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Abstract

Cochlear implants (CIs) provide acoustic information to implanted patients by electrically 

stimulating nearby auditory nerve fibers (ANFs) which then transmit the information to higher-

level neural structures for further processing and interpretation. Computational models that 

simulate ANF responses to CI stimuli enable the exploration of the mechanisms underlying CI 

performance beyond the capacity of in vivo experimentation alone. However, all ANF models 

developed to date utilize to some extent anatomical/morphometric data, biophysical properties 

and/or physiological data measured in non-human animal models. This review compares response 

properties of the electrically stimulated auditory nerve (AN) in human listeners and different 

mammalian models. Properties of AN responses to single pulse stimulation, paired-pulse 

stimulation, and pulse-train stimulation are presented. While some AN response properties are 

similar between human listeners and animal models (e.g., increased AN sensitivity to single pulse 

stimuli with long interphase gaps), there are some significant differences. For example, the AN 

of most animal models is typically more sensitive to cathodic stimulation while the AN of human 

listeners is generally more sensitive to anodic stimulation. Additionally, there are substantial 

differences in the speed of recovery from neural adaptation between animal models and human 

listeners. Therefore, results from animal models cannot be simply translated to human listeners. 

Recognizing the differences in responses of the AN to electrical stimulation between humans and 

Correspondence: Shuman He, MD, PhD, Eye and Ear Institute, Department of Otolaryngology – Head and Neck Surgery, The Ohio 
State University, 915 Olentangy River Road, Suite 4000, Phone: 614-293-5963, Fax: 614-293-7292, Shuman.He@osumc.edu.
Author Contributions: Jeffrey Skidmore: Writing-Original draft preparation, reviewing and editing. Dyan Ramekers: Writing-
Original draft preparation, reviewing and editing. Ian C. Bruce: Writing-Original draft preparation, reviewing and editing. Shuman He: 
Conceptualization, funding acquisition, investigation, writing- Original draft preparation, reviewing and editing.

Declarations of Interest: None.

HHS Public Access
Author manuscript
Hear Res. Author manuscript; available in PMC 2023 March 06.

Published in final edited form as:
Hear Res. 2022 December ; 426: 108643. doi:10.1016/j.heares.2022.108643.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



other mammals is an important step for creating ANF models that are more applicable to various 

human CI patient populations.
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characteristics; electrically evoked auditory compound action potentials

INTRODUCTION

The cochlear implant (CI) is one of the most successful implantable medical devices in 

history. CIs convey acoustic information to implanted patients by electrically stimulating 

auditory nerve fibers (ANFs) within the cochlea. While most adult patients have 

improvement in speech perception after receiving a CI (e.g., Bittencourt et al., 2012; Hey 

et al., 2020; Rasmussen et al., 2022), 10 to 50% are still considered as “poor performers” 

(Lenarz et al., 2012; Rumeau et al., 2015; Moberly et al., 2016). There is also a wide 

range of speech perception skills among pediatric CI users. Performance ranges from no 

awareness of environmental sounds to conversation without lipreading (Galvin et al., 2007; 

Birman et al., 2016; Han et al., 2019). A comprehensive understanding of how electrical 

stimulation is encoded and processed in the auditory nerve (AN) may help explain a portion 

of the variability in CI outcomes and provide insight for improving speech perception for CI 

patients.

Computational modeling techniques are extremely valuable tools for providing insightful 

information about how electrical stimulation is encoded and processed in healthy 

and impaired ANFs. Overall, these computational models can be classified into two 

categories: biophysical and phenomenological. Biophysical models simulate the biophysical 

mechanisms of ANFs by incorporating detailed mathematical formulations that represent 

the corresponding physiological functions of actual ANFs. In contrast, phenomenological 

models simulate observable aspects of ANFs (e.g., firing threshold, response latency, 

refractory properties) using simplified mathematical formulations that may not have a 

direct biophysical interpretation. Despite the fundamental difference in these two types 

of ANF models, almost all ANF models developed to date utilize some amount of 

anatomical/morphometric data, biophysical properties and/or physiological data measured 

in non-human animal models, such as cat (Colombo & Parkins, 1987; Bruce et al., 1999a, b, 

c; Goldwyn et al., 2012; Rattay et al., 2013; Horne et al., 2016; Joshi et al., 2017), guinea 

pig (Frijns et al., 1995), squirrel monkey (Parkins & Colombo, 1987), or squid (Motz & 

Rattay, 1986; Rattay, 1990). Many ANF models utilize data from more than one animal 

species (e.g., Imennov & Rubinstein, 2009; Woo et al., 2009a, b, 2010; Miller et al., 2011; 

Negm & Bruce, 2014; Boulet & Bruce, 2017). The authors of these modeling studies did not 

provide a rationale for the choice of animal. Presumably, the key factor was the availability 

of the physiologic results.

There are some crucial issues that need to be considered when developing computational 

models of ANFs for human CI users. First, there are substantial differences in anatomical/

morphometric and biophysical properties of ANFs between human listeners and other 
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mammalian species (e.g., Ota & Kimura, 1980; Liberman & Oliver, 1984; Nadol, 1988; 

Felix et al., 1992; Liu et al., 2012; Rattay et al., 2013; Kroon et al., 2017; Ramekers et al., 

2020). For example, for Type I spiral ganglion neurons (SGNs) the area of the SGN body, 

the diameters of the peripheral and central axons, the number of internodal compartments 

preceding the SGN body, and the internodal length vary substantially across mammalian 

species (Liberman & Oliver, 1984; Nadol, 1988; Felix et al., 1992; Rattay et al., 2001a; 

Rattay et al., 2013; Kroon et al., 2017; Ramekers et al., 2020), which affects the conduction 

velocities of action potentials. More importantly, in contrast to other mammalian species, 

cell bodies of all standard Type II and the majority of Type I SGNs, as well as their pre- and 

post-somatic segments, are not tightly myelinated in humans (Ota & Kimura, 1980; Nadol, 

1988; Liu et al., 2012; Rattay et al., 2013), which could result in remarkable differences 

in spike generation and spike conduction between humans and other mammalian species 

(Rattay et al., 2001a; Rattay et al., 2013). Second, the volume of the cochlea is larger in 

humans than many nonhuman animals (e.g., Kirk & Gosselin-Ildari, 2009; Trinh et al., 

2021) which affects compound AN response amplitudes and excitation patterns due to 

resulting differences in the electrode-neuron distance and the spread of electrical current 

within the cochlea (Kopsch et al., 2022). Third, aging and/or long-duration of deafness can 

cause AN degeneration in human CI users (e.g., Makary et al., 2011; Viana et al., 2015; Wu 

et al., 2019), which leads to the difference in the health status of the AN between human CI 

users and animal models with healthy ANs, or with acute or relatively short-term deafness. 

Finally, in contrast to the controlled and acute deafening of animal models, the etiology of 

hearing loss among CI users is highly variable and impacts various aspects of the auditory 

pathway (e.g., Miyagawa et al., 2016; Shearer et al., 2017).

Due to these fundamental differences, ANF models based on results measured in animal 

models may not be fully applicable to human CI users. Liu et al. (2020) tried to address 

this critical issue by attempting to build a patient-specific model. However, this model was 

created with the “warmed” Hodgkin-Huxley model (Motz & Rattay, 1986; Rattay, 1990) 

which includes ion channel dynamics based on the unmyelinated squid membrane. Smit et 

al. (2008, 2009, 2010) incorporated ion channel dynamics measured in humans into their 

ANF model. However, the ion channel data were recorded in non-auditory peripheral nerve 

fibers (e.g., sciatic, ulnar, sural, medial cutaneous), and the model failed to accurately predict 

behavioral detection thresholds (i.e., the validation data) at various pulse rates (Smit et al., 

2010). Recently, Bachmaier et al. (2019) implemented three of the most cited biophysical 

ANF models and found that none of the models satisfactorily predicted AN response 

properties from experimental data. To date, there is still no ANF model that is validated 

exclusively based on results measured in human listeners.

There is increasing evidence of some differences in neural response properties of the 

AN to electrical stimulation between human listeners and different mammalian models. 

Recognizing these differences is important for creating valid ANF model(s) that can be 

applicable to various CI patient populations. This review describes response properties of 

the electrically stimulated AN to single-pulse stimulation, paired-pulse stimulation, and 

pulse-train stimulation reported in human CI users as well as in various animal models. The 

relationship between AN response properties and the neural status of the AN (i.e., survival 

and health of SGNs) is also discussed. In this review, neural survival refers to the number 
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of surviving SGN cell bodies, while neural health refers to the condition of the SGNs (e.g., 

size, degeneration of peripheral processes, demyelination). This differentiation is especially 

important when considering aging effects because many SGNs survive with only central 

axons intact in the aging cochlea (e.g., Wu et al., 2019).

In animal models, neural response properties of the electrically stimulated AN can be 

assessed using single-fiber recording. These response properties include firing rate, firing 

efficiency (firing probability), response latency, response jitter, vector strength, Fano factor 

(an index of the temporal variability of responsiveness), strength-duration curve, etc. In both 

human CI users and animal models, AN response properties can also be evaluated using 

various testing paradigms for measuring the electrically evoked compound action potential 

(eCAP). The eCAP is a near-field recorded neural response generated by multiple ANFs. Its 

presence depends on the existence of sufficient ANFs responding synchronously to electrical 

stimulation. The eCAP recorded using an intra-cochlear CI electrode typically consists of 

a negative peak (N1) followed by a positive peak (P2). Peak latencies are affected by the 

overall functional status (the number and responsiveness of surviving neural elements) of the 

AN in both animal models (Ramekers et al., 2014, 2015a) and human CI users (Skidmore 

& He, 2021). Due to the infeasibility of conducting single-fiber recording in human CI 

users, this review focuses on the difference in eCAP results between human listeners and 

animal models. It should be pointed out that observed differences in eCAP measures could 

have contributing factors at both the cellular level and the population level. For example, a 

longer refractory recovery time constant measured using an eCAP testing paradigm might 

reflect longer recovery from refractoriness for each of the individual SGNs, increased jitter 

across the population of SGNs, or a combination of the two mechanisms. In contrast, studies 

using single-fiber recordings can directly measure the refractory properties of individual 

SGNs. Therefore, results of single-fiber recordings in animal models that are informative for 

understanding and explaining eCAP data are also reported.

2. RESPONSE PROPERTIES

2.1. Response Properties to Single-Pulse Stimulation

In this review, neural response evoked by single-pulse stimulation refers to the response 

elicited by a single electrical pulse with either one phase or multiple phases. The eCAP 

evoked using the classic two-pulses forward masking technique (Brown et al., 1990) where 

one electrical pulse serves as the masker and the other pulse serves as the probe is still 

considered as a neural response evoked by single-pulse stimulation because the first pulse 

(i.e., masker) is used to remove the stimulation artifact. Testing paradigms using single 

pulse stimulation can be used to evaluate the inherent responsiveness of the electrode-neuron 

interface and the sensitivity of responsiveness to changes in stimulation parameters of a 

single pulse.

The characteristics of a single pulse (i.e., the pulse shape) are defined by the number of 

pulse phases along with the shape, amplitude (i.e., current level), polarity and duration of 

each phase. In the case of a single pulse with multiple phases, a zero-amplitude period 

may be inserted between the nonzero amplitude phases (i.e., interphase gap [IPG]). The 

defining characteristics of a single pulse are illustrated in Figure 1A. Single pulses with 
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constant pulse amplitude through the pulse phase (i.e., rectangular pulses) are used clinically 

in CIs and have been used in all research studies that recorded eCAPs in animal models 

and CI users. Ramped pulses have recently been utilized in an electrically evoked auditory 

brainstem response (eABR) study with mice (Navntoft et al., 2020) and a perceptual 

study with CI users (Navntoft et al., 2021). This review only includes results from studies 

implementing rectangular pulses due to its clinical relevance and the lack of eCAP studies 

implementing non-rectangular pulse stimuli. Illustrations of various rectangular pulse shapes 

used in studies referenced in this review are provided in Figure 1B.

The shape of the single pulse affects the responsiveness of the AN to the electrical 

stimulation. In this section, the sensitivity of the AN to changes in pulse amplitude, pulse 

polarity, pulse phase duration (PPD), IPG, and number of pulse phases are compared 

between animal models and human CI users.

2.1.1. Sensitivity to Pulse Amplitude—The eCAP amplitude increases 

monotonically with pulse amplitude (i.e., current level) in most cases. This increase is 

due to better firing synchrony, higher firing rates and the recruitment of more fibers at 

higher stimulation levels (van den Honert & Stypulkowski, 1984). The eCAP amplitude 

growth function (AGF) represents changes in the eCAP amplitude as stimulation level 

increases. The three most common parameters extracted from the eCAP AGF are the lowest 

stimulation level that evokes an eCAP (i.e., the eCAP threshold), the maximum eCAP 

amplitude, and the rate at which the eCAP amplitude increases with stimulation level (i.e., 

the slope of the eCAP AGF).

2.1.1.1. Studies in animal models:  The ranges of reported eCAP thresholds, maximum 

eCAP amplitudes, and slopes of the eCAP AGF vary across animal species (Miller et al., 

1998), and depend on the number of ANFs (Ramekers et al., 2014; Pfingst et al., 2015a, b; 

Pfingst et al., 2017; Schvartz-Leyzac et al., 2019, Vink et al., 2020), the electrode-neuron 

interface (Ramekers et al., 2015b; Schvartz-Leyzac et al., 2019; Ramekers et al., 2022), and 

the pulse shape (Miller et al., 1998; Ramekers et al., 2014; Schvartz-Leyzac et al., 2019).

In guinea pigs, the eCAP threshold and the slope of the eCAP AGF range from 

approximately 2.6 to 24.0 nanocoulombs (nC) and from approximately 14 to 1700 μV/nC, 

respectively. The largest eCAP amplitudes reported in guinea pigs range from approximately 

1800 to 3100 μV. Importantly, both the maximum eCAP amplitude and the slope of the 

eCAP AGF have repeatedly been shown to be associated with SGN density, with larger 

maximum eCAP amplitudes and steeper slopes indicating greater SGN density (Ramekers et 

al., 2014; Pfingst et al., 2015a, b; Pfingst et al., 2017; Schvartz-Leyzac et al., 2019, Vink et 

al., 2020). These results are consistent with an eABR study that reported larger amplitudes 

of the first positive peak (i.e., wave I) and steeper wave I growth functions in rats with 

greater SGN survival (Hall, 1990). The maximum eCAP amplitude and the slope of the 

eCAP AGF explain approximately 49 – 71% and 48 - 67% of the variance in SGN density, 

respectively (Ramekers et al., 2014; Vink et al., 2020). The latency of the first negative 

peak in the eCAP waveform (i.e., N1 latency) recorded with an intracochlear electrode at 

the highest stimulation level has also been shown to correlate with neural survival, where 

shorter N1 latencies reflect smaller SGN size, lower SGN density and longer duration of 
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deafness (Ramekers et al., 2014, 2015a). These results align with the theory that shorter 

response latencies would be expected for smaller SGN size and lower SGN density due 

to faster depolarization of smaller cells and a more direct path of stimulation current to 

sparsely packed cells. Additionally, Ramekers et al. (2014) suggested that differences in the 

sensitivity to the cathodic-leading and anodic-leading pulses between healthy and impaired 

ANFs might have also contributed to the observed association between N1 latency and 

neural survival. Schvartz-Leyzac et al. (2019) reported no significant group difference in 

N1 latency measured using an intracochlear electrode between deafened and non-deafened 

guinea pigs despite group differences in SGN density. The apparent discrepancy between 

Ramekers et al. (2014, 2015a) and Schvartz-Leyzac et al. (2019) is not well understood but 

may be influenced by differences in the PPD of the stimuli, the duration of deafness of the 

animals and the stimulation levels at which N1 latency was recorded. These three factors 

have been shown to affect N1 latency (Miller et al., 2003; Ramekers et al., 2014, 2022). The 

eCAP threshold has not been shown to be correlated with SGN density (Ramekers et al., 

2014; Vink et al., 2020).

Inconsistencies in some, but not all, eCAP results recorded in different animal models 

have also been reported. For example, Miller et al. (1998) reported that eCAP thresholds 

measured in cats (range: 6.9 - 42.2 nC) were significantly higher than eCAP thresholds 

measured in guinea pigs (range: 2.6 – 24.0 nC) at all pulse durations evaluated. The authors 

noted that significant anatomical differences of the cochlea between cats and guinea pigs 

could contribute to between-species differences in recorded neural responses (Miller et 

al., 1998). However, there was no significant difference in the maximum eCAP amplitude 

between these two animal models (Miller et al., 1998).

2.1.1.2. Studies in human CI users: The ranges of eCAP thresholds, maximum eCAP 

amplitudes, and slopes of the eCAP AGF reported in human CI listeners vary across patient 

populations (He et al., 2018, 2020a, b; Luo et al., 2020; Xu et al., 2020; Skidmore et al., 

2021, 2022a, b), the region of the cochlea tested (He et al., 2018, 2020a, b; Hughes et al., 

2018; Luo et al., 2020; Skidmore et al., 2021), the pulse shape (Hughes et al., 2018; He et 

al., 2020a, b; Xu et al., 2020), and the CI manufacturer (Hughes et al., 2017, 2018; Hughes, 

2022). In general, lower eCAP thresholds, larger eCAP amplitude, and steeper slopes of the 

eCAP AGF are reported in patient populations with better AN survival and/or health (He 

et al., 2018, 2020b; Luo et al., 2020; Xu et al., 2020), as established by histological results 

of human temporal bones (Jun et al., 2000; Nelson & Hinojosa, 2001; Chen et al., 2019; 

de Costa Monsanto et al., 2022). These temporal bone studies showed that individuals with 

cochlear nerve deficiency (CND) have substantially fewer spiral ganglion neurons (i.e., poor 

neural survival) than age-matched controls (Nelson & Hinojosa, 2001; Chen et al., 2019; de 

Costa Monsanto et al., 2022). In comparison, Jun et al. (2000) reported good preservation 

of SGNs and no neural degeneration in hearing loss caused by Gap Junction Beta-2 genetic 

mutations. For adult CI users, lower eCAP thresholds and steeper slopes have been reported 

in the apex than in the base of the cochlea (Cafarelli Dees et al., 2005; Brill et al., 2009; 

Brown et al., 2010; Hughes et al., 2018; Skidmore et al., 2021, 2202a), which agrees with 

the observation that adult listeners with sensorineural hearing loss (SNHL) tend to have 

better AN survival and health in the apical region than in the basal region of the cochlea 

Skidmore et al. Page 6

Hear Res. Author manuscript; available in PMC 2023 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Zimmermann et al., 1995). However, a shorter electrode-to-neuron distance caused by a 

smaller cross-sectional area in the apical region of the cochlea likely also contributes to 

lower eCAP thresholds and steeper AGF slopes in the apex for adult CI users. In contrast, 

pediatric CI users with small or absent ANs (i.e., children with CND) have lower eCAP 

thresholds and steeper slopes in the base of the cochlea compared to the apex (He et al., 

2018, 2020b; Luo et al., 2020; Xu et al., 2020). This result agrees with the expected pattern 

of neural survival in children with CND resulting from arrested base-to-apex development 

of the AN during embryogenesis (Jackler et al., 1987; He et al., 2018). For all CI patient 

populations, lower eCAP thresholds and larger eCAP amplitudes are observed with stimuli 

with longer IPGs (Schvartz-Leyzac & Pfingst, 2016, 2018; Hughes et al. 2018; He et al., 

2020b; Imsiecke et al., 2021; Langner et al., 2021) and stimuli with fewer pulse phases 

(Bahmer & Baumann, 2013; Herrmann et al., 2021). Recently, Hughes (2022) reported 

larger eCAP amplitudes in CI users with Advanced Bionics devices than for CI users with 

devices from Cochlear Americas for very similar stimuli, although it is not clear whether 

this is due to the difference in device or patient population.

In human CI users, the eCAP threshold and the eCAP amplitude at the maximum comfort 

level range from approximately 2.2 to 20.0 nC and from approximately 25 to 1200 μV, 

respectively. Ranges for the slope of the eCAP AGF are less meaningful in human CI users 

due to the wide variety of methods and/or unit scales used to quantify the slope (Skidmore 

et al., 2022b). Despite differences in quantifying the slope of the eCAP AGF, results from 

various studies with human CI users showed that steeper slopes were associated with better 

AN survival and/or health. Specifically, an age-related decline in the slope of the eCAP 

AGF has been reported consistently in the literature (Cafarelli Dees et al., 2005; Jahn & 

Arenberg, 2020a, b; Mussoi & Brown, 2020; Shader et al., 2020; Skidmore et al., 2022a). In 

addition, children with CND have shallower eCAP AGF slopes than age-matched children 

with normal-sized ANs (He et al., 2018, 2020b). Children with CND have also been shown 

to have longer N1 latencies than children with normal-sized ANs when recorded with an 

intracochlear electrode at the maximum comfort level (Xu et al., 2020). This result suggests 

that longer N1 latencies indicate poorer SGN survival in human CI users.

2.1.1.3. Summary: Three relationships are observed when comparing eCAP parameters 

extracted from the eCAP AGF between animal models and human CI users. First, larger 

eCAP amplitudes can be obtained in animal models than in human CI users. This may 

be due, at least in part, to smaller electrode-neuron distances because of smaller cochlea 

in animal models and the inability to reach the eCAP saturation plateau in many human 

CI users because of device limitations or subject discomfort. Secondly, there is strong 

evidence to suggest that the slope of the eCAP AGF reflects the underlying neural condition 

in animals and humans. Specifically, the eCAP amplitude increases faster with increasing 

stimulation level (i.e., steeper slope) in animals and humans with better neural health and 

better neural survival because of increased firing synchrony, higher firing rates and the 

recruitment of more ANFs at higher stimulation levels (van den Honert & Stypulkowski, 

1984). Finally, there appears to be a different relationship regarding neural survival and 

the N1 latency between animal models and human CI users. Specifically, poorer neural 

survival is usually associated with shorter N1 latencies in animal models, while poorer 
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neural survival is associated with longer N1 latencies in pediatric CI users. However, only 

a limited number of studies have reported the relationship between neural survival and N1 

latency which precludes a definitive conclusion.

2.1.2. Sensitivity to Stimulus Polarity—Both cathodic and anodic stimuli can initiate 

action potentials in extracellular AN stimulation (van den Honert & Stypulkowski, 1984; 

Miller et al., 1998, 2004; Shepherd & Javel, 1999; van Wieringen et al., 2008; Undurraga 

et al., 2013). Results from computational models and animal studies suggest that cathodic 

stimulation initiates action potentials more peripherally, while anodic stimulation initiates 

action potentials more centrally (Parkins, 1989; Rattay et al., 2001a, b; Rubinstein et al., 

2001; Miller et al., 2004, Joshi et al., 2017). The possible site of excitation, and therefore 

the sensitivity of the AN to stimulus polarity, can be influenced by the number of ANFs, the 

degree of degeneration of the peripheral process, and the extent of demyelination of ANFs 

(Rattay, 1999; Rattay et al., 2001a, b; Resnick et al., 2018).

2.1.2.1. Studies in animal models: Results from animal models generally indicate that 

the AN is more sensitive to cathodic stimulation (Hartmann et al., 1984; Miller et al., 

1998, 1999a, 2004; Klop et al., 2004; Macherey & Cazals, 2016). For example, eCAP 

thresholds were lower and slopes of the eCAP AGF were greater for monophasic cathodic 

stimuli than for monophasic anodic stimuli in cats (Miller et al., 1998, 1999a, 2004). 

Similarly, the cathodic phase of sinusoidal stimuli was shown to be more effective than 

the anodic phase in single-fiber recordings from cats (Hartmann et al., 1984). In guinea 

pigs, Klop et al. (2004) reported shorter N1 latencies in eCAPs recorded at the round 

window for cathodic-first biphasic stimuli than for anodic-first biphasic stimuli at all 

current levels tested, which could be due to greater AN sensitivity to cathodic stimulation. 

Similarly, larger amplitudes of the inferior colliculus evoked potential were recorded in 

guinea pigs for cathodic pseudo-monophasic stimuli, cathodic-leading biphasic stimuli, and 

cathodic-dominant triphasic stimuli compared to the analogous anodic stimuli (Macherey 

& Cazals, 2016). However, a couple of studies have reported either no differences between 

polarities or greater sensitivity to anodic stimulation in animal models (Miller et al., 1998; 

Konerding et al., 2022). Specifically, Miller et al. (1998) reported that guinea pigs had lower 

monophasic anodic eCAP thresholds than cathodic monophasic eCAP thresholds, which 

was the opposite of the result that they reported for cats in the same study. The apparent 

discrepancy between species in the Miller et al. (1998) study remains unknown, but may 

include differences in electrode geometry, neural properties, neural survival, and anatomy 

of the cochlea (Miller et al., 1999b). Additionally, Konerding et al. (2022) recently reported 

shorter eCAP latencies for anodic-leading compared to cathodic-leading biphasic stimuli 

recorded at the round window, which is the opposite result presented in Klop et al. (2004). 

The reasons for the apparent opposite result between Klop et al. (2004) and Konerding et al. 

(2022) remain unknown but may be influenced by the peak used in the analysis (N1 vs N2). 

Konerding et al. (2022) also reported no differences in eCAP threshold, maximum eCAP 

amplitude, or slope of the eCAP AGF between the stimuli of opposite polarity.

2.1.2.2. Studies in human CI users: In general, results of studies with CI users show 

higher AN sensitivity to anodic-leading biphasic and anodic-dominant triphasic stimuli 
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compared to the cathodic equivalent stimuli at suprathreshold levels (Macherey et al., 2008; 

Undurraga et al., 2010; Bahmer & Baumann, 2013; Spitzer & Hughes, 2017; Hughes et 

al., 2017, 2018; Luo et al., 2020; Xu et al., 2020; Herrmann et al., 2021; Hughes, 2022). 

Specifically, most studies have reported that anodic stimulation (i.e., anodic-leading or 

anodic-dominant), compared to cathodic stimulation, results in larger eCAP amplitudes at 

fixed stimulation levels (Macherey et al., 2008; Undurraga et al., 2010; Bahmer & Baumann, 

2013; Spitzer & Hughes, 2017; Hughes et al., 2017, 2018; Luo et al., 2020; Xu et al., 2020; 

Herrmann et al., 2021; Hughes, 2022), steeper slopes of the eCAP AGF (Hughes et al., 

2017, 2018; Luo et al., 2020; Xu et al., 2020; Hughes, 2022), broader spread of excitation 

(Spitzer & Hughes, 2017), and shorter N1 latencies measured with intracochlear electrodes 

(Macherey et al., 2008; Undurraga et al., 2010; Hughes et al., 2017, 2018; Xu et al., 2020; 

Hughes, 2022). Interestingly, Hughes and colleagues reported that anodic-leading biphasic 

pulses resulted in larger eCAP amplitudes and steeper eCAP AGFs than cathodic-leading 

pulses in patients with Cochlear Americas devices but not in patients with Advanced Bionics 

devices, even when using the same artifact reduction technique for both manufacturers 

(Hughes et al., 2017, 2018). Hughes (2022) systematically compared the eCAP responses 

obtained with the forward masking artifact reduction technique between manufacturers at 

very similar IPGs and PPDs and found the same results as the earlier studies. Therefore, 

the apparent difference in eCAP sensitivity to stimulus polarity between CI manufacturers 

reported in Hughes (2022) remains unknown. However, approximately half (7/15) of the 

patients with Advanced Bionics devices were children while only one of the 16 patients with 

Cochlear Americas devices was a child. This difference in patient demographics (e.g., age 

and etiology of hearing loss) could have influenced the study results. Additionally, Hughes 

(2022) identified inherent differences between manufacturers that might account for the 

observed differences in polarity sensitivity. These differences include noise floor (Cochlear 

Americas: 2 – 4 μV; Advanced Bionics: 20 – 40 μV), amplifier linearity, probe repetition 

rate, and the design of the electrode array. However, Macherey et al. (2008) and Undurraga 

et al. (2010) reported significant differences in sensitivity to pulse polarity for patients with 

Advanced Bionics devices using the forward masking artifact reduction technique. These 

apparent discrepancies in results for the same CI manufacturer remain unclear but may be 

influenced by differences in patient demographics (age and etiology of hearing loss) and 

relatively small sample sizes.

Studies investigating the polarity effect on the eCAP threshold have shown mixed results. 

Specifically, some studies reported lower eCAP thresholds for anodic-leading biphasic 

pulses than for cathodic-leading biphasic pulses in pediatric patient populations (Luo et 

al., 2020; Xu et al., 2020). This significant difference was not observed in other studies 

(Karg et al., 2013; Hughes et al., 2017, 2018; Hughes, 2022). The reason for this apparent 

discrepancy in results at the group level remains unknown but is likely impacted by the 

demographics of the patients enrolled in each study. Specifically, the studies indicating 

significant differences in eCAP threshold only tested pediatric CI users with various 

etiologies of hearing loss (Luo et al., 2020; Xu et al., 2020) while the participants in the 

studies reporting no polarity differences were exclusively adult CI users (Karg et al., 2013) 

or mostly adult CI users with a few pediatric CI users (Hughes et al., 2017, 2018; Hughes, 

2022). At the individual level, the direction of the polarity effect on the eCAP threshold 
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(i.e., higher cathodic threshold vs higher anodic threshold) varies across subjects and across 

electrode locations within the same subject (Karg et al., 2013; Hughes et al., 2018; Luo et 

al., 2020; Xu et al., 2020). Therefore, it is highly likely that AN sensitivity to the polarity 

of the stimulus is influenced by the local neural condition (i.e., survival/health) at individual 

electrode locations.

2.1.2.3. Summary: The consensus of the available literature indicates generally opposite 

AN sensitivity to pulse polarity between most animal models and human CI users. 

Specifically, the AN of most animal models is more sensitive to cathodic stimulation while 

the AN of human CI users is typically more sensitive to anodic stimulation. Figure 2 shows 

the means and standard deviations of eCAP amplitudes and N1 latencies obtained in four 

patient populations for cathodic-leading and anodic-leading biphasic stimulation. Part of 

these data have been reported in two recent studies (Luo et al., 2020; Xu et al., 2020). 

Results from one-tailed, paired-sample t-tests indicated significant polarity differences in the 

eCAP amplitude and the N1 latency for each of the four patient populations (p<0.001 for all 

tests).

2.1.3. Sensitivity to Changes in the Pulse Phase Duration—The amount of 

charge delivered during a stimulation phase is equal to the pulse amplitude (i.e., current) 

integrated over the phase duration (i.e., time). Therefore, increasing the PPD with a constant 

amplitude proportionally increases the amount of charge delivered to the AN. However, 

prolonged PPDs do not necessarily guarantee improved neural responsiveness to electrical 

stimulation due to the ‘leakiness’ of the neural membrane (Lapicque, 1907; Abbas & Brown, 

1991; Parkins & Colombo, 1987; Shepherd & Javel, 1999; van den Honert & Stypulkowski, 

1984).

The relationship between neural responsiveness and PPD is characterized by the strength–

duration function, which is obtained by plotting physiologic thresholds as a function of PPD 

(Loeb et al., 1983; van den Honert & Stypulkowski, 1984; Parkins & Colombo, 1987; Abbas 

& Brown, 1991; Shepherd et al., 2001). As demonstrated by the strength-duration function 

presented in Figure 3A, less current is required to evoke a neural response when using 

stimuli with longer PPDs. However, the total minimal charge required to evoke the neural 

response is larger at longer PPDs, as shown in Figure 3B. Based on the data presented in 

Figure 3B, approximately 14% more charge is needed to evoke an eCAP with a PPD of 88 

μs than is needed with a PPD of 25 μs. In summary, for the PPDs shown in Figure 3, stimuli 

with shorter PPDs are more effective at stimulating the AN (i.e., require less charge) than 

stimuli with longer PPDs due to the ‘leakiness’ of the neural membrane.

Additionally, the change in AN responsiveness resulting from a change in the PPD (i.e., 

PPD effect) may reflect the underlying neural condition of the AN. Specifically, neural 

demyelination results in reduced membrane resistance allowing more charge to ‘leak’ across 

the membrane (Koles & Rasminsky, 1972; Spoendlin, 1984), which leads to increased PPD 

effects.

2.1.3.1. Studies in animal models: Results of animal studies have repeatedly shown 

that firing thresholds decrease with increased PPD when maintaining the pulse amplitude 
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and thus increasing the total charge delivered. This has been shown for eCAP thresholds 

measured in guinea pigs (Miller et al., 1998; Prado-Guitierrez et al., 2006) and cats (Miller 

et al., 1998), eABR thresholds measured in guinea pigs (Miller et al., 1995; Prado-Guitierrez 

et al., 2006), and single-fiber thresholds recorded in squirrel monkeys (Parkins & Colombo, 

1987) and cats (van den Honert & Stypulkowski, 1984; Shepherd & Javel, 1999; Shepherd 

et al., 2001). At equal charge levels, the effect of increasing the PPD on the eCAP threshold 

is influenced by the IPG of the biphasic pulse. Specifically, Ramekers et al. (2014) reported 

decreasing thresholds with increasing PPD (range: 20 – 50 μs) when the IPG was 2.1 μs, 

but no difference in thresholds at different PPDs (range: 20 – 50 μs) when the IPG was 

30 μs in acutely implanted guinea pigs. For a biphasic stimulus with an IPG of 15 μs, 

Adenis et al. (2018) reported a significant decrease in eCAP threshold when the PPD was 

increased from 21 μs to 30 μs in chronically implanted guinea pigs. These combined results 

suggest that neural responsiveness is increased with increasing PPD (for PPDs between 20 

and 50 μs) for shorter IPGs (i.e., <15 μs) but not at longer IPGs (i.e., ≥30 μs). Ramekers 

et al. (2014) proposed that this phenomenon may indicate that PPD and IPG both affect 

neural responsiveness by the same mechanism of increasing the time between the leading 

and lagging phases of a biphasic pulse, thereby reducing the likelihood of an action potential 

generated by the leading phase being abolished by the lagging phase (van den Honert & 

Mortimer, 1979; Shepherd & Javel, 1999). According to this principle, reduced thresholds 

would be expected with increased PPDs due to the increased temporal separation between 

the leading and lagging phases, at least for biphasic pulses with short PPDs (i.e., ≤ 50 

μs) and short IPGs (i.e., <15 μs). However, the influence of increasing the PPD would 

be expected to be negligible for biphasic pulses with long IPGs because of the existing 

separation between the phases. Consistent with these expectations, Ramekers et al. (2014) 

also reported larger eCAP amplitudes and steeper slopes of the eCAP AGF at longer PPDs 

with an IPG of 2.1 μs but not with an IPG of 30 μs and Miller et al. (1998) presented similar 

eCAP amplitudes with different PPDs (range: 26 – 76 μs) in both guinea pigs and cats when 

using an IPG of 30 μs.

The magnitude of the effect of PPD on physiologic threshold has also been shown to reflect 

the underlying neural condition in guinea pigs (Prado-Guitierrez et al., 2006; Ramekers et 

al., 2014). Prado-Guitierrez et al. (2006) reported that the difference in current required to 

evoke eABRs of equal amplitude when the PPD was increased from 104 to 208 μs was 

positively correlated with SGN density. This indicated that the animals with better neural 

survival were able to effectively integrate the extra charge delivered by the pulse with longer 

PPD, while the animals with poor neural survival were not. Using stimuli with equal charge, 

Ramekers et al. (2014) reported that SGN density and perikaryal area significantly predicted 

the PPD effect on the eCAP threshold, with larger PPD effects being observed in animals 

with lower SGN densities and smaller perikaryal areas. This indicated that the animals with 

poorer neural survival and smaller SGN cell bodies had a larger benefit from the increased 

temporal separation between the leading and lagging phases of the stimulus that arose from 

the change in PPD from 20 μs to 50 μs than the animals with better neural survival and 

larger SGN cell bodies. Therefore, the results from both studies indicate that the PPD effect 

on physiologic threshold is affected by the underlying neural condition.
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2.1.3.2. Studies in human CI users: To date, only two studies have investigated the effect 

of increasing the PPD on the eCAP in human listeners (He et al., 2020a; Hughes, 2022). 

In their study, He et al. (2020a) compared eCAP thresholds, maximum eCAP amplitudes, 

and slopes of the eCAP AGF for stimuli with equal charge and PPDs ranging from 50 to 

88 μs in two study groups: children with CND and children with normal-sized ANs. Despite 

trends of decreasing eCAP amplitude and increasing eCAP thresholds with increasing PPD 

for children with normal-sized ANs, there was not a statistically significant effect of PPD 

on any of the three eCAP parameters for either study group. Consistent with those results, 

Hughes (2022) reported a nonsignificant difference in the eCAP amplitude at different PPDs 

(Advanced Bionics: 27 and 32 μs, Cochlear Americas: 25 and 50 μs). However, Hughes 

(2022) reported a significant effect of PPD on eCAP threshold (in units of dB re: 1 nC) in 

both patients with Cochlear™ Nucleus® CIs and patients with Advanced Bionics devices. 

For both device manufacturers, lower eCAP thresholds were observed with shorter PPDs 

consistent with shorter pulses being more efficient and less prone to the leaky characteristics 

of the neural membrane. The apparent discrepancy in results of the PPD effect on eCAP 

threshold between He et al. (2020a) and Hughes (2022) can be explained by the range of 

PPDs tested in He et al. (2020a). As noted in He et al. (2020a), that study was limited to 

only four test PPDs (50, 67, 75 and 88 μs) due to the lack of measurable eCAPs at shorter 

PPDs in children with CND and the challenge of removing electrical artifact contamination 

from the eCAP recording at longer PPDs. However, eCAPs were able to be recorded at 

PPDs of 25 and 37 μs for children with normal-sized ANs. The eCAP thresholds measured 

in children with normal-sized ANs at six PPDs (25, 37, 50, 67, 75 and 88 μs) are shown 

in Figure 3B. The results of a linear mixed-effects model, with PPD as the fixed effect 

and ear/electrode as the random effect, demonstrated a significant effect of PPD on eCAP 

threshold (F(5,522) = 3.61, p = 0.003). Overall, these results indicate that the eCAP threshold 

increases with increasing PPD for stimuli with equal charge and PPDs ranging from 25 to 

88 μs. Taken together, the existing literature and data show that more charge is required to 

evoke an eCAP at longer PPDs. Finally, Hughes (2022) reported lower eCAP thresholds (in 

units of dB re: 1 μA) at longer PPDs, indicating that less current is needed to elicit an eCAP 

response at longer PPDs. There was approximately a 2.5% reduction in eCAP threshold as 

the PPD was increased from 27 to 32 μs in patients with Advanced Bionics devices and 

approximately a 11.7% reduction in eCAP threshold as the PPD was increased from 25 to 50 

μs in patients with Cochlear™ Nucleus® CIs. The difference in threshold reduction between 

the CI manufacturers is expected due to the difference in magnitude of the PPD change 

(Advanced Bionics: 5 μs, Cochlear Americas: 25 μs).

2.1.3.3. Summary: For both animal models and human CI users, increasing the PPD 

with a constant pulse amplitude decreases the eCAP threshold because of the increase 

in total amount of electrical charge integrated by the neural membrane. The effect of 

increasing PPD with constant-charge stimuli on the eCAP is influenced by the IPG because 

of the increased temporal separation between the leading and lagging phases of a biphasic 

pulses. In animals, the effect of PPD on eCAP reflects underlying neural condition. Further 

studies are warranted to investigate the potential relationship between PPD effects and the 

underlying neural condition in human listeners.
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2.1.4. Sensitivity to Changes in the Interphase Gap—Increasing the duration 

of the IPG for a biphasic stimulus increases the responsiveness of the AN to electrical 

stimulation because the action potential generated by the leading pulse is less susceptible 

to abolishment by the lagging pulse with the opposite phase (van den Honert & Mortimer, 

1979; Shepherd & Javel, 1999). An action potential is initiated when the neural membrane 

reaches its firing threshold. However, an action potential cannot be generated if the cell is 

repolarized toward the resting potential during the time required to activate voltage-sensitive 

sodium ion channels (Bromm & Frankenhaeuser, 1968). Therefore, extending the time 

between the leading and lagging pulses with increased IPG boosts the probability of spike 

initiation (van den Honert & Mortimer 1979; Shepherd & Javel, 1999; Rubinstein et al., 

2001). The effect of increasing the IPG is influenced by the integrative time constants of the 

neural membrane, which are affected by fiber diameter, myelination, and the kinetics of the 

voltage-gated sodium channels (Shepherd & Javel, 1997; Rubinstein et al., 2001; Resnick 

et al., 2018; Heshmat et al., 2020). Fiber diameter and myelination can decrease following 

SNHL (Leake & Hradek, 1988; Spoendlin & Schrott, 1989; Agterberg et al., 2008), which 

would affect the effectiveness of increasing the IPG on improving the probability of spike 

initiation at the AN. Therefore, the effect of increasing the IPG on the eCAP has been 

proposed to reflect the underlying neural condition of the AN.

2.1.4.1. Studies with animal models:  Animal studies have repeatedly shown that 

increasing the duration of the IPG increases the responsiveness of the AN to electrical 

stimulation. This is demonstrated by lower eCAP thresholds (Prado-Guitierrez et al., 2006; 

Ramekers et al., 2014, 2015a, 2022; Vink et al., 2020) and larger eCAP amplitudes at longer 

IPGs with equal stimulation levels (Prado-Guitierrez et al., 2006; Ramekers et al., 2014, 

2015a, 2022; Vink et al., 2020).

In animal studies, the sensitivity of the eCAP to changes in the IPG of biphasic pulses 

(i.e., IPG effect) has been reported to indicate SGN survival (Prado-Guitierrez et al., 2006; 

Ramekers et al., 2014, 2022). This has been shown by smaller changes in N1 latency 

(Ramekers et al., 2014, 2022) and larger differences in stimulation level required to evoke 

eCAP responses of equal amplitudes at different IPGs (i.e., stimulation level offsets; Prado-

Guitierrez et al., 2006; Ramekers et al., 2014, 2022) with larger SGN cell size and/or 

higher SGN density. Ramekers et al. (2022) proposed that both results may reflect a shift 

in excitation preference from cathodic-first to cathodic-second biphasic stimuli that occurs 

simultaneously with deafness-induced SGN degeneration.

There are some discrepancies in results related to neural survival and the IPG effect on 

the slope of the eCAP AGF. Ramekers et al. (2014, 2022) showed a positive correlation 

between SGN density and the size of the IPG effect on the slope of the eCAP AGF, while 

Brochier et al. (2021b) provided results of a nonsignificant IPG effect using the data from 

Prado-Guitierrez et al. (2006). The reasons for these discrepancies are not well understood. 

However, there are some noticeable methodological differences between Prado-Guitierrez 

et al. (2006) and Ramekers et al. (2014, 2022). These differences include PPDs (104 μs vs 

20-50 μs) and IPGs evaluated (8 and 58 μs vs 2.1 and 30 μs), stimulation mode (bipolar 

vs monopolar) and quantification of the eCAP amplitude (P2-N2 vs N1-P2). It should be 

pointed out that there is a significant interaction effect between the IPG and PPD on the 
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slope of the eCAP AGF because both factors increase the temporal separation between the 

leading and lagging phases of a biphasic pulses (Ramekers et al., 2014). Therefore, these 

differences in IPGs and PPDs may partially contribute to the apparent discrepancy in the 

results reported in these three studies.

2.1.4.2. Studies with human CI users: Studies with CI users have shown that longer IPGs 

increase the responsiveness of the AN to electrical stimulation. This is demonstrated by 

lower eCAP thresholds (Hughes et al. 2018; He et al., 2020b; Imsiecke et al., 2021), larger 

eCAP amplitudes at equal stimulation levels (Kim et al., 2010; Schvartz-Leyzac & Pfingst, 

2016, 2018; Hughes et al. 2018; He et al., 2020b; Langner et al., 2021), and decreased N1 

latencies (Skidmore & He, 2021). However, like the animal studies, findings regarding the 

effect of increasing the IPG on the slope of the eCAP AGF are conflicting. Schvartz-Leyzac 

& Pfingst (2016, 2018) reported significantly steeper slopes at longer IPGs, but Hughes et 

al. (2018) and Langner et al. (2021) did not find any difference in the slope at different 

IPGs. He et al. (2018) reported a significant IPG effect on the slope of the eCAP AGF when 

the slope was calculated using sigmoidal regression, but there was no significant IPG effect 

when the slope was calculated using linear regression. Imsiecke et al. (2021) reported a 

significant IPG effect on the slope when using the absolute slope (i.e., units of μV/nC), but 

not when using the slope normalized to the maximum eCAP amplitude (i.e., units of 1/nC). 

These studies highlight the difficulty in comparing results across studies when different 

methods and/or units were used to quantify the slope (Skidmore et al., 2022b; Yuan et 

al., 2022). As a result, whether there is any discrepancy in the IPG effect on the slope of 

the eCAP AGF across studies remains unknown and is difficult to determine based on the 

existing literature.

The results from the animal studies described above inspired several studies with human 

CI users to investigate the use of the IPG effect on eCAP parameters to predict neural 

survival. Consistent with the theories developed from the animal models, the IPG effect on 

several eCAP parameters is significantly different between children with CND and children 

with normal-sized ANs (He et al, 2020b; Skidmore & He, 2021). However, the magnitude 

and direction of differences in the IPG effect on eCAP parameters between the two patient 

populations were affected by the method in which the data were analyzed/quantified (Yuan 

et al., 2022). For example, the absolute difference in the linear slope at different IPGs was 

smaller for children with CND than children with normal-sized ANs, but the proportional 

difference in the linear slope was larger for children with CND than children with normal-

sized ANs. Therefore, the method for quantifying the IPG effect has important implications 

for the interpretation of results. This has been highlighted in a few recent studies (Brochier 

et al., 2021a; Yuan et al., 2022; Takanen et al., 2022).

2.1.4.3. Summary: In both animal and human studies, increasing the duration of the IPG 

increases the responsiveness of the AN to electrical stimulation and results in lower eCAP 

thresholds and larger eCAP amplitudes. Results from studies with animal models, suggest 

that the IPG effect on eCAP parameters can be indicative of neural population size and/or 

health. Results from children with CND and children with normal-sized ANs suggest that 

the IPG effect on eCAP parameters primarily reflects neural survival. Simulation results 
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from studies using computational modeling techniques show conflicting information about 

the potential underlying neural condition that the IPG effect represents. For example, 

Brochier et al. (2021a) suggested that the stimulation level offset is reflective of central 

axon demyelination, as opposed to the number of surviving neurons. This is also supported 

by another recent modeling study which showed that the stimulation level offset (using the 

same method used by Brochier 2021a, b) was not sensitive to neural survival (Takanen et 

al., 2022). However, Takanen et al. (2022) showed in their modeling study that the absolute 

IPG effect on slope is indicative of neural survival, which agrees with results from animal 

studies (Ramekers et al., 2014, 2022) but disagrees with results from the modeling study by 

Brochier et al. (2021a). Interpreting these simulation results always requires caution because 

they have not been systematically validated using experimental data collected in human CI 

users. In addition, the computational models used in these studies were developed based on 

data measured in animals and depend on several underlying assumptions that have not been 

fully validated in human listeners. As a result, how applicable these simulation results are to 

human CI users remains unknown.

2.1.5. Sensitivity to Change in the Number of Phases—The number of phases 

included in a single-pulse stimulus affects the time course of current delivered to the AN. 

Consequently, the number of phases in the stimulus affects the spread of excitation (Bahmer 

& Baumann, 2016) and the site of action potential initiation in the target SGNs (Heshmat 

et al., 2021). The responsiveness of the AN to electrical stimulation with different numbers 

of phases has been measured in animal models (Shepherd & Javel, 1999; Miller et al., 

1999a, 2001b; Macherey & Cazals, 2016) and human CI users (Bahmer & Baumann, 2013; 

Herrmann et al., 2021).

2.1.5.1. Studies in animal models: Results from animal studies indicate that the AN is 

more responsive to fewer phases in the single pulse (Shepherd & Javel, 1999; Miller et 

al., 1999a, 2001b; (Macherey & Cazals, 2016). Miller et al. (2001b) showed that 40 μs 

monophasic pulses produced lower thresholds than 40 μs/phase biphasic pulses using eCAP 

and single-fiber recordings in guinea pigs and cats. Guinea pigs showed a smaller difference 

in eCAP thresholds between monophasic and biphasic pulses than cats (Guinea pig: 1.7 

dB difference, Cat: 3.4 dB difference), which might be due to the differences in cochlear 

anatomy between the two species (Miller et al., 2001b). Two other single-fiber studies with 

cats also reported firing thresholds that were approximately 4 dB lower for monophasic 

pulses than for biphasic pulses (Shepherd & Javel, 1999; Miller et al., 1999a). Additionally, 

Shepherd & Javel (1999) showed that the firing threshold was approximately 3-4 dB lower 

for biphasic pulses than triphasic pulses. Finally, Macherey and Cazals (2016) reported that 

triphasic pulses required 2.7 dB more current than biphasic pulses to evoke potentials of the 

same amplitude in the inferior colliculus.

2.1.5.2. Studies in human CI users: Electrical stimulation in human listeners is charge-

balanced to prevent electrode damage and the production of neurotoxic agents at the surface 

of the CI electrode contacts (Brummer & Turner, 1975; Shepherd et al., 1991, 1999; Merrill 

et al., 2005). Therefore, monophasic pulses are not viable as stimuli in CI users. However, 

charge-balanced ‘pseudo-monophasic’ pulses consisting of a brief phase of one polarity 
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followed by a longer and lower-amplitude phase of the opposite polarity have been used in 

behavioral studies (van Wieringen et al., 2005; Macherey et al., 2006). These studies show 

that pseudo-monophasic pulses may be clinically beneficial for CI users by reducing power 

consumption, increasing dynamic range, and limiting channel interactions (van Wieringen et 

al., 2008). To date, no study has reported eCAP responses evoked by pseudo-monophasic 

pulses. Two physiologic studies have shown that triphasic pulses generate lower eCAP 

amplitudes and higher eCAP thresholds compared to biphasic pulses at equal charge levels 

(Bahmer & Baumann, 2013; Herrmann et al., 2021). However, triphasic stimulation may 

have clinical utility because the use of triphasic pulses significantly reduced facial nerve 

stimulation in CI users who experienced stimulus induced discomfort with biphasic pulses 

(Braun et al., 2019; Alhabib et al., 2021).

2.1.5.3. Summary: The effect of number of phases on the eCAP has not been 

systematically studied and remains poorly understood. The available literature in both 

animal models and human CI users shows that AN sensitivity to electrical stimulation 

decreases with increasing numbers of phases included in the single pulse stimulus.

2.2. Response Properties to Paired-Pulse Stimulation

Paired-pulse stimulation refers to the stimulation condition where two electrical pulses are 

presented in pairs with varied inter-pulse intervals (IPIs). This stimulation paradigm is also 

referred to as masker-probe stimulation when the IPI is long enough for the first pulse to 

induce a masking effect. Paired-pulse stimulation has been used to assess two temporal 

response properties of ANFs: facilitation and recovery from refractoriness (i.e., refractory 

recovery).

2.2.1. Facilitation—Facilitation refers to increased neural responsiveness to paired, 

subthreshold stimuli presented in rapid succession, as illustrated in Figure 4. This 

phenomenon has also been called sensitization (Dynes, 1996) or temporal summation 

(Cartee et al., 2000, 2006), but most studies have adopted the term facilitation in recent 

years (Cohen, 2009; Heffer et al., 2010; Karg et al., 2013; Ramekers et al., 2015a; 

Boulet et al., 2016; Hey et al., 2017; Tabibi et al., 2019). The proposed mechanisms 

underlying facilitation include capacitive charging of the neural membrane and residual 

sodium activation after the first stimulus (Boulet et al., 2016). Both mechanisms lead to 

increased facilitation at shorter IPIs (Dynes, 1996; Cartee et al., 2000, 2006). Additionally, 

the effects of these mechanisms may accumulate during pulse-train stimulation and further 

increase neural responsiveness (Saeedi et al., 2021).

2.2.1.1. Studies in animal models: To date, only three studies have investigated 

facilitation of the AN using eCAP measurements in animal models (Stypulkowski & 

van den Honert, 1984; Ramekers et al., 2015a, b). While not the primary focus of their 

study, Stypulkowski & van den Honert (1984) reported increased eCAP amplitudes at 

IPIs less than 150 μs due to facilitation in cats. Ramekers et al. (2015a, b) assessed 

facilitation in guinea pigs with normal hearing and deafened guinea pigs with various 

degrees of SGN loss. In all three study groups, Ramekers et al. (2015a) found that the 

relative contribution of the facilitation component in a two-component (i.e., facilitation and 
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refractory recovery) exponential recovery function (i.e., the facilitation amplitude constant) 

increased with stimulation level. The stimulation level did not affect the time window of 

facilitation (characterized by the facilitation time constant) for any of the three study groups. 

Ramekers et al. (2015b) did not investigate the stimulation level effect on facilitation. Both 

studies by Ramekers and colleagues reported that, on average, the facilitation amplitude 

constant was greatest for normal-hearing animals (group mean approximately 6.5) and 

lowest for the animals with severe SGN loss (group mean approximately 5.0). However, 

results of statistical analyses revealed no significant difference in facilitation amplitude 

constant between study groups (Ramekers et al., 2015a, b). Ramekers et al. (2015b) 

reported significantly larger facilitation time constants in normal hearing controls (group 

mean approximately 470 μs) than in guinea pigs deafened for 14 weeks (group mean 

approximately 270 μs). In contrast, there was not a significant group effect in facilitation 

time constant for the three study groups in Ramekers et al. (2015a) which consisted of 

guinea pigs deafened for 2 weeks or 6 weeks and normal hearing controls. Therefore, these 

results suggest that the loss of SGNs induced by prolonged deafness creates a weakened 

facilitation effect.

Single-fiber studies have reported facilitation effects in cats (Dynes, 1996; Cartee et al., 

2000, 2006) and guinea pigs (Heffer et al., 2010). In cats, the facilitation effects were 

strongest at small IPIs (e.g., < 200 μs), but could be observed up to IPIs of 1 ms (Dynes, 

1996; Cartee et al., 2000, 2006). Heffer et al. (2010) reported that single-fiber facilitation 

was weaker in chronically deafened guinea pigs with lower SGN density than in acutely 

deafened guinea pigs with greater SGN density. The results from Heffer et al. (2010) suggest 

that poorer neural survival is associated with weaker facilitation, presumably due to reduced 

current integration caused by demyelination (Koles & Rasminsky, 1972; Spoendlin, 1984). 

The trends in averaged eCAP results from Ramekers et al. (2015a, b) agree with this result, 

but the differences in study groups were not statistically significant. In addition to the 

difference between Heffer et al. (2010) and Ramekers et al. (2015a, b) in study design 

(i.e., single-fiber vs eCAP), the difference in IPGs (8 μs vs 30 μs) could also contribute 

to the differences in results between the studies because the IPG significantly impacts AN 

responsiveness to electrical stimulation (see Section 2.1.4 above). However, this remains a 

speculation because a possible interaction between facilitation strength and the IPG effect on 

the eCAP has not yet been investigated.

2.2.1.2. Studies in human CI users: Facilitation has been observed up to IPIs of 1 

ms in human CI users (Cohen, 2009; Karg et al., 2013; Hey et al., 2017; Tabibi et al., 

2019) and for any pulse polarity combination of biphasic pulses (Karg et al., 2013). The 

strongest facilitation effect is observed when the first pulse (i.e., conditioner/facilitator 

pulse) is near the eCAP threshold (Hey et al., 2017; Tabibi et al., 2019). Additionally, the 

facilitation strength (i.e., maximum facilitation amplitude) and speed (i.e., time constant) are 

not dependent on the intensity of the second (i.e., probe) pulse (Hey et al., 2017; Tabibi et 

al., 2019). Both observations are intuitive because facilitation is dependent on the residual 

excitability of the AN after a subthreshold pulse. Therefore, maximum facilitation would 

be expected at maximum subthreshold stimulation (i.e., immediately below threshold). The 

second pulse would simply need to be large enough to activate the neuron to its firing 
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threshold. This pulse could be small and still elicit an action potential if the neuron is near 

threshold after the first pulse. As the IPI grows, the neuron has more time to return to its 

resting potential, which decreases the facilitation strength.

The strength of facilitation varies between individual listeners (Cohen, 2009; Tabibi et al., 

2019) and may reflect the underlying neural condition of the AN. Specifically, Tabibi et al. 

(2019) reported a positive correlation between the facilitation strength and the slope of the 

eCAP AGF, which likely indicates more and healthier ANFs (Cafarelli Dees et al., 2005; 

Ramekers et al., 2014; Pfingst et al., 2015a, b; Pfingst et al., 2017; Schvartz-Leyzac et al., 

2019, Vink et al., 2020; Jahn & Arenberg, 2020a, b; Mussoi & Brown, 2020; Shader et al., 

2020; Skidmore et al., 2022a).

2.2.1.3. Summary: Facilitation has been observed in both animal models and human CI 

users at IPIs up to 1 ms. The rate of facilitation decay with increasing IPI is not affected 

by the stimulation level. Additionally, results from animal models and human CI users 

suggest that stronger facilitation is associated with a greater abundance of functional ANFs. 

However, additional studies are warranted to verify this conclusion.

2.2.2. Refractory Recovery—Refractoriness refers to the decreased neural 

responsiveness following an action potential. It is a feature that enhances the precision 

of action potential timing (Avissar et al., 2013). The biological mechanism primarily 

responsible for this decreased responsiveness is the inactivation of the neuron’s sodium 

channels caused by the previous action potential (Boulet et al., 2016), but other voltage-

gated ion channels can influence the time-course of the refractory recovery (Negm & 

Bruce, 2014; Boulet & Bruce, 2017). The refractory process includes two stages: absolute 

and relative refractoriness. Absolute refractoriness refers to a status in which neurons are 

incapable of generating an action potential immediately after a previous stimulation. The 

time from the action potential until the neuron returns to a state in which it could generate 

another action potential with sufficient stimulation is called the absolute refractory period 

(ARP). After the ARP, the neuron progressively becomes more susceptible to generate an 

action potential until it returns to its normal excitability. The time interval from the end of 

the ARP to the normal threshold is called the relative refractory period (RRP). Both the 

ARP and the RRP can be estimated with the refractory recovery function (RRF). The RRF is 

obtained through a pair-pulse stimulation paradigm in which the IPI is systematically varied 

between the first (masker) pulse and the second (probe) pulse. As the IPI increases, the AN 

gradually recovers from the refractoriness induced by an action potential generated by the 

first pulse, which results in decreased thresholds and increased neural responses at longer 

IPIs. An illustration of the RRF is provided in Figure 4.

2.2.2.1 Studies with animal models: Most animal studies reporting estimates for the 

ARP and the RRP used single-fiber recordings (Dynes, 1996; Cartee et al., 2000; Miller 

et al., 2001a; Shepherd et al., 2004; Avissar et al., 2013), while only three animal studies 

used eCAPs to acquire these estimates (Stypulkowski & van den Honert, 1984, Ramekers 

et al., 2015a, b). Specifically, Stypulkowski & van den Honert (1984) reported ARPs to 

be approximately 0.3 - 0.4 ms in cats, and Ramekers et al. (2015a, b) reported ARPs to 

be approximately 0.4 – 0.8 ms in guinea pigs. Aside from the different species between 
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the study by Stypulkowski & van den Honert (1984) and the studies by Ramekers and 

colleagues, there was also a difference in the stimulus used. Specifically, Stypulkowski & 

van den Honert (1984) used 100 μs monophasic pulses while Ramekers et al. (2015a, b) 

used alternating polarity, biphasic pulses with 30 μs PPDs. Therefore, it is not certain if 

the longer ARPs reported in guinea pigs were due to differences in species or stimulation 

parameters. Animal studies with single-fiber recordings have reported average ARPs ranging 

from 0.3 to 0.7 ms in cats (Dynes, 1996; Miller et al., 2001a) and 0.7 to 0.9 in rats (Shepherd 

et al., 2004). Using the eCAP RRF, Ramekers et al. (2015a, b) reported refractory recovery 

time constants to be approximately 1.0 – 2.0 ms in guinea pigs. This would correspond to 

RRPs of approximately 3.0 – 6.0 ms, when estimating the RRP as three times the refractory 

recovery time constant (i.e., 95% recovery). Single-fiber studies have reported RRPs that 

range from approximately 0.4 to 2.0 ms in cats (Dynes, 1996; Cartee et al., 2000; Miller et 

al., 2001a). Therefore, estimated refractory periods vary substantially across animal species.

In addition to differences in estimates of refractory periods across species of animal 

models, differences in refractory periods within species have been reported depending on the 

physiological status of the AN. Specifically, Ramekers et al. (2015b) reported significantly 

longer ARPs in guinea pigs deafened for 14 weeks (group mean approximately 0.62 ms) 

than results measured in the normal hearing controls (group mean approximately 0.50 ms). 

Similarly, Zhou et al. (1995) reported in their eABR study that the surviving ANFs had 

significantly prolonged ARPs and RRPs in experimental mice with AN myelin deficiency 

compared to those in mice with normal hearing. In agreement with those results, a single-

fiber study (Shepherd et al., 2004) reported significantly longer ARPs in long-term deafened 

rats (group median approximately 0.90 ms) compared to the normal hearing control group 

(group median approximately 0.65 ms).

2.2.2.2 Studies with human CI users: Several studies with CI users have reported 

estimated ARPs and RRPs for various patient populations. Overall, estimates for the ARP 

and the RRP time constant measured at the maximum comfort level (C level) are consistent 

across patient populations and typically fall within 0.2 to 0.6 ms and 0.6 to 1.4 ms, 

respectively (Pesch, 2005; Morsnowski et al., 2006; Hughes et al., 2012; Wiemes et al., 

2016; He et al., 2018; Skidmore et al., 2021, 2022a). The one exception is that children 

with CND have significantly longer ARPs (mean: 1.31 ms, SD: 0.81 ms) that can last up to 

3.42 ms (He et al., 2018). This result suggests that poor AN survival results in prolonged 

ARPs at the population level. In contrast, there were no differences in ARPs between 

children and adults with SNHL (Skidmore et al., 2021) or between middle-aged and elderly 

adults (Skidmore et al., 2022a). No difference in RRP time constants was reported between 

children with CND and children with normal-sized ANs (He et al., 2018), between children 

with auditory neuropathy spectrum disorder (ANSD) and children with SNHL (Fulmer et 

al., 2011; Kim et al., 2011), or between young to middle-aged adults and elderly adults 

(Lee et al., 2012). In their study, Botros and Psarros (2010) concluded that longer RRPs are 

associated with larger neural populations, which does not agree with the results presented 

in He et al. (2018). However, several considerations are important to highlight because this 

conclusion was based on results from a computational model of cat AN and comparing adult 

Cochlear Nucleus Freedom CI users with either contour or straight electrode arrays. First, 
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the computational model was developed using anatomical and physiological properties of 

the cat. As described above, there are likely many differences between cats and humans. 

Second, the computational model assumed that the eCAP amplitude was a direct predictor 

of perceived loudness, which is highly unlikely based on results reported by Kirby et al. 

(2012). Third, the assumption was made based on previous findings showing less spread 

of neural excitation in contour-array than in straight-array CI users (Cohen et al., 2003; 

Hughes & Abbas, 2006). However, the spread of neural excitation was not measured in 

Botros and Psarros (2010). Therefore, the assumed difference in neural population in their 

subject groups remains unverified. Based on the literature available it appears that the RRP 

is comparable across patient populations (Fulmer et al., 2011; Kim et al., 2011; Lee et al., 

2012; He et al., 2018).

2.2.2.3. Summary: In general, there is no clear difference in estimated ARPs and RRPs 

between animal models and human CI users. The one exception is that ARPs for children 

with CND have been reported to be much longer than for animal models or for any other 

human patient population. As described before, histological results of human temporal bones 

show that children with CND have substantially fewer SGNs than age-matched controls 

(Nelson & Hinojosa, 2001; Chen et al., 2019; de Costa Monsanto et al., 2022). Therefore, 

these results suggest that prolonged ARPs are indicative of poor neural survival, which 

aligns with the results measured in animals with long-term deafness (Shepherd et al., 2004; 

Ramekers et al., 2015b). However, degeneration of the surviving ANFs may also be a 

contributing factor.

The RRF follows a decaying exponential function in both human CI users (e.g., Battmer et 

al., 2004; Morsnowski et al., 2006; Botros & Psarros, 2010; Fulmer et al., 2011; Wiemes 

et al., 2016; He et al., 2018; Tabibi et al., 2019; Skidmore et al., 2021, 2022a) and animal 

models (Zhou et al., 1995; Dynes, 1996; Cartee et al., 2000; Miller et al., 2001a; Ramekers 

et al., 2015a). Importantly, the speed of recovery from refractoriness is affected by stimulus 

level, with faster recovery at higher levels (Miller et al., 2001a; Shepherd et al. 2004; 

Battmer et al., 2004; Morsnowski et al., 2006; Ramekers et al., 2015a; Cohen, 2009; Botros 

& Psarros, 2010; Pesch et al., 2005; Tabibi et al., 2019). Therefore, comparisons of estimates 

of the ARP and RRP between species and patient populations may be confounded by the 

stimulation levels. Animal studies typically record responses at the same current levels for 

each subject (e.g., Ramekers et al., 2015a), while human studies typically record the eCAP 

RRF at an upper-comfort level to compare across subjects (e.g., Pesch, 2005; Morsnowski et 

al., 2006; Hughes et al., 2012; Wiemes et al., 2016; He et al., 2018; Skidmore et al., 2021, 

2022a).

2.3. Response Properties to Pulse-Train Stimulation

Pulse-train stimulation refers to the condition in which the stimulus is a train of electrical 

pulses. The duration, carrier rate and amplitude envelope of pulse-train stimulation can 

be user-defined and vary across studies. eCAPs evoked by individual pulses of pulse-train 

stimulation can be used to assess peri-stimulus neural adaptation, recovery from neural 

adaptation and sensitivity to amplitude modulation cues at the level of the AN.
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2.3.1. Neural Adaptation—Neural adaptation refers to a decrease in neural 

responsiveness to a constant stimulus over time. It can be induced by both acoustic and 

electrical stimulation presented at a suprathreshold or subthreshold level (e.g., Litvak et al., 

2001; Meyer et al., 2007; Zhang et al., 2007; Miller et al., 2011). In acoustic hearing, 

depletion of neurotransmitters and desensitization of receptors at the synapse between 

the hair cell and auditory neuron have been proposed as the main neurophysiological 

mechanisms underlying neural adaptation (e.g., Goutman & Glowatzki, 2007). In electrical 

hearing, a persistent shift in intracellular and extracellular concentrations of sodium and 

potassium caused by pulsatile stimulation was initially proposed to be the underlying 

neurophysiological mechanism of neural adaptation (Litvak et al., 2001; Woo et al., 2009a, 

b, 2010). However, more recent modeling studies have shown that the dynamics of low-

threshold potassium and hyperpolarization-activated cation channels that are known to be 

present in SGNs may be sufficient to explain the range of adaptation observed in electrical 

stimulation of AN fibers (Negm & Bruce, 2014; Boulet & Bruce, 2017).

Neural adaptation plays a crucial role in maximizing the efficiency of signal transmission 

by removing redundant information (Epping, 1990; Clague et al., 1997; Wark et al., 2007). 

In the auditory system, it plays an essential role in accurately encoding speech sounds. 

Specifically, rapid temporal and amplitude changes in the speech signal are represented 

in the discharge patterns of AN fibers for frequencies up to 5 kHz (Delgutte, 1980; 

Johnson, 1980; Delgutte & Kiang, 1984). When stimulated by a sustained stimulus, the 

firing rate of the AN rapidly peaks at the onset of sustained stimulation, and then gradually 

decreases (i.e., neural adaptation). Proper neural adaptation of the AN has been proposed 

to increase the temporal precision of speech onset representation, enhance the spectral 

contrast between successive speech segments, and encode phonetic contrasts based on 

characteristics of speech envelope cues (Delgutte, 1997). Neural adaptation of the AN 

to electrical stimulation can be studied using single-fiber recording techniques in animal 

models and electrophysiological measures of the eCAP in animal models and human CI 

users.

2.3.1.1. Studies in animal models: Neural adaptation of the electrically-stimulated AN is 

generally observed across time scales ranging from a few milliseconds to minutes (Moxon, 

1971; Parkins, 1989; Litvak et al., 2001, 2003b; Zhang et al., 2007; Heffer et al., 2010; 

Hu et al., 2010; Miller et al., 2011). Spike rate adaptation measured using single-fiber 

recording, defined as the decreased neural excitability in response to ongoing stimulation, 

has been proposed to be one of the physiological mechanisms underlying neural adaptation. 

It can be quantified using a post-stimulus time histogram (PSTH) which is defined as spike 

count per time bin averaged over multiple trials and divided by the bin width. The PSTH 

shows that the spike rate of AN fibers is maximal at the onset of stimulation and gradually 

decreases over the course of 30-100 ms before reaching a stabilized low spike rate (Moxon, 

1971; Hu et al., 2010). In cats, alternation in spike rate can be observed at 100 pulses per 

second (pps; Miller et al., 2011), which is presumably due to refractoriness (Javel, 1990). 

The amount of spike rate adaptation is greater at higher pulse rates and lower stimulation 

levels (Litvak et al., 2001; Heffer, 2010; Zhang et al., 2007; Miller et al., 2008; Hu et 

al., 2010). These rate and level effects on spike rate adaptation and the variability in the 
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strength of adaptation across ANFs are well explained by heterogeneity in half-maximal 

activation potentials of hyperpolarization-activated cyclic nucleotide-gated cation channels 

(Boulet & Bruce, 2017). The pulse rate effect can be partially overcome by increasing the 

stimulation level due to increased membrane excitation at higher stimulation levels (Zhang 

et al., 2007). In addition, the spike rate adaptation to sinusoidally amplitude-modulated 

pulse trains is generally lower than that to unmodulated pulse trains when the two trains 

are matched for onset spike rate (Hu et al., 2010). This difference can at least partially 

be attributed to the relatively low effective stimulation level of an amplitude modulated 

pulse train compared with that of an unmodulated pulse train. The time course of spike 

rate adaptation follows an exponential decay function (van den Honert & Stypulkowski, 

1987; Javel et al., 1987; Litvak et al., 2001). Therefore, spike rate adaptation has historically 

been characterized by a two-component (i.e., a fast and a slow phase) exponential decaying 

function (Zhang et al., 2007). The time constants estimated for these two phases have been 

reported to be affected by pulse rates with smaller time constants estimated for higher pulse 

rates. Specifically, Zhang et al. (2007) reported that the medians of the fast and the slow 

phase time constant estimated for 250-pps pulse trains were 11 and 91 ms, respectively. 

These numbers were 7.7 and 70 ms for 5000-pps pulse trains. A more recent study by van 

Gendt et al. (2020) indicated that, rather than exponential adaptation, electrically-stimulated 

AN fibers tend to exhibit power-law adaptation, a phenomenon that has previously been 

demonstrated for acoustic stimulation of AN fibers (Zilany et al., 2009). Both the degree and 

the time course of spike rate adaptation vary among AN fibers in animal models (van den 

Honert & Stypulkowski, 1987; Dynes & Delgutte, 1992; Litvak, et al., 2001, 2003b; Zhang 

et al., 2007). For example, Dynes & Delgutte (1992) reported 30% normalized spike rate 

adaptation in approximately 25% of AN fibers, around 30-80% adaptation in 50% of AN 

fibers and more than 80% adaptation in the remaining 25% of AN fibers over a one-second 

period. These cross-fiber variations have been attributed to the difference in the ability of 

AN fibers to maintain homeostasis when metabolic demand increases (Litvak, et al., 2003b).

In addition to single-fiber recordings, neural adaptation of the AN has been assessed using 

the eCAP evoked by individual pulses of constant-amplitude pulse trains in cats (Abbas 

et al, 1997; Matsuoka et al., 2000a), rats (Haenggeli et al., 1998) and guinea pigs (Abbas 

et al, 1997; Matsuoka et al., 2000a, 2000b; Ramekers et al., 2015a, b; Vink et al., 2020). 

eCAP amplitudes for individual pulses of pulse trains measured in these animal models are 

relatively stable and have a negligible amount of adaptation over the course of stimulation 

for pulse rates up to 200 pps. For pulse rates of 400 pps and higher, eCAP amplitudes 

showed an abrupt decrease during the first 5 ms of stimulation, followed by a more gradual 

decrease lasting about 50 ms before reaching a plateau. These data trends suggest two 

phases of neural adaptation at the AN: a fast/rapid and a slow phase, which is consistent 

with the time course of spike rate adaptation. At pulse rates of 300 pps or higher, the 

eCAP amplitudes show an alternation between small and large amplitudes across pulse 

presentations (Abbas et al, 1997; Haenggeli et al., 1998; Matsuoka et al., 2000a; Ramekers 

et al., 2015a, b; Vink et al., 2020). Further increasing pulse rate diminishes the alternating 

pattern and results in an overall decrease in eCAP amplitude.

The alternating pattern in the eCAP amplitude has been proposed to be partially due to 

the refractory-recovery process occurring at the AN (Matsuoka et al., 2000a; Ramekers 
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et al., 2015a). Specifically, when the IPI is shorter than the refractory recovery time of 

SGNs, some neurons activated by the first pulse are not able to fire to the second pulse. 

Many of these neurons are sufficiently recovered to be excited by the third pulse. As a 

result, the eCAP amplitude is larger in response to the third pulse than to the second pulse. 

This refractory-recovery process occurs during the entire process of pulse-train stimulation, 

which results in a pattern of the eCAP amplitude alternation between smaller and larger 

amplitudes across pulse presentations (Wilson et al., 1997). This alternating pattern may 

also be affected by adaptation and relative spread of neural excitation among ANFs (van 

Gendt et al., 2019). In animal models, only the alternation between larger responses for odd-

numbered pulses and smaller responses to even-numbered pulses is observed. The amount 

of alternation can be quantified by alternation depth, which is defined as the difference in 

normalized eCAP amplitude (re: the eCAP amplitude for the first pulse of the pulse train) 

between the largest and the smallest responses within each repeated group of responses. The 

alternation depth has been shown to be indicative of SGN survival in guinea pigs with larger 

alternation depths associated with poorer SGN survival (Ramekers et al., 2015a, b; Vink et 

al., 2020). The alternation starts at similar levels regardless of SGN survival but dampens 

more quickly for larger SGN populations (Vink et al., 2020), possibly because of lower 

across-cell synchronicity in larger SGN populations. This possibility is in line with results 

showing that the alternation depth decreases when applying Gaussian noise at approximately 

30 dB below the eCAP threshold (Matsuoka et al., 2000a), which would cause more jitter 

among the SGN population.

The maximum alternation is expected to occur at the pulse rate that resonates with the 

refractory recovery period of the stimulated ANFs (Matsuoka et al., 2000a). In cats and 

guinea pigs, the maximum alternating depth is observed around 1000 - 1700 pps (Abbas 

et al., 1997; Ramekers et al., 2015a, 2015b; Vink et al., 2020). It can be affected by 

stimulation level with larger maximum alternation depths measured at higher stimulation 

levels for a given pulse rate (Matsuoka et al., 2000a). Matsuoka et al. (2000a) assessed the 

effect of stimulus polarity on neural adaptation pattern using the eCAP in cats and guinea 

pigs. They found that the maximum alternation depth was greater for cathodic-leading 

than anodic-leading biphasic pulses when measured at the same pulse rate and stimulation 

level in both animal models (Matsuoka et al., 2000a). Cats showed smaller maximum 

alternation depths than guinea pigs at the same stimulation level and pulse rate for both 

stimulus polarities (Matsuoka et al., 2000a). In addition, anodic-leading biphasic pulses 

caused a more gradual decline in response amplitude over the duration of the pulse train 

stimulation than cathodic-leading biphasic pulses. The maximum alternation depth also 

occurred at faster pulse rates for anodic than cathodic stimuli. These polarity effects were 

observed in cats but not in guinea pigs. This is consistent with a previous study showing 

differences in polarity effects on the eCAP between these two species (Miller et al., 1998). 

In addition, neural adaptation was not observed at pulse rates of 125 pps or lower at low 

stimulation levels and could be observed at higher pulse rates and stimulation levels in cats. 

In comparison, neural adaptation was not observed at pulse rates around 63 pps or lower 

and is less affected by stimulation level in guinea pigs. The anatomical differences in the 

cochlea, and differences in electrode geometry, neural properties, and neural survival, are 
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believed to account for these observed differences in eCAPs between cats and guinea pigs 

(Miller et al., 1999b; Matsuoka et al., 2000a).

The amount of neural adaptation can be quantified by the amount of reduction in normalized 

eCAP amplitude (re: the amplitude of the eCAP to the first pulse of the pulse train). The 

amount of neural adaptation increases with pulse rate (Abbas et al., 1997; Haenggeli et al., 

1998) and the stimulation level of a masker pulse train (Killian et al., 1994), and decreases 

at higher probe levels (Nourski et al., 2007). For example, the eCAP amplitude at 1600 pps 

showed a reduction of approximately 60-80% compared to the same measure at 100 pps in 

rats (Haenggeli et al., 1998). The speed of neural adaptation of the AN assessed using the 

eCAP has not been evaluated using animal models.

2.3.1.2. Studies in human CI users: In human CI users, neural adaptation of the AN 

can also be assessed by measuring eCAPs to individual pulses of pulse trains (Wilson et 

al., 1997; Hay-McCutcheon et al., 2005; Clay & Brown, 2007; Hughes et al., 2012, 2014; 

Dhuldhoya, 2013; Zhang et al., 2013; He et al., 2016; Adel et al., 2017; Hughes & Laurello, 

2017; Mussoi & Brown, 2019; He et al., 2022a). Similar to results obtained in animal 

models, eCAP amplitudes are relatively stable across individual pulses and show little or 

no adaptation at pulse rates of 200 pps or lower (Wilson et al., 1997). Increasing pulse 

rate results in a rapid decrease in the eCAP amplitudes in the first 5-10 ms after stimulus 

onset, followed by a more gradual decline up to 50 ms, before a steady state in amplitude 

is reached. At pulse rates of 400-2400 pps, eCAP responses demonstrate an alternating 

pattern of high and low amplitude as a function of pulse number (Wilson et al., 1997; 

Hughes et al., 2012; Zhang et al., 2013; He et al., 2016; He et al., 2022a). As pulse rate 

increases further, the alternating pattern diminishes and eCAPs stabilize with relatively small 

amplitudes across pulses. The pulse rate at which the alternating pattern ceases has been 

referred as the “stochastic rate” which typically occurs between 900 pps and 3500 pps and 

can increase at higher stimulation levels (Hughes et al., 2012; Hughes & Laurello, 2017).

In human CI users, eCAP amplitudes can alternate between large and small for odd- (even-) 

and even- (odd)-numbered pulses (Wilson et al., 1997; Hay-McCutcheon et al., 2005; 

Hughes et al., 2012; Zhang et al., 2013; He et al., 2016). More complicated alternating 

patterns, including triplet, quadruplet, quintuplet and sextuplet patterns (i.e., increase and 

decrease in amplitude that repeat every three, four, five or six responses), have also been 

reported (Wilson et al., 1997; Hay-McCutcheon et al., 2005; Hughes et al., 2012; He et al., 

2016). These complicated alternating patterns are presumably due to variations in refractory 

recovery time across ANFs. The alternation depth increases as the stimulus level increases 

(Hughes & Laurello, 2017). The pulse rate at which the maximum alternation depth is 

observed occurs most often between 900 and 1800 pps but varies widely across individuals 

and electrode locations within individual CI users (Hughes et al., 2012; He et al., 2016; 

Hughes & Laurello, 2017).

The amount of neural adaptation has been estimated by comparing amplitudes of eCAPs 

elicited by individual pulses of a pulse train to the pre-adaptation eCAP amplitude (Hay-

McCutcheon et al., 2005; Hughes et al., 2012; He et al., 2016, 2022a). The pre-adaptation 

eCAP amplitude can be quantified as the eCAP amplitude elicited by the first pulse of 
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the same pulse train (Hay-McCutcheon et al., 2005; Hughes et al., 2012; He et al., 2016) 

or by a single pulse presented at the same stimulation level as that of the pulse train (He 

et al., 2022a). Greater neural adaptation has been observed at higher pulse rates, lower 

stimulation levels and longer durations of stimulation (Wilson et al., 1997; Hughes et al., 

2012; McKay et al., 2013; He et al., 2016; Hughes & Laurello, 2017; He et al., 2022a). For 

example, He et al. (2022a) reported that the mean amount of neural adaptation, as quantified 

by the percentage of reduction in normalized eCAP amplitude, measured for a 500-pps 

pulse train within the first 5 ms, around 50 ms, and near 100 ms was 12.46%, 21.07% 

and 23.91%, respectively. In comparison, the mean amount of neural adaptation measured 

for a 2400-pps pulse train within the first 5 ms, around 50 ms, and near 100 ms was 

56.25%, 68.34% and 75.69%, respectively. Unfortunately, directly comparing the amount 

of neural adaptation reported across studies is challenging due to the difference in pulse 

rate, stimulation level, duration of stimulation, and method for quantifying the amount of 

neural adaptation used in different studies. He et al. (2016) found that children with ANSD 

had greater neural adaptation than children with idiopathic SNHL, especially for longer 

durations of stimulation. These results suggest that the amount neural adaptation can be 

affected by etiology of hearing loss. At a given pulse rate and stimulation level, the amount 

of neural adaptation varies substantially among CI users and across electrode locations 

within individual CI users (Hay-McCutcheon et al., 2005, Hughes et al., 2012; He et al., 

2016; Hughes & Laurello, 2017). These variations cannot be predicted based on the location 

of the electrode within the cochlea (Hay-McCutcheon et al., 2005). It has been shown that 

the amount of neural adaptation of the AN is not associated with behavioral measures of 

temporal integration, pitch perception, gap detection threshold or speech perception scores 

(Hay-McCutcheon et al., 2005; McKay et al., 2013; Zhang et al., 2013; Hughes et al., 2014; 

Huarte et al., 2014).

Compared to the amount of neural adaptation, the speed of neural adaptation is understudied 

and less well understood. To date, it has only been investigated by He et al. (2022a). They 

found that the time course of neural adaptation of the AN in human CI users consisted 

of a rapid phase followed by a slow phase, which is consistent with results of single-fiber 

recordings in animal models (van den Honert, & Stypulkowski, 1987; Javel et al., 1987; 

Litvak et al., 2001; Zhang et al., 2007). As noted above, neural adaptation may be better 

described by a power law function (van Gendt et al., 2020). Time constants estimated using 

a power law function for results reported in He et al. (2022a) are listed in Table 1. These data 

clearly showed that the speed of neural adaptation of the AN was affected by the pulse rate, 

with higher pulse rates leading to faster neural adaptation (He et al., 2022a). Unfortunately, 

these data cannot be directly compared to the time constants estimated using an exponential 

function in cats from the study by Zhang et al. (2007).

To date, the association between neural adaptation of the AN and speech perception 

performance in human CI users has only been investigated in one study (He et al., 2022c). 

Their results showed that negligible or weak and nonsignificant correlations between 

Consonant-Nucleus-Consonant (CNC) word scores measured in quiet and in speech-shaped 

noise at a signal-to-noise ratio of +10 dB and the amount or the speed of neural adaptation of 

the AN.
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2.3.1.3. Summary: In both animal models and human CI users, neural adaptation of the 

AN can be induced by electrical pulse trains with constant amplitude and pulse rates of 

300 pps or higher. Overall, the amount and the speed of neural adaptation increase as pulse 

rate and stimulation level of masker pulse train increase. The reduction in neural response, 

quantified using either spike rate or eCAP amplitude, is rapid in the first few milliseconds 

and becomes relatively slow afterwards before reaching an asymptote. An alternating pattern 

in eCAP amplitude reduction can be observed at pulse rates of 400 pps or higher. The 

amount and the time course of adaptation varies across ANFs, animals and human CI users.

Despite these similarities in results recorded in different species, between-species 

differences in study results are also apparent. For example, stimulus polarity impacts certain 

aspects of neural adaptation of the AN in cats but not in guinea pigs (Matsuoka et al., 

2000a). More importantly, the alternation is less robust in animal models than in human CI 

users (Abbas et al., 1997; Haenggeli et al., 1998).

2.3.2. Neural Adaptation Recovery—Recovery from neural adaptation caused by 

prior stimulation (i.e., neural adaptation recovery) at the level of the AN has been proposed 

to be important for neural representation of rapid onset transients in speech (Delgutte, 

1997). Deficient neural adaptation recovery can compromise neural representation of speech 

envelope features (e.g., word onset and syllabic cues) (Jeng et al., 2009; Jahn et al., 2021), 

which leads to poor speech perception outcomes (He et al., 2022c). Neural adaptation 

recovery of the electrically stimulated AN can be studied using single-fiber recording 

technique in animal models (Miller et al., 2011). It can also be studied by measuring the 

eCAP evoked by a probe pulse with a preceding pulse-train masker at different masker probe 

intervals (MPIs) in animal models (Killian et al., 1994; Abbas et al., 1997; Nourski et al., 

2007), as well as in human CI users (Dhuldhoya, 2013; Adel et al., 2017; Mussoi & Brown, 

2019; He et al., 2022b). Compared with neural adaptation, neural adaptation recovery of the 

AN is less well-understood.

2.3.2.1. Studies in animal models: Animal models used to study neural adaptation 

recovery of the AN include cats (Abbas et al., 1997; Miller et al., 2009, 2011) and guinea 

pigs (Killian et al., 1994; Abbas et al., 1997; Nourski et al., 2007). In cats, results of 

single-fiber recordings show that temporal jitter recovers approximately 20 ms after masker 

offset. The recovery shows an initial rapid phase followed by a slow phase (Miller et al., 

2009). In comparison, spike rate recovery is slow and relatively monotonic (Miller et al., 

2009). These response properties largely recover to baseline approximately 100-200 ms 

after masker offset (Miller et al., 2009). Despite considerable variations in the amount of 

adaptation recovery across ANFs, using higher masker levels results in reduced adaptation 

recovery (Miller et al., 2011). For a fixed stimulation level, the amount and the speed of 

adaptation recovery depend on the pulse rate of the masker. For example, less and slower 

adaptation recovery is measured for a 5000-pps pulse-train masker than that measured for a 

250-pps pulse-train masker (Miller et al., 2011).

Results of studies using eCAP recordings show that neural adaptation recovery of the AN 

is affected by stimulation levels of both masker and probe stimuli, masker duration and 

survival of SGNs (Killian et al., 1994; Abbas et al., 1997; Nourski et al., 2007). Specifically, 
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the amount of adaptation recovery reduces at higher masker and probe stimulation levels 

in guinea pigs (Killian et al., 1994). Using higher masker and lower probe current levels 

and longer duration of masker stimulation results in slower neural adaptation recovery in 

both cats and guinea pigs (Killian et al., 1994; Abbas et al., 1997). The adaptation recovery 

time measured in cats and guinea pigs in different studies vary from 10 ms to up to 900 

ms (Killian et al., 1994; Abbas et al., 1997). Such a large range is due to the difference in 

eCAP testing paradigm, stimulation level and duration of masker pulse-trains used to assess 

adaptation recovery at the AN, as well as the hearing status of animal models among these 

studies.

Killian et al. (1994) and Nourski et al. (2007) reported that the time course of eCAP 

adaptation recovery could be monotonic or nonmonotonic depending on the stimulation 

levels of the masker pulse-train and the probe pulse, and the duration of the masker pulse-

train. Results of these two studies showed that recovery from neural adaptation caused by 

lower-level maskers with shorter durations (e.g., 100 ms) typically followed a monotonic 

pattern. Using higher masker levels and longer masker durations (e.g., 300 ms) resulted 

in a non-monotonic recovery pattern (Killian et al., 1994; Nourski et al., 2007). The non-

monotonic adaptation recovery pattern could consist of up to three phases: an initial rapid 

recovery within several milliseconds after the masker offset, a brief decline, and finally a 

slow recovery over several hundred milliseconds (Nourski et al., 2007). The differences in 

time course and sensitivity of temporal jitter recovery and spike rate recovery of ANFs have 

been proposed to partially account for this nonmonotonic recovery pattern (Miller et al., 

2009). The characteristics of neural adaptation recovery of the AN is not affected by the 

presence of functional hair cells (Killian et al., 1994; Nourski et al., 2007) or the type of 

masker stimulation (acoustic vs electrical, Nourski et al., 2007).

2.3.2.2. Studies in human CI users: In human CI users, adaptation recovery of the AN 

has been evaluated by measuring the eCAP evoked by a probe pulse with a preceding 

pulse-train masker at different MPIs in four studies (Dhuldhoya, 2013; Adel et al., 2017; 

Mussoi & Brown, 2019; He et al., 2022b). Results of these studies showed that the time 

course of recovery could be monotonic or non-monotonic with up to three phases depending 

on the stimulation levels of the probe pulse and the pulse-train masker. The monotonic 

functions and the phases of the non-monotonic functions reported in these studies with 

human CI users are consistent with results recorded in animal models (Killian et al., 1994; 

Nourski et al., 2007). The number of adaptation recovery patterns with all three phases 

increases at higher pulse rates but is not affected by electrode location within the cochlea 

(He et al., 2022b).

Based on the number of phases included, He et al. (2022b) classified adaptation recovery 

patterns observed in their study into three types, as illustrated in Figure 5. The Type 

I pattern consists of an initial rapid increase followed by a slow increase in the eCAP 

amplitude. The Type II pattern consists of a rapid decrease followed by a slow increase 

of the eCAP amplitude. The Type III pattern includes an initial rapid increase followed 

by a rapid decrease and a second slow increase of the eCAP amplitude. The potential 

neurophysiological mechanisms underlying the initial rapid increase and the following rapid 

decrease in the eCAP amplitude are increased firing synchrony among ANFs (Nourski et 
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al., 2007; He et al., 2022b) and the decay of the facilitatory effect (Miller et al., 2011), 

respectively. Another alternative neurophysiological mechanism underlying the initial rapid 

increase in the eCAP amplitude is the integration of neural excitation across multiple pulses 

via the residual partial-depolarization mechanism (He et al., 2022b). The following decaying 

component can be a result of the combined effects of reduced facilitation, neural adaptation, 

accommodation (i.e., subthreshold adaptation), relative refractoriness, and neural adaptation 

recovery at the level of the AN (He et al., 2022b). The final slow recovery component 

reflects neural adaptation recovery (Nourski et al., 2007; Miller et al., 2011; He et al., 

2022b).

The speed of adaptation recovery measured in human CI users has been quantified using 

the logistic function (Mussoi & Brown, 2019), or the exponential function with either one 

component or up to three components (Adel et al., 2017; Dhuldhoya, 2013; He et al., 

2022b). In addition, study participants and pulse-train maskers differ among studies. These 

differences make it challenging to directly compare the speed of adaptation recovery across 

studies. Despite this challenge, results of these studies consistently showed substantial 

variations in the speed of neural adaptation recovery among CI users (Adel et al., 2017; 

He et al., 2022b). The speed of adaptation recovery is affected by stimulation levels of the 

masker and the probe pulse, with faster neural adaptation recovery for lower masker and 

higher probe stimulation levels. These results are consistent with that reported in animal 

models (Killian et al., 1994; Abbas et al., 1997). The speed of adaptation recovery is also 

affected by pulse rate. Adel et al. (2017) reported slower recovery from neural adaptation 

caused by the 5000 pps pulse-train masker compared to the 250 pps pulse-train masker, 

which is consistent with the results measured in guinea pigs (Miller et al., 2011). However, 

He et al. (2022b) reported a nonsignificant effect of pulse rate on the speed of adaptation 

recovery for a pulse rate range of 500-2400 pps. Therefore, this pulse rate effect may only 

be observed for large differences in pulse rate. The effect of advanced age on the speed 

of adaptation recovery has not been consistently reported in the literature. While Mussoi 

& Brown (2019) found that advanced age was associated with slower neural adaptation 

recovery of the AN, He et al. (2022b) reported a nonsignificant effect of advanced age 

on neural adaptation recovery process. However, the number of study participants who 

were younger than 40 years of age tested in He et al. (2022b) is limited, which might 

have precluded a thorough evaluation of the aging effect on the neural adaptation recovery 

process in their study. In addition, differences in methods used to assess and quantify neural 

adaptation recovery might have partially contributed to this discrepancy in aging effect 

reported in these two studies.

The amount of adaptation recovery of the AN in human CI users has only been investigated 

in He et al. (2022b). It was quantified by comparing the eCAP amplitude measured at the 

longest MPI tested to the eCAP amplitude measured for the single-pulse stimulus presented 

at the same stimulation level. Their results showed that the amount of neural adaptation 

recovery was affected by pulse rate with less adaptation recovery observed at higher pulse 

rates. This result is likely due to increased neural adaptation at higher pulse rates (He et al., 

2022a). Thus, smaller eCAP amplitudes would be expected at a specified MPI for higher 

pulse rates even if the rate of recovery were not affected by pulse rate (He et al., 2022b). In 

addition, the amount of neural adaptation recovery varied for different adaptation recovery 
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patterns but was not affected by electrode location within the cochlea. Regardless of pattern 

type, adaptation recovery remains incomplete at an MPI up to 256 ms in many CI users 

(Dhuldhoya, 2013; He et al., 2022b).

Two studies have assessed the association between neural adaptation recovery of the AN 

and speech perception performance (Mussoi & Brown, 2019; He et al., 2022c). Both Mussoi 

& Brown (2019) and He et al. (2022c) reported a nonsignificant correlation between the 

amount of neural adaptation recovery of the AN and speech perception scores. In contrast, 

the speed of adaptation recovery accounted for 14.1% of variability in CNC word scores 

measured in quiet and 16.7% of variability in CNC word scores measured in noise (He et al., 

2022c).

2.3.2.3. Summary: Results measured in different animal models and human CI users show 

some consistencies. Specifically, the adaptation recovery process substantially varies among 

ANFs in experimental animals and human CI users. In both animal models and human CI 

users, adaptation recovery can remain incomplete at an MPI up to at least 250 ms and is 

affected by pulse rate. In addition, the speed of neural adaptation recovery measured in 

different species depends on stimulation levels of the masker and the probe pulse. Finally, 

non-monotonic adaptation recovery patterns are observed in different animal models, as well 

as in human CI users.

A potential discrepancy in results measured in animal models and human CI users is the 

speed of adaptation recovery. Figure 6 shows the means and standard deviations of time 

constants of adaptation recovery measured in human CI users by He et al. (2022b) and in 

guinea pigs by Nourski et al. (2007). These time constants were estimated using similar 

mathematical models. In general, the mean time constants measured in human CI users 

are much shorter (less than 60 ms) than those measured in guinea pigs (i.e., 120 ms). It 

seems unlikely that such a large difference in the speed of adaptation recovery could be 

fully accounted for by the difference in pulse rate of masker pulse trains used in these two 

studies. Differences between Nourski et al. (2007) and He et al. (2022b) other than species 

and pulse rate include duration of stimulation (400 ms vs 100 ms), MPIs evaluated (up 

to 400 ms vs up to 256 ms), and eCAP amplitude normalization before function fitting 

(re: eCAP amplitude in response to a single pulse vs re: eCAP amplitude measured with 

an MPI of 256 ms). However, it remains unknown how these differences might affect 

the speed of adaptation recovery. Certainly, the amount of neural adaptation preceding 

adaptation recovery is affected by pulse rate and stimulation duration (Wilson et al., 1997; 

Abbas et al, 1997; Haenggeli et al., 1998; Hughes et al., 2012; McKay et al., 2013; He 

et al., 2016; Hughes & Laurello, 2017; He et al., 2022a), which could be anticipated to 

potentially influence the speed of adaptation recovery. However, He et al. (2022c) reported 

that there was no correlation between the amount of neural adaptation and the speed of 

adaptation recovery measured at the same electrode location. Therefore, factors accounting 

for the difference in speed of adaptation recovery between Nourski et al. (2007) and He 

et al. (2022b) are not entirely clear. To date, recovery from neural adaptation has not been 

simulated in biophysical or phenomenological models.
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2.3.3. Amplitude Modulation Sensitivity—For programming strategies that are based 

on the continuous interleaved sampling strategy (Wilson et al., 1991), speech envelope 

information is extracted and used to amplitude-modulate trains of biphasic pulses that are 

delivered by CI electrodes. Electrical stimuli delivered by the CI are first encoded by the 

AN, before they can be transmitted to and processed by higher-level neural structures. 

Therefore, the capability of the AN to faithfully encode and transmit amplitude modulation 

(AM) cues should theoretically be important for CI outcomes.

AN encoding of AM cues can be studied using single-fiber and eCAP recordings in animal 

models (Hartmann et al., 1984; van den Honert & Stypulkowski, 1987; Dynes & Delgutte, 

1992; Litvak et al., 2001, 2003a; Abbas et al., 1997, 2003; Runge-Samuelson et al., 2004; 

Jeng et al., 2009; Hu et al., 2010). In human CI users, it can only be investigated using eCAP 

measurements (Wilson et al., 1997; Tejani et al., 2017; Riggs et al., 2021).

2.3.2.1. Studies in animal models: Animal models used to study AN encoding of AM 

cues include cats (Hartmann et al., 1984; van den Honert & Stypulkowski, 1987; Dynes & 

Delgutte, 1992; Abbas et al., 1997, 2003; Litvak et al., 2001, 2003a; Runge-Samuelson et 

al., 2004; Hu et al., 2010), guinea pigs (Abbas et al., 1997, 2003; Runge-Samuelson et al., 

2004; Jeng et al., 2009) and squirrel monkeys (Parkins, 1989).

Results of single-fiber recordings revealed a good sensitivity of AN fibers to AM cues. For 

example, the PSTHs for a 4800-5000 pps carrier pulse train with a sinusoidal AM rate of 

400 Hz and a modulation depth of 0.5-1% are nearly sinusoidal in shape, which suggests 

that the AN firing pattern can follow the details of the sinusoidally-modulated waveform 

at these small modulation depths (Litvak et al., 2001, 2003a). At the onset of modulation, 

ANFs show an increase in averaged discharge rate and this increase is not due to changes 

in stimulation level (Litvak et al., 2001). ANFs phase-lock to both phases of the stimulus 

with one preferential phase that elicits the response at the threshold level. The response to 

the second phase can only be elicited at suprathreshold levels (Parkins, 1989). As a result, 

ANFs tend to discharge once during the preferential phase for every stimulus cycle in a 

precisely phase-locked manner at low AM rates (i.e., 500 Hz or lower) and at a threshold or 

a relatively low suprathreshold level (e.g., 6-10 dB above threshold) (Hartmann et al., 1984; 

van den Honert & Stypulkowski, 1987; Parkins, 1989). The degree to which ANFs phase 

lock to the periodic modulation of the stimulus amplitude improves over the time course 

of stimulation for AM rates up to 500 Hz (Hu et al., 2010). This regularity decreases at 

higher stimulation levels and higher AM rates. Specifically, ANFs can discharge during the 

opposite phase of the stimulus cycle and even discharge multiple times during one half-cycle 

at high stimulation levels (Hartmann et al., 1984; van den Honert & Stypulkowski, 1987; 

Parkins, 1989). The PSTHs measured for high AM rates (i.e., 4-10 kHz) only roughly follow 

a sinusoidal shape, which indicates that discharges are moderately phase-locked to the 

stimulus. A sinusoidally amplitude modulated (SAM) electrical stimulus with an AM rate of 

100 Hz has been reported to be the most effective AM stimulus in evoking responses from 

ANFs (Hartmann et al.,1984; van den Honert & Stypulkowski, 1987). In addition to AM 

rate and stimulation level, modulation depth is another factor affecting the degree of phase 

locking to the stimulus of ANFs, with larger modulation depths associated with more precise 

phase locking (Litvak et al., 2001). Results of these studies also revealed considerable 
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variability among ANFs in the degree of phase-locking to the stimulus, especially for AM 

rates of 3 kHz or higher. In addition, how phase locking capability changes with AM rate 

varies substantially among ANFs. While the decline in phase-locking capability at higher 

AM rates is monotonic in some fibers, it can be nonmonotonic in other fibers.

In cats and guinea pigs, eCAPs can be evoked using AM pulse trains at AM rates of up 

to 1600 Hz using a 5000-pps carrier (Abbas et al., 1997). At AM rates of 50-400 Hz, 

the AN can encode modulation depths as small as 1%. With other stimulus parameters 

fixed, eCAPs increase in amplitude with AM rate up to 1000 Hz (Abbas et al., 1997), 

and with the presence of a low-level, high-rate conditioning pulse train (Runge-Samuelson 

et al., 2004). The recorded eCAPs show variations in amplitude, with smaller amplitudes 

measured at the valleys and larger amplitudes recorded at the peaks of the AM train. At low 

modulation depths and/or low AM rates (i.e., 200 Hz or lower), this eCAP amplitude pattern 

approximately follows the periodicity of the modulation waveform. At high modulation 

depths and/or high AM rates, the pattern does not always follow the detailed pattern of 

stimulus pulse amplitudes and becomes distorted from that of the stimulus envelope (Abbas 

et al., 1997; Jeng et al., 2009). The distortion typically shows as a phase shift (lead) relative 

to the stimulus, which suggests a degradation in the ability of AN fibers to encode stimulus 

modulations (Abbas et al., 2003; Jeng et al., 2009). This distortion is more robust at higher 

stimulation levels (Jeng et al., 2009). Nonlinear growth of the eCAP amplitude, adaptation, 

and refractoriness of the AN have been proposed to account for this phase-lead distortion 

(Jeng et al., 2009). The modulated response amplitude (MRA) has been used to quantify the 

strength of AM coding at the AN (Abbas et al., 2003; Jeng et al., 2009). It is defined as 

the difference in eCAP amplitudes measured at the peak and the valley of the AM stimulus 

over the same modulation cycle, as illustrated in Figure 7. Jeng et al. (2009) showed that 

the increment in the MRA was compressive in nature, with smaller increments measured for 

higher modulation depths. Temporal properties (e.g., refractoriness and adaptation) of the 

AN have been proposed to account for this compressive growth of the MRA. In addition, 

the MRA increases nonmonotonically as the AM rate increases up to 300 Hz for a 1000 pps 

carrier and up to 800 Hz for a 5000 pps carrier.

2.3.3.2. Studies in human CI users: To date, two studies have investigated AN encoding 

of AM cues in human CI users (Tejani et al., 2017; Riggs et al., 2021). Tejani et al. (2017) 

measured eCAPs evoked by each pulse over one modulation cycle of a 4000 pps, SAM 

pulse train with AM rates of 125, 250, 500 and 1000 Hz at one basal, one middle and one 

apical electrode location. Their results showed that eCAP amplitudes generally followed a 

sinusoidal pattern. In some but not all study participants, the phase-lead distortion in the 

eCAP amplitude pattern was observed. The MRA, which was defined as the difference in the 

maximum and the minimum eCAP amplitudes over one modulation cycle, increased with 

modulation depth and AM rate. These results are consistent with those reported in animal 

models (Abbas et al., 2003; Jeng et al., 2009). In addition, they found a significant, negative 

correlation between MRAs and psychophysical modulation detection thresholds (MDTs) 

for all except the 1000 Hz AM rate, which suggested a central limitation to processing of 

modulated stimuli. Both MRA and MDT were affected by electrode location, with larger 

MRAs and lower MDTs measured at more apical electrode locations. Using a 2000 pps, 
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SAM pulse train with AM rates of 20, 40, 100 and 200 Hz, Riggs et al. (2021) assessed 

AN encoding of AM at up to seven electrode locations across the electrode array. In their 

study, the AN sensitivity to AM was quantified using the modulated response amplitude 

ratio (MRAR) which was defined as the ratio of the difference in the maximum and the 

minimum eCAP amplitude measured for the AM pulse train to that measured for the single 

pulse, as illustrated in Figure 7. Greater MRARs indicate better sensitivity to AM cues. 

Overall, their results showed that AN sensitivity to AM cues was negatively affected by 

advanced age, which is presumably due to age-related decline in AN health (e.g., Wu et 

al., 2019), and reflects poorer temporal processing with aging. Similar to results of Tejani 

et al. (2017), a phase shift (lead) in eCAP amplitude pattern was observed in some but not 

all recordings (around 34% of all recordings) with more phase shift observed at higher AM 

rates. In addition, MRARs measured at the 200 Hz AM rate were significantly higher than 

those measured at all other AM rates, which is consistent with that reported in Tejani et al. 

(2017). In contrast to the reported better AM sensitivities at more apical electrode locations 

in Tejani et al. (2017), Riggs et al. (2021) reported better AN sensitivity to AM cues at more 

basal electrode locations. As explained in Riggs et al. (2021), results of these two studies do 

not necessarily contradict each other due to differences in the methods used to quantify the 

AN sensitivity to AM cues (MRA vs MRAR) and the AM rates investigated in these two 

studies.

2.3.3.3. Summary: To date, results measured in different animal models and human CI 

users for AN sensitivity to AM cues are largely consistent. For example, larger eCAP 

amplitudes to AM pulse trains are recorded for higher AM rates and greater modulation 

depths in both animal models and human CI users (Abbas et al., 2003; Jeng et al., 2009; 

Tejani et al., 2017; Riggs et al., 2021). The phase-lead distortion in eCAP amplitude pattern 

is observed in both animal models and some human CI users (Abbas et al., 2003; Jeng 

et al., 2009; Tejani et al., 2017; Riggs et al., 2021). However, these consistencies cannot 

be interpreted/used as the evidence supporting the notion that AM encoding at the AN is 

comparable across species, primarily due to the limited studies/knowledge in human CI 

users. To date, ANF firing patterns to modulated pulse trains cannot be accurately simulated 

using any existing biophysical or phenomenological models, which represents a knowledge 

gap that needs to be addressed.

3. CONCLUSIONS

Neural response properties of ANFs to electrical stimulation are affected by many factors, 

including stimulating and recording parameters (e.g., stimulation current level, pulse rate, 

stimulation duration, recording electrode location, etc.), quantification method (e.g., fitting 

function, normalization process, etc.), and study participant (different animal models vs 

human listeners). It is critical to take these crucial factors into consideration in study design, 

results interpretation, and comparison across multiple studies. Despite decades of research 

in animal models and human listeners, some areas remain controversial, poorly understood, 

or even completely unknown. For example, whether the difference in polarity sensitivity can 

be used to assess peripheral axon degeneration remains controversial. The effect of changing 

the number of pulse phases on neural response properties of healthy or impaired ANFs 
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remains poorly understood due to the limited available literature. Furthermore, the field 

currently lacks in vivo tools to differentially quantify lack of neural survival vs degeneration 

of surviving ANFs in human CI users. As a result, their specific effect on neural encoding of 

electrical stimulation in the AN remains completely unknown. Further studies are definitely 

warranted to address these knowledge gaps.

Computational models of ANFs can provide insightful mechanistic information about 

how neural encoding of electrical stimulation in the AN is affected by different types 

and degrees of pathological insults to ANFs, which is crucial information that cannot 

be directly assessed in human CI users. However, this review clearly demonstrates that 

information and knowledge gained from animal models cannot be simply translated to 

human listeners. This is partly due to some important differences in response properties 

of the AN. Some of these differences are quantitative in nature (e.g., the time course 

of recovery from neural adaptation) while others are more qualitative in nature (e.g., the 

differences in responsiveness to anodic vs cathodic stimulation and alternation patterns in 

response amplitudes to pulse train stimuli). At this point, exclusively including physiological 

parameters recorded in human listeners in various computational models is still not feasible 

due to the lack of information about different parameters of ion channels (e.g., ion channel 

type, kinetics, densities, etc.) involved in action potential generation, as well as data 

of morphometric characteristics and biophysical properties of different auditory neural 

structures in humans. However, it is critical to take the species differences into consideration 

when developing computational models for simulating response patterns of the electrically 

stimulated AN in human listeners. Additionally, these models should be verified with 

electrophysiological data measured in human CI users.
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ABBREVIATIONS

ARP absolute refractory period

AGF amplitude growth function

AM amplitude modulation

AN auditory nerve

ANF auditory nerve fiber

ANSD auditory neuropathy spectrum disorder

eCAP electrically evoked compound action potential

eABR electrically evoked auditory brainstem response

CI cochlear implant
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CNC Consonant-Nucleus-Consonant

CND cochlear nerve deficiency

IPG interphase gap

IPI inter-pulse interval

MDT modulation detection threshold

MPI masker probe interval

MRA modulated response amplitude

MRAR modulated response amplitude ratio

nC nanocoulombs

N1 first negative peak in eCAP waveform

N2 second negative peak in eCAP waveform

P1 first positive peak in eCAP waveform

P2 second positive peak in eCAP waveform

PPD pulse phase duration

pps pulses per second

PSTH post-stimulus time histogram

RRF refractory recovery function

RRP relative refractory period

SAM sinusoidally amplitude modulated

SGN spiral ganglion neuron

SNHL sensorineural hearing loss
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Figure 1. 
Illustrations of various pulse shapes for single pulse stimulation. A) Example biphasic single 

pulse with the pulse amplitude, polarity, phase duration, and interphase gap indicated. B) 

Example monophasic, biphasic, and triphasic single pulses with for cathodic (left column) 

and anodic (right column) stimulation.
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Figure 2. 
The means and standard deviations of electrically evoked compound action potential (eCAP) 

amplitude (left panel) and N1 latency (right panel) measured with cathodic-leading (black 

bars) and anodic-leading (white bars) biphasic single pulse stimuli for 30 children (91 

electrodes tested) with cochlear nerve deficiency (CND), 32 children (98 electrodes tested) 

with idiopathic sensorineural hearing loss (ISNHL), 19 children (54 electrodes tested) 

with Gap Junction Beta-2 genetic mutation (GJB2), 15 and post-lingually deafened adults 

(PLDA, 50 electrodes tested).
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Figure 3. 
The means and standard deviations of electrically evoked compound action potential (eCAP) 

thresholds measured for six pulse phase durations in pediatric cochlear implant users (88 

electrodes across 30 ears). The eCAP thresholds are presented in units of microamps (μA, 

Panel A) and nanocoulombs (nC, Panel B). The results from linear mixed-effects models are 

also provided in each panel.
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Figure 4. 
A schematic illustration of facilitation and refractory recovery functions, and parameters that 

can be estimated by the functions.
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Figure 5. 
Illustrations of each type of neural adaptation recovery function, along with indications of 

the phases of each function.
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Figure 6. 
The means and standard deviations of adaptation recovery time constants measured in 

human cochlear implant users (He et al., 2022b) and in guinea pigs (Nourski et al., 2007). 

The time constants were estimated using similar mathematical models.
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Figure 7. 
An illustration demonstrating the calculation of the modulated response amplitude (MRA) 

and the modulated response amplitude ratio (MRAR).
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TABLE 1.

The means (standard deviations) of neural adaptation time constants (β1 – fast phase, β2 – slow phase) 

estimated using a power law function at four pulse rates. pps, pulses per second.

Pulse rate (pps) β1 β2

500 −28.14 (20.98) -0.049 (0.039)

900 −47.06 (28.19) −0.097 (0.055)

1800 −72.55 (−23.45) −0.132 (0.090)

2400 −79.15 (18.28) −0.178 (0.108)
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