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Abstract

Objective: This study assessed the relationship between electrophysiological measures of the 

electrically evoked compound action potential (eCAP) and speech perception scores measured 

in quiet and in noise in post-lingually deafened adult cochlear implant (CI) users. It tested the 

hypothesis that how well the auditory nerve (AN) responds to electrical stimulation is important 

for speech perception with a CI in challenging listening conditions.

Design: Study participants included 24 post-lingually deafened adult CI users. All participants 

used Cochlear® Nucleus™ CIs in their test ears. In each participant, eCAPs were measured at 

multiple electrode locations in response to single-pulse, paired-pulse, and pulse-train stimuli. 

Independent variables included six metrics calculated from the eCAP recordings: the electrode-

neuron interface (ENI) index, the neural adaptation (NA) ratio, NA speed, the adaptation recovery 

(AR) ratio, AR speed, and the amplitude modulation (AM) ratio. The ENI index quantified the 

effectiveness of the CI electrodes in stimulating the targeted AN fibers. The NA ratio indicated the 

amount of NA at the AN caused by a train of constant-amplitude pulses. NA speed was defined 

as the speed/rate of NA. The AR ratio estimated the amount of recovery from NA at a fixed time 

point after the cessation of pulse-train stimulation. AR speed referred to the speed of recovery 

from NA caused by previous pulse-train stimulation. The AM ratio provided a measure of AN 

sensitivity to AM cues. Participants’ speech perception scores were measured using Consonant-

Nucleus-Consonant (CNC) word lists and AzBio sentences presented in quiet, as well as in noise 

at signal-to-noise ratios (SNRs) of +10 and +5 dB. Predictive models were created for each speech 

measure to identify eCAP metrics with meaningful predictive power.
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Results: The ENI index and AR speed individually explained at least 10% of the variance in 

most of the speech perception scores measured in this study, while the NA ratio, NA speed, the 

AR ratio, and the AM ratio did not. The ENI index was identified as the only eCAP metric 

that had unique predictive power for each of the speech test results. The amount of variance in 

speech perception scores (both CNC words and AzBio sentences) explained by the eCAP metrics 

increased with increased difficulty in the listening condition. Over half of the variance in speech 

perception scores measured in +5 dB SNR noise (both CNC words and AzBio sentences) was 

explained by a model with only three eCAP metrics: the ENI index, NA speed, and AR speed.

Conclusions: Of the six electrophysiological measures assessed in this study, the ENI index is 

the most informative predictor for speech perception performance in CI users. In agreement with 

the tested hypothesis, the response characteristics of the AN to electrical stimulation are more 

important for speech perception with a CI in noise than they are in quiet.

Keywords

cochlear implant; auditory nerve; electrically evoked auditory compound action potential; speech 
perception

INTRODUCTION

Over 730,000 individuals who are deaf or severely hard-of-hearing have received a cochlear 

implant (CI) (National Institute on Deafness and Other Communication Disorders, 2021). 

Despite general improvements in auditory perception after receiving a CI (e.g., Bittencourt 

et al., 2012; Boisvert et al., 2020; Hey et al., 2020; Rasmussen et al., 2022), there remains 

large variability in speech recognition performance among CI patients (e.g., Holden et al., 

2013; Blamey et al., 2013; Goudey et al., 2021). While some CI patients can converse 

without lip-reading, others can only perceive environmental sounds (e.g., Holden et al., 

2013; Wei et al., 2017; Han et al., 2019; Boisvert et al., 2020; Lin et al., 2022; Zhang et al., 

2022). Identifying factors accounting for the observed speech perception variability among 

CI users has been a highly active area of research (e.g., Blamey et al., 1996, 2013; Lazard 

et al., 2012; Holden et al., 2013, 2016; Kaandorp et al., 2017; James et al., 2019; Zhao et 

al., 2020; Goudey et al., 2021; Heutink et al., 2021). In general, better speech perception 

outcomes for CI users have been associated with shorter duration of deafness (Lazard et 

al., 2012; Blamey et al., 1996, 2013; Zhao et al., 2020; Bernhard et al., 2021; Goudey 

et al., 2021), better residual hearing before CI (Lazard et al., 2012; Blamey et al., 2013; 

Boisvert et al., 2020; Zhao et al., 2020; Goudey et al., 2021), closer electrode-to-neuron 

distance (Finley et al., 2008; Holden et al., 2013, 2016; Heutnik et al., 2021), right-ear 

implantation (Kraaijenga et al., 2018; Liang et al., 2020; Goudey et al., 2021), and better 

cognitive function (Holden et al., 2013; Kaandorp et al., 2017; Mussoi & Brown, 2019). 

However, factors investigated in these studies can only explain approximately 10–40% of 

the variance in speech perception scores among CI users (Blamey et al., 1996, 2013; Lazard 

et al., 2012; Holden et al., 2013; James et al., 2019; Zhao et al., 2020; Goudey et al., 

2021). Therefore, further studies to identify additional key factors accounting for the speech 

perception variability among CI users are urgently needed.
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CIs provide auditory information to implanted patients by converting acoustic signals into 

sequences of electrical pulses (i.e., pulse trains) that stimulate nearby auditory nerve (AN) 

fibers. Subsequently, AN fibers transmit the information to higher-level neural structures 

for further processing and interpretation. Theoretically, how well electrical stimulation is 

encoded and processed by the AN should be an important factor for speech perception 

outcomes in CI users. Results reported in the auditory literature support this theory. 

Specifically, the presence of AN response to electrical stimulation (i.e., the presence of the 

electrically evoked compound action potential, eCAP), faster recovery from refractoriness, 

and faster growth of eCAP amplitudes with increasing stimulation level are associated with 

better speech perception in CI users (for a review, see van Eijl et al., 2017). More recently, 

it has been shown that better speech perception outcomes are associated with higher 

effectiveness of the CI electrodes in stimulating the targeted AN fibers (i.e., electrode-to-

neuron interface, ENI, Bierer, 2010; Skidmore et al., 2021; Arjmandi et al., 2022), faster 

recovery from neural adaptation (NA) induced by prior stimulation (He et al., 2022c), and 

greater number and discharge synchrony of excited AN fibers (Dong et al., 2022). Based on 

these promising results, we took a bottom-up approach in this study to determine/identify 

peripheral factors that are of potential importance for speech perception outcomes in CI 

users.

In this study, electrophysiological measures of the eCAP were used to assess the quality of 

the ENI and several aspects of temporal responsiveness of the AN to electrical stimulation. 

The eCAP is a neural response that is generated by a population of AN fibers responding 

synchronously to electrical stimulation (Brown et al., 1990; He et al., 2017). Like the 

ENI, eCAP measures in response to single-pulse and paired-pulse stimulation are affected 

by electrode position, intracochlear resistance, and the number of activated AN fibers 

(e.g., Eisen & Franck, 2004; Shepherd et al., 2004; Brown et al., 2010; Ramekers et 

al., 2014; Schvartz-Leyzac & Pfingst, 2016; Pfingst et al., 2015, 2017; He et al., 2018; 

Schvartz-Leyzac et al., 2020). Therefore, eCAPs measured in response to single-pulse and 

paired-pulse stimulation can be considered as a functional readout for the quality of the 

ENI (Skidmore et al., 2022a). The temporal response properties of the AN evaluated in this 

study included NA and recovery from NA (i.e., adaptation recovery, AR) induced by trains 

of biphasic pulses with constant amplitudes (e.g., Wilson et al., 1997; Hay-McCutcheon et 

al., 2005; Hughes et al., 2012; Zhang et al., 2013; Ramekers et al., 2015; He et al., 2016; 

Mussoi & Brown, 2019; He et al., 2022a, b, c, d) and the sensitivity to sinusoidal amplitude 

modulation (AM) cues implemented in the pulse-train stimulation (Nourski et al., 2007; 

Tejani et al., 2017; Riggs et al., 2021). NA and AR of the AN were selected as measures 

of interest because of their essential roles in accurately encoding speech sounds (Delgutte, 

1980; Johnson, 1980; Delgutte & Kiang, 1984). AN sensitivity to AM cues was selected as 

a measure of interest because temporal cues are particularly important for speech perception 

in CI users and they are encoded in the AM of pulse trains delivered by the CI (Wilson et al., 

1991).

The relationship between speech perception outcomes and each of these eCAP metrics 

has been evaluated in different studies. For example, Skidmore et al. (2021) assessed the 

correlation between Consonant-Nucleus-Consonant (CNC) word (Peterson & Lehiste, 1962) 

and AzBio sentence (Spahr et al., 2012) scores measured in quiet and the quality of the 
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ENI, as quantified by the ENI index estimated based on eCAP results, in post-lingually 

deafened adult CI users. Their results showed a significant, positive correlation between 

CNC word and AzBio sentence scores and the ENI index (r = 0.49 – 0.73, p ≤ 0.005, 

N = 24). He et al. (2022c) investigated the effects of NA and AR of the AN on CNC 

word scores measured in quiet and in noise at a signal-to-noise ratio (SNR) of +10 dB in 

18 post-lingually deafened adult CI users. Their results did not demonstrate a statistically 

significant relationship between NA of the AN and CNC word scores measured in either 

testing condition, which is consistent with the results reported by Zhang et al. (2013). The 

speed of AR was found to account for 14% of the variability in CNC word scores measured 

in quiet and 17% of the variability in CNC word scores measured in noise with a SNR of 

+10 dB (He et al., 2022c). In contrast, the results from Mussoi & Brown (2019) did not 

demonstrate a significant relationship between speed of AR and speech perception scores. 

However, it should be pointed out that AR of the AN was only evaluated at one electrode 

location for each participant in Mussoi & Brown (2019), while He et al. (2022c) evaluated 

AR of the AN at 3–4 electrodes for each participant. Results of a recent study showed that 

correlating eCAP metrics measured at one electrode location with speech scores can lead to 

inaccurate conclusions (He et al., 2022d). In addition, the speed of AR was quantified using 

different methods in these two studies. These methodological differences might account for 

the inconsistent results reported in Mussoi & Brown (2019) and He et al. (2022c). Finally, 

He et al. (2022d) evaluated the association between AN sensitivity to AM cues and CNC 

word scores measured in quiet and in noise at a SNR of +10 dB. Their results revealed a 

nonsignificant relationship between these measures.

Even though the results of these previous studies are informative and make a scientific 

contribution to the literature, they have two limitations. First, none of these studies measured 

all these important eCAP metrics and speech perception scores in the same group of 

study participants. As a result, no study has included these eCAP metrics in a multiple 

regression model to predict speech perception scores. Rather, most studies cited above 

reported correlations between a single eCAP measure and a speech perception score. These 

correlation analyses do not account for other eCAP metrics that may explain some of the 

same variance in speech perception scores. Therefore, the results from correlation analyses 

may not reflect the unique explanatory power of individual eCAP metrics. Consequently, 

the results of these studies do not provide conclusive information about which eCAP 

metrics have the greatest predictive power for speech perception outcomes in CI patients. 

In addition, speech perception tests implemented in these studies are not representative of 

current audiological practice for CI patients. Specifically, both CNC word lists and AzBio 

sentence lists are recommended as speech perception tests for assessing clinical outcomes 

in adult CI users (American Academy of Audiology, 2019). In addition, assessing speech 

perception performance in both quiet and in noise testing conditions is recommended 

(Adunka et al., 2018). The noise conditions with SNRs of +10 and +5 dB are most 

commonly used in clinical practice for CIs (Carlson et al., 2018). Previous studies either 

tested speech perception performance only in quiet (Zhang et al., 2013; Skidmore et al., 

2021), using another speech test (Mussoi & Brown, 2019), or did not include the noise 

condition with a SNR of +5 dB (He et al., 2022a, c, d). These caveats limit the clinical 

application of these previously reported results.
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There are some pieces of evidence suggesting that the importance of faithful neural 

encoding of auditory information at the AN to speech perception may increase as the 

listening condition becomes more challenging. For example, competing background noise 

has a much larger, negative effect on speech perception performance in patients with 

auditory neuropathy spectrum disorder, a disorder characterized by dyssynchrony in AN 

fiber activity, than in patients with typical sensorineural hearing loss (Starr et al., 1998; 

Kraus et al., 2000; Shallop, 2002; Zeng & Liu, 2006; Rance et al., 2007; Berlin et al., 

2010; Walker et al., 2016). Improving neural synchrony in AN fiber activity using electrical 

stimulation of a CI could reduce the difference in the magnitude of the noise effect on 

speech perception performance between these two patient populations (for reviews, see 

Myers & Nicholson, 2021; Bo et al., 2022). Second, the speed of AR of the AN accounted 

for more variability in CNC word scores measured at +10 dB SNR than measured in 

quiet (He et al., 2022c). Unfortunately, these interesting results do not provide conclusive 

information about the relative importance of AN responsiveness to electrical stimulation 

to speech perception outcomes in different listening conditions or which AN response 

properties are more important for listening in challenging conditions than other properties. 

There is a scientific and clinical need to address these two knowledge gaps.

To address the study limitations and knowledge gaps described above, this study evaluated 

the association between six eCAP metrics and speech perception scores (CNC words 

and AzBio sentences) measured in quiet and in noise at SNRs of +10 and +5 dB in 

post-lingually deafened adult CI users. The primary objective of this study was to identify 

eCAP metrics that were important predictors for CI speech perception outcomes. We 

hypothesized that how well the AN encodes and processes electrical stimulation is more 

important for understanding speech in more challenging listening conditions compared 

to quiet listening conditions. This hypothesis was formulated based on results showing 

that listeners with degraded AN function (i.e., patients with auditory neuropathy spectrum 

disorder and elderly listeners) experience excessive difficulty in understanding speech in the 

presence of competing background noise (Starr et al., 1998; Kraus et al., 2000; Shallop, 

2002; Zeng & Liu, 2006; Rance et al., 2007; Berlin et al., 2010; Harris et al., 2021). 

According to our hypothesis, we expected that the amount of variance in speech perception 

scores explained by the eCAP metrics (i.e., R2s of the predictive models) would be greater 

for results measured with higher levels of competing background noise.

MATERIALS AND METHODS

Study Participants

Study participants included 24 post-lingually deafened adult CI users. All participants were 

implanted with a Cochlear™ Nucleus® device (Cochlear Ltd., Sydney, NSW, Australia) 

with a full electrode insertion. All study participants utilized the advanced combination 

encoder (ACE) coding strategy in their sound processors. Only one ear was tested for 

each participant. For bilateral CI users, the test ear was selected pseudo-randomly. Detailed 

demographic information of the study participants is provided in Table 1. Written informed 

consent was obtained from all study participants at the time of data collection. The study 
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was approved by the Biomedical Institutional Review Board (IRB) at The Ohio State 

University (IRB study #: 2017H0131).

eCAP Measurements and Metrics

The procedures for obtaining the eCAP were the same as those used in our recent studies 

(Skidmore et al., 2021; Riggs et al., 2021; He et al., 2022a, b). All eCAPs were obtained 

using the Advanced Neural Response Telemetry function via the Custom Sound EP (v. 5.1 

or 6.0) software interface (Cochlear Ltd, Sydney, NSW, Australia). The stimulus consisted 

of one or more symmetric, cathodic-leading, biphasic pulses with an interphase gap of 7 μs 

and a pulse phase duration of 25 μs/phase. For measuring NA of the AN, trains of pulses 

with increasing stimulation durations were presented at individual electrode locations at a 

rate of 900 pulses per second (pps). For measuring AR of the AN, the stimulus was a 

100-ms pulse train with a pulse rate of 900 pps presented to individual CI electrodes. For 

measuring AN sensitivity to AM cues, the stimulus was a 200-ms pulse train with a carrier 

rate of 2000 pps that was sinusoidally amplitude modulated at 20 Hz with a modulation 

depth of 100% (Riggs et al., 2021). All stimuli were presented in a monopolar-coupled 

stimulation mode to individual CI electrodes via an N6 sound processor connected to a 

programming pod.

The ENI index—The ENI index is a number between 0 and 100 that represents the 

overall quality of the ENI, where larger numbers represent better ENIs. The ENI index 

was calculated for each participant using the model created by Skidmore et al. (2021). 

Briefly, the ENI index was a compound metric composed of four parameters derived from 

eCAPs evoked by single-pulse and paired-pulse stimulation. The four parameters included 

the lowest stimulation level that evoked an eCAP (i.e., the eCAP threshold), the slope of the 

eCAP amplitude growth function, the latency of the first negative peak (i.e., N1 latency) in 

the recorded waveform with the largest eCAP amplitude, and the absolute refractory period 

estimated from the eCAP refractory recovery function. Each of the four parameters was 

recorded at three electrode locations along the length of the electrode array (i.e., one basal, 

one middle and one apical electrode). These twelve measures (4 parameters x 3 electrode 

locations) were inputs into the model that was created using linear regression with elastic net 

regularization to produce the ENI index. The ENI index was calculated for each participant 

with the following equation

ENI index = 100 * PTx + P0 − ymin / ymax − ymin

(1)

where P  is a vector of twelve model parameters (i.e., regression coefficients), x is a vector 

of the twelve eCAP measures, P0 is a model parameter representing the ordinate intercept, 

T  represents the vector transpose, and ymin and ymax are the minimum and maximum values 

of P Tx + P0 among all participants in the model training dataset, respectively. Additional 

details regarding the ENI index (originally called the cochlear nerve index), including a 

detailed description of its development and values for the constant parameters in Equation 

1 (i.e., P, P0, ymin, and ymax), are contained in Skidmore et al. (2021). To summarize, the 
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ENI index represents the overall quality of the ENI across the entire electrode array, and it 

increases with decreasing eCAP thresholds, N1 latencies and absolute refractory periods and 

increasing slope of the eCAP amplitude growth function.

Neural adaptation of the AN—Details of using eCAP measures to assess NA of the AN 

have been reported in He et al. (2022a). Briefly, eCAPs were recorded in response to a single 

pulse and in response to 18 pulse-train stimuli of increasing durations presented at 900 pps. 

The pulse-train stimuli consisted of trains of 2, 3, 4, 5, 6, 7, 8, 40, 41, 42, 43, 44, 45, 85, 86, 

87, 88, and 89 pulses. Smaller eCAP amplitudes were evoked by the longer pulse-trains due 

to the AN fibers gradually adapting to the constant-amplitude stimulus.

The NA ratio: The NA ratio is a measure of the amount of NA that occurs in response to 

a train of constant amplitude pulses, with smaller NA ratios indicating greater NA. The NA 

ratio was calculated at individual electrode locations as the average eCAP amplitude evoked 

by the pulse-train stimuli divided by the eCAP amplitude evoked by a single pulse presented 

at the same stimulation level as the individual pulses in the pulse-trains. Specifically, it was 

calculated according to the following equation

NA ratio = ( 1
18 ∑

i

18
APTi)/ASP

(2)

where APTi is the eCAP amplitude evoked by the last pulse of the ith pulse train and ASP is 

the eCAP amplitude evoked by a single pulse presented at the same stimulation level as the 

pulses in the pulse-train. The NA ratio was calculated based on eCAP results measured at 

four electrode locations along the electrode array, and then averaged together to create one 

measure for each participant in this study.

NA speed: NA speed was estimated by fitting a two-parameter power law to all the data 

points (i.e., normalized eCAP amplitudes evoked by a single pulse and pulses 2–8, 40–45, 

and 85–89 of the pulse-train). Therefore, variations in eCAP amplitudes (e.g., Hughes et al., 

2012; Ramekers et al., 2015; He et al., 2022a) were accounted for in the function fitting 

procedure. The specific power law function used for estimating NA speed was

y = Ax
ASP

= γ x + 1 β1 + 1 − γ x + 1 β2

(3)

where y represents the eCAP amplitude evoked by the last pulse of a pulse-train of duration 

x Ax) divided by the eCAP amplitude evoked by a single pulse (ASP) presented at the 

same stimulation level as the pulses in the pulse-train. β1 and β2 are unitless exponents that 

represent the speed of NA occurring within the first 8-ms of stimulation (i.e., short phase) 

and between 8 and 100 ms of stimulation (i.e., long phase), respectively. γ indicates the 

relative contribution of the short phase and the long phase to the overall fit of the function. 
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For this study, NA speed was calculated by averaging the absolute values of β1 estimated 

at four electrode locations along the electrode array. The sign of β1 reflects the direction 

of change in eCAP amplitude with increasing duration of pulse-train stimulation. In most 

individuals eCAP amplitudes decrease with increasing duration of pulse-train stimulation 

due to NA. This results in a negative value of β1. However, eCAP amplitudes increase with 

longer pulse-train stimulation in a limited number of individuals (He et al., 2016, 2022a), 

which results in a positive value of β1. Nevertheless, the sign does not affect the speed of 

adaptation, only the direction. Therefore, the absolute value of β1 was used for calculating 

NA speed, with larger values indicating faster NA.

Neural Adaptation Recovery of the AN—Details of using eCAP measures to assess 

the amount and the speed of AR are reported in He et al. (2022b). Briefly, eCAPs were 

recorded in response to a probe pulse presented at 1.054, 2, 4, 8, 16, 32, 64, 128 and 256 ms 

after the offset of the last pulse of a 100-ms pulse-train masker presented at 900 pps. As the 

masker-probe-interval (MPI) increased, AN fibers gradually recovered from the NA induced 

by the pulse-train masker, which resulted in gradually increased eCAP amplitudes at longer 

MPIs.

The AR ratio: The AR ratio quantifies the amount of recovery from NA induced by a 

constant-amplitude pulse-train. Larger AR ratios indicate greater recovery from NA. The AR 

ratio was calculated by dividing the amplitude of the eCAP to the probe pulse presented 

after 256 ms of the end of the pulse-train stimulation (i.e., MPI = 256 ms) by the eCAP 

amplitude evoked by a single-pulse stimulus presented at the same stimulation level. In this 

study, the AR ratio was calculated at four electrode locations along the electrode array, and 

then averaged together to create one measure for each participant.

AR speed: AR speed was estimated using a mathematical model with up to three 

exponential components in the form of

A t = 1 − A1e− t
τ1 + A2e− t

τ2 − A3e− t
τ3

(4)

where A t  represented the normalized eCAP amplitude (re: the eCAP amplitude evoked by a 

single pulse) evoked by the probe pulse at an MPI of t. A1, A2 and A3 were fitting coefficients 

and τ1, τ2 and τ3 were the time constants for early enhancement, slow decay, and slow 

recovery, respectively. Detailed descriptions and explanations of these three phases have 

been reported in He et al. (2022b). Briefly, the early enhancement phase likely represents 

the faciliatory effect of the residual partial-depolarization mechanism (Middlebrooks, 2004) 

and the slow decay phase likely represents the decay of this faciliatory effect (Miller et al., 

2011). The slow recovery phase is dominated by AR (Nourski et al., 2007; Miller et al., 

2011; He et al., 2022b). For this study, AR speed was calculated by averaging the values 

of τ3 estimated at four electrode locations along the electrode array. Larger averaged τ3s
indicated slower recovery from NA.
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The AM ratio—The AM ratio is a measure of AN sensitivity to AM cues, with larger AM 

ratios indicating greater AN sensitivity to AM cues. The AM ratio was calculated using 

the same procedures as detailed in Riggs et al. (2021). Briefly, eCAPs evoked by twenty 

pulses within the last two cycles of an AM pulse train were measured. eCAPs evoked by 

single pulses with probe levels corresponding to the stimulation levels of the twenty pulses 

of the AM pulse train were also measured. The AM ratio was then calculated at individual 

electrode locations according to the following equation

AM ratio = max AAM − min AAM
max ASP − min ASP

(5)

where AAM is a vector of eCAP amplitudes evoked by the AM pulse train and ASP is a vector 

of eCAP amplitudes evoked by single pulses presented at the same stimulation levels as the 

pulses in the AM pulse train. The AM ratio was calculated at seven electrode locations along 

the electrode array, and then averaged together to create one measure for each participant in 

this study.

Speech Measures

Speech perception performance was evaluated using CNC word (Peterson & Lehiste, 1962) 

and AzBio sentence (Spahr et al., 2012) lists presented in quiet and in two noise conditions. 

All auditory stimuli were presented in a sound-proof booth via a speaker placed one meter 

in front of the participant at zero degrees azimuth. The target stimulus was always presented 

at 60 dB(A) sound pressure level (SPL). For the noise conditions, speech-shaped noise was 

presented concurrently with the target stimulus at 50 dB(A) SPL or 55 dB(A) SPL (i.e., SNR 

of +10 dB or +5 dB, respectively).

Statistical Analyses

For each speech perception test result measured in each listening condition, three types of 

predictive models were created. First, six individual models were created by using simple 

linear regression with each eCAP metric (i.e., ENI index, NA ratio, NA speed, AR ratio, 

AR speed and AM ratio) as the only predictor to identify the relationships between each 

eCAP metric and each speech measure. The R2 for each individual model indicated the 

variance in speech scores explained by that metric without adjusting for the other eCAP 

metrics. Second, a complete model was created using multiple linear regression with all six 

eCAP metrics as predictors. The R2 for the complete model quantified the contribution of 

AN responsiveness to speech perception scores by indicating the variance in speech scores 

explained by all six eCAP metrics together. Third, a reduced model was created using all 

subsets selection. All possible combinations of the eCAP metrics were examined and the 

combination of eCAP metrics with the lowest Akaike Information Criterion (Akaike, 1974) 

was selected as the reduced model. The R2 for the reduced model indicated the variance 

in speech scores explained by the eCAP metrics selected in the model. The assumptions of 

regression analyses including normality and constant variance were evaluated by examining 

the residuals of all models created in this study and no violations were detected. Despite the 

lack of strong correlations among the six eCAP metrics (see Figure 1), the variance inflation 
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factor (VIF) was computed for the full models to assess the potential multicollinearity 

among the predictor variables. The largest VIF score among the eCAP metrics was 1.60 

(see Figure 1), which is smaller than the conservative rule of thumb suggesting any 

concern about multicollinearity (i.e., VIF > 3). Therefore, the statistical models used in this 

study were appropriate. The p-values obtained in the regression analyses were adjusted for 

multiple comparisons using the False Discovery Rate (Benjamini & Hochberg, 1995). All 

statistical modeling was performed with R v. 4.2 (R Core Team, 2022) using α = 0.05 for 

statistical significance. It should be pointed out that the significance of the results was not 

evaluated exclusively based on p-values but also based on its impact on clinical outcomes 

following the recommended best practice in the field of biostatistics (Wasserstein & Lazar, 

2016).

RESULTS

Results of CNC word tests and AzBio sentence tests as a function of six eCAP metrics for 

each of the three listening conditions are shown in Figure 2 and Figure 3, respectively. 

Overall, speech perception performance appears to decrease with increasing level of 

competing background noise. Additionally, visual inspection of these figures revealed 

substantial variations in the relationship between each eCAP metric and each speech test 

result.

Individual Models

The results of each individual model assessing the relationship between an individual eCAP 

metric and a speech test result indicated that the ENI index and AR speed generally 

explained more variance in speech perception scores as individual predictors than the NA 

ratio, NA speed, the AR ratio, and the AM ratio. Specifically, the ENI index explained 8 – 

17% of the variance in CNC word scores and 10 – 31% of the variance in AzBio sentence 

scores, and AR speed explained 10 – 30% of the variance in CNC word scores and 2 – 

16% of the variance in AzBio sentence scores. In contrast, the NA ratio, NA speed, the AR 

ratio, and the AM ratio explained an average of 2% of the variance in each of the speech 

tests as individual predictors (see Table A1 and Table A2, Supplemental Digital Content 

1, which contain the detailed results of the individual models for CNC word scores AzBio 

sentence scores, respectively). For all speech tests, better speech perception performance 

was associated with better quality of the ENI and faster recovery from neural adaptation.

Complete Models

The results of the complete models revealed that the variance in scores on each speech 

test explained by the eCAP metrics increased with increased difficulty in the listening 

condition (see Table B1 and Table B2, Supplemental Digital Content 2, which contain the 

detailed results of the complete models for CNC word scores and AzBio sentence scores, 

respectively). In quiet, the eCAP metrics explained 29% and 36% of the variance in CNC 

word scores and AzBio sentence scores, respectively. In comparison, the eCAP metrics 

explained 33% and 42% of the variance in CNC word scores and AzBio sentence scores 

measured in noise at a SNR of +10 dB, respectively. In the most difficult listening condition 
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(i.e., +5 dB SNR), the eCAP metrics explained over half of the variance in both CNC word 

scores (R2 = 0.57) and AzBio sentence scores (R2 = 0.51).

Reduced Models

The results of each reduced model that only included the eCAP metrics that contributed 

unique power to predicting CNC word scores and AzBio sentence scores are provided in 

Table 2 and Table 3, respectively. As shown in the tables, the ENI index was the only 

eCAP metric that was selected in each of the six reduced models. Therefore, the ENI 

index contributed unique predictive power for each of the six speech test results that was 

independent of the other eCAP metrics. Along with the ENI index, NA speed and AR speed 

were selected in both reduced models for speech scores measured in +5 dB SNR noise. 

In this noise condition, these three eCAP metrics explained 53% and 51% of the variance 

in CNC word scores and AzBio sentence scores, respectively. Also, the R2 values of the 

reduced models increased with increased difficulty in the listening condition.

Summary of Study Results

The ENI index and AR speed individually explained up to 30% of the variance in speech 

perception scores measured in this study. The amount of variance in speech scores (both 

CNC words and AzBio sentences) explained by the eCAP metrics in the completed and 

reduced models increased with increased levels of competing background noise. The ENI 

index was the only eCAP metric that was selected in each of the six reduced models. Over 

half of the variance in speech scores (both CNC words and AzBio sentences) measured in 

+5 dB SNR noise was explained by only three eCAP metrics: the ENI index, NA speed, 

and AR speed. These main findings from all the statistical models created in this study are 

provided in Table 4.

DISCUSSION

Comparison of eCAP Metrics

The primary objective of this study was to identify eCAP metrics that were important 

predictors for speech perception scores in post-lingually deafened adult CI users. Overall, 

the results of this study showed that the ENI index was the most sensitive predictor of 

speech perception scores in this patient population. This was most clearly shown by the 

result of the ENI index being the only eCAP metric selected in all reduced models. This 

suggested that the ENI index contributed explanatory power to the predictive capability 

of all the models that was independent of the other eCAP metrics. Overall, this result 

demonstrating the value of the ENI index in predicting speech perception scores is 

generally consistent with what has been reported in the literature. Specifically, better speech 

perception outcomes have been reported in CI users with higher quality ENIs as estimated 

by electrode placement (Finley et al., 2008; Heutink et al., 2021), size of the AN in imaging 

results (Kang et al., 2010), psychophysical detection thresholds (Garadat et al., 2013), 

focused stimulation thresholds (Long et al., 2014), and eCAP measures (Skidmore et al., 

2021).
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While not the most sensitive predictor of speech scores in this study, AR speed also had 

meaningful predictive power in the models. This was shown by AR speed being selected in 

five of the reduced models. This result is also supported by our recent study in which we 

reported a moderate, negative correlation between CNC word scores measured in quiet and 

in noise and the speed of AR averaged across multiple electrodes for each participant (He et 

al., 2022c).

In contrast to the ENI index and AR speed, the other eCAP metrics (i.e., the NA ratio, NA 

speed, the AR ratio and the AM ratio) explained limited variances (i.e., less than 9%) in 

each of the speech perception scores measured in this study as individual predictors. These 

results are consistent with the null results from other studies (Zhang et al., 2013; He et 

al., 2022c, d). Additionally, the NA ratio and the AR ratio were not selected in any of the 

reduced models, and the AM ratio was selected in only one reduced model, which suggested 

that, in general, these eCAP measures did not contribute a meaningful amount of unique 

information to the predictive models. However, NA speed was selected in the reduced model 

for CNC words measured in +5 dB SNR noise and for AzBio sentences tested at SNRs of 

+10 and +5 dB. Therefore, a measure of the speed of NA may provide beneficial, predictive 

information for speech perception scores measured in challenging listening conditions, even 

if it is not a robust predictor of speech perception scores as an individual predictor.

It is worth mentioning that each of the eCAP metrics included in this study represent 

objective measures of specific neural response properties. Therefore, in addition to 

identifying eCAP metrics that are useful for predicting speech perception scores with a 

CI, the results of this study also emphasize the relative importance of different aspects of 

AN function to speech perception with a CI. For example, the results of this study suggest 

that the speed of NA and AR at the level of the AN is more important for speech perception 

with a CI than the amount of NA and AR that occur during electrical stimulation.

Comparison of Listening Conditions

This study tested the hypothesis that AN responsiveness to electrical stimulation is 

especially important for speech perception in challenging listening conditions. The results 

of this study are consistent with this hypothesis. Specifically, the variances in speech 

perception scores explained by the eCAP metrics all together (i.e., R2s of the complete 

models) were higher for speech perception scores measured in higher levels of noise for 

both word and sentence scores. These results suggest that AN responsiveness to electrical 

stimulation is more important for speech perception in noise compared to speech perception 

in quiet. In agreement with this idea, some human listeners with impaired AN function 

(e.g., patients with auditory neuropathy spectrum disorder or elderly listeners) can have 

excellent speech perception outcomes in quiet listening conditions but experience excessive 

difficulty in understanding speech in the presence of competing background noise (Starr et 

al., 1998; Kraus et al., 2000; Shallop, 2002; Zeng & Liu, 2006; Rance et al., 2007; Berlin 

et al., 2010; Harris et al., 2021). Moreover, the temporal precision of speech onset cues has 

been shown to be particularly important for speech perception in noisy listening conditions 

(McLaughlin et al., 2013). Therefore, we postulate that less information from the peripheral 

auditory system may be needed to understand speech in quiet than in noise. Consequently, 
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increased listening effort may sufficiently compensate for degraded auditory input to the 

central auditory system in quiet but not in noise (e.g., Winn et al., 2015). However, this 

postulation has not been verified and therefore remains as speculation. A future study will 

evaluate the relative contribution of peripheral and central factors to speech perception with 

a CI in quiet and in noise.

Clinical Application and Implication

Results of this study showed that the ENI index was the most informative predictor for 

speech perception performance in post-lingually deafened adult CI users. This finding 

generally aligns with the positive relationship between the quality of ENI and speech 

perception outcomes reported in CI patients (Finley et al., 2008; Kang et al., 2010; Garadat 

et al., 2013; Long et al., 2014; Heutink et al., 2021; Skidmore et al., 2021). As a result, the 

ENI index can potentially be used as a biomarker for predicting CI clinical outcomes.

Results of this study also suggest the importance of enhancing the quality of the ENI for 

improving speech perception outcomes in CI patients. The quality of the ENI is negatively 

impacted by poor AN function (Skidmore et al., 2021), bone and tissue growth caused 

by intracochlear surgical trauma (Seyyedi & Nadol, 2014; Kamakura & Nadol, 2016), 

and large distances between CI electrodes and their target AN fibers (Finley et al., 2008; 

Heutink et al., 2021). These factors are affected by electrode array design and surgical 

practice. For example, lateral wall electrode arrays generally result in a larger distance to 

the AN compared to perimodiolar electrode arrays. Technologies/strategies that can reduce 

surgical trauma and/or improve placement of the electrode array in the cochlea should lead 

to enhanced ENI quality, and, therefore, result in improved CI outcomes. For example, 

dexamethasone-eluting electrode arrays and using robotics-assistance to provide a slow, 

steady electrode insertion during CI surgery are two novel technologies/strategies that could 

potentially result in improved CI outcomes by enhancing the quality of the ENI.

Study Limitations

One potential limitation of the present study is that only 24 post-lingually deafened adult 

participants were included in the study. Therefore, the variance in speech perception 

performance explained by the eCAP metrics in this study cannot be assumed to represent 

the variance explained in the entire CI patient population. Results of studies including data 

from hundreds or thousands of CI users (e.g., Blamey et al., 1996, 2013; Lazard et al., 

2012; Holden et al., 2013; James et al., 2019; Goudey et al., 2021; Heutink et al., 2021) 

might provide a better estimate of the variance explained by different factors. However, the 

purpose of this study was to identify the most relevant eCAP predictors of speech outcomes 

for adult CI users, which was accomplished in this study. A future study will evaluate the 

variance in speech perception scores accounted for by the ENI index and AR speed in a 

large sample of patients to obtain a more representative estimate of the variance in speech 

perception scores explained by these two eCAP metrics.

The other potential limitation of the present study is that exclusively eCAP measures were 

included in the predictive models. Other factors, such as cognition, cortical sensitivity to 

within-stimulus acoustic changes, etiology of hearing loss, and duration of deafness, have 
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been shown to be correlated with speech perception outcomes in CI patients (e.g., Lazard 

et al., 2012; Blamey et al., 2013; Holden et al., 2013; Kaandorp et al., 2017; Mussoi & 

Brown, 2019; Zhao et al., 2020; Bernhard et al., 2021; Goudey et al., 2021; McGuire et al. 

2021; Van Heteren et al., 2022). However, the objective of this study was not to create a 

model that could explain as much variance in speech perception scores as possible. Rather, 

the objective was to identify the most relevant eCAP predictors of speech. These results 

provided a foundation for future studies that combine a small subset of eCAP measures 

(e.g., ENI index and AR speed) with other factors (e.g., cortical encoding and processing of 

electrical stimulation, cognitive measures, etc.) to better understand the contribution of each 

level of the neural system to speech perception outcomes in CI patients.

CONCLUSIONS

Of the six eCAP-derived metrics included in this study, the quality of the ENI is the most 

sensitive predictor of speech perception scores in post-lingually deafened adult CI users, 

followed by the speed of recovery from NA. A predictive model with three eCAP metrics 

can explain approximately half of the variance in speech perception scores measured with 

competing background noise presented at +5 dB SNR. The responsiveness of the AN to 

electrical stimulation considerably impacts speech perception outcomes with a CI, especially 

in difficult listening conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Results of Pearson correlations between each of the electrically evoked compound action 

potential (eCAP) metrics. The color and size of the circles represent the direction and 

magnitude of the correlation. The variance inflation factor (VIF) is also shown for each 

eCAP metric. ENI, electrode neuron interface; NA, neural adaptation; AR, adaptation 

recovery; AM, amplitude modulation
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Figure 2. 
Results of CNC word tests as a function of six eCAP metrics for three listening conditions. 

Each circle represents the result for an individual study participant. The variance in CNC 

word scores explained by the eCAP metric calculated from simple linear regression is 

provided in the lower right-hand corner of each panel. CNC, Consonant-Nucleus-Consonant; 

eCAP, electrically evoked compound action potential.
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Figure 3. 
Results of AzBio sentence tests as a function of six eCAP metrics for three listening 

conditions. Each circle represents the result for an individual study participant. The variance 

in AzBio sentence scores explained by the eCAP metric calculated from simple linear 

regression is provided in the lower right-hand corner of each panel. eCAP, electrically 

evoked compound action potential.
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TABLE 1.

Demographic information of all subjects who participated in this study.

Subject Number Sex Ear Tested AAT (yrs) AAI (yrs) Internal Device and Electrode Array Etiology of Hearing Loss

A03 M L 61.8 58.8 CI512 SHL

A06 M L 69.0 60.7 CI512 Meniere’s

A07 M R 52.7 43.3 CI24RE (CA) Unknown

A08 F R 67.6 54.4 CI24RE (CA) Hereditary

A09 F L 38.0 31.5 CI24RE (CA) Trauma

A11 M R 80.7 77.5 CI24RE (CA) Noise

A19 F R 54.7 44.7 CI24RE (CA) Rubella

A20 M R 62.7 60.3 CI522 Trauma

A21 F R 24.8 23.6 CI532 Unknown

A24 M R 36.8 25.6 CI24RE (CA) Hereditary

A29 F R 59.6 48.5 CI24RE Hereditary

A30 F R 65.6 64.9 CI532 Unknown

A34 M L 70.4 68.7 CI532 Trauma

A35 F L 76.6 72.4 CI422 Noise

A37 F R 28.7 15.2 CI24RE (CA) Unknown

A40 M R 59.5 59.0 CI532 Unknown

A41 F R 79.8 73.3 CI24RE Hereditary

A50 M L 78.4 77.7 CI622 Noise

A52 M L 67.6 65.2 CI532 Tumor

A54 M L 69.7 69.3 CI622 Noise

A61 F R 84.0 80.7 CI532 Unknown

A65 F L 58.7 54.1 CI532 Unknown

A67 F R 57.3 56.9 CI622 Noise

A70 M R 69.8 68.3 CI632 Trauma

AAT, age at testing; AAI, age at implantation; 24RE (CA), Freedom Contour Advance electrode array; SHL, sudden hearing loss
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TABLE 2.

Results of statistical models that only included eCAP metrics that contributed unique predictive power to 

explaining variance in CNC word scores measured in three listening conditions.

Listening condition eCAP metric Regression coefficient T value P value FDR P value R2

Quiet

0.20

ENI index 0.68 1.45 0.161 0.184

AR speed −0.33 −1.79 0.087 0.163

+10 dB SNR

0.29

ENI index 0.68 1.67 0.111 0.163

AR speed −0.30 −1.87 0.077 0.163

AM ratio −30.21 −1.35 0.193 0.193

+5 dB SNR

0.53

ENI index 1.18 2.92 0.008 0.032

NA speed 0.30 1.62 0.122 0.163

AR speed −0.53 −3.41 0.003 0.024

eCAP, electrically evoked compound action potential; CNC, Consonant-Nucleus-Consonant; SNR, signal-to-noise ratio; ENI, electrode neuron 
interface; NA, neural adaptation; AR, adaptation recovery; AM, amplitude modulation; FDR, false discovery rate.
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TABLE 3.

Results of statistical models that only included eCAP metrics that contributed unique predictive power to 

explaining variance in AzBio sentence scores measured in three listening conditions.

Listening condition eCAP metric Regression coefficient T value P value FDR
P value R2

Quiet

0.26

ENI index 0.66 1.69 0.105 0.105

AR speed −0.33 −2.17 0.042 0.098

+10 dB SNR

0.38

ENI index 2.15 3.39 0.003 0.011

NA speed 0.53 1.81 0.084 0.098

+5 dB SNR

0.51

ENI index 1.57 3.79 0.001 0.007

NA speed 0.36 1.86 0.078 0.098

AR speed −0.32 −2.01 0.059 0.098

eCAP, electrically evoked compound action potential; SNR, signal-to-noise ratio; ENI, electrode neuron interface; NA, neural adaptation; AR, 
adaptation recovery; AM, amplitude modulation; FDR, false discovery rate.
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TABLE 4.

Summary of results from statistical models created in this study.

Speech test Listening condition R2 of complete model eCAP metrics selected in reduced model R2 of reduced model

CNC words Quiet 0.29 ENI index
AR speed 0.20

CNC words +10 dB SNR 0.33
ENI index
AR speed
AM ratio

0.29

CNC words +5 dB SNR 0.57
ENI index
NA speed
AR speed

0.53

AzBio sentences Quiet 0.36 ENI index
AR speed 0.26

AzBio sentences +10 dB SNR 0.42 ENI index
NA speed 0.38

AzBio sentences +5 dB SNR 0.51
ENI index
NA speed
AR speed

0.51

eCAP, electrically evoked compound action potential; CNC, Consonant-Nucleus-Consonant; SNR, signal-to-noise ratio; ENI, electrode neuron 
interface; NA, neural adaptation; AR, adaptation recovery; AM, amplitude modulation.
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