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Abstract 
Objectives：Many studies have assessed the performance of individuals with cochlear implants 

(CIs) with electrically evoked compound action potentials (eCAPs). These eCAP-based studies 

have focused on the amplitude information of the response, without considering the temporal 

firing properties of excited auditory nerve fibers (ANFs). These temporal features have been 

associated with neural health in animal studies and, consequently, could be of importance to 

clinical CI outcomes. With a deconvolution method, combined with a unitary response, the eCAP 

can be mathematically unraveled into the compound discharge latency distribution (CDLD). The 

CDLD reflects both the number and the temporal firing properties of excited ANFs. The present 

study aimed to determine to what extent the temporal properties of eCAPs (quantitatively 

analyzed in the CDLD) are related to speech perception in individuals with CIs.  

Design：This retrospective study acquired data on monosyllabic word recognition scores and 

intra-operative eCAP amplitude growth functions (AGFs) from 124 adult patients with post-

lingual deafness that received the Advanced Bionics HiRes 90K device. The CDLD was 

determined for each recorded eCAP waveform by deconvolution. Each of the two Gaussian 

components of the CDLD was described by three parameters: the amplitude, the firing latency 

(the average latency of each component of the CDLD), and the variance of the CDLD 

components (an indication of the synchronicity of excited ANFs). The area under the CDLD 

curve (AUCD) was indicative of the total number of excited ANFs over time. The slope of the 

AUCD growth function indicated the increases in the number of excited ANFs in response to 

increasing stimulus levels. Associations between speech perception and each of these CDLD 

parameters were investigated with linear mixed modeling. 

Results: In individuals with CIs, speech perception was significantly associated with the 

amplitudes of the two CDLD components: the AUCD and the slope of the AUCD growth 

function, but not with the CDLD latencies. In addition, speech perception was significantly 

associated with the latency variance in the early CDLD component, but not with the latency 
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variance in the late CDLD component. Compared to the eCAP amplitude and the slope of the 

AGF, the amplitude and variance of the first CDLD component, the AUCD and the slope of the 

AUCD growth function provided a similar explanation of the variance in speech perception but 

with a higher significance level. 

Conclusions：The results demonstrated that both the number and the neural synchrony of excited 

ANFs, revealed by CDLDs, were indicative of post-implantation speech perception in 

individuals that received CIs. The CDLD-based parameters could provide a higher significance 

than the eCAP amplitude or the AGF slope. The authors concluded that CDLDs might serve as 

a clinical predictor of the survival of ANFs and postoperative speech perception performance. 

Thus, it would be worthwhile to incorporate the CDLD into eCAP measures in future clinical 

applications. 

Keywords: Cochlear implants; Sensorineural hearing loss; Electrically evoked compound action 

potential; Temporal firing properties; Speech perception; Neural synchronicity 

4.1 Introduction 
A cochlear implant (CI) is an implantable device that can partially restore the hearing ability of 

patients with severe sensorineural hearing loss. Although speech perception capabilities of 

patients with CIs have improved dramatically over the years, speech outcomes of patients with 

CIs have been quite unpredictable and variable (van Dijk et al. 1999; Turner et al. 2002; van Eijl 

et al. 2017). An important factor that affects the speech outcomes of patients with CIs is the 

condition of the auditory nerve. The neural responses generated by auditory nerve fibers (ANFs) 

can be evaluated by measuring electrically evoked compound action potentials (eCAPs) in 

patients with CIs (Fayad & Linthicum 2006; Kim et al. 2010; Garadat et al. 2012; Ramekers et 

al. 2015; He et al. 2017). The eCAP is typically assessed by examining its amplitude; namely, 

the difference between the first negative peak (N1) and the first positive peak (P1) (e.g., Lai & 

Dillier 2000; Kim et al. 2010). This amplitude is thought to be approximately proportional to the 
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number of ANFs that responded to the stimulus pulse (e.g., McKay et al. 2013; Seyyedi et al. 

2014). 

Early studies have investigated whether eCAPs could be used to predict speech perception of 

patients with CIs after implantation. For instance, DeVries et al. (2016) reported that subjects 

with large eCAP amplitudes tended to show better speech perception scores. Some studies have 

looked at the slope of the eCAP amplitude growth function (AGF). Steeper AGF slopes, i.e., a 

faster rate of increase in eCAP amplitude with rising stimulus levels, were associated with a 

higher density of surviving ANFs (e.g., Kim et al. 2010; He et al. 2017). Moreover, some studies 

(Brown et al. 1990; Kim et al. 2010) found that steeper AGF slopes were associated with better 

speech performance, but in other studies, this result was not reproduced (Franck & Norton 2001; 

Turner et al. 2002; Cosetti et al. 2010). In most studies, the temporal firing properties of excited 

ANFs that underlie eCAPs were not taken into consideration. However, the eCAP waveforms 

reflect the temporal firing properties of the excited ANF population (e.g., Goldstein & Kiang 

1958; Versnel et al. 1992; Miller et al. 1997). It has been suggested that these temporal firing 

properties may hold predictive value for anticipating future ANF survival and function (e.g., 

Miller et al. 1997; Strahl et al. 2016) and potential speech outcomes in individuals with CIs 

(Pichora-Fuller et al. 2007; Dong et al. 2020).  

To extract the temporal firing properties from human eCAPs, an iterative deconvolution method 

was proposed (Dong et al. 2020, 2021), which assumed that all ANFs had the same unitary 

response (Fig. 4.1) (Goldstein & Kiang 1958; Versnel et al. 1992). In this method, each eCAP 

was reconstructed by convolving the unitary response with a parameterized compound discharge 

latency distribution (CDLD). The CDLD represents the sum of the unitary responses of all 

individual excited ANFs over time. The simulated eCAP was optimized to match the recorded 

eCAP by iteratively adjusting the variables in the parameterized CDLD. A two-Gaussian 

component CDLD was described, as shown in Eq. 4.1 (Fig. 4.1). 

CDLD = α ∗ N(μ , σ ) + α ∗ N(μ , σ )                (4.1)    
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where N represents the Gaussian distribution; the variables α , µ  and σ  belong to the early 

Gaussian component (in time), and the variables α , µ  and σ  belong to the late Gaussian 

component. The α and α  are the peak amplitudes; the µ and µ  are the peak latencies, 

representing the average firing latencies of excited ANFs; and the σ  and σ  are the peak 

widths, which indicate the degree of synchronicity in excited ANFs. The early and late 

components of CDLDs may be attributed to the excitation of the proximal and peripheral axonal 

processes of ANFs, respectively (e.g., Stypulkowski & van den Honert 1984; Lai & Dillier 2000; 

Dong et al. 2020), or due to separate neural responses of part of the ANF population (Ramekers 

et al. 2015; Konerding et al. 2020). The CDLD can be used to reveal eCAP characteristics, in 

terms of the number and temporal firing properties of excited ANFs (Fig. 4.1). Specifically, the α  and α  indicate the neural firing density. These parameters are highly related to the number 

of excited ANFs and the eCAP amplitude (Strahl et al. 2016; Dong et al. 2020). The number of 

excited ANFs could be estimated with the area under the CDLD (AUCD) more accurately than 

with the eCAP amplitude (Dong et al. 2020). Similar to the AGF, the AUCD growth function 

(AUGF) can be calculated by plotting the AUCD as a function of the stimulus level. The slope 

of the AUGF indicates the rate of increase in the number of excited ANFs with rising stimulus 

levels. Previous studies have not considered these temporal firing properties in explorations of 

whether speech perception was associated with eCAPs after a CI implantation. 

In the present study, we aimed to find out to what extent speech perception performance in 

individuals with CIs can be explained by the temporal firing properties of excited ANFs that are 

represented in eCAPs. To that end, the CDLD was determined from intraoperatively recorded 

eCAP waveforms, based on an iterative deconvolution method (Dong et al. 2021). We 

investigated whether the eight parameters of Eq. 4.1 were correlated with speech perception in 

individuals after CI implantation. To facilitate comparisons with existing literature, we also 

compared the predictive value of these eight parameters with the predictive values determined 

with conventional methods, based on the eCAP amplitude and the AGF slope. The results might 

provide a new clinical predictor of ANF survival and postoperative speech perception 
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performance. 

            

 

Fig. 4.1 Extraction of the temporal firing properties of excited auditory nerve fibers from eCAPs, 
based on an iterative deconvolution method proposed by Dong et al. (2020, 2021). In this method, 
an eCAP (A, blue line) was calculated by convoluting a human unitary response (UR) (B) and a 
parameterized CDLD (C), optimized to match a recorded eCAP (A, green line), and iteratively 
minimizing the fitting error. This CDLD (C) consists of early and late Gaussian components; the 
parameters of the early component (α1, µ1, and σ1) and the late component (α2, µ2, and σ2) 
reflect the temporal firing properties. eCAP: electrically evoked compound action potential; R-
eCAP: recorded eCAP; P-eCAP: predicted eCAP; CDLD: compound discharge latency 
distribution; E-Gauss: early Gaussian component; L-Gauss: late Gaussian component. 

4.2 MATERIAL AND METHODS 

4.2.1 Patient Population 

This retrospective study included AGF recordings from 134 adult patients with post-lingual 

deafness that had undergone CI implantation at the Leiden University Medical Center between 

June 2012 and March 2019. The AGF was recorded as part of the standard clinical routine for 

assessing CI function intraoperatively. All patients received unilateral implants with a HiRes90K 

device, with either a HiFocus-1J or a HiFocus Mid-Scala electrode array (Advanced Bionics, 

Valencia, CA). These electrode arrays consisted of 16 electrode contacts (numbered from 1 to 

16, in apical to basal order). According to the inclusion criteria of eCAPs, 10 patients were 



Relationship between Speech Performance and Temporal Firing Properties         Chapter 4 

81 

 

excluded (see Data Recordings). Therefore, the remaining 124 patients were included in the 

analysis. Table 4.1 shows the characteristics of the included patients. 

 

4.2.2 Data Recordings 

4.2.2.1 Test Procedure for AGFs 

The AGFs were recorded on all odd electrode contacts with the forward-masking paradigm 
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provided in the Research Studies Platform Objective Measures software program (Advanced 

Bionics, Sylmar, CA). The electrical stimulus for the masker and probe was a monopolar, 

cathodic-first, charge-balanced, biphasic pulse (32 μs/phase). The interval between the masker 

and probe pulses was fixed at 400 μs. The eCAP response was recorded at a sampling rate of 56 

kHz and a gain of 300. For each eCAP, 32 averages were performed. Each AGF was based on 

ten different current levels, ranging from 50 to 500 clinical units (CU). Additional details on the 

recordings were described previously (Biesheuvel et al. 2017; Dong et al. 2020). 

The N1 and P1 peaks of eCAP waveforms were defined as the minimum and maximum 

amplitudes, respectively, measured across the 180 to 490 μs and the 470 to 980 μs intervals after 

the end of stimulation. The eCAP amplitude was defined as the voltage difference between P1 

and N1 (mV). The noise level of the recording was determined from the last 30 samples of the 

recording, with the assumption that no remaining neural response or stimulus artifact was present 

in this section (for details, see Dong et al. 2021). The signal-to-noise ratio of the eCAP was 

calculated as the eCAP amplitude divided by the root mean square of the noise segment. Valid 

eCAPs were selected using a semiautomatic method programmed in MATLAB (Mathworks 

2019a, Natick, MA, USA), which included two criteria: the eCAP amplitude had to be larger 

than 25 μV, and the signal-to-noise ratio had to exceed +15 dB. eCAPs that did not meet both of 

these criteria were excluded. As a result, we included 5612 eCAPs obtained from 920 AGFs 

originating from 124 patients (3588 recordings were excluded) for further analysis.  

We performed linear regression on the AGF data to extract the slope of the best-fit regression 

line (µV/CU). The intercept of the line with the x-axis is defined as the eCAP threshold (for 

details see Biesheuvel et al. 2017). An example of an AGF and its underlying recordings is shown 

in Fig. 4.2. 
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Fig. 4.2 Example of an AGF from the subject S225, obtained at electrode 9. The AGF (left) shows 
the eCAP amplitude as a function of stimulus intensity. The corresponding eCAPs (right) are 
plotted from low (bottom) to high (top) stimulus intensity. Data points that did not show true 
eCAP responses are shown in red, and points included in the AGF are shown in blue. Error bars 
reflect the variance in eCAP amplitude. AGF: amplitude growth function; eCAP: electrically 
evoked compound action potential. 

4.2.2.2 Extraction of the Temporal Firing Properties in eCAPs 

To deduce the temporal firing properties of excited ANFs from eCAPs, we calculated CDLDs 

from eCAP waveforms with an iterative deconvolution method (for details see Dong et al. 2020, 

2021). Before we calculated CDLDs, the eCAP waveforms of AGFs were pre-processed. First, 

the baseline was corrected to zero, with the noise level as a reference.  Second, to circumvent 

mathematical problems, due to the convolutions, 50 additional samples were added to the start 

and end of the recorded waveforms by performing a linear extrapolation to zero. Then, the pre-

processed eCAPs were entered as input into the iterative deconvolution procedure to obtain 

CDLDs. Specifically, we simulated the eCAPs as the convolution of the human unitary response 

calculated by Dong et al. (2020) with a parameterized CDLD (Eq. 4.1), with a deconvolution 

fitting error minimization routine (Fig. 4.1). In this routine, the human unitary response was 

constant and the simulated eCAP was optimized by iteratively adjusting the variables in the 

parameterized CDLD, until the simulated eCAP converged to the recorded eCAP. We validated 

the goodness of fit by calculating the normalized root mean square error. Then, the temporal 

firing properties were revealed, based on the CDLD parameter values, as shown in Equation 4.1. 
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To estimate the number of excited ANFs, the AUCD was calculated by taking the integral of 

CDLDs over time. We applied linear regression techniques to the AUCD data and extracted the 

slope of the AUGF (number of fibers/CU) from the best-fit regression line. All signal processing 

was performed offline, with MATLAB (Mathworks 2019a, Natick, MA, USA). 

4.2.3 Evaluation of Speech Perception 

Speech perception was evaluated at predetermined intervals during a standard clinical follow-up. 

In this study, we analyzed the word recognition score, obtained in a quiet environment, at 1 year 

after implantation. Speech material comprised the standard Dutch speech test of the Dutch 

Society of Audiology. It consisted of phonetically balanced monosyllabic (CVC) word lists 

(Bosman & Smoorenburg, 1995), presented at 65 dB SPL in a quiet listening environment. To 

enhance test reliability, four lists (44 words) per condition were performed. All speech testing 

was conducted in a soundproof room, with a calibrated sound-speaker, with the patient in a 

frontal position at a meter distance. All patients used the HiRes processing strategy from 

Advanced Bionics. 

4.2.4 Statistical Analysis 

LMMs were constructed with the lme4 package in R (R version 3.6.1, The R Foundation for 

Statistical Computing, 2020). Word recognition outcomes were assumed to be the sum of fixed 

and random effects. Because random effects often introduce correlations between cases, they 

should be taken into account to elucidate the fixed effects, which affect the population. The LMM 

allowed the inclusion of potential confounding factors (Brauer & Curtin 2017; Bolker et al. 2009). 

Moreover, the LMM design accounted for missing data (Fitzmaurice et al. 2004; Netten et al. 

2017). 

LMMs were used to test the relationship between the word recognition score and the metrics 

based on CDLDs obtained from Eq. 4.1, the AUCD, and the slope of AUGF. Our dataset included 

only a single word recognition score per patient, but multiple eCAP measurements were obtained 
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in each patient (see Data Recordings). Therefore, each of the eight CDLD-related metrics was 

entered as the dependent variable in a separate LMM. In each of these models, the word 

recognition score was entered as a fixed covariate. Five additional fixed factors were included 

that could potentially affect the word recognition score and the CDLD-related parameters, 

including (1) the implant design, (2) the contact location along the electrode array, (3) the current 

level, (4) the age at implantation, and (5) the duration of deafness. The duration of deafness was 

defined as the time, in years, between the age at implantation and the age at which patients had 

experienced severe hearing loss, either in both ears or in the second ear. Data on the duration of 

deafness were available for 93 patients. The subject IDs were entered as random categorical 

variables, including a random intercept (Brauer & Curtin 2017). A p-value < 0.05 was considered 

to reflect a statistically significant difference. 

To compare the CDLD-related parameters to the eCAP amplitude and the AGF slope in their 

abilities to explain the variance in word recognition scores, the corresponding R2 was required. 

However, the LMMs did not produce an R2 estimate. Thus, we performed simple linear 

regression, and we calculated the R2 as the square of the coefficient of correlation (Neter et al. 

1996; Khan et al. 2005). In these analyses, the parameters were averaged across all odd 

electrodes and/or suprathreshold current levels within each patient, as described in previous 

studies (e.g., Franck & Norton 2001; He et al. 2017). 

To provide visual representations, word recognition scores were plotted against the 

corresponding CDLD-related parameters, the eCAP amplitude, and the AGF slope, which were 

averaged across electrodes and/or current levels within each patient. Of note, these plots did not 

completely match the analyses performed with LMMs, because the models took into account 

missing data points and random effects. 
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4.3 RESULTS 

4.3.1 Derivation of CDLDs 

We derived the CDLD from each eCAP waveform. Figure 4.3 shows three examples of eCAP 

waveforms and their corresponding CDLDs, each with two Gaussian components. Overall, the 

95% confidence intervals of the goodness of fit (i.e., the normalized root mean square error) 

ranged from 0.91 to 0.96. Table 4.2 shows the mean values (with standard deviations) of the 

CDLD parameters. 

 

Fig. 4.3 Examples of eCAPs with different morphologies (upper row) and corresponding CDLDs 
(lower row). eCAP: electrically evoked compound action potential; R-eCAP: recorded eCAP; 
P-eCAP: predicted eCAP; CDLD: compound discharge latency distribution; E-Gauss: early 
Gaussian component; L-Gauss: late Gaussian component. NRMSE: normalized root mean 
square error. 

4.3.2 Relationship between CDLDs and Speech Perception 

At one year of follow-up, the average monosyllabic word score for the 124 adult patients with 

CIs was 60.8% ± 21.1% correct. Table 4.3 shows the parameter estimates for the eight LMMs, 

with the word recognition score as the independent variable and the CDLD parameters as 

dependent variables. 
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The LMM analysis revealed significant positive associations between α  and α  and the word 

recognition score (F (1, 117.1) = 8.7, p = 0.003; F (1, 117) = 5.6, p = 0.01, respectively). These 

outcomes suggested that patients with a higher word recognition score tended to have larger α  

and α  values. Among the remaining factors, the implant design, current, and contact location 

showed a significant effect on α  and α  (p < 0.05), but the duration of deafness and age at 

implantation did not affect α  (p = 0.07; p = 0.25) or α  (p = 0.17; p = 0.51). 

 

Means represent averaged values over all electrodes and/or over all stimulation levels and for 
all patients; CDLD: compound discharge latency distribution; eCAPs: evoked compound action 
potentials; AUCD: area under the CDLD curve; AUGF: the AUCD growth function. 

The AUCD, an estimate of the number of excited ANFs in each recorded eCAP, was significantly 

correlated with the word recognition score (F (1,122.1) = 8.1, p = 0.005). This result indicated 

that when more ANFs were excited, better speech perception was achieved. The implant design, 

current level, and contact location showed significant effects on the AUCD (all p < 0.01), but the 

duration of deafness and age at implantation did not affect the AUCD (all p > 0.2). 

The slope of the AUGF was significantly correlated with the word recognition score (F (1,122.1) 

= 8.7, p = 0.004). The AUGF slope was significantly affected by the electrode location (p < 

0.001), but not by the other factors (all p > 0.05). 

We found that the µ  and µ , reflecting the average firing latencies of excited ANFs, were not 

significantly associated with the word recognition score (F (1, 116) = 0.87, p = 0.82; F (1, 113.6) 

= 1.6, p = 0.2, respectively). The contact location showed a significant effect on µ  and µ  

(both p < 0.001). The age at implantation had a positive effect on µ  (p = 0.02), but not on µ  
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(p = 0.53). The duration of deafness and the current level did not significantly affect µ  (p = 

0.17 and p = 0.06, respectively) or µ  (p = 0.3 and p = 0.09, respectively). 

The σ   and σ   represented the degree of neural synchronicity. The LMMs showed that σ   

was significantly negatively associated with the word recognition score (F (1, 107.7) = 6.5, p = 

0.01). However, σ  was not significantly associated with the word recognition score (F (1,113) 

= 3.5, p = 0.06). The implant design, current level, electrode location, and deafness duration 

showed significant effects on σ  and σ  (all p < 0.05). The age at implant showed a significant 

effect on σ  (p < 0.001), but not on σ  (p = 0.1). 

 

LMM: linear mixed model; CDLD: compound discharge latency distribution; AUCD: area 
under the CDLD curve; AUGF: the AUCD growth function; SD: standard deviation; 
*Significant difference. 

4.3.3 Abilities of CDLD Parameters, eCAP Amplitude, and AGF Slope to Explain 

the Variance in Speech Perception 

We performed simple linear regression analyses to determine whether the CDLD-related 
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parameters explain R2, the variability in the word recognition score better than the eCAP 

amplitude, and the slope of AGF (Table 4.4). For these analyses, the CDLD parameters were 

calculated for each individual patient as the average of all available eCAPs, across different 

electrode contacts and current levels. α   and α   showed R2  values of 0.102 and 0.05, 

respectively (Fig. 4.4). The AUCD showed an R2 value of 0.12 (Fig. 4.5A). The AUGF slope 

showed an R2 value of 0.09 (Fig. 4.5B). µ  and µ  revealed small R2 values, 0.0009 and 0.015, 

respectively. σ  showed a moderately high R2 of 0.09 (Fig. 4.6A), but  σ  showed a low value 

of 0.04 (Fig. 4.6B). 

The eCAP amplitude, calculated for each individual patient as the average of all available eCAPs 

across different electrode contacts and current levels, showed an R2 of 0.06 (Fig. 4.7A). The AGF 

slope showed an R2 of 0.07 (Fig. 4.7B). It was calculated for each patient as the average of all 

available AGFs across different contacts. 

 

Fig. 4.4 Correlations between word recognition scores and firing density parameters. The 
percentage of words recognized by each individual patient are plotted against the corresponding 𝛼  (A) and 𝛼  (B) values, averaged across all contacts and all current levels. R2 values are 
derived from the linear regressions (dotted lines). 
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Fig. 4.5 Correlations between word recognition scores and the number of ANFs and AUGF slope. 
The percentage of words recognized by each individual patient are plotted against the 
corresponding AUCD (A) and AUGF slope (B), averaged across all contacts and/or all current 
levels. R2 values are derived from the linear regressions (dotted lines). ANF: auditory nerve fiber; 
AUCD: area under the CDLD curve; CDLD: compound discharge latency distribution; AUGF: 
the AUCD growth function. 

 

Fig. 4.6 Correlations between word recognition scores and neural synchronicity parameters. The 
percentage of words recognized by each individual patient are plotted against the corresponding 𝜎  (A) and 𝜎  (B) values, averaged across all contacts and all current levels. R2 value is derived 
from the linear regression (dotted line). 
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Fig. 4.7 Correlations between word recognition scores and eCAP parameters. The percentage 
of words recognized by each individual patient are plotted against the corresponding eCAP 
amplitude (A) and AGF slope (B), averaged across all electrodes and/or current levels. R2 values 
are derived from the linear regressions (dotted lines). eCAP: electrically evoked compound 
action potential; AGF: amplitude growth function. 

 

AUCD: the area under the CDLD curve; CDLD: compound discharge latency distribution; 
AUGF: the AUCD growth function; eCAP: electrically evoked compound action potential; AGF: 
the eCAP amplitude growth function. R2 values are derived from the linear regressions. 

4.4 DISCUSSION 
This study was the first to test whether the CDLD (i.e., the number and the temporal firing 
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properties of excited ANFs in human eCAPs) was correlated with speech understanding. We 

showed that speech perception performance was significantly associated with the CDLD 

parameters related to the number of excited ANFs (α , α , AUCD), with the AUGF slope (i.e., 

the speed of the increase of the number of excited ANFs with increasing stimulus), and with 

early neural synchronicity ( σ  ). The other three parameters ( µ  , µ   and σ  ) were not 

significantly correlated with speech recognition. Moreover, we found that the CDLD-based 

AUCD, AUGF slope, and the α  and σ  parameters provided a higher significance level than 

the two classically applied measures of eCAP (the amplitude and the AGF slope), in terms of 

predicting speech perception. 

Results from post-mortem studies have suggested that patients with a greater number of 

surviving ANFs tended to perform better in speech recognition tests (e.g., Otte et al. 1978; 

Kawano et al. 1998; Khan et al. 2005; Seyyedi et al. 2014). After studies showed that eCAPs 

could be indicative of neural survival, interest increased in using eCAP measurements to evaluate 

correlations with speech perception (e.g., Shepherd & Javel 1997; He et al. 2017). However, 

needless to say, a direct comparison between the eCAP amplitude and the number of surviving 

ANFs in individuals with CIs was impossible. In this study, the temporal firing properties of 

excited ANFs extracted from the CDLD metrics in eCAPs (α , α , AUCD) provided a more 

accurate estimate of the number of functional ANFs than the eCAP amplitude (Dong et al. 2020), 

and the AUGF slope provided a more accurate rate of the increase of the number of excited ANFs 

with increasing stimulus than AGF slope. The significant associations between the word 

recognition score and these four metrics (Table 4.3) supported the notion that more functional 

fibers would provide better speech perception. According to the results in the present study, 

combined with those in previous animal studies, we conclude that the number of surviving ANFs 

played a significant role in speech perception performance. In other words, a larger number of 

healthy spiral ganglion cells could potentially lead to higher speech perception scores after 

cochlea implantation in a given patient. 

Earlier studies have suggested that a decline in the synchronicity of the auditory neural response 
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might adversely influence speech understanding (e.g., Hellstrom & Schmiedt 1990; Pichora-

Fuller et al. 2007). This theoretical expectation was substantiated for the first time in our study. 

Specifically, we showed that the σ  was negatively associated with speech perception (Table 

4.3), that is, a more synchronous ANF response in the early CDLD peak (lower σ  ) was 

associated with better speech understanding. Moreover, although the σ  was not significantly 

associated with speech perception (p=0.06), a similar trend was observed (Fig. 4.6B). Our 

findings were consistent with previous findings that showed that a decline in the synchronicity 

of excited ANFs was associated with different factors (e.g., the duration of deafness, auditory 

nerve abnormalities, and myelin disorders) (Shepherd & Javel 1997; Rance 2005), and in turn, 

these factors may lead to a deterioration in CI speech outcomes. Our analysis of σ suggested that 

different eCAP waveforms with the same amplitudes, but different shapes could have clinical 

implications about neural synchrony and speech performance. That is, patients with narrower 

eCAP waveforms tended to have greater neural synchrony and better speech performance than 

those with wider eCAP waveforms.   

To our knowledge, no previous study has reported that the peak latency of eCAPs was associated 

with speech perception performance in patients with CIs. Also in our study, we did not observe 

significant associations between the average firing latencies of excited ANFs in CDLDs (µ  and µ ) and speech perception outcomes indicating that firing latencies of excited ANFs had little 

effect on speech perception (Table 4.3). 

Previous studies have reported that patients with larger eCAP amplitudes and steeper AGF slopes 

tended to show better speech perception than their counterparts (e.g., Brown et al. 1990; Kim et 

al. 2010; DeVries et al. 2016). In line with their findings, we found that eCAP amplitudes and 

steeper AGF slopes were significantly associated with speech perception (Fig. 4.7). Compared 

with the eCAP amplitude and AGF slope we found that a similar proportion of the variance in 

speech perception could be explained by the α , AUCD, AUGF slope and σ  (Table 4.4), but 

because of the higher significance levels (Table 4.3 and Fig. 4.7), α , AUCD, AUGF slope and σ  might be better predictors of CI outcomes than the traditionally used eCAP amplitude and 
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AGF slope. 

Of note, the CDLD parameters showed relatively low abilities to explain the variance in speech 

perception. Although this finding did not diminish the importance of the number and neural 

synchrony of excited ANFs, nevertheless, it suggested that a good number of nerves and good 

neural synchronicity alone would not be sufficient to guarantee a good CI outcome, because 

other factors must also play a role in speech recognition, including but not limited to the duration 

of deafness and cognitive ability (e.g., Fayad et al. 2006; He et al. 2017; Pisoni et al. 2017). In 

our data, we also observed that patients who have undergone a longer period of deafness showed 

significantly poorer speech perception performance than their counterparts. In these cases, the 

number of surviving peripheral fibers would be less relevant with speech recognition. 

A reliable derivation of the temporal firing properties of ANFs in eCAPs was highly related to 

the shape of the human unitary response, as stated in Dong et al. (2020). The human unitary 

response has not been recorded in humans, and the one used in this study was estimated with 

iterative deconvolution by Dong et al. (2020, 2021) (Fig. 4.1B). In addition, the CDLD provides 

a valid estimate of the number of excited ANFs, only when the two components of CDLDs 

originate from two different groups of ANFs. However, this issue remains controversial, because 

the two CDLD components may, to some extent, originate from the same group of spiral ganglion 

cells (Ramekers et al. 2015; Konerding et al. 2020). For instance, the origin of the early 

component of CDLDs may be attributable to the direct excitation of the axonal process in the 

modiolus proximal to the spiral ganglion cell; and the origin of the late component of CDLDs 

may be attributable to the activation of the axonal process peripheral to the soma of the bipolar 

ganglion neuron (e.g., Stypulkowski & van den Honert 1984; Lai & Dillier 2000). Further 

anatomical and electrophysiological studies are warranted to obtain insight into the physiological 

mechanism underlying the unitary response and the CDLD. This knowledge could provide a 

deeper understanding of how the two CDLD components affect speech performance in 

individuals with CIs. 
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To date, eCAP measurements have proven to be useful in diagnosing and managing CI failures, 

although some discrepancies have been reported (Gantz et al. 1988; Hughes et al. 2004; van Eijl 

et al. 2017; DeVries et al. 2016; He et al. 2017). Our results demonstrated that the extraction of 

CDLDs from eCAP waveforms can provide additional clinical information, including the 

number and synchronicity of excited ANFs and how they affect speech understanding after 

cochlear implantation. Therefore, integrating the extraction of CDLDs into eCAP measurements 

may provide a potential predictor of CI outcomes. 

4.5 CONCLUSIONS 
The results of this study showed that, in individuals with CIs, speech perception after 

implantation was significantly associated with the number and synchronicity of excited ANFs, 

measured in eCAPs. We found that the CDLD-related parameters could explain a similar 

variance in speech perception but with a higher significance than the eCAP amplitude and the 

AGF slope. We conclude that eCAP-derived CDLD measurements, which reflect the temporal 

features of excited ANFs, could potentially serve as additional predictors of speech perception 

performance in individuals with CIs. 
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