most sensitive to vibration in a specific direction. Meanwhile, the VsEP obtained using impulse stimuli should assume that the VsEP is “mostly” a response of the afferent neurons synapsing with the jerk-sensitive HCs in the otoliths, with some potential contributions from all vestibular end-organs (see “VsEP Stimulus” Section).
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FIGURE 7. Vestibular nerve responses, measured from a scala tympani electrode in pigeons, after cochlear extirpation and SCC fenestration, evoked by a 500 Hz ACS toneburst (upper trace) of sound levels between 85 dB SPL and 105 dB SPL. It is thought that these responses reflect a neurophonic of the vestibular nerve. Reproduced with permission from Wit et al. (1981).



Whilst it may be tempting to use static tilts to probe the origin of the VsEP response, the issue of static head position during VsEP measurements is one which still needs to be resolved. Plotnik et al. (1999a) suggested that, in addtion to changes related to stimulus delivery direction, VsEP responses were altered by the static orientation of the head, suggesting that gravity may alter the sensitivity of the jerk-sensitive HCs. This contrasts with a lack of static head-orientation changes in similar measures otolith function in humans (Kastanioudakis et al., 2016).

Encouragingly, for researchers using the VsEP as a measure of peripheral vestibular function in longitudinal studies, Honaker et al. (2015) demonstrated that the VsEP amplitude and threshold do not change significantly across repeated recordings, which includes repositioning of electrodes (at fixed/standardized positions). Thus, as long as the delivery of the BCV stimulus is consistent between successive recording sessions, the VsEP should provide a sensitive measure of changes in peripheral vestibular sensitivity. It should be noted that response variability will also depend on the signal-to-noise ratio of the response, which greatly depends on the number of averages. For the VsEP measured at the vertex, the response is typically averaged of over 200 times, due to the low signal-to-noise ratio (Jones et al., 2002). To reduce variability in the responses due to the noise-floor of the recording, responses can be band-pass filtered between 300 kHz and 10 kHz (Jones et al., 2002), although these filter settings were obtained for VsEP responses recorded at the vertex, and may differ for VsEP responses measured in the periphery.

An important factor to consider when monitoring VsEP responses during an intervention, is how to assess changes. Previously, many studies have monitored the peak-to-peak amplitude of the response, however because the later peaks in the VsEP reflect central responses, they may be altered without an equivalent change in the 8th nerve’s sensitivity, resulting in changes in the VsEP waveform (Jones et al., 2000; Morley et al., 2017). Therefore, VsEP thresholds should ideally be used to assess changes in the sensitivity of the irregular otolith afferents, although changes in the VsEP waveform, such as changes in inter peak intervals and peak latencies, may provide additional information. That said, the source of the later peaks in VsEP responses recorded from the vertex is not as well defined as the origin in the later peaks in ABR responses (Kaga et al., 1997), although several studies have used electrical source analysis to localize VsEP activity (Todd et al., 2014, 2017).

One final issue to consider is the potential influence of anesthetics on EVestG responses (Gaines and Jones, 2013). Although anesthesia is known to suppress certain cortical activity, there seems to be little difference in the VsEP measured at the vertex, between anesthetized and awake animals, other than a suppression of a late (>7 ms) component, which may potentially reflect cortical vestibular activity (Jones, 1992). Nonetheless, it is possible that different anesthetics may induce changes in the VsEP response, particularly of the later, central components.

HUMAN EVestG RECORDINGS

Other than the recent controversial asynchronous-EVestG responses recorded on the tympanum in humans (Lithgow, 2006; Lithgow et al., 2008; Dastgheib et al., 2016), several studies have reported on VsEP responses measured in humans, with virtually no human VM recordings. Elidan et al. (1991b), and Rodionov et al. (1996) recorded small (0.5 μV peak to peak) short latency potentials from the forehead (with a mastoid inverting electrode), in response to rapid angular rotations of the head (10,000°/s2). Similarly, Pyykkö et al. (1995) measured small VsEP responses evoked by brief linear BCV stimulation in people. Both short-latency (starting 2 ms to 3 ms) and larger middle-latency (starting 8 ms to 10 ms) responses were observed in these studies, and it was suggested that the first positive peak of the short-latency responses reflected activity of the peripheral vestibular nerve. The responses were not present in cadaver heads, or subjects with bilateral vestibular loss, but they were present in deaf subjects. These rotationally evoked human responses were compared to the VsEP responses measured in cats using a similar stimulus and measurement protocol (Li et al., 1993), and were believed to reflect responses of the SCC afferents and central vestibular neurons. Knox et al. (1993) recorded similar short latency vestibular responses to rapid whole-body linear accelerations, measured between the forehead and mastoid, and suggested the early components of their responses reflected the activity of the peripheral vestibular nerve from otolith neurons. Ultimately, each of these human VsEP displayed a poor signal-to-noise ratio, and required an elaborate setup to produce controlled acceleration of the head, which induced significant artifact.

de Waele et al. (2001) electrically stimulated the 8th nerve in 11 patients undergoing vestibular nerve section for Meniere’s disease, and recorded evoked responses occurring 3–5 ms after stimulation, with 30 subcutaneous electrodes placed on the scalp. Electrical source analysis was used to localize the response activity to various regions of the brain, including an early component localized to the region of the vestibular nucleus. This study supported the theory that vestibular information is processed in spatially distributed central pathways, rather than at a focal cortical region (Cullen, 2016). It should be noted that de Waele et al. (2001) suggested their electrically evoked response reflected the activity of central vestibular neurones only, and that the activity of the peripheral vestibular system, including the 8th nerve, was not represented in the response.

More recently, several studies have suggested that vestibular responses, termed VsEPs, to loud (>100 dB SPL), low frequency (e.g., 500 Hz) acoustic tone bursts can be recorded with electrodes placed at the vertex (Todd et al., 2003, 2014; McNerney et al., 2011). Certainly it has been shown that the human vestibular system, particularly the otoliths, is sensitive to acoustic tones (Chihara et al., 2009; Murofushi et al., 2010). Moreover, the origin of these short latency scalp potentials were localized to various brain regions known to be related to central vestibular pathways (Todd et al., 2003, 2014). However, like the responses reported by de Waele et al. (2001), no components were localized to the peripheral vestibular system, such as the 8th nerve. Here, it appears that human scalp VsEP responses are similar to the later components observed in experimental animal VsEPs (Nazareth and Jones, 1998). Moreover, recent human scalp VsEP recordings have demonstrated that the amplitude of components of this response can be modulated by head and eye position (Todd et al., 2017), which reflects their central origin. Thus, caution should be taken when using human VsEP responses as an estimate of peripheral vestibular function, because like vestibular reflex responses, central vestibular activity may not faithfully reflect the sensitivity of the peripheral vestibular system.

Here we ask the question, what is the advantage of EVestG as a measure of vestibular sensitivity compared to several reflex measures of vestibular function clinically (Curthoys, 2012; Colebatch et al., 2016). For experimental animal researchers the answer is clear—it can be difficult, but not impossible, to measure vestibular reflexes in anesthetized animals because central reflex pathways and myogenic activity is heavily suppressed (Vulovic and Curthoys, 2011). Experimental animal research has traditionally relied on objective measures of vestibular activity, such as single-unit recordings or gross HCs and nerve responses. However, the modulation of vestibular reflexes highlights an additional need to develop objective measures of peripheral vestibular function in humans. These responses, whilst typically robust and incorporating only three or four neurons in the reflex pathway, can adapt and may be modulated by central mechanisms (Mantokoudis et al., 2016). Thus, the clinical diagnosis of vestibular disorders would likely benefit from measures of peripheral vestibular function, similar to how ECochG has been used in the diagnosis of several inner ear disorders, such as Meniere’s disease, 8th nerve schwannomas, auditory neuropathy, and sudden sensorineural hearing loss (see Eggermont, 2017).

UTILITY OF EVestG IN RESEARCH

Increasingly, the linear BCV evoked VsEP is being used in experimental animals to improve our understanding of both fundamental and pathological peripheral vestibular function. The VsEP has been studied in animal models of otoconia deficiencies (Jones et al., 1999, 2004; Zhao et al., 2008), aging (Mock et al., 2011; Vijayakumar et al., 2015), hyper-gravity (Jones et al., 2000), gentamicin treatment (Perez et al., 2000; Bremer et al., 2014; King et al., 2017), endolymphatic hydrops (Kingma and Wit, 2009, 2010; Chihara et al., 2013), diuretic effects (Bremer et al., 2012), anesthetics (Gaines and Jones, 2013), pharmacological agents (Irons-Brown and Jones, 2004), inner ear genetic disorders (Jones S. M. et al., 2011; Lee et al., 2013; Robertson et al., 2008; Mathur et al., 2015), and noise trauma (Sohmer et al., 1999; Biron et al., 2002). More recently, studies have demonstrated abnormal VsEP responses in knockout mice lacking nicotinic acetylcholine receptors (Morley et al., 2017), which are expressed at the peripheral vestibular efferent synapse (Holt et al., 2015), on vestibular HCs (Simmons and Morley, 2011), and within peripheral and central vestibular neurons (Happe and Morley, 1998). Additionally, there is an increasing interest in utilizing EVestG as a means to uncover the functional role of the vestibular efferent system, in much the same way the cochlear CAP and CM have been used to study the functional role of the olivocochlear efferent neurones (Gifford and Guinan, 1987; Elgueda et al., 2011; Lichtenhan et al., 2016).

Importantly, it should be recognized that the VsEP provides only a limited measure of peripheral vestibular function. That is, research suggests that the BCV evoked VsEP is primarily a response of the neurons innervating jerk-sensitive HCs on the otoliths. The corollary of this is that the VsEP does not provide a measure of neurones innervating static-sensitive HCs, such as those in the extra-striola regions, or the SCCs, and moreover it does not provide a measure of HCs function. Therefore, the VsEP should not be used as a measure of overall vestibular sensitivity. Experimental manipulations or pathologies that alter the function of extra-striola or SCC HCs, are unlikely to produce significant changes in the VsEP. There are several pathologies that affect SCC but not otolith function (e.g., Meniere’s disease; McGarvie et al., 2015), or affect the superior nerve (which innervates the SCC and most of the utricle; Curthoys et al., 2009), but not inferior nerve (e.g., superior vestibular neuritis; Curthoys et al., 2011). Moreover, the VsEP is a neural response, and should not be used as a definitive indicator of vestibular HCs function. Auditory neuropathy spectrum disorder is an example pathology of a pathology which affects peripheral nerve but not HCs function (Stuermer et al., 2015; Kim et al., 2016). Lastly, precisely which HCs and neurones are responsible for generating the VsEP is still not entirely clear. That is, whilst evidence points towards the VsEP being a response of jerk-sensitive HCs/neurons, this may need further clarification, particularly given that different forms of BCV stimulation, in different experimental animals, may stimulate various the sub-sets of the peripheral vestibular system.

As studies continue to demonstrate changes in the VsEP due to genetic abnormalities or pharmacological treatments, with little or no change in tissue morphology (Lee et al., 2013; King et al., 2017; Morley et al., 2017), there may be a need to differentiate the cause of the functional loss as either HCs or neural dysfunction, and it is here that VM may be employed. When recorded from the inner ear fluids, the VM is a “global” response from all vestibular HCs types, because all vestibular HCs respond to low-frequency stimulation, and the extracellular potentials will summate in the fluids. Such a global VM measure is of limited use as a measure of peripheral vestibular function. However, it may be possible to obtain a “local” VM measure from specific HCs, if the VM is recorded with glass micropipettes localized in close proximity to the HCs (Pastras et al., under review). Currently, there is a need to further develop techniques for measuring vestibular HCs receptor potentials or currents in vivo.

Lastly, there are few studies monitoring evoked EVestG responses in humans. One area in which both ECochG and EVestG are rapidly developing is as an intraoperative monitor of inner ear function during inner ear surgeries such as the insertion of cochlear and vestibular implants (Frijns et al., 2002; Campbell et al., 2015, 2016; Scott et al., 2016). Like the electrically evoked CAP (eCAP) component of “neural response telemetry”, the electrically evoked VsEP (vestibular eCAP, or eVsEP) represents the electrically evoked response of the vestibular nerve (Nie et al., 2011). As the vestibular implant continues to be developed for chronic vestibular disorders, the eVsEP is likely to play an important role in the surgical positioning of the implant electrodes within the vestibular system, and objectively assessing the implants efficacy over time, as a supplement to monitoring the electrically evoked vestibular reflex responses when patients are awake.

CONCLUSION

Foremost, EVestG presents a simple tool to monitor vestibular function in animal experiments. Currently, VsEPs are the most prevalent EVestG responses measured in experimental research, and the test setup and protocol developed by Jones and Jones (1999), for use in mice and rats, largely dominate the field. Gradually more research laboratories, such as ours, are incorporating VsEP measurements, and experience suggests that it is vital to have a clear understanding of the potential pitfalls of EVestG measurements. That is not to suggest new EVestG techniques cannot be developed to suit individual research needs, and certainly we anticipate that EVestG measurement techniques will evolve much the same way new ECochG techniques are being developed. Particularly, techniques for measuring both the VM and the VsEP simultaneously (Wit et al., 1981, 1986), as in the case of the cochlear CAP and CM, are likely to help address several key “unknowns” in vestibular research, such as the role the vestibular efferents play (Morley et al., 2017).

Human EVestG responses haven’t shown much promise to date; either because they are exceptionally small compared to the noise floor, or because they have been entirely superseded by a host of vestibular reflex tests that permits a rapid assessment of the peripheral vestibular system, with minimal central processing. It’s unlikely that EVestG could be monitored from the tympanum or round-window, as is the case with ECochG, but certainly as the vestibular implant continues to develop, researchers may be able to leverage the proximity of the electrodes to the vestibular nerve to obtain clear vestibular responses in humans.

Finally, just as there are a host of terms given to differential ECochG measures, new terminology should be developed for EVestG responses, either drawing on comparative terms that have been applied to cochlear responses, or being based more on the logical appreciation of what the response represents. However, given the overlap between cochlear and vestibular research, it would seem more appropriate to utilize terminology that has already been developed for cochlear responses.
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FOOTNOTES

1^No attempt has been made to perform a validated systematic review, but the large discrepancy in the numbers do not warrant such an approach.

2^It should be noted that Jones et al. (2002) were able to push and pull the skull, and that under different stimulus conditions, there may be a difference in the latency of the VsEP due to a difference in the BCV transduction.
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Before 1964, electrocochleography (ECochG) was a surgical procedure carried out in the operating theatre. Currently, the newest application is also an intra-operative one, often carried out in conjunction with cochlear implant surgery. Starting in 1967, the recording methods became either minimal- or not-invasive, i.e., trans-tympanic (TT) or extra tympanic (ET), and included extensive studies of the arguments pro and con. I will review several valuable applications of ECochG, from a historical point of view, but covering all 75 years if applicable. The main topics will be: (1) comparing human and animal cochlear electrophysiology; (2) the use in objective audiometry involving tone pip stimulation—currently mostly pre cochlear implantation but otherwise replaced by auditory brainstem response (ABR) recordings; (3) attempts to diagnose Ménière’s disease and the role of the summating potential (SP); (4) early use in diagnosing vestibular schwannomas—now taken over by ABR screening and MRI confirmation; (5) relating human electrophysiology to the effects of genes as in auditory neuropathy; and (6) intracochlear recording using the cochlear implant electrodes. The last two applications are the most recently added ones. The “historical aspects” of this review article will highlight the founding years prior to 1980 when relevant. A survey of articles on Pubmed shows several ups and downs in the clinical interest as reflected in the publication counts over the last 75 years.

Keywords: auditory nerve, summating potential, compound action potential, cochlear microphonic, Ménière’s disease, vestibular schwannoma, auditory neuropathy, cochlear implants

INTRODUCTION

Electrocochleography (ECochG) is a technique for recording sound-evoked cochlear and auditory nerve population responses from the round window, the cochlear wall (promontory), eardrum and external ear canal. One observes (Figure 1) that there are several ups and downs in the number of publications across the years, potentially reflecting the waxing and waning interest for ECochG as a diagnostic tool. Overall, there is a trend for a slow increase in the output.
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FIGURE 1. Ups and Downs in the number of publications on Electrocochleography (ECochG), overall and applied to Ménière’s disease. I tabulated all ECochG articles between 1941 and present that I could find in PubMed and added those from a 1976 conference proceeding (Ruben et al., 1976), amounting to 358 publications covering 75 years. I grouped them in periods of 6 years, because that bracketed the early minimum-intervention recording period from 1967–1972. The first 25 years before that I grouped together. The last period ending July 2016 covers 6.5 years.



Early Surgical Recordings

The first indications of the feasibility of recording cochlear potentials came from Fromm et al. (1935); the responses obtained in two humans with perforated eardrums were small and no cathode ray display could be obtained. Improved recording and amplification techniques gave better cochlear microphonics (CM) recordings (Perlman and Case, 1941; Lempert et al., 1947, 1950). Perlman and Case (1941) placed an electrode on the cochlea, first in monkeys and later in human ears. They found that CM could be obtained regularly in humans with a nearly normal audiogram. The potentials could be clearly detected in a loudspeaker or headphones. I consider this the start of ECochG, albeit that only later Lempert et al. (1947) coined the term “cochleogram”. They carried out recordings in 11 human ears in the course of surgical interventions for otosclerosis, tinnitus or Ménières’ disease. They could record responses from the round window in six ears but not from the promontory (no waveforms shown). In a follow-up study, Lempert et al. (1950) could record responses—again no waveforms were shown—in 13 out of 32 ears. They also suggested the placement of the electrode through the eardrum onto the promontory as a feasible non-surgical technique. Then the Ruben era ensued when Ruben et al. (1959, 1960) recorded CMs from the round window with clear waveforms for moderate level sounds produced by tuning forks and human whistles. The feasibility of ECochG as a diagnostic method was advanced when Ruben et al. (1961) recorded the first compound action potential (CAP) with clear N1 and N2 components from the round window. They quantified especially the N1 latency to a click and found that it was longer at threshold in humans compared to cats. Ruben et al. (1962) extended their recordings to children with serious verbal communication difficulty, seriously impaired speech, and who gave no subjective evidence of hearing. Ruben and Walker (1963) recorded CAPs in Ménières’ disease and found them similar to those in other humans when recorded from the round window. Finally, Bordley et al. (1964) reviewed the results obtained by the Ruben group in 63 patients, among those ECochGs obtained before and after stapes surgery. Clear nearly noise free N1N2 waveforms were shown. Ronis (1966) also presented some results pre- and post-stapedectomy, and suggested the use of the N1 latency as a “valid index of improved sound conduction”. Reviewing his work, Ruben (1967) mentioned three important topics in ECochG: (1) the correlation of physiological and psychoacoustic properties; (2) the investigation of certain diseases; and (3) the objective diagnosis of individual cases of deafness. The Ruben era of using ECochG was characterized by improved CM measurements and clear CAP recordings at moderate-to-high stimulus levels. It was still impossible to measure the CAP near the subjective threshold, and ECochG as based on round-window recording was still an operating room technique.

Non-Surgical Period

The non-surgical period, started in 1967—time points refer to Figure 1—with the first publications by two groups one in Tokyo, Japan, led by Nobuo Yoshie and Toru Ohashi (Yoshie et al., 1967; Yoshie, 1968; Yoshie and Ohashi, 1969), and the other in Bordeaux, France, led by Michel Portmann and Jean-Marie Aran (Portmann et al., 1967; Aran and Le Bert, 1968; Aran, 1971; Portmann and Aran, 1971). The Japanese group started with extra-tympanic (ET) recordings but later on also used trans-tympanic (TT) recording as well. The Bordeaux group only used TT recordings. The period ending 1978 reflects in part the fairly large output from the Leyden group in Netherlands starting with Eggermont et al. (1974) and only using TT recording. The period ending 1984 signaled a starting interest in applying ECochG to the diagnosis of Ménière’s disease. After a reduction in the output in the period ending 1990, things picked up again in the following 12 years with a surge of papers on improving the use of ECochG in the diagnosis of Ménière’s disease. This was followed by a slump, both in the total number of ECochG articles and in the Ménière articles, potentially by disappointment in the clinical usefulness of the ECochG (Nguyen et al., 2010). The last six and a half years again show a steep incline in interest for ECochG fueled by its use in auditory neuropathy, its revival in Ménière’s disease following better diagnostic use of all information in the recorded waveforms, as intra-operative tests for cochlear implantation, and using the cochlear implant electrodes to perform multi-channel ECochG.

BASIC PRINCIPLES

Hair Cell Potentials

Both inner hair cells (IHC) and outer hair cells (OHC) generate receptor potentials in response to sound (Russell and Sellick, 1978; Dallos et al., 1982). It has long been known that compound responses from the cochlea reflecting these hair cell potentials can be recorded at remote sites such as the round window, tympanic membrane or even from the scalp, and can be used clinically. These responses are called the CM and the summating potential (SP). The CM is produced almost exclusively from OHC receptor currents and when recorded from the round window (RW) membrane is dominated by the responses of OHCs in the basal turn. The SP is a direct-current component resulting from the non-symmetric depolarization-hyperpolarization response of the cochlea, which can be of positive or negative polarity, and is likely also generated dominantly by the OHCs (Russell, 2008).

The Summating Potential

Dallos (1972) recorded, using electrodes in the scala vestibule and scala tympani, a differential component (DIF SP) and an overall component (AVE SP) of the cochlea. The DIF SP represents the DC-shift between scala vestibuli and scala tympani, and the AVE SP represents the DC shift of the entire cochlea relative to the neck muscle potential. The AVE SP is positive at the site of maximum stimulation and negative elsewhere in the cochlea. For a round-window recording from the guinea pig, one nearly always measures a positive SP+ when stimulation occurs with high-frequency, high-level tone bursts. This, therefore, may be compared to the AVE SP recorded from the first turn.

In human ECochG recordings from the promontory, the SP is most often negative in polarity (SP−). Sometimes, a change of sign is observed when the frequency of the tone burst is increased while keeping the intensity the same. A sequence of this kind is shown in Figure 2 taken from Eggermont (1976c). A comparable polarity transition occurring between 4 kHz and 8 kHz was shown in Dauman et al. (1988). For this ear of a patient with Ménière’s disease, a distinct SP− is observed for a stimulus of 4000 Hz at an intensity of 80 dB HL; an increase in the tone burst frequency to 4350 or 4750 Hz leads to a clear drop in the SP− amplitude. A further increase in frequency to 5175 Hz gives an SP+, whose magnitude increases slightly when the frequency is raised further. The same type of change is observed from the AVE SP recorded from the guinea pig’s first cochlear turn (Dallos, 1972), where, at an intensity of 60 dB SPL, the AVE SP is typically negative for frequencies up to 3000 Hz, about zero at 6000 Hz, and positive for higher frequencies. This could explain the changes if the promontory recorded SP is considered a mix of positive and negative AVE SPs generated in the basal turn depending on the resistance paths through the promontory into the cochlea and via the round window, i.e., the electroanatomy of the recording site.
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FIGURE 2. Transition of a negative to a positive summating potential (SP+) with increase in tone burst frequency. In some ears, a quite sudden change in the sign of the SP may be observed. In this example, a change occurs between 4750 Hz and 5175 Hz. This type of transition from SP− to SP+ typically occurs between 4 kHz and 8 kHz. From Eggermont (1976c).



As a pre-synaptic potential the SP will not be affected by adaptation. Increasing the repetition rate of the stimuli will isolate the SP− from the CAP as illustrated in Figure 3A. This works for both the SP+ and SP−, but shows surprisingly in this example that the SP+ may consist of a sharp transient and a sustained part (Figure 3B). This likely results from a combination of a short latency SP+ followed by a superimposed slightly longer latency SP−, both having a duration equal to the tone burst, and the SP− originating from a slightly more apical region. We noted that this effect persists at least down to 55 dB HL. That this SP+/SP− complex is not of neural origin is demonstrated by its persistence at short interstimulus intervals (ISI; Figure 3B). The CAP disappears nearly completely at an ISI of 8 ms, but the SP combination remains. The finding that the SP+ occurs more often in Ménière’s disease (Eggermont, 1976c; Dauman et al., 1988) could be caused by a changed electroanatomy, potentially attributable to an endolymphatic hydrops.
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FIGURE 3. (A,B) SP and compound action potential (CAP) waveforms as a function of the interstimulus interval (ISI). The SP, being a pre-synaptic potential, does not show the phenomenon of adaptation as the CAP does. When the ISI value is lowered the CAP amplitude decreases but the SP amplitude remains constant. Panel (A) shows at an ISI of 4 ms, only the SP− remains and closely resembles the stimulus envelope. From Eggermont and Odenthal (1974a). Panel (B) shows a combination of SP+ and SP− in one recording. In ears showing a transition from SP− to SP+ as described in Figure 6, for high frequencies a quite peculiar phenomenon may be observed. It appears as an SP+ followed after some latency by a smaller SP− thus forming an early positive peak, which is persistent to low intensity levels. From Eggermont (1976c).



The Cochlear Microphonics

I had never much faith in the clinical use of the CM (Eggermont, 1976c), amplified by the fact that in Ménière’s disease the CM amplitude for 85 dB HL tone bursts was up to CAP thresholds of 70 dB HL independent of hearing loss (Eggermont, 1979a). However, as a consequence of the decisive use of CM in the diagnosis of auditory neuropathy (see “Auditory Neuropathy” Section) it is time to take a new look. The CM is an electric response that can be recorded from almost anywhere in the cochlea and from the cochlear surface (e.g., the round window), as first demonstrated by Wever and Bray (1930). Early on, Tasaki et al. (1954) showed that CM to all frequencies might be recorded with differential electrodes from the first turn in the guinea pig cochlea. Experiments in kanamycin-intoxicated guinea pigs, which destroys the OHC, showed that the CM produced by the IHCs was about 30–40 dB less sensitive than that generated by the OHCs (Dallos and Wang, 1974). However, absent CM is not an absolute indicator of non-functional OHCs, as Liberman et al. (2002) have shown in mice lacking prestin, the distortion-product oto-acoustic emissions (DPOAEs) are elevated to correspond to the hearing loss, whereas the CM is not significantly reduced compared to normal controls. The CM recorded at the promontory or in the ear canal thus arises primarily from OHCs in the more basal portions of the cochlea, while the apical regions make a negligible contribution to its generation (Johnstone and Johnstone, 1966; Patuzzi et al., 1989; Withnell, 2001). However, CM as recordable from the promontory may not only be generated in the basal turn and may for low frequencies also include neural contributions (Chertoff et al., 2012, 2014; Kamerer et al., 2016).

Santarelli et al. (2006) recorded CM, SP and CAPs using TT ECochG in 502 normal hearing subjects and with varying degrees of sensorineural hearing impairment, and in 20 auditory neuropathy patients. They distinguished three categories (Figure 4), those with a normal CAP threshold in which case the CM to clicks is detectable to about 80 dB peak equivalent sound pressure level (p.e. SPL) (~50 dB HL), those with an elevated CAP threshold often accompanied by a CM with similar threshold, and those without CAP, where the CM might indicate functioning OHCs, as in auditory neurpathy. Santarelli et al. (2006) found that CM was almost always detected when recording TT ECochG in ears with varying degrees of hearing impairment or even with profound hearing loss, and thus, in the presence of extensive OHCs loss (Eggermont, 1979a; Arslan et al., 1997; Schoonhoven et al., 1999). Even in the 202 ears of children (mean age 2.6 ± 4.2 years) with no CAPs recorded at 120 dB peSPL, the CM was always detected albeit with elevated threshold (99.1 ± 7.9 dB p.e.SPL, compared to 41.1 ± 9.5 dB in normal controls) and reduced amplitude (7.5 ± 9.7 μV, compared to 29.1 ± 33.1 μV in normal controls). According to Santarelli et al. (2006) “this finding challenges the widely accepted view that the CM is strictly related to OHC electrical activity with only a minor contribution from IHCs”. An important finding was that the presence of central nervous system pathology and normal hearing thresholds seemed to enhance CM amplitude compared to normal hearing ears. This amplitude enhancement was often accompanied by prolonged CM duration, albeit that this duration enhancement was also observed in about half of completely normal ears (Gibbin et al., 1983; Liu et al., 1992; Santarelli et al., 2006). The amplitude enhancement was attributed to a dysfunction of the medial efferent system through a reduced inhibitory influence on OHCs, leading, in turn, to enhanced cochlear amplification. Santarelli et al. (2006) also compared DPOAEs with CM in the same ears with a wide range of CAP thresholds and found the presence of DPOAEs “a more sensitive indicator of hearing threshold preservation than CM amplitude”.
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FIGURE 4. ECochG recordings obtained from three representative ears showing normal CAP threshold, elevated CAP threshold and the absence of neural response at maximum stimulation intensity (clicks, 120 dB p.e. SPL). CAP and cochlear microphonics (CM) traces were obtained by the classic procedure of averaging recordings to condensation and rarefaction clicks. Note the ringing of the click-evoked CM. From Santarelli et al. (2006).



Interlude: Transtympanic vs. Extratympanic Recording

Of interest for addressing this choice I present four prospective studies that compared TT and ET ECochG in the same ears, and in two cases by simultaneous recording. Mori et al. (1982) concluded that TT showed higher amplitudes but the same latency as ET. Noguchi et al. (1999) confirmed this and also found that TT and ET had same threshold detection levels, and same slopes for the CAP amplitude-intensity functions. Of relevance for diagnostics of Ménière’s disease, to be reviewed later, is that TT recordings often show positive summating potentials (SP+) for high-frequency tone bursts and negative summating potentials (SP−) for lower frequencies, whereas in ET only SP− were recorded (Mori et al., 1982). No significant difference in the SP/CAP ratio was found between TT and ET recordings (Roland et al., 1995). Schoonhoven et al. (1995) made simultaneous ET and TT recordings in 30 patients with various types and degrees of cochlear hearing loss. They found that ET responses were reduced in amplitude with respect to TT responses by a factor of 0.43 on average. ET and TT latencies were identical. This suggests that when the hearing loss is not too large both recording methods are equally applicable. Modifying the ET technique by using two identical high-impedance electrodes on the tympanic membrane (active) and as a reference in the ear canal, resulted in a signal to noise increase by >2.6 dB (Kumaragamage et al., 2015).

The Compound Action Potential

Phenomenology

I will introduce TT tone-burst ECochG with a typical intensity series of the CAP, obtained in a normal hearing subject for 2000 Hz tone burst stimulation (Figure 5). In this series of responses, an interesting transition takes place around 65 dB HL. If the intensity of 65 dB is taken as a starting point for the analysis, it is evident that an increase in intensity leads to a relative increase of the N1 peak of the CAP with respect to the N2, whereas lowering the intensity favors the second peak over the first (Eggermont and Odenthal, 1974a,b; Eggermont et al., 1974; Eggermont, 1976c). A similar bifurcation around 55–60 dB HL for click responses was reported by Yoshie (1976). A detailed analysis of the same phenomenon obtained in response to a 2 kHz half-sine wave stimulus from the external ear canal was carried out by Elberling (1973). He presented stimuli in consecutive 2.5 dB steps over the intensity range of 72.5–95 dB p.e. SPL. The two peaks were of about the same magnitude at 85–90 dB p.e. SPL, which corresponds to about 65–70 dB HL. It is tempting to attribute these two peaks to contributions from populations of auditory nerve fibers (ANFs) with low and medium thresholds respectively (Bourien et al., 2014).
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FIGURE 5. Human cochlear APs as recorded in response to tone bursts (envelope shown near abscissa) between 95 dB HL and 15 dB HL. In these series of APs, the sudden jump in the latency-intensity curves is illustrated. Note the appearance of a double-peaked N1/N2 complex at 65 dB HL and the difference between the latencies of the first negative wave at 65 dB HL and 55 dB HL. The scaling changes with intensity as indicated. From Eggermont (1976c).



A contrasting series of CAP waveforms for two types of sensorineural hearing loss with recruitment, resulting from: (a) Ménière’s disease; and (b) neonatal asphyxia, is shown in Figure 6, again for stimulation with a 2000 Hz tone burst. It is noted that in the neonatal asphyxia waveforms only the early N1 is present (see Figure 5), whereas in the Ménière ear the CAP is much broader and dominated by the relatively large and long lasting SP (see “The Cochlear Microphonics” Section).
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FIGURE 6. Waveforms of CAPs in recruiting ears. These waveforms may be either of the broad type (A) or of the biphasic type (B). The diphasic type in this case was recorded for a cochlea with hearing loss to asphyxia at birth. The absence of a bimodal N1 complex and the consistent short latencies along with an abrupt amplitude decrease draw a distinction between normal (see Figure 5) and recruiting ears. The broad type was recorded in a Ménière ear. There was an interval of about a year between the times (dates in A top right) when the two sets of waveforms were recorded for the Ménière ear; quite dramatic changes are noted in the about 1 year time difference. From Eggermont (1976c).



In case of loudness recruitment one often (but not always; Eggermont, 1976c) observes a steep increase in the amplitude of the CAP with stimulus level as illustrated in Figure 7. This shows a series of typical input-output curves for Ménière ears with the median curve obtained in 20 normal ears. All ears show the increase in steepness compared to the median control amplitude-level function (for which the threshold at the 0.1 μV level was at 0 dB HL). This mimics the steeper increase of loudness with increasing sound level.
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FIGURE 7. Input-output curves for recruiting ears in response to 2000 Hz tone burst stimulation. For six recruiting ears, the input-output curves are drawn. The data for the three series of CAPs shown in the former figure are indicated by triangles (the diphasic type) and open and filled circles (the Ménière ear). A common phenomenon for all curves is that the slope for amplitude values below, e.g., 1.5 μV is essentially the same and much larger than that found in normal ears. The median input-output curve is based upon data for 20 normal ears. From Eggermont (1977).



Early on it was noted that the adaptation and post-masking recovery in human CAPs was clearly different from animal data (Coats and Dickey, 1972; Eggermont and Spoor, 1973; Eggermont and Odenthal, 1974a,b). This is illustrated in Figure 8. Here we compare the adaptation of the CAP amplitude for stimulation with tone-burst trains of various ISI and in the recovery from forward masking as a function of post-masker delay (Δt) in guinea pigs and humans. Coats and Dickey (1972) found that the post masking recovery of click loudness in their ECochG participants was nearly complete at Δt = 100 ms, which compared well with the animal electrophysiological results, but not with the human ECochG. This suggests that CAPs, which depend on neural firing synchrony, do not reflect loudness measures.
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FIGURE 8. (A,B) Adaptation and forward masking of the CAP. (A) The amplitude of the CAP depends on the ISI. For six normal human cochleas, the relative decrease in amplitude is shown and compared to the mean for guinea pigs at a comparable stimulus level and shows a clear difference. The 50% relative amplitude point is found at a time about four times longer in humans than in the guinea pig. ISI, inter-stimulus interval. From Eggermont and Odenthal (1974a). (B) The relative CAP amplitude value in a forward-masking experiment as a function of the delay between the end of the white-noise masker and the tone-burst. In this experiment a 400 ms white-noise masker precedes a shore tone-burst. The CAP amplitude in response to this tone-burst depends on both the time (6t) after the masker and the intensity ratio between masker and tone-burst. In the human it takes about 1 s for full recovery from masking; in the guinea pig this value is about four times smaller. Δt, post-masker delay. From Eggermont and Odenthal (1974b).



The Composition of the Compound Action Potential

This topic got a lot of attention in the 1970s, where investigators aimed at understanding how to interpret human ECochG recordings. Early on, Gasser and Grundfest (1939) had used convolution to predict the waveform of the CAP evoked by electrical stimulation of the saphenous nerve of the cat from the distribution of nerve fiber diameters (resulting in a latency distribution) and a hypothetical individual fiber unit response. Twenty years later, Goldstein and Kiang (1958) pointed out that, under the assumption that unit responses add with equal weight to the recording electrode, the CAP-waveform could indeed be expressed as a convolution integral:
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where N is the number of nerve fibers, s(t) the latency distribution function and a(t) the unit response. A unit response, recorded from a nerve end, will be normally diphasic in shape and this has been postulated for the auditory nerve by Teas et al. (1962), de Boer (1975) and Elberling (1976a,b) and first demonstrated by Kiang et al. (1976). The convolution is allowed under the conditions of statistical independency of the individual contributions. When using a click as a stimulus, the latency distribution function may be considered reflecting the envelope of the impulse response function of the peripheral hearing organ. For individual fibers such impulse response functions may be obtained from the cross correlation between the nerve fiber response and a white noise stimulus evoking them (de Boer, 1969).

Investigating the single nerve fiber firing pattern for non-click stimuli will result in a modified weighting function s*(t) which may be found by convolution of the true impulse response and the stimulus envelope. A second convolution of the new s*(t) with the unit response a(t) will then give the CAP to this new stimulus (de Boer, 1975) after summation over all contributing units. In a practical situation, either in modeling or analyzing, the number of contributing units has to be restricted. This may be done by forming groups of nearly equivalent units. It might thus be useful to divide the cochlear partition into small regions about 3 mm long (corresponding to about half-an-octave in frequency) and study the narrow-band CAPs (NAPs) evoked on these small segments. Since the human cochlea is innervated by about 25,000 (Hall, 1967) to 31,000 (Rasmussen, 1940) afferent nerve fibers, such a 3 mm segment is assumed to comprise about 2500–3100 individual nerve fibers. The thresholds of the fibers in each segment are supposed to be approximately distributed in the same way across low-, medium- and high-threshold ones (Kiang et al., 1965; Rutherford and Roberts, 2008; Bourien et al., 2014).

Teas et al. (1962) introduced an experimental technique for such a separation of the CAP recorded from the guinea pig cochlea into about 10 NAPs. A high-pass noise-masking stimulus with a number of discrete high-pass cut-off frequencies was used. Subtracting CAP responses obtained in the presence of high-pass noise with cutoff frequencies being [image: image] octave apart, results in NAPs, which can be assigned to particular narrow-band segments each characterized by a central frequency (CF). This technique has first been used in human ET ECochG by Elberling (1974) for the analysis of click-evoked CAPs. Later on this method was applied by Eggermont (1976d, 1979b,c) using TT recording of responses to click and tone burst stimuli to elucidate the frequency specific character of these types of stimulation. An example of such a separation of the CAP into NAPs for the human cochlea upon click stimulation is shown in Figure 9. The click intensity is 90 dB p.e. SPL, and the NAPs are essentially diphasic in shape and their latencies range from 1.4 ms to 5.8 ms. The CAP latency is 1.4 ms and is therefore mainly dominated by the most basal contributions, due to the diphasic waveforms the contributions from segments with lower CFs tend to cancel each other and are therefore not seen in the CAP. It seems appropriate to use narrow-band waveform for the highest CF, with the shortest duration, as an estimate of the unit response. It is noted that double peaked CAP responses as shown for 2 kHz tone burst in Figure 5, and observed here for 4 kHz high-pass noise masking of the click evoked CAP, are not the result of changes in the NAP waveforms but result from changes in the cancellation of responses from different CF regions.
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FIGURE 9. High-pass noise masking and the derivation of narrow band APs (NAPs) in humans. The upper two traces show the whole nerve CAP for a normal ear in response to a 90 dB p.e. SPL click and reflect the situation where just complete masking by wide-band noise occurs. On the left hand side the effect of high-passing the noise at successively higher cut-off frequencies can be seen. Subtraction of two subsequent CAP’s results in the set of narrow-band CAP’s in the right-hand side. From Eggermont (1979c).



A plot of the NAP-amplitude (negative deflection only) as a function of the CF, which may be related to distance from the stapes (Greenwood, 1961; von Békésy, 1963), shows for a click level of 90 dB p.e. SPL (Figure 10) a gradual increase in amplitude for higher central frequencies. For lower click intensities, the contributions from both the high- and the low-frequency side rapidly decrease, while the central region (about 3 kHz) still contributes the same. For relatively low intensities, the activation area seems to be reduced to a more narrow frequency-selective region likely related to the external ear canal and middle ear resonances, which favor the parts in the spectrum around 2–3 kHz, where the human ear has its greatest sensitivity. In normal ears, and ears with high-frequency hearing loss, click evoked CAP thresholds will reflect the patency of this 2–4 kHz region.
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FIGURE 10. Narrow band response parameters as a function of central frequency (CF). For clicks of 70, 80, and 90 dB p.e. SPL, narrow band amplitudes are shown as a function of distance from the stapes; it is observed that for the highest intensity the amplitudes decrease by about 3 dB/octave. Lowering the click intensity results in a decrease for contributions from both the apical and basal part of the cochlea, while the central part still contributes the same. The latency data show an exponential dependency on the distance from the stapes, and a definite effect of stimulus intensity thereupon is noted. From Eggermont (1976c).



More recently, in an elaborate and detailed study, Lichtenhan and Chertoff (2008) were able to estimate the number of ANFs, N, contributing to the CAP, as well as the post-stimulus time histogram summed across nerve fibers, s(t), and unit response, a(t), before and after TTS. They found that TTS resulted in: a broadening and decreased latency of s(t), and decreased N. Their model unit response, a(t), based on the whole nerve click CAP showed a lower oscillation frequency and more rapid decay. This could have been improved by using a high CF NAP. These results suggested that TTS causes fewer ANFs to contribute to the CAP and those that do are more basally located with lower response synchrony and more quickly decaying and lower frequency oscillations. Lichtenhan and Chertoff (2008) suggested that this type of analysis might be useful in quantifying the number and location of surviving ANFs in patients with hearing loss. Similarly, Earl and Chertoff (2010) fit the analytic CAP to gerbils with partial lesions of the auditory nerve. The model parameter N at high-stimulus levels was strongly correlated with normal nerve area suggesting, that it is a good predictor of auditory nerve survival. The model parameter N also seemed to be a better predictor of the condition of the auditory nerve than the conventional measure of CAP amplitude.

Validation of the Use of NAPs

Evans and Elberling (1982) validated the use of the high-pass noise masking technique by comparing single-unit recordings and CAP measurements in the cat under conditions of high-pass masking. They computed the NAPs in a cat and compared them with the CFs of single cochlear fiber responses contributing to these NAP regions. With one main exception, the conclusions drawn on the origin of the frequency components of the NAPs were found to be valid in the normal cat. The exceptions were fibers with characteristic frequencies below 1–2 kHz, where the high-pass masking derived location was less specific. Taking into account the low-frequency hearing range of the cat, which is shifted upwards with about 1 octave compared to humans, Evans and Elberling (1982) predicted that the high-pass masking technique would be valid in normal humans for frequencies down to 0.5–1 kHz. This in effect validated the use of the latency distribution function.

Further experimental evidence for the applicability of the NAP technique in pathological cochleas came from recordings in normal and noise-exposed guinea pigs (Versnel et al., 1992), which looked at the validity of using the same unit response along the CF range and in normal vs. hearing loss ears. They used a technique pioneered by Kiang et al. (1976) involving spike-triggered averaging of round window “noise”. In that way one can estimate the unit response for units with CFs corresponding to locations along the cochlear partition. Their findings in normal cochleas confirmed the earlier data from Prijs (1986), namely that the unit response was diphasic and had a fairly constant amplitude of about 0.1 μV. In noise-exposed cochleas, waveform, latency and amplitude of the negative component of the unit response remained unchanged.

Delays estimated from NAPs have recently been used to generate chirps, which synchronize auditory nerve discharges along the length of the cochlea and yield larger amplitude CAP responses than clicks, presumably due to greater ANF synchrony along the cochlear partition (Chertoff et al., 2010).

Diagnosis Based on the Waveform of the Compound Action Potential

Portmann and Aran (1971) were the first to point to a potential diagnostic use of the click-evoked CAP waveform. They distinguished four typical response patterns: the normal response, the recruiting response (not unlike that in Figure 6B), the broad or prolonged response often seen in Ménière ears (see Figure 6A), and the abnormal response, which showed an initially positive SP (Figure 3B). Yoshie (1976) also paid attention to the abnormal waveforms found in Ménière ears and resulting from SP+ and/or SP− interaction with the CAP. Much attention was paid on the so-called low- and high-amplitude and latency functions with a cross-over point at the bifurcating CAP waveform (see Figure 5).

However, these typical waveforms and their presumed reflection of the underlying disturbances in the peripheral hearing organ can be studied more insightfully by using the narrow-band response derivation. Figure 11 shows such a (CF-restricted in these illustrations) narrow-band analysis for a normal ear, a Ménière ear and for an ear affected by an acoustic neuroma (vestibular Schwannoma). For the normal ear the narrow band responses at the three central frequencies shown are essentially biphasic in shape (see Figure 9). Since in this basal part of the cochlea the traveling wave velocity is around 20 m/s (Eggermont, 1976d), these 3 mm wide narrow bands are traversed by the traveling wave in about 0.15 ms. One may say therefore that these single nerve fibers will fire in nearly perfect synchrony. This implies that for the most basal part of the cochlea the NAP reflects the unit-response waveform contribution to the CAP.


[image: image]

FIGURE 11. CAP and NAP waveforms for a normal ear, a Ménière’s ear and a neuroma ear. As has been observed consistently in many cases there is a typical Ménière’s and acoustic neuroma type of AP waveform which is very distinct from normal. The distinction between both pathologies on basis of the CAP-waveform, however, in general presents some difficulties. A narrow-band analysis shows that the individual NAP-waveforms are different for all three hearing states, which may be of help in further diagnosis but also provides an insight in the location of the disturbance. From Eggermont (1976a).



For the Ménière ear the recorded CAP is dominated to a large extent by the relatively large negative SP. The narrow band analysis, however, shows an additional feature, namely that the unit contribution is composed out of two biphasic waveforms with a delay of about 1 ms. This may point to repeated firing by the fibers in the indicated narrow-bands in response to the same click. This fact may contribute to the over-recruitment often observed in Ménière ears but this will need a more detailed study.

The acoustic neuroma ear shows essentially the same type of broad CAP waveform as found in the Ménière ear (see also Aran, 1971). However, the SP is relatively smaller than the CAP and seems not to account for the broadening of the CAP in the same way as in the Ménière ear. High-pass masking shows that the NAPs are monophasic in this situation. The addition of the NAPs therefore does not produce cancellation of activity after the onset of the CAP as found in normal and Ménière ears, but instead produces a broad CAP. In this situation the NAP waveform may reflect a change in the unit contribution as a result of nerve conduction block due to the presence of the tumor (Beagley et al., 1977).

The mechanisms that produce these striking differences in NAPs seem very useful in diagnosis. Especially the close similarity of the CAP waveforms for the Ménière ear and the neuroma ear is completely removed when looking at the narrow band responses.

CLINICAL APPLICATIONS

Objective Audiograms

Sample objective audiograms for frequencies of 500 Hz to 8 kHz obtained with TT tone burst ECochG were first shown in Eggermont et al. (1974). For a more restricted frequency range, Yoshie (1973) performed a regression analysis in 56 patients between TT CAP thresholds for tone pips with the audiometric thresholds for the frequencies 2, 4, and 8 kHz. The regression lines showed slopes that ranged from 0.75 (2000 Hz) to 0.83 (4000 Hz) with correlation coefficients very near 0.90. Almost all of the points in his scattergram were within ± 15 dB from the regression line, suggesting good clinical application.

In a group of 96 patients in which behavioral audiometry was available, Spoor and Eggermont (1976) compared the audiogram with TT ECochG tone burst evoked CAP thresholds. Given an ECochG threshold, the practical question concerns the prediction of the subjective threshold. Regression analysis showed that the slope of the regression line was close to unity for each frequency. For 1, 2 and 4 kHz, the mean difference between ECochG and subjective measures was 0 dB. At 500 Hz, the mean difference between the ECoG and the subjective thresholds was about −10 dB, i.e., the subjective threshold is 10 dB higher than the ECoG threshold. At 8000 Hz this was the same, and the spread of ECochG thresholds at 500 Hz and 8 kHz was higher than at 1, 2 and 4 kHz. Standard deviations for the different frequencies varied from 7.5 dB to 11 dB, resulting in a 95% confidence level of 15–22 dB around the mean.

Schoonhoven et al. (1996) further investigated the relation between TT response thresholds for tone bursts with octave frequencies from 500 Hz to 8000 Hz and audiometric thresholds in 148 ears. Similar analyses of ET thresholds were reported for a subset of 30 ears in which TT and ET physiological responses were simultaneously recorded. They found that TT ECochG thresholds were highly correlated with audiometric thresholds. Linear regression analysis showed that audiometric thresholds might be predicted from physiological thresholds with an error in the estimate of 11 dB. ET ECochG permitted similar predictions but with a larger uncertainty of 16 dB. It appeared that ECochG thresholds increase slightly less with increasing cochlear dysfunction than do pure tone thresholds. They considered this a result of the different stimulus durations on which the two threshold measurements are based and the difference in temporal integration between normal and pathological ears.

Recent animal studies have provided an interesting alternative. Lichtenhan et al. (2013) described a novel technique to estimate low-frequency cochlear thresholds that uses the auditory nerve overlapped waveform (ANOW) response in the guinea pig. They showed that for frequencies of 700 Hz and below, ANOW thresholds were mostly 10–20 dB more sensitive than onset-CAP thresholds and 10–20 dB less sensitive than the most sensitive single-AN-fiber thresholds. The results show that ANOW can be used to objectively estimate thresholds at very low frequencies in a high frequency-specific manner. A subsequent study (Lichtenhan et al., 2014) demonstrated that in guinea pigs this ANOW response originates in the apex of the cochlea. This technique could potentially be used to assess very low frequency information more accurately than current ECochG procedures allow.

Ménière’s Disease

The Importance of the Summating Potential for Diagnosis

The first report using non-surgical recording (TT) in Ménière patients (N = 22) was by Schmidt et al. (1974). They reported that the SP− value, although often pronounced compared to the CAP amplitude, was almost the same as found in normal hearing ears, however distinctly larger than the SP− amplitude observed in non-Ménière ears with high-frequency hearing loss. The first abnormal waveforms in a Ménière patient were shown in Schmidt et al. (1975) and later in Eggermont (1976a) and Odenthal and Eggermont (1976), all using TT ECochG. The use of the SP/AP amplitude ratio was first reported at an ECochG conference in 1974 organized by Bob Ruben in New York City and later published in Eggermont (1976b). However, I found this technique not useful for diagnosing individual patients. The mean SP/AP ratio in normal ears was level dependent and decreasing from about 0.3 at 95 dB HL to 0.07 at 55 dB HL, the upper limit was barely level dependent and about 0.45. In Ménière ears, the mean SP/AP value was nearly level (55–95 dB HL) independent at 0.35, with upper limits up to 0.6. In “hair cell loss” ears, the mean SP/AP ratio was strongly level dependent, from 0.25 at 95 dB HL decreasing to 0.06 at 75 dB HL. The upper boundary was around 0.6 at 95 dB HL and decreasing to 0.35 at 75 dB HL. Example waveforms contrasting a Ménière ear and a non-Ménière hearing loss ear, were shown in Figure 6. Note that the CAP amplitude in this study was taken from the level of the SP− and not from the baseline, which would include the SP− in case of tone burst stimulation, and thus reduces the calculated SP/AP ratio. For tone burst evoked responses measuring CAP amplitude from the SP level (either SP+ or SP−) seems to be the best procedure. For click evoked responses it is more difficult to assess the decaying SP level and here the least ambiguous way would be calculating amplitudes with respect to the pre stimulus baseline. Separate norms have to be established for ET and TT recordings.

Gibson et al. (1977) were more optimistic for SP use in diagnostic procedures by the observation of an “apparent widening of the SP/AP waveform”. They considered this as caused by an enlarged SP−, enhanced relative to the CAP, and “believed to be related directly to the presence of endolymphatic hydrops”. This was followed up Gibson et al. (1983) by a comparison of 32 normal, 40 sensory-loss ears, and 44 Ménière ears. They concluded that the diagnostic value would be increased if the SP amplitude was expressed as a percentage of the CAP amplitude, i.e., as an SP/AP ratio. In normal ears, the mean SP/AP ratio was 25% (range 10%–63%). In sensory damage, the SP/AP ratio was on average 13% (range 0%–29%), and in Ménière’s ears, the mean SP/AP ratio was 51% (range 29%–89%). In this series, an SP/AP ratio of 29% suggested a useful diagnostic dividing mark between the sensory damage and ears affected with Ménière’s disease. Note the large overlap in SP/AP range between normal and Ménière ears.

An extensive study of the SP− in 112 patients with Ménière’s disease compared to 22 normal ears was carried out by Eggermont (1979a). He divided the Ménière ears in a low-threshold (≤50 dB HL) and a high-threshold (>50 dB HL) group. The SP− values at a range of intensity levels (55–85 dB HL) were not significantly different from normal for the low-threshold group, whereas the high-threshold group showed significantly smaller SP− amplitudes for 2, 4 and 8 kHz tone bursts. For 2 kHz the median amplitude value was independent of the hearing threshold up to 45 dB HL, and for larger losses there was a sharp decrease in the SP− amplitude. The same phenomenon was found for 4000 Hz: up to 55 dB HL there was a slow decrease in the SP− amplitude, and for higher threshold values a sharp loss. Thus the pattern at both frequencies showed a boundary value around 50 dB HL. The changes at 8000 Hz, however, seem more gradual relative to the amount of hearing loss, making separation artificial at this frequency. Eggermont (1979a) concluded that “in Ménière ears hearing losses up to about 50 dB are not related to changes in the hair cells, since the SP− does not change, whereas the increase in the amount of hearing loss above 50 dB HL is paralleled by a loss in sensitivity of the SP and is therefore related to a functional loss of hair cells”.

Coats (1981) used clicks and ET recording, and measured both the SP− and the N1 from baseline, which tend to make the SP/AP, in fact an SP/(SP + AP), ratio smaller. However, this may have a small effect when using clicks as the SP then is of small duration. Despite that Coats found that the SP/AP ratio for detection was 64%. I would not consider this a value useful for diagnosing individual cases. Goin et al. (1982) reported that the SP/AP was the most efficient diagnostic measure, with 62% of the Ménière’s group demonstrating abnormal ratios compared to 4% of the normal control group and 17% of the cochlear group. However, they did not report the “abnormal value” used. Kanzaki et al. (1982) using TT and ET ECochG found that “It was not possible to differentiate Ménière’s disease from sudden deafness on the basis of large SP/AP ratios alone. Such ratios were found frequently in both diseases”. Ferraro et al. (1985) used ET ECochG in 55 suspected Ménière patients and found that “the presence of hearing loss combined with aural fullness or pressure was the strongest predictor of an enlarged SP/AP ratio”. The Bordeaux group (Dauman et al., 1988) investigated the SP to 1, 2, 4 and 8 kHz tone bursts in 50 Ménière patients, 10 sensory loss patients and five normal hearing controls. They found that the mean SP amplitude was larger in the Ménière’s disease group for 1, 2 and 8 kHz compared to controls. However, the ears with larger negative SPs at low frequencies also had larger CAPs, measured from the level of the SP.

In a large series of studies Mori et al. (1987a) investigated differences between TT and ET ECochGs in the use of the SP/AP ratio for click and tone burst stimuli. The N1 amplitude included the tail of the SP. They found that the SP−/AP ratio at 80 dB nHL was higher for a click with the ET than with the TT method. The SP− elicited by tone bursts of mid to low frequencies was found more stable in Ménière’s disease than SP− elicited by a click (Mori et al., 1987b). An important observation was that there was no relationship between the ratio of the SP− amplitude between both ears and the hearing threshold level at any frequency. In contrast, CAP amplitude ratio between both ears was significantly correlated (r = −0.419, p < 0.01) to the average hearing threshold level at 2–8 kHz, but not at 0.25–1 kHz (p > 0.05). This suggested that the increase in the SP−/AP ratio with the deterioration of the hearing at higher frequencies (Mori et al., 1987b) resulted from a decrease in CAP amplitude rather than an increase in SP− amplitude (Mori et al., 1988; Asai and Mori, 1989). When the SP−/AP ratio threshold for abnormality was set at 0.43, they found that “ears with abnormal SP− had a significantly worse hearing loss at high frequencies (2–8 kHz) than ears with normal SP−, whereas there was no significant difference in hearing loss at low frequencies (0.25–1 kHz) between both ears” (Mori et al., 1993).

The value of the SP/AP ratio that is considered indicative for Ménière’s disease varies between studies. We have seen that Gibson et al. (1983) favored a value of 0.29, whereas Mori et al. (1993) used 0.43. Koyuncu et al. (1994) used 0.33, Aso and Watanabe (1994) suggested 0.42, Pou et al. (1996) used a definite positive result for a ratio >0.5, and definite negative below 0.35. In a meta analysis of various studies, Wuyts et al. (1997) proposed an SP/AP ratio for click stimulation >0.35 using TT-ECochG, or >0.42 using ET-ECochG, as indicative of hydrops.

Specificity and sensitivity is important for any diagnostic test. Sass (1998) used TT ECochG in a group of 61 patients (61 ears) with the clinical diagnosis of Ménière’s disease and 15 patients (21 ears) with cochlear hearing loss of other etiologies, and 13 normal hearing subjects to assess the ability of the SP/AP ratio method to separate different cochlear disorders. Sass (1998) found a sensitivity of the click SP/AP ratio of 62% and a specificity of 95%. Inclusion of the 1-kHz burst-evoked SP amplitudes increased sensitivity to 82%, without changing specificity. Inclusion of the 2 kHz tone burst had no further effect on sensitivity or specificity. Sass et al. (1998) added the latency difference for condensation and rarefaction clicks, which was significantly larger in Ménière’s disease compared to normal and non-Ménière hearing loss (as was also found by Orchik et al., 1998; Ge and Shea, 2002), and found that “the sensitivity of TT ECochG, obtained by using measurements of SP/AP ratios and the SP amplitude at 1 kHz burst stimulation, increased from 83% to 87% by addition of the condensation-rarefaction shift measurement”. The specificity of TT ECochG obtained by this combination of variables was 100%.

Negative outlooks on the use of ECochG parameters in the diagnosis of Ménière’s disease started to emerge in the late 1990s. Levine et al. (1998) using CAP amplitude, SP amplitude, and CAP latency concluded that: “ECOG has limited value in the diagnosis of Ménière’s disease. It appears to correlate with the length of time patients experience symptoms and their audiometric findings. It was not correlated with the number of symptoms that the patient experienced at the time that the study was conducted”. This was echoed by Kim et al. (2005), who reported that abnormally elevated SP/AP ratios (>0.4) in definite Ménière’s disease were found in 66.7%. In less than definite Ménière’s disease this was only slightly lower by 52.7%, which was not significantly different. Consequently, based on the SP/AP ratio approximately 30% of those with definite Ménière’s disease would not be classified as having Ménière’s disease. Because of its lack of sensitivity, ECochG was considered not to play a decisive role in determining the presence or absence of Ménière’s disease. Gibson (2009) also found that click SP/AP measurements did not significantly differentiate between Ménière’s ears and non-Ménière’s ears. However, tone burst SP-amplitude measurements were found significantly different between the two groups, particularly for frequencies at 500 Hz, 1 kHz, and 2 kHz. Recently, Oh et al. (2014) reported that: “Statistically significant differences were not demonstrated in the SP/AP amplitude ratio or SParea/AParea ratio between the definite Ménière’s, probable Ménière’s, overall Ménière’s, or control groups”. These less than positive findings were echoed by a questionnaire on the clinical utility of ECochG in the diagnosis of Ménière’s disease among members of the American Otological Society (AOS) and American Neurotology Society (ANS). It was found that “For approximately half of respondents, ECochG has no role in their clinical practice. ECochG was used routinely by only 1 in 6 respondents” (Nguyen et al., 2010). However, introducing more extensive measures such as SP/AP area ratio (Ferraro and Tibbils, 1999) in some studies appeared to increase the diagnostic sensitivity (Devaiah et al., 2003). By combining SP amplitude, SP area, SP/AP area ratio and total SP-AP area, sensitivity and specificity values increased to 92% and 84%, respectively (Al-momani et al., 2009). In contrast, Baba et al. (2009) found that the combination of these parameters as well as using SP/AP area alone did not have greater sensitivity than SP/AP amplitude ratios.

Evaluating Mechanisms of Ménière’s Disease

Dehydrating agents such as glycerol have been routinely administered since the report of Klockhoff and Lindblom (1966) to reduce the presumed endolymphatic hydrops in Meniere’s disease and improve hearing thresholds. Here are some of the pioneering ECochG studies. Moffat et al. (1978) tested 13 patients diagnosed with Ménière’s disease using TT ECochG during glycerol administration. Decrease of the SP− was a common finding and occurred more often than threshold changes. Coats and Alford (1981) administered glycerol to 11 Ménière and 20 non-Ménière ears. ET-recorded SP amplitudes decreased, and 250–1000 Hz thresholds improved, and CAP amplitudes from the ears with Ménière’s disease also decreased after glycerol ingestion, but to a lesser degree. None of these changes were found in non-Ménière ears. Gibson and Morrison (1983) presented a single case study showing a large SP compared to the CAP, which after dehydration with glycerol showed a decrease in the SP and no change in the CAP so that the SP/CAP ratio became almost normal. Dauman et al. (1986) evaluated the “effect of orally administered glycerol on the SP and CAP amplitudes by means of automated recordings repeated every 5 min. SP values were remarkably constant in the control group. A decrease in SP absolute amplitude was observed in most patients with Ménière’s disease and some subjects with uncertain diagnoses, specifically at low frequencies.” Takeda and Kakigi (2010) evaluated 632 patients (727 ears) with vertigo/dizziness, of which 334 patients had a definite Ménière’s diagnosis. They found an enhanced SP in 56.3% of patients with Ménière’s disease, mostly where the disease duration was ≥2 years and/or the frequency of attacks was several times a year. Hearing improvement induced by the glycerol test did not produce a change in the SP/AP ratio—likely because both SP and AP increased or decreased together—and there was no significant difference between the glycerol test results and the incidence of an enhanced SP. Takeda and Kakigi (2010) suggested that the ECochG seems to indicate that the enhanced SP in Ménière’s disease might be caused by the malfunction of the hair cells, not by the displacement of the basilar membrane toward the scala tympani, i.e., not by an endolymphatic hydrops. Fukuoka et al. (2012) evaluated 20 patients with a 3T MRI scanner and ECochG after glycerol application. They found that ECochG was positive (SP/AP > 0.3) for hydrops in 15/20 patients and with MRI hydrops was detected in all but one of the patients.

The alternative to dehydration is the effect of salt loading, which was supposed to produce endolymphatic hydrops symptoms. After baseline ECochG studies, Gamble et al. (1999) administered 4 g of sodium chloride daily for 3 days to controls and Ménière’s disease patients. The control group of 13 healthy volunteers with normal baseline ECochG and pure tone audiometry was tested under similar conditions. Gamble et al. (1999) performed ET ECochG using alternating polarity clicks presented at a rate of 9.7/s at 95 dB nHL. A SP/AP ratio of 0.37 was considered the upper limit of normal. One or both ears in 38% of the patients in the study group with normal baseline SP/AP ratios and symptoms of inner ear fluid imbalance converted to abnormal. The mean SP/AP ratio of the control group for the conditions before and after salt-load was not statistically different (p = 0.48), whereas the difference in the mean SP/AP ratio in the study group after salt loading was statistically significant.

An animal experiment on the effects of endolymphatic hydrops, which is assumed to displace the basilar membrane towards the scala tympani and thereby increase the SP was carried out by Klis and Smoorenburg (1994). They used perfusion of the perilymphatic space with a hypotonic solution, which increased the SP and decreased the CAP amplitude, and corroborated the idea that static displacements of the basilar membrane indeed may underlie the enlarged SP and in particular the enlarged SP/AP ratio.

Vestibular Schwannoma

One of the first studies using ECochG in the diagnosis of vestibular Schwannoma was by Morrison et al. (1976) who evaluated the findings in 56 surgically confirmed ears. They proposed that there are at least three separate criteria to be considered in reaching or strongly suspecting a diagnosis of such pathology. These are broadening of the CAP waveform (loss of the positive peak separating the N1 and N2), observation of a clear CM response, and presence of the CAP even when using stimulus intensities which are not audible in the patients’ affected ears. Beagley et al. (1977) explored in an animal study why the normally diphasic CAP changed into a monophasic one and attributed it to a neural block. This fits well with the monophasic NAPs often obtained in these tumors (see Figure 11).

In a large study Eggermont et al. (1980) compared the use of ECochG and auditory brainstem response (ABR) in the diagnosis of surgically confirmed vestibular Schwannoma in 45 patients. ECochG results provided evidence that, for hearing losses up to at least 60 dB HL, the origin is cochlear (Figure 12). We concluded that ECochG as the sole test for detection of vestibular Schwannoma appeared to be of limited diagnostic value. In combination with ABR, ECochG generally provided a clear N1 in cases where ABR wave I could not be detected, and so raised its diagnostic value.
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FIGURE 12. Relationship between objective and subjective hearing thresholds. Peripheral and central (subjective) measurements are similar except for a few ears. This similarity indicates that 8th nerve tumors usually produce a peripheral hearing loss (Eggermont et al., 1980).



CAP phenomenology in vestibular Schwannoma ears is distinctly different from normal ears and often also from ears with sensorineural hearing loss (Figure 13A). In 30% of the studied vestibular Schwannoma cases, Eggermont et al. (1980) found that the N1 latencies were longer than those of Menière’s disease. Whereas long CAP duration is found with use of tone burst stimulation, especially for 2 kHz, it does not occur in the NAP derivation (Figure 13B). Most cases with abnormally long N1 latencies also had monophasic narrow band contributions. In this situation, the usual canceling of positive and negative deflections leading to sharply peaked CAPs is lacking. The result is broad CAPs and abnormally long CAP latencies in the middle intensity range.
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FIGURE 13. (A) CAP waveforms in response to 2 kHz tone burst stimulation in three ears with acoustic neurinoma. Depending on the individual case as well as on stimulus intensity, broad characteristic waveforms or nearly normal CAPs can be found. It appears that the CAP waveform is not consistently abnormal in acoustic neurinoma ears. (B) Narrow band AP waveforms in acoustic neurinoma ears. From dominantly monophasic NAPs in the left series to strictly biphasic narrow band responses in the right series, reminding us of a sensorineural hearing loss, the relationship to the CAP waveforrn is clear. From Eggermont et al. (1980).



Correspondingly, the width of the CAP, resulting from the monophasic NAP contributions can be distinctly larger than in normal ears (Figure 14A), whereas the amplitude of the SP− is clearly lower than in Ménière’s disease (Figure 14B). Thus the abnormally broad CAPs, especially those with short latencies (Figure 13A), are due to this NAP effect and not to a pronounced SP−, as in Menière’s disease.
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FIGURE 14. (A) CAP width-latency data for 2 kHz tone burst stimulation for the tumor ears. About 20% of the points are well outside the normal range. (B) SP amplitudes for 85 dB HL tone bursts as a function of the CAP threshold. Up to 50 dB HL thresholds, the SP amplitude appears stable; for higher hearing losses, the SP amplitude decreases and often the SP is absent. This trend is also observed in a large group of ears with Ménière’s disease whose median value is indicated. Moreover, the median values of tumor ears are smaller by a factor of at least 2. From Eggermont et al. (1980).



Finally, Eggermont et al. (1980) found that the dominant effect of vestibular Schwannomas, causing a hearing loss, is on the cochlea probably resulting from interference with the blood supply. Because most ECochG parameters indicate a pure cochlear hearing loss without neural involvement, assessing the state of hearing at the peripheral site of the internal auditory meatus therefore has limited value in the differential diagnosis. An exception is when the CAP thresholds are much lower than the behavioral ones. This was later independently confirmed by Prasher and Gibson (1983).

CURRENT INTEREST

Cochlear Implants

Telemetry capabilities became commercially available in 1998 (e.g., Shallop et al., 1999) for the measurement of the electrically evoked CAP (eCAP) from the auditory nerve in cochlear implant recipients. The eCAP is recorded via the intracochlear electrodes of the implant. Because the eCAP is a short-latency evoked potential, it overlaps with the stimulus artifact. All newer CI systems are equipped with two-way telemetry capabilities and artifact rejection that allow for measurement of electrode impedance and the eCAP. The eCAP is recorded as a negative peak (N1) at about 0.2–0.4 ms following stimulus onset, followed by a much smaller positive peak (P1) or plateau occurring at about 0.6–0.8 ms. The amplitude of the eCAP can be as large as 1 mV, which is much larger in magnitude than the CAP (up to 30 μV) recorded by TT ECochG in normal ears (Eggermont et al., 1974).

The ability to record high quality eCAP data was early on shown by Frijns et al. (2002). Their recordings showed clear N1 and P1 peaks with amplitude up to 400 μV, under the condition that there was at least one contact space between the stimulating and recording electrodes. They also found that responses were larger and tended to peak at recording sites around apical and basal stimulating electrodes. This suggested a limited spread of excitation. Campbell et al. (2015) recorded from CI patients who retained audiometric thresholds between 75 and 90 dB HL at 500 Hz in their implanted ear. In response to acoustical stimulation they obtained eCAPs including CM and SP responses. The eCAP thresholds were similar to the audiometric thresholds. Dalbert et al. (2015b) used eCAPs to follow the post-surgery changes in hearing in CI patients, which were largely due to middle ear effusion, resulting from the surgery and disappeared over time.

From their modeling studies, Briaire and Frijns (2005) noted that the calculated eCAPs based on the theoretical unit response did not match the measured human eCAP obtained using neural response telemetry (Frijns et al., 2002). Briaire and Frijns (2005) found the potential solution to the discrepancy from a study by Miller et al. (2004) that indicated that two APs are present, and that the initial positive peak, when present, in the eCAP originates from antidromic APs originating from a relatively central site on the nerve fiber, likely close the ganglion cell body, of AP initiation. Thus, the dendrite may be responsible for the generation of the P0 peak. Note that in acoustic stimulation the site of initial spike excitation is likely the proximal dendrite (Hossain et al., 2005).

The study by Miller et al. (2004) indicated that the state of neural degeneration of the fibers has a big influence on the presence of the P0 peak in the unit response, as also implied by Rattay et al. (2001). Briaire and Frijns (2006) used this to show that a large P0 peak in the eCAP occurs before the N1P1 complex when the fibers are not degenerated. They suggested that the absence of this peak might be used as an indicator for degeneration of the proximal dendrite. Westen et al. (2011) evaluated the use of the unit response as a unitary response in a convolution integral to predict the eCAP and found evidence for changes in the unit response with stimulus level. This suggested that the unit responses for different electrodes are not independent, likely caused by strong synchronization across fibers at high stimulus levels. Therefore the eCAP cannot be predicted from the unit responses, and consequently, the inverse problem assessing the patency of the ANFs on basis of the eCAP is not unambiguous.

Recently, Strahl et al. (2016) used a deconvolution model to estimate the nerve firing probability based on a biphasic unit response and the eCAP, both in guinea pigs and human implantees. They found that the estimated nerve firing probability was bimodal and could be parameterized by two Gaussian distributions with an average latency difference of 0.4 ms. The ratio of the scaling factors of the late and early component increased with neural degeneration in the guinea pig. The two-component firing probability was attributed to either latency differences in the population of nerve fibers resulting from late firing due to excitation of the proximal dendrite, compared to direct, central to the cell body, activation of the ANFs. They suggested that the deconvolution of the eCAP could be used to reveal these two separate firing components in the auditory nerve, which may elucidate degeneration of the proximal dendrite.

Intraoperative recording from the round window or from the promontory during cochlear implant surgery has also been reported about in a recent series of articles (Mandalà et al., 2012; Calloway et al., 2014; McClellan et al., 2014; Dalbert et al., 2015a; Formeister et al., 2015; Adunka et al., 2016). I will not dwell on this ECochG use as it will be part of another set of articles in this Special Topic.

Auditory Neuropathy

The diagnosis of “auditory neuropathy” usually does not require more than the presence of a superficial phenomenology consisting of recordable OAEs and absent or very poorly defined ABRs. Patients with auditory neuropathy also may have mild to moderate hearing loss and more severe speech perception deficits than expected based on the audiogram. However, there is quite a bit more differentiation with respect to underlying genetic and peripheral hearing mechanisms. This has lead among others to use of a new term “synaptopathy”, which puts one of the mechanism in the IHC ribbon synapses (Khimich et al., 2005; Kujawa and Liberman, 2009; Moser et al., 2013). It should be noted that acquired synaptopathy (Kujawa and Liberman, 2009) is completely different from that resulting from the OTOF mutation. Acquired synaptopathy resulting from a TTS following noise exposure, shows normal otoacoustic emission, normal ABR thresholds and waveforms and putatively a reduction in wave I amplitude at high stimulus levels. It is obvious that in such cases the CM, SP and CAP will all be normal, with a putative reduction in CAP amplitude at high stimulus levels, although this has been disputed (Bourien et al., 2014).

Another umbrella term is “dys-synchrony”, which can describe anything from the non-synchronous transmitter substance release from the ribbon synapses, resulting in onset desynchrony in the ANF firings, to changes in the peripheral dendrite of the spiral ganglion slowing down of APs along the ANFs (Rance and Starr, 2015) which also results in a large spread of spike latencies and hence poorly shaped ABRs. Ears affected by auditory neuropathy show a large CM riding on a large positive potential, presumably and SP+ (Gibson and Sanli, 2007).

Harrison (1998) found that scattered IHC loss, resulting from carboplatin administration in chinchillas resulted in normal oto-acoustic emissions, and CM whereas ABR thresholds were significantly elevated. He suggested that this type of damage could also result from longterm cochlear hypoxia and be a likely candidate for certain types of auditory neuropathy in humans.

Genes underlying two common forms of auditory neuropathy are OTOF resulting in synaptopathy and OPA1 resulting in neuropathy of the spiral ganglion dendrites. Because IHC exocytosis was almost completely abolished in an otoferlin knock-out mouse model, otoferlin should have a role in a late step of exocytosis from the ribbon synapses. Otoferlin appears to mediate the replenishment of the ready releasable vesicle pool, and plays a role in the vesicle recruitment to the active zone membrane (Wichmann, 2015).

Huang et al. (2012) recorded the cochlear potentials CM, SP and CAPs by ECochG before cochlear implantation in patients diagnosed with familial optic atrophy which suggested an auditory neuropathy. Genetic analysis identified a R445H mutation in the OPA1 gene. Audiological studies showed preserved DPOAEs and absent or abnormally delayed ABRs. TT ECochG showed prolonged low amplitude negative potentials without auditory nerve CAPs. After cochlear implantation, hearing thresholds, speech perception and synchronous activity in auditory brainstem pathways were restored. This suggests that deafness accompanying this OPA1 mutation is due to altered function of the dendritic portions of the spiral ganglion.

Santarelli et al. (2009) recorded abnormal click-evoked cochlear potentials with TT ECochG from four children with OTOF mutations to evaluate the physiological effects resulting from abnormal neurotransmitter release by IHCs. The children were profoundly deaf with absent ABRs and preserved otoacoustic emissions consistent with auditory neuropathy. Cochlear potentials evoked by clicks from 60 dB p.e. SPL to 120 dB p.e. SPL were compared to recordings obtained from 16 normally hearing children. The CM showed normal amplitudes from all but one ear, consistent with the preserved DPOAEs. After canceling the CM, the remaining cochlear potentials were of negative polarity with reduced amplitude and prolonged duration compared to controls. These cochlear potentials were recorded as low as 50–90 dB below behavioral thresholds in contrast to the close correlation in normal hearing controls between cochlear potentials and behavioral threshold (see Figure 4). SPs were identified in five out of eight ears with normal latency whereas CAPs were either absent or of low amplitude. Stimulation at high rates reduced amplitude and duration of the prolonged potentials, consistent with their neural generation site and not comprising SP−s. The remaining low-amplitude prolonged negative potentials are consistent with sustained exocytosis and decreased phasic neurotransmitter release (Khimich et al., 2005) resulting in abnormal dendritic activation and impairment of auditory nerve firing. This study suggests that mechano-electrical transduction and cochlear amplification are normal in patients with OTOF mutations.

Santarelli et al. (2013) then compared acoustically- and electrically-evoked potentials of the auditory nerve in patients with postsynaptic or presynaptic auditory neuropathy with underlying mutations in the OPA1 or OTOF gene, respectively. Among non-isolated auditory neuropathy disorders, mutations in the OPA1 gene are believed to cause disruption of auditory nerve discharge by affecting the unmyelinated portions of human ANFs. TT ECochG was used to record click-evoked responses from two adult patients carrying the R445H OPA1 mutation, and from five children with mutations in the OTOF gene. The CM amplitude was normal in all subjects. Prolonged negative responses were recorded as low as 50–90 dB below behavioral threshold in subjects with OTOF mutations (Figure 15A) whereas in the OPA1 disorder the prolonged potentials were correlated with hearing threshold (Figure 15B). A CAP was superimposed on the prolonged activity at high stimulation intensity in two children with mutations in the OTOF gene while CAPs were absent in the OPA1 disorder. Electrically-evoked eCAPs (see “Cochlear Implants” Section) could be recorded from subjects with OTOF mutations but not from OPA1 mutations following cochlear implantation (Santarelli et al., 2015).
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FIGURE 15. (A) Comparison between the SP–CAP potentials recorded from one subject with OTOF mutations and one control. The curves for the OTOF subject are superimposed on the recordings obtained from one control at intensities up to 120 dB p.e. SPL to highlight the similarities of the SP component between controls and patients with OTOF mutations. Open circles and triangles refer to the CAP and SP peaks, respectively. From Santarelli et al. (2009). (B) ECochG waveforms obtained after CM cancellation from two representative OPA1 patients are superimposed on the corresponding responses recorded from one normal hearing control and from one hearing-impaired child with cochlear hearing loss (Cochlear HL) at decreasing stimulus intensity. From Santarelli et al. (2015).



Santarelli et al. (2015) further characterized the hearing dysfunction in OPA1- linked disorders. Nine of 11 patients carrying OPA1 mutations inducing haplo-insufficiency had normal hearing function. Eight patients carrying OPA1 missense variants underwent cochlear implantation. The use of cochlear implant improved speech perception in all but one patient. ABRs were recorded in response to electrical stimulation in five of six subjects, whereas no eCAP was evoked from the auditory nerve through the cochlear implant. These findings corroborate that the impaired mechanism in patients carrying OPA1 missense variants is desynchronized ANF firings resulting from neural degeneration affecting the terminal dendrites (Santarelli et al., 2015).

SUMMARY

Ruben (1967)’s three important topics in ECochG were: (1) The correlation of physiological and psychoacoustic properties. (2) The investigation of certain diseases. (3) The objective diagnosis of individual cases of deafness. After 50 years we can make up the balance of the outcome of these three points.

Point one includes objective audiometry, which is quite accurate but is largely superseded by the non-invasive ABR. ECochG may remain the method of choice when objective hearing test have to be done under anesthesia. One may also say that intra-operative monitoring falls in this category. This likely becomes an important topic in relation to cochlear implantation. Several important differences between human and animal electrophysiology were found in some temporal response properties, such as adaptation and forward masking. Here the human data showed much larger time constants than those in common experimental animals. However, in these cases the human psychoacoustic data did not show any difference from the animal electrophysiological data. This requires further investigation. In addition the purported relation between oto-acoustic emission and CM needs more detailed study. Correlating the recorded eCAPs with a CI with applicable psychoacoustics needs to be further explored.

Point two, the investigation of certain diseases has been largely focused on Ménière’s disease, and has shown that for hearing losses up to 50 dB the OHC are not affected—normal SP and CM—and do not cause the fluctuating hearing loss. More promise hold the recent investigations of various genetic forms of auditory neuropathy, where ECochG powerfully illustrates the effects of the pre- and post-synaptic mechanisms on the temporal aspects of auditory nerve activity.

Point three, the objective diagnosis of individual cause of deafness, has focused primarily on vestibular schwannoma and Ménière’s disease, which show comparable broad and long lasting SP–CAP waveforms. ECochG highlighted the different underlying causes as relatively—compared to the CAP—large SP (Ménière’s disease) and monophasic unit contributions (vestibular schwannomas), respectively. However, the specificity and sensitivity of ECochG in these disorders has so far precluded reliable diagnosis in individual cases.

Point four, given the ambiguities of distinguishing SP− from a desynchronized CAP in auditory neuropathy, and the interpretation of CM as a purely presynaptic potential, it is obvious that further basic research is needed into the limits of applicability of these traditionally considered “isolatable responses” in ECochG.
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The clinical uses of electrocochleography are reviewed with some technical notes on the apparatus needed to get clear recordings under different conditions. Electrocochleography can be used to estimate auditory thresholds in difficult to test children and a golf club electrode is described. The same electrode can be used to obtain electrical auditory brainstem responses (EABR). Diagnostic testing in the clinic can be performed with a transtympanic needle electrode, and a suitable disposable monopolar electrode is described. The use of tone bursts rather than click stimuli gives a better means of diagnosis of the presence of endolymphatic hydrops. Electrocochleography can be used to monitor the cochlear function during surgery and a long coaxial cable, which can be sterilized, is needed to avoid electrical artifacts. Recently electrocochleography has been used to monitor cochlear implant insertion and to record residual hearing using an electrode on the cochlear implant array as the non-inverting (active) electrode.

Keywords: transtympanic EcochG, auditory threshold, endolymphatic hydrops, auditory neuropathy, intraoperative EcochG, Perilymph fistula, intracochlear EcochG

The electrocochleogram (EcochG) reveals the electrical potentials derived from the cochlea. It is the equivalent for the ear of the electrocardiogram for the heart but it has been largely neglected by clinicians as it can be difficult to obtain unless minor invasive surgery is undertaken. Non-medical clinicians cannot legally undertake the surgery and medical clinicians may not choose to expend their time on a minor procedure.

THE BASIC ELECTROCOCHLEOGRAPHY POTENTIALS

There are three basic potentials: the action potential (AP), the cochlear microphonic (CM) and the summating potential (SP).

The action potential (AP) is derived from the afferent cochlear nerve fibers as they enter the habenula perforate. The EcochG records from a cluster of nerve fibers depending on the frequency of the stimulus. The click stimulus will activate the entire length of the cochlea but it is governed by the speed of the traveling wave which starts rapidly at the basal end (approximately 30 m/s) and then slows down along the cochlear partition as it reaches the apex of the cochlea (approximately 1 m/s). As the click AP is the algebraic summation of the individual AP and the compound waveform is mostly composed of the nerve fibers that fire closely together. The click AP is usually centered on a frequency of 3.2 k Hz. The tone pip AP [compound action potentials (CAP)] are derived from different portions of the cochlear duct and provide some level of frequency specific information.

The cochlear microphonic (CM) is derived from the movement of the hair cells. The waveform resembles the electrical form of the stimulus. If the recordings are derived from outside the cochlea, the CM can easily be confused with an artefactual microphonic. There is no true threshold for the CM as this depends on the quality of the recording apparatus. CM recorded from inside the cochlea, through a cochlear implant, is much less likely to contain artifact. Clinically it may be utilized to show immediate changes during cochlear implant electrode insertion.

SP is a DC potential arising in response to an AC stimulus. Thus the potential is a non-linear response which results when a generator produces more electrical potential in one polarity rather than the other. There are many potential sources but the dominant source is the non-linear vibration of the basilar membrane at higher stimulus intensities and this causes an unequal output of the CM.

HEARING TESTING

Electrocochleography was initially utilized as an objective hearing test for young children (Ruben et al., 1960) but has mostly been replaced by less invasive tests. Hearing is a subjective phenomenon and EcochG only tests the threshold of the cochlear CAP. Nevertheless the cochlea as the usual site of dysfunction, it usually related directly to the auditory threshold.

Threshold CAP can only be obtained using a transtympanic electrode and young children require a general anesthetic. Babies can be tested during natural sleep or sedation using auditory brainstem responses (ABR), steady state evoked potentials (SSEP), and cortical auditory evoked potentials (CAEP). EcochG testing is now only used for older children who usually have other disabilities such as autism and marked developmental delay making behavioral testing unreliable. EcochG testing can also be undertaken during another procedure such as insertion of ventilation tubes. One advantage of EcochG is that no masking of the opposite ear is needed.

Technical Aspects

The usual method involves inserting a transtympanic needle electrode through the eardrum to lie close to the round window. If there is a cochlear malformation, there is a danger of penetrating an abnormal round window and causing a gush of perilymph. The needle electrode has a high input impedance (40–50 kΩ) and this can act as a high pass filter excluding the some of the frequencies needed to collect CAP at 500 Hz and lower.

The author has developed a “golf club” electrode with a blunt end which is inserted by the surgeon through a posteriorly placed myringotomy incision with a view of the round window niche (Aso and Gibson, 1994; Figure 1). This electrode avoids inadvertent damage to the round window, yields larger CAP especially at the lower audiometric frequencies, and can be utilized to obtain electrically evoked ABR (EABR) (Walton et al., 2008). The usual protocol is to test using stimuli at 500 Hz, 1 kHz, 2 kHz, 4 kHz, and 8 kHz. It is possible to test at 250 Hz but due to the lack of synchrony, the response is very wide and it is difficult to get clear thresholds.


[image: image]

FIGURE 1. The “golf club” electrode.



Auditory Neuropathy Spectrum Disorder (ANSD)

The term “auditory neuropathy” may suggest an underlying neural pathology but EcochG and EABR suggest an underlying cochlear pathology which can exist with or without any neural dysfunction. EcochG shows a greatly enhanced CM which causes an abnormal positive potential (APP) at 8, 4, and 2 kHz and at lower audiometric frequencies there is a broad negative distorted waveform (Figure 2). ABR may only show an initial positive deflection which has been mistaken for N1 with the lack of the ensuing waveform. EABR usually shows a completely normal EABR waveform (Figure 3) and these ears have excellent results after cochlear implantation. In a few cases, especially when the MRI fails to reveal a separate cochlear nerve, the EABR are absent or distorted and cochlear implantation usually yields a poor outcome (Walton et al., 2008).
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FIGURE 2. Electrocochleography (ECochG) traces from an ear affected by auditory neuropathy.
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FIGURE 3. The electric auditory brainstem responses (EABR) obtained from an ear with auditory neuropathy due to perinatal asphyxia.



The APP shows no relationship with the audiometric threshold and can lead to errors using SSEP. The likely explanation is that there are surviving outer hair cells generating CM despite the loss of inner hair cells (Gibson and Graham, 2008). The outer hair cells distort the tuning of the basilar membrane affecting the output of the remaining inner hair cells leading to poor speech discrimination using conventional hearing aids. As the cochlear nerve is usually unaffected these ears perform well with cochlear implants and may be considered when audiometry only suggests a moderate hearing loss.

DIAGNOSTIC TESTING

Electrocochleography can help the clinician to differentiate different pathological conditions. The most useful is the diagnosis of endolymphatic hydrops which is present in Meniere's disease and other less common conditions.

Technical Aspects

Using a transtympanic needle provides larger and more robust recordings than the extratympanmic electrode placement. The surgeon can anaesthetise the tympanic membrane using a droplet of phenol or and an anaesthetic cream. The author has not had any personal mishaps placing the needle in adults although care must obviously be taken not to contact the stapes and no persistent perforations have occurred. The amplifier settings must allow some DC input and the author uses a bandpass of 3.2 Hz to 3 kHz. Electrical interference can be problematic in hospital settings and the author uses very short lead on the inverting and non-inverting electrodes plugged in to a co-axial cable which reaches the preamplifier (Figure 4). The author uses a Teac® disposable monopolar electrode and removes the plastic end so it can fit into the needle holder.
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FIGURE 4. The long coaxial cable which connects the electrodes to the preamplifier which can be sterilized for intraoperative recordings.



Meniere's Disease

Gibson et al. (1977) were the first to describe an abnormality of the EcochG in ears affected by Meniere's disease. Further studies suggested that the ratio of the SP amplitude and the click action potential (AP) amplitude and was means of identifying Meniere's disease (Figure 5A). Attempts have been made to use extratympanic (ET) electrodes so that non -medical clinicians can undertake the testing but unfortunately the specificity and sensitivity of the SP/AP measurement is poor.
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FIGURE 5. (A) Measurement of the click SP/AP ratio. (B) Tone burst recordings from a normal ear and an ear affected by Meniere's Disease.



There are several problems using the SP/AP ratio. The size and shape of the AP varies according to the audiogram and the SP also can alter independently. Many of the studies have compared a series of normal hearing ears with ear affected by Meniere's disease with varying hearing losses. The SP/AP ratio only indicates endolymphatic hydrops and not Meniere's disease and it is possible that in the early stages of MD, hydrops may not be present.

The author has published a large series of transtympanic (TT) recordings (Gibson, 2009; Table 1). Meniere's disease was defined using the ASOHNS 1995 criteria (Monsell et al., 1995) and he also used a 10 point scale of 7 or over (Gibson, 1991). The control group had similar hearing loss to the stimulus but on the 10 point scale only scored 1 or less for 0–24 dBHL and less than 2 for greater hearing losses. Endolymphatic hydrops may only be present intermittently in some stages of Meniere's disease, and endolymphatic hydrops has been found in non-Meniere's ears at autopsy so this method of selecting controls has some drawbacks. The results utilizing a click SP/AP ratio stimulus showed poor specificity using this method of selection.


Table 1. The Gibson 10 point score (Gibson, 1991).
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Using long tone bursts of 8 ms and measuring the amplitude of the SP gave better results (Figure 5B). 1 kHz tone bursts provided the best indication of the presence of endolymphatic hydrops. Table 2 shows the results for 1 kHz. If the results at 500 Hz, 1 kHz, and 2 kHz are combined then the sensitivity of the test reaches 80%, thus 8 out of 10 patients attending the clinic can have the diagnosis of Meniere's confirmed by TT EcochG.


Table 2. Transtympanic EcochG results for 1 kHz tone burst stimuli.
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Perilymph Fistula

Prior to labyrinthectomy, the author made EcochG recordings after perforating the round window membrane during surgery. No obvious change in the waveform was noted until either perilymph was suctioned from the basal coil, or exuded on raising the intrathoracic pressure and then abnormal recordings were obtained until the basal coil refilled. This resulted in a reduced click AP and larger SP giving the waveform a “W” appearance (Figure 6). The original waveform was restored when the perilymph refilled the basal coil.
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FIGURE 6. The arrangement for monitoring middle ear surgery. The transducer is placed on the operating microscope close to the lens.



Based on the intraoperative findings, an attempt was made to devise a test in the clinic. Base recordings were made and then the subject raised the intrathoracic pressure for 20 s and repeated after taking a breath for a further 20 s, the further control recordings were undertaken. Sometimes muscle artifacts contaminated the traces.

The results of this test were disappointing as it no convincing positives were encountered and it seemed that round window perilymph fistulas were either very rare or the test was invalid. Recently some amplitude fluctuations have been encountered in ears affected by a dehiscent superior canal but in these cases no significant change in the SP is noted.

INTROPERATIVE ELECTROCOCHLEOGRAPHY

Facial nerve monitoring during delicate ear surgery is mandatory in many countries especially for medico-legal reasons. EcochG can be undertaken during middle ear and cochlear implant surgery and will show subtle changes as well as any inner ear catastrophe.

Technical Aspects

The operating room is full of electrical activity which can interfere with recordings. It is essential that the electrode leads are kept very short and do not act as aerials gathering interference. The author uses a long coax cable which is sterile. The sterile end is given to the surgeon who places an EEG needle electrode in the ear lobe or into the corner of the incision. The reference electrode can be placed anywhere on the patient's body and is coupled with the shielding on the coax cable. The active (non-inverting) electrode is a bendable silver wire which is insulated except for a rounded end. This allows the surgeon to perform the surgery without the electrode getting in the way (Figure 6). The transducer (TDK earphone) is placed near the lens on the operating microscope and the stimulus intensity is calibrated according to the focal length. If possible the high pass filter should remain at 3–10 Hz and the low pass at 3.2 kHz.

Cochleostomy

This operation for Meniere's disease involved opening the round window and penetrating the basilar membrane with a sharp hook (Schuknect, 1982). This invariably resulted in loss of all residual hearing after 2–3 min. The EcochG changes are shown in Figure 7.
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FIGURE 7. Click evoked AP after perforation of the basilar membrane (Schuknecht's cochleostomy Procedure; Schuknect, 1982).



Stapedectomy

There has always been a dispute as to whether to perform stapedectomy under local anesthesia or general anesthesia. For those who prefer general anesthesia, EcochG monitoring can provide instant feedback similar to the patient's subjective responses (Freeman et al., 2009; Adunka et al., 2016).

Technique for Monitoring Stapes Surgery

After tympanotomy, the baseline responses are obtained. Only 20–50 epochs are required at 10–15 per second, so the responses are seen almost instantaneously. After disconnecting the stapes, there is usually a much smaller change than expected, perhaps because of the existing conductive loss. Opening the stapes footplate often shows an improvement. Any suction of the perilymph can show a dramatic change with enlargement of the SP and decrease in the AP (the “W” sign) (Figure 7). The surgeon cam wait and the potentials should recover. After placing the piston, the potentials and the AP threshold improves (Figure 8). Excessive manipulation can cause a deterioration of the AP threshold although the 1 kHz AP is unaffected. In such cases a high frequency audiometric loss can be encountered. post-operatively. The author has one revision case when the EcochG AP was lost on removal of a prolapsed wire fat piston and sadly the hearing was completely lost.
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FIGURE 8. Click evoked AP during a stapedectomy procedure.



Perilymph Fistula

As mentioned previously, firstly recordings are made before and during raised intrathoracic pressure. If the surgeon sees a possible leak, the site is suctioned and the electrocochleogram observed for the “W” sign. The silver ball can be moved to the oval window when checking the round window for leaks.

Ossicular Chain Reconstruction

Immediate benefits of the ossicular chain reconstraction can be monitored but the author prefers to utilize ABR as the silver ball electrode has to be removed on closing the tympanic membrane.

Cochlear Implant Surgery

The stimulus transducer (insert earphone) is usually placed in the ear canal. After performing the posterior tympanotomy a silver ball electrode on a flexible wire is placed through the tympanotomy into the round window niche. Recordings can then be acquired to measure any residual hearing. If there is recordable hearing at 500 Hz, 1 kHz, 2 kHz using tone pips or using clicks, the ball electrode is removed from the round window niche and introduced through the atticotomy to lie between the facial nerve and the stapes superstructure. Thus recordings can be made when the implant electrode is inserted through the round window or cochleostomy.

On opening the cochlea through the round window or through a cochleostomy, often an improvement in the CAP threshold of approximately 10 dBHL is often seen. This may be related to an enhancement of the traveling wave. Conversely, if the round window is filled with tissue and gently pressed, a decrease in the CAP threshold is seen.

If the basilar membrane is perforated the CAP is not lost immediately but after 1–2 min. The initial insertion of the electrode usually does not cause any changes even when performed quickly but care has to be taken at 6 mm when the first bend is encountered. Small changes in the CAP suggest a gentler and slower insertion. After full insertion of the electrode, further recordings of the CAP are made to ensure no residual hearing has been lost. Freeman et al. (2009) and Adunka et al. (2016) made recordings before and after insertion of a cochlear implant but found no correlations between the hearing levels recorded immediately after surgery and the audiogram obtained later.

Labyrinthectomy

The insertion a cochlear implant and labyrinthectomy is becoming a favored means of controlling incapacitating attacks of Meniere's disease. The flexible silver ball electrode is inserted through the posterior tympanotomy and baseline recordings are obtained. The membranous lateral canal is usually removed initially and the abnormal SP disappears and the click SP/AP waveform appears to normalize. It then takes 10–12 min before the CAP disappear.

INTRACOCHLEAR RECORDINGS

An exciting use of the EcochG has been developed using an electrode on the cochlear implant array. The CM has been used to show sudden changes during the cochlear implant insertion and the CAP can be used to show survival of residual hearing (Figure 9).


[image: image]

FIGURE 9. The montage for recording the intracochlear AP to estimate residual hearing.



Technical Aspects (Figure 9)

Most cochlear implant companies have developed methods of recording electric compound action potentials (ECAP) to measure effect of electrical stimulation. The Cochlear Company has developed neural response telemetry (NRT) and a sophisticated manipulation of the data is required to extrapolate the ECAP from the electrical output of the cochlea implant. The measurement of acoustically evoked potentials is much simpler as there is no electric artifact. The latency of the acoustic response is longer than the electrical and the analysis time has to be extended to 7–10 ms. The acoustic stimulus has to be time locked to the recording apparatus. An insert earphone provides the stimulus.

Cochlear Microphonic Recordings

Intracochlear CM recordings in animal studies are very robust and human intracochlear CM recordings can be expected to be equally robust and artifact free. The CAP can take minutes to alter after significant trauma. It is expected that the CM will show sudden changes. so the CM may provide the surgeon with the best indication of intracochlear trauma and hopefully allow the surgeon to alter the insertion to preserve the structures (Campbell et al., 2015).

Compound Action Potential Recordings

The advantage of CAP is that they give a straightforward indication of the amount of residual hearing as described previously (Figure 10). The advantage of using the intracochlear electrodes and the ECAP platform is that recordings can be obtained at any time after the surgery. A small child could be tested in a free field situation with only the head coil attached. Perhaps these recordings will help to solve the mystery of delayed hearing loss after hearing preservation surgery; for example, the recordings should show if the hearing loss is due to obstruction of the traveling wave or endolymphatic hydrops.
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FIGURE 10. Intracochlear 1 kHz AP recorded immediately after insertion of a cochlear implant.



CONCLUSIONS

Although EcochG has been largely ignored, it does have a number of clinical uses ranging from threshold measurements in older difficult to test children, indication of the probability of endolymphatic hydrops as a diagnostic tool for Meniere's disease, and the potential to indicate adverse changes during surgery.
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Subject  Surgical Preop  Postop  LFPTA  Scalar

approach  LFPTA  LFPTA shift location
1 ERW 500 61.7 17 sT
2 ERW 517 850 333 STsv
3 RW 80.0 105.0° 450 STsv
4 RW 883 883 200 sT
5 RW 833 105.0° a7 STsv
6 RW a7 767 350 STsv
7 RW 317 817 50.0 -
8 ERW 317 6.7 250 sT
9 RW 56.7 105.0° 483 STsV
10 RW 6.7 105.0° 383 ST(*BM)
il RW 6.7 767 100 STsV
12 RW 26.7 450 183 sT
13 RW 450 700 250 sT
14 ERW 533 66.7 133 sT
15 RW 583 105.0° 6.7 -
16 RW 753 833 80 sT
17 RW 6.7 750 83 sT
18 RW 800 800 200 sT
MEAN - 544 818 21.7 -

Thresholds with asterisk represent no behavioral response at the limits of the audiometer
*BM indlicates the electrode pushing against the basiiar rembrane.
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Frequency (Hz) A Intraop ECochG and postop A Intraop ECochG and postop A Intraop ECochG and postop p-value

behavioral thresholds, overall behavioral thresholds, ST Insertion behavioral thresholds, SV insertion

mean in dB HL (range) mean in dB HL (range) mean in dB HL (range)
125 29 (1-69) 16 (1-28) 46 (33-69) 0001
250 24 (2-65) 18 (2-29) 41(30-65) 0001
500 19 (2-40) 12 (2-38) 22(6-35) 0310

Diflerences are aiso depicted according to scalar location of the electrode array; the P value represents the comparison between scala tympan (ST) insertions and scala vestibuli (SV)
insertions. Means and ranges are reported. Bonferroni correction is applied for multiole comparisons, with p < 0.017 indicative of statistical significance.
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Frequency (Hz) A Postop ECochG and postop A Postop ECochG and postop A Postop ECochG and postop p-value

behavioral thresholds, overall behavioral thresholds, ST insertion behavioral thresholds, SV insertion
mean in dB HL (range) mean in dB HL (range) mean in dB HL (range)
125 15 (0-37) 7(0-14) 22 (15-67) 00007
250 9(0-29) 84-14) 11(0-29) 0.42
500 6(0-29) 4(1-11) 6(0-18) 099

Differences are also depicted according to scalar location of the electrode array; the P-value represents the comparison between scala tympani (ST) insertions and scala vestibuli (SV)
insertions. Means and ranges are reported. Bonferroni correction is applied for multiple comparisons, with p < 0.017 indicative of statistical significance.
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DEFINITE MENIERE’S DISEASE
A. Two or more spontaneous episodes of vertigo, each lasting 20 min to 12 h

B. Audiometricaly low-to-medium-frequency sensorinerual hearing loss in one
ear, defining the affected ear on at least one occasion, during or after one of the.
episodes of vertigo

C. Fluctuating aural symptoms (hearing, tinitus, or fullness) in the affected ear
D. Not better accounted for by another vestibular diagnosis

PROBABLE MENIERE'S DISEASE

A. Two or more episodes of vertigo or dizziness, each lasting 20 min to 24 h

B. Fluctuating aural symptoms (hearing, tinnitus, or fullness) in the affected ear
C. Not better accounted for by another vestibular diagnosis
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CERTAIN MENIERE'S DISEASE

Definite Meniere's disease, plus histopathologic confirmation

DEFINITE MENIERE’S DISEASE

Two or more definitive spontaneous episodes of vertigo of 20 min or longer
Audiometrically documented hearing loss on at last one occasion

Tinnitus or aural fullness in the treated ear

Other causes excluded

PROBABLE MENIERE'S DISEASE

One definite episode of vertigo

Audiometrically documented hearing loss on at least one occasion
Tinnitus or aural fullness in the treated ear

Other causes excluded

POSSIBLE MENIERE'S DISEASE

Episodic vertigo of the Meniere type without documented hearing loss, or
Sensorineural hearing loss, fluctuating, or fixed, with disequiorium but without
definitive episodes

Other causes excluded
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Hz of SP hearing level dBHL Diagnostic criterion (mV)

500 HZ (85 dB HL) under 25 -2
2035 -2
40-55 -2
60-75 -1
1 kHz (100 dB HL) under 25 -6
2025 -6
40-55 -6
60-75 -3
2 kHz (100 dB HL) under 25 -9
2035 -7
40-55 -5
60-75 -5
4 KHz (10008 HL) under 25 -9
20-35 -5
40-85 -5
60-75 -5
8 kHz (100 dB HL) under 25 +6
2035 +6
40-55 +6
60-75 +6

The diagnostic level was chosen as the nearest whole figure to the level which provides a
fatss rate of 5%
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Authors. Electrode  SP/AP  Sensitivity Specificity

criterion (%) ()
Mori et al., 1987 ET 0.44. 68
Aso, 1991 ™ 087 58
Pou et al, 1996 €T 035 57 %
Filipo et al., 1997 M 043 64

050 a7
Sass, 1998 T 0.41 62 95
Ferraro and Tibbils, 1999 ET 0.41 60
Camilleri and Howarth, 2001 TT 033 85
Chung et al,, 2004 €T 034 7 %
Gibson, 2005 T 047 40 97
Marcio et al,, 2006 ™ 087 52
Takeda and Kakigi, 2010 ET 040 56
Claes et al., 2011 ™ 035 56
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Dependent Predictor (Fixed effects)
variable

QuickSIN Intercept

(SNR loss)

DOPAE amplitude (4 kHz)

DOPAE threshold (3 kHz)

CAP ampitude (40 dB SL)

DPOAE * GAP amplitudes

DPOAE threshold * CAP amplitude

Bold text indicates a statistically significant p-value < 0.05.

Coefficient

2.661 (dB SNR Loss)

~0.222 (dB SNR Loss/dB SNR)
0.071 (dB SNR Loss/dB SPL)

1.846 (dB SNR Loss/uV)

0.159 (dB SNR Loss/dB SNR * V)
~0.589 (dB SNR Loss/dB SPL * pV)

Standard error

1.081103

0073916
0.032974
1533834
0.168321
0.083386

p-values

0.03

0.01
0.04
025
0.7
0.49
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Response Stimulus Latency (ms) Source Origin
Unitary potential Spont. A Neuron(s) The spontaneous field potential of a single neuron, or
collection of neurons, measured distant to the cel. Requires
‘special recording techniques to extract it from noise.
Neural noise or neurophonic Spont. A Nerve The ensemble electrical activity related to stochastic or
orACS cyclic activty of the 8th nerve.
Compound action potential (CAP) ACS ~1 Nerve The compound summation of synchronously
occurring unitary potentials.
Cochlear microphonic (CM) AcS <01 Hair The field potential generated by hair cells. Typically
cells recorded from the cochlear fluids.
Summating potential (SP) AcS <01 Hair The charge imbalance (i.e., asymmetry) of the hair cell
cells field potential, which is obtained by removing the
symmetric components of the CM (either by stimulus
inversion and averaging, or low-pass filtering).
Auditory brainstem response (ABR) Acs 17 Nerve/ The compound summation of synchronously occurring
Brainstem neural activty in the auditory brainstem.
eCAP Current 005 Nerve An electrically evoked CAP
Middle and long latency response Acs 10-500 Cortex The compound summation of synchronously occurring
neural activty in the auditory cortex.
Post-auricular muscle response Acs 12-20 Myocytes A compound summation of the electrical response of the
post-auricuiar muscle.
Frequency following response Acs A Nerve/ The ensemble electrical activity related to cyclic activity of
Brainstem the auditory brainstem.
Vestibular short latency evoked BCV 05 Nerve/ The compound summation of synchronously
potential (VSEP) Brainstem  occurring neural activity of the vestibular nerve and
brainstem.
Vestibular microphonic (VM) BCV <01 Hair The field potential generated by hair cells. Typically
cell recorded from the vestibule fluids.
Vestibular evoked myogenic potential 8oV 10-20 Myocytes A compound summation of the electrical activity of the

(VEMP)

extra-ocular or sternocleidomastoid muscles.

Also provided is the typical stimulus for each response (Spont., Spontaneous; ACS, Air Conducted Sound; BCV, Bone Conducted Vibration, /A, not applicable), and a
brief explanation of the origin of each activity. Highlighted responses refer to those typically forming parts of ECochG and EVestG responses. The latency refers to the time

after the onset of the stimulus, where the stimulus is evoked by the onset of a stimulus.
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Experiment

SM1n
FMioff
FMion
SM2off
FM20ff

Precursor 0.3-8 kHz BB-noise

50 dB SPL
50 dB SPL
50 dB SPL
50 dB SPL
50 dB SPL

E

SM; Quiet, 40,
FM;  Quiet, 50,

Masker

Quiet, 20, 30, ..., 60 dB SPL;
FM;  Quiet, 50, 60,
FM; - Quiet, 20, 30,

.90 dB SPL;
.60 dB SPL;
80 dB SPI
95 0B SPL;

2-6 kHz noise
2.4 kHz tone
4.0 kHz tone
2.4 kHz tone
2.4 kHz tone

Probe 4 kHz tone

70 dB SPL
50dB SPL
50dB SPL
60dB SPL
60dB SPL

The names in the first column identity the experiments: the first two characters indicate whether simultaneous masking (SM) or forward masking (FM) was used; the subsequent number

inchicates the subject;

16 last characters indicate the stimulus type of the masker (noise or ON- or OFF-frequency masker).
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Participant ID Sex Event Time (H) Level NIOSH Dose (%) NIOSH TWA OSHA Dose (%) OSHA TWA

004 F Movie 225 73.1 18 67.5 35 658
012 M Bar 3 842 312 799 163 769
028 M Bar 3 919 1852 87.7 49.2 849
032 M Bar 25 949 3086 89.9 625 86.6
008 F Bar 3 104.2 3157.9 1000 2727 972
005 F Barfive music 3 9% 4762 918 85.7 889
006 M Barfive music 3 9% 4762 918 85.7 889
019 M Barfive music 6 93 4762 918 1182 90.9
022 F Concert 3 80 118 757 94 72.9
007 F Concert 35 833 207 797 166 770
016 M Concert 3.75 836 339 803 204 785
014 F Concert 15 89.7 556 824 1838 779
018 F Concert 375 868 710 835 310 815
009 M Concert 35 88.2 916 846 330 820
003 F Concert 5 89.4 1730 87.4 625 86.6
020 M Concert 25 935 2049 88.1 543 85.6
002 F Concert 25 %5 2232 885 543 856
017 M Concert 3 95.7 4412 914 85.7 889
001 F Concert 45 975 1022.7 95.1 173.1 940
021 M Concert 4 101.1 21053 982 2353 96.2
029 F Concert 3 1025 21429 983 2308 96.0
026 F Concert 3 104 30303 998 2727 o7.2
027 F Concert 35 1039 3500.0 1004 3182 983
031 F Dance event 45 918 2714 893 738 87.8
013 F Dance event 225 95.7 3309 902 643 868
010 F Dance event 3 965 5357 923 100.0 90.0
024 F 3 day festival 16 101 8000.0 104.0 9412 106.2
023 M 3 day festival 16 102.7 12307.7 1059 1230.8 108.4

Sound level measurements collected via app and duration of exposure as per perticioant report.
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There were no statistically significant effects of Sex, Age, or Lagqareo. The only statistcally
significant factor associated with 4 kHz audiometric threshold was DPOAE amplitude at

4 kiHr P < 0.05
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Subject id Implant type Electrode  Implant usage Age (years)

type (vears))
CIO4R  HiResOOK Advantage  MidScala 2 59
ci13 HiRes90K Advantage  MidScala 05 61
Ci2s HiRes90K Advantage  MidScala 0.25 54

Ci20 HiRes9OK Advantage  MidScala 0.16 66
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n (%)

Gender

Male 11 (44%)

Female 14(56%)
Ear implanted

Right 13 (52%)

Left 12 (48%)
Etiology

Unknown 15 (60%)

Hereditary 4(16%)

Noise exposure 4 (16%)

Autoimmune 2(8%)

Age at impiantation (years)
Duration of HL (years)
Duration of HA use (years)
Preoperative PTAY (dB HL)
Postoperative PTAS (dB HL)

Preoperative CNC word (%)

mean  SD

50£13

28416

1712

56£13

70415

22416

$Pure tone average of 0.25, 0.5, 1 kHz (No responses were converted to 120 dB HL).
HL indlicates hearing loss; HA, hearing aid; PTA, pure tone average; CNC, consonant-
nucleus-consonant: SD, standard deviation.
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EP measure  Speech perception measure

ECAP CONC word test
Ealone
A+E
AzBio sentence test
Ealone
A+E

ECochG NG word test
Again
A+E
AzBio sentence test
Again
A+E

n

22t
241

21
24

23
25

22
25

Pearson's r

056
064

035
038

0.06
023

0.18
020

Note that EGAPs isted in this table were measured from apical electrodes.
*One data identified as an outler was excluded from correlation analysis.

P < 0.05.

P

0.009"
0.001*

0.118
0,070

0.780
0267

0412
0343

EP indicates electrophysiologic; ECAR, electrically evoked compound action potential
ECochG, electrocochleography; CNC, consonant-nucleus-consonant; A, acoustic; E,

eloctric.
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70 dB nHL 80dB nHL 90 dB nHL

Click F=3541,df =130, =007 F=6977,df =130, = 0021 1.342, of = 1.30, P = 0.002"
2 khz F=2.749,df = 1.30, P = 0.108 H'=1.480 with 1 degrees of freedom (P = 0.224) F =8699, df = 1.0, P = 0.006"
3kHz H=1.032 with 1 degrees of freedom. (P = 0.310) F=4382,df =129, =0045" F=9634,df =1.29, P = 0.004"
4 kHz F=0683,df = 1.30, P = 0.433 F =8.457,df = 1.30, P = 0.007* H = 12167 with 1 degrees of freedom (P = <0.001")

The only statistcally sgnificant main effect was a main effect of sex, with females having larger AP amplitudes than mles at higher presentation levels. Data are one-way ANOVA for
those data sels in which normal distribution and equal variance requirements were met and one-way ANOVA on Ranks i parametric fest requirements were not met. *P < 0.05.
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Constant
Sex
Age
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DPOAE at 1 kHz

B

0.16
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032
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2329
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072
021
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P

031
056
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007
0.004"

There were no statistically significant effects of Sex, Age, or Lasqerso. The only statistically
significant factor associated with 1 kiz audiometrc threshold was DPOAE amplitude at

1 kHr P <« 0.01
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Dependent Variable Independent Variables F df P

DPOAE 1 kHz Age, Sex, Laegs760 075 3,22 053
DPOAE 2 kHz Age, Sex, Laegs760 1.08 3,22 0.40
DPOAE 3 kHz Age, Sex, Lnags7c0 117 3,22 034
DPOAE 4 kHz Age, Sex, Legs760 187 3,22 028
DPOAE 6 kHz Age, Sex, Laega7eo 023 3,22 088
DPOAE 8 kiHz Age, Sex, Laeqs760 127 3,22 032
1 kHz threshold Age, Sex, Laegs7c0,DPOAE 1 kHz 409 4,21 oot*
2 kHz threshold Age, Sex, Laeqs760,DPOAE 2 kHz 189 4,21 0.15
3 kHz threshold Age, Sex, Lags7c0,DPOAE 3 kHz 105 4,21 0.41
4 Kz threshold Age, Sex, Laogs760,DPOAE 4 kHz 347 4,21 003"
6 kHz threshold Age, Sex, Laeqs7e0,DPOAE 6 kHz 1.76 4,21 0.18
8 kHz threshold Age, Sex, Laega7e0, DPOAE 8 kHz 058 4,21 068
AP - 2 kHz stimulus. Age, Sex, Leqs7e0,DPOAE 2 KHz, 2 kHz threshold 034 5,20 0.8
AP -3 kHz stimulus. Age, Sex, Laqs7c0,DPOAE 8 kHz, 3 kHz threshold 059 5,19 071
AP - 4 KHz stimulus. Age, Sex, Leqs7c0,DPOAE 4 kHz, 4 kHz threshold 155 5,20 022
AP - clck stimulus Age, Sex, Laeqa7co, average DPOAE 2-4 kHz, PTA234 144 5,20 025
SP/AP - 2 kHz stimulus Age, Sex, Los7e0,DPOAE 2 kHz, 2 kHz threshold 208 58 0.1
SP/AP - 3 kHz stimulus Age, Sex, Lnags760,DPOAE 3 kHz, 3 kHz threshold 047 5,17 07
SP/AP - 4 kHz stimulus Age, Sex, Laaqgs7co,DPOAE 4 kHz, 4 kHz threshold 042 513 083
SP/AP - click stimulus Age, Sex, Laeqg7e0,average DPOAE 2-4 kHz, PTA234 087 57 055
WIN - 8 dB SNR Age, Sex, Leqs760,DPOAE 4 kHz, PTA1234, AP - click stimulus 047 6,19 082
WIN - 4 dB SNR Age, Sex, Laaqs7co,DPOAE 4 kHz, PTA1234, AP - click stimulus 087 6,19 089
WIN - 0 dB SNR Age, Sex, Leqa7e0,DPOAE 4 kHz, PTA1234, AP  click stimulus 189 6,19 0.14
WIN - Total score Age, Sex, Laqa7co,DPOAE 4 kHz, PTA1234, AP - click stimulus 095 6,19 0.8

There were no statistically significant effects of Sex, Age, or Laaqs1eo. The models that were statistically signiicant (P < 0.08) are marked with an asterisk and the full resuts are provided
in subsequent tables. *P < 0.06.





