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Speech Perception Performance in Cochlear Implant
Recipients Correlates to the Number and Synchrony of
Excited Auditory Nerve Fibers Derived From Electrically
Evoked Compound Action Potentials

Yu Dong,'? Jeroen J. Briaire,! H. Christiaan Stronks,! and Johan H. M. Frijns!?

Objectives: Many studies have assessed the performance of individuals
with cochlear implants (Cls) with electrically evoked compound action
potentials (eCAPs). These eCAP-based studies have focused on the
amplitude information of the response, without considering the tempo-
ral firing properties of the excited auditory nerve fibers (ANFs), such as
neural latency and synchrony. These temporal features have been asso-
ciated with neural health in animal studies and, consequently, could be
of importance to clinical Cl 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
CDLD derived from intraoperatively recorded eCAPs is related to speech
perception in individuals with Cls.

Design: This retrospective study acquired data on monosyllabic word
recognition scores and intraoperative eCAP amplitude growth func-
tions from 124 adult patients with postlingual 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 ampli-
tude, 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). Apart from these six CDLD parameters,
the area under the CDLD curve (AUCD) and the slope of the AUCD growth
function were determined as well. The AUCD was indicative of the total
number of excited ANFs over time. The slope of the AUCD growth func-
tion indicated the increases in the number of excited ANFs with stimulus
level. Associations between speech perception and each of these eight
CDLD-related parameters were investigated with linear mixed modeling.

Results: In individuals with Cls, larger amplitudes of the two CDLD com-
ponents, greater AUCD, and steeper slopes of the AUCD growth function
were all significantly associated with better speech perception. In addi-
tion, a smaller latency variance in the early CDLD component, but not
in the late, was significantly associated with better speech recognition
scores. Speech recognition was not significantly dependent on CDLD
latencies. The AUCD and the slope of the AUCD growth function provided
a similar explanation of the variance in speech perception (R?) as the
eCAP amplitude, the slope of the amplitude growth function, the ampli-
tude, and variance of the first CDLD component.

Conclusion: The results demonstrate that both the number and the neu-
ral synchrony of excited ANFs, as revealed by CDLDs, are indicative of
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postimplantation speech perception in individuals with a Cl. Because
the CDLD-based parameters yielded a higher significance than the eCAP
amplitude or the AGF slope, the authors conclude that CDLDs can serve
as a clinical predictor of the survival of ANFs and that they have pre-
dictive value for postoperative speech perception performance. Thus, it
would be worthwhile to incorporate the CDLD into eCAP measures in
future clinical applications.
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potential, Neural synchronicity, Sensorineural hearing loss, Speech per-
ception, Temporal firing properties.
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INTRODUCTION

A cochlear implant (CI) is an implantable device that can
partially restore the hearing ability of patients with severe sen-
sorineural hearing loss. Although speech perception capabilities
of patients with CIs have improved dramatically over the years,
speech outcomes of patients with Cls have been quite unpre-
dictable 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 com-
pound action potentials (¢CAPs) in patients with Cls (Fayad &
Linthicum 2006; Kim et al. 2010; Garadat et al. 2012; He et al.
2017). The eCAP is typically assessed by examining its ampli-
tude; namely, the difference between the first negative peak (N1)
and the first positive peak (P1) (e.g., Goldstein & Kiang 1958;
Lai & Dillier 2000; Kim et al. 2010). This amplitude is thought
to be approximately proportional to the number of ANFs that
responded to the stimulus pulse (e.g., Westen et al. 2011; van
Gendt et al. 2019).

Early studies have investigated whether eCAPs could be
used to predict the speech perception of patients with CIs
after implantation. For instance, DeVries et al. (2016) reported
that subjects with large eCAP amplitudes tended to show bet-
ter speech perception scores. Some studies have looked at the
slope of the eCAP amplitude growth function (AGF). Steeper
AGF slopes, that is, a faster rate of increase in eCAP ampli-
tude with rising stimulus levels, were associated with a higher
number 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 bet-
ter speech perception 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 underly eCAPs were not taken
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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. 1999).
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. 1999; Strahl et al. 2016) and poten-
tial speech outcomes in individuals with CIs (Pichora-Fuller et
al. 2007; Dong et al. 2020, 2022).

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 uni-
tary response (Goldstein & Kiang 1958; Versnel et al. 1992). In
this method, each eCAP was modeled by convolving a param-
eterized unitary response with a parameterized compound
discharge latency distribution (CDLD). The CDLD represents
the sum of the discharge probabilities of all individual excited
ANFs over time (Goldstein & Kiang 1958; Versnel et al. 1992;
Strahl et al. 2016). The unitary response and CDLD were itera-
tively manipulated to minimize the error between the modeled
eCAP and the recorded eCAP. Accordingly, the underlying uni-
tary responses of a large number of eCAPs were derived, and
the average of these unitary responses was used as the human
unitary response (Fig. 1B). With this fixed unitary response, the
simulated eCAP was optimized to match the recorded eCAP by
iteratively adjusting the variables in the parameterized CDLD.
The resulting CDLD (Eq. 1), as described by Strahl et al. (2016),
consists of two Gaussian components (Fig. 1).

CDLD = O(l*N (Hl, (71) + Oéz*N(Hz, Gz) (1)

where N represents the Gaussian distribution; the variables
ay,p, and 07 belong to the early Gaussian component (in time),
and the variables &2,u, and 02 belong to the late Gaussian com-
ponent. The &; and & are the peak amplitudes; the 12 and are
the peak latencies, representing the average firing latencies of
excited ANFs; and the 01 and 02 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 excita-
tion of the proximal and peripheral axonal processes of ANFs,
respectively (e.g., Stypulkowski & van den Honert 1984; Lai
& Dillier 2000; Strahl et al. 2016; Dong et al. 2020), or due
to separate neural responses of part of the ANF population
(Ramekers et al. 2015; Konerding et al. 2022). The CDLD can
be used to reveal eCAP characteristics, in terms of the num-
ber and temporal firing properties of excited ANFs (Fig. 1).
Specifically, the & and & 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
AUGEF indicates the rate of increase in the estimated 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.

The inconsistent results reported from previous studies on
the relationship between eCAPs and speech perception (e.g.,
Franck & Norton 2001; van Eijl et al. 2017; He et al. 2017) may
have been due to suboptimal outcome measures and the inappro-
priate use of the statistical methodology. For instance, Franck &
Norton (2001) averaged the slope across individual AGFs, and
subsequently, carried out linear regression to examine the asso-
ciation between the AGF slope and individual speech percep-
tion scores. However, potential confounders, such as the use of
different contacts along the electrode array, the implant design,
the age at implantation, and the duration of deafness, were not
considered (e.g., Van der Beek et al. 2012; van de Heyning et
al. 2016; He et al. 2017). We have used linear-mixed model-
ing (LMM) because it supports the inclusion of confounding
factors.
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Fig. 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 convolving 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 (o, pi,, and o,) and the late component (a.,, p,, and o,) reflect the temporal firing properties. CDLD indicates compound
discharge latency distribution; eCAP, electrically evoked compound action potential; E-Gauss, early Gaussian component; L-Gauss, late Gaussian component;

P-eCAP, predicted eCAP; R-eCAP, recorded eCAP.
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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 deter-
mined from intraoperatively recorded eCAP waveforms, based
on an iterative deconvolution method (Dong et al. 2021). We
investigated whether the six parameters of Eq. (1) and the AUCD
and slope of the AUFG 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 novel clinical predic-
tor of ANF survival and reveal the predictive value of CDLDs
for postoperative speech perception performance.

MATERIALS AND METHODS

Patient Population

This retrospective study included AGF recordings from 134
adult patients with postlingual 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 intra-
operatively. All patients received unilateral implants with a
HiRes90K device, with either a HiFocus-1J or a HiFocus Mid-
Scala (MS) electrode array (Advanced Bionics, Valencia, CA).
These electrode arrays consisted of 16 electrode contacts (num-
bered from 1 to 16, in apical to basal order). The MS array has a
pre-curved design favoring a midscalar position, whereas the 1J
array’s curvature is less pronounced for outer wall positioning.
As a result of their different designs, the MS array is positioned
closer to the modiolus than the 1J electrode array, especially
in the basal region (Van der Jagt et al. 2016). According to the
inclusion criteria of eCAPs, 10 patients were excluded (see
Data Recordings). Therefore, the remaining 124 patients were
included in the analysis. Table 1 shows the characteristics of the
included patients.

TABLE 1. Characteristics of patients with cochlear implants
due to post-lingual deafness

Characteristic Patients (n = 124)

Sex

Male 49

Female 75
Cochlear implant type

HiRes90K 1J 19

HiRes90K Mid-Scala 105
Mean age at implantation, years 61.3+19.2
Mean duration of deafness, years 14.1+13.7
Etiology
Ototoxic medication 3
Meniere’s disease 2
Meningitis 8
Otosclerosis 7
Usher syndrome 2
Congenital/hereditary (nonspecified) 37
Other/unknown 65
Monosyllabic word scores at 1 year, % correct 60.8+21.1

Values are the number of patients or mean + SD, as indicated.

Data Recordings

Test Procedure for AGFs ¢ The AGFs were recorded on all
odd electrode contacts with the forward-masking paradigm
provided in the Research Studies Platform Objective Measures
software program (Advanced Bionics, Sylmar, CA). The elec-
trical stimulus for the masker and probe was a monopolar,
cathodic-first, charge-balanced, biphasic pulse (32 ps/phase
without interphase-gap). The interval between the masker and
probe pulses was fixed at 400 ps. The eCAP response was
recorded at a sampling rate of 56kHz and a gain of 300. For
each eCAP, 32 averages were performed. Each AGF was based
on 10 different current levels, ranging from 50 to 500 clinical
units (CUs). The stimulus level was measured in CUs, where
CU equals pulse duration (us) - amplitude (nA)/78.7. The num-
ber 78.7 is a unitless correction factor defined by the manu-
facturer (e.g., De Jong et al. 2020). Additional details on the
recordings were described previously (Biesheuvel et al. 2018;
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 ps and the 470 to 980 us 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 (approx-
imately the last 0.5ms) of the recording, under the assump-
tion 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 seg-
ment. Valid eCAPs were selected using a semiautomatic
method programmed in MATLAB (Mathworks 2019, Natick,
MA), which included two criteria: the eCAP amplitude had to
be larger than 25 pV, and the signal-to-noise ratio had to exceed
+15 dB. eCAPs that did not meet both 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.

The eCAP amplitude measured at saturation stimulation lev-
els leads to the best estimation of the number of excitable ANFs.
However, those saturation levels were not applied intraopera-
tively, because of safety limitations. Thus, the AGF slope, as an
alternative metric for the number of surviving ANFs was inves-
tigated instead. We performed linear regression on the AGF
data to extract the slope of the best-fit regression line (WV/CU).
The intercept of the line with the x-axis is defined as the eCAP
threshold (for details see Biesheuvel et al. 2018). An example of
an AGF and its underlying recordings is shown in Fig. 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 preprocessed. First, the baseline was corrected to
zero, with the noise level as a reference. Second, because a
convolution can introduce distortions at the leading and trail-
ing ends of a finite-length signal, 50 additional samples were
added to the start and end of the recorded eCAP waveforms
by linear extrapolation to zero. Then, the preprocessed 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
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Fig. 2. Example of an AGF from the subject $225, 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 indicates amplitude growth function; eCAP,

electrically evoked compound action potential.

et al. (2020) with a parameterized CDLD (Eq. 1), with a decon-
volution fitting error minimization routine (Fig. 1). In this rou-
tine, the human unitary response was constant and the simulated
e¢CAP 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 calculat-
ing the normalized root mean square error. Then, the temporal
firing properties were revealed, based on the CDLD parameter
values, as shown in Eq. (1).

The AUCD was calculated as a parameter reflective of the
number of excited ANFs by taking the integral of the CDLDs as
a function over time. We applied linear regression techniques to
the AUCD data and extracted the slope of the AUGF (estimated
number of fibers/CU) from the best-fit regression line. All sig-
nal processing was performed off-line, with MATLAB.

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 stan-
dard 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 using a calibrated
loudspeaker (Yamaha monitor speaker model MSP5A) placed
at 1.0 meter in front of the participant. All patients used the
HiRes processing strategy from Advanced Bionics.

Statistical Analysis
LMMs were constructed with the Ime4 package (Bates et al.
2015) 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. Random effects can
introduce correlations between cases and should therefore be
taken into account when statistically testing fixed effects for
population effects. The LMM allowed the inclusion of poten-
tial confounding factors (Brauer & Curtin 2018; 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. (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 in each patient.
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 categori-
cal variables, including a random intercept (Brauer & Curtin
2018). 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 R* was
required. However, the LMMs did not produce an R? estimate.
Thus, we performed separate simple linear regression analyses,
based on average CDLD parameters averaged across all odd
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electrodes and suprathreshold current levels within each patient
as described in previous studies (e.g., Franck & Norton 2001;
He et al. 2017). This way, the coefficient of correlation could be
calculated (Neter et al. 1996; Khan et al. 2005). This approach
is inferior to that followed with the LMMs, because using all
repeated measures (current levels, electrode locations) greatly
increases power. Yet, to extract approximate R? values, averaged
values are an appropriate alternative.

To provide visual representations, word recognition scores
were plotted against the corresponding CDLD-related parame-
ters, the eCAP amplitude, and the AGF slope, which were aver-
aged across electrodes and current levels within each patient.
These plots did not completely match the analyses performed
with LMMs, because the models took into account missing data
points and random effects.

RESULTS

Derivation of CDLDs

We derived the CDLD from each eCAP waveform. Figure 3
shows three eCAP waveforms, representing a standard eCAP
with a single negative peak (A), an intermediate waveform with
a visible, yet inconspicuous second negative peak (B), and an
eCAP with two clearly distinguishable peaks. Panels D to F
show the corresponding fitted CDLDs, each with two Gaussian
components. Overall, the 95% confidence intervals of the good-
ness of fit (i.e., the normalized root mean square error) ranged
from 0.91 to 0.96. Table 2 shows the mean values (with standard
deviations) of the CDLD parameters.

Relationship between CDLDs and Speech Perception
At 1 year of follow-up, the average monosyllabic word score
for the 124 adult patients with CIs was 60.8% + 21.1% correct.

DONG ET AL./ EAR & HEARING, VOL. 44, NO. 2, 276-286

The primary goal of this study was to determine whether the
CDLD-related parameters might be related to speech percep-
tion in CI recipients. Table 3 shows the parameter estimates
for the eight LMMSs, with the word recognition score as the
independent variable and the CDLD parameters as dependent
variables.

Figure 4 plots the word recognition scores as a function of
the o1 andaxz. Both o and & showed a significant positive
relationship with the word recognition score determined with
LMM analyses [Fig. 4A; F(1,117.1)=8.7, p =0.003; Fig. 4B,
F(1, 117) = 5.6, p = 0.01, respectively]. These outcomes
indicated that patients with a higher word recognition score
tended to have larger ®; and & values. Among the remain-
ing factors, the implant design, current, and contact location
showed a significant effect on & and &. Specifically, the o
and & recorded through 1J electrode arrays were significantly
larger than those obtained with MS implants [F(1,128) =
4.9, p = 0.029; F(1,128.5) = 12.2, p < 0.001]. Both & and
oy significantly increased with current level [F(8,4593) =
558.3, p <0.0001; F(8,4594) = 4624, p < 0.0001], while they
decreased significantly from apical to basal electrode loca-
tions [F(7,4596) = 165.8, p < 0.001; F(7,4597.6) = 154.6, p <
0.001]. The duration of deafness and age at implantation did
not significantly affect o1 (p =0.07; p = 0.25) or &2 (p = 0.17;
p =0.51). Figure 5A shows word recognition scores plotted as
a function of the AUCD, an estimate of the number of excited
ANFs in each recorded eCAP. The AUCD was significantly
correlated with the word recognition score [F(1,122.1) = 8.0,
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 signifi-
cant effects on the AUCD. Specifically, the AUCDs recorded
through the MS electrode were significantly smaller than that
by 1J electrode [F(1,132.7) = 9.3, p = 0.00028]. The AUCD
significantly increased with the increasing current level
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Fig. 3. Examples of eCAPs with different morphologies (upper row) and corresponding CDLDs (lower row). CDLD indicates compound discharge latency dis-
tribution; eCAP, electrically evoked compound action potential; E-Gauss, early Gaussian component; L-Gauss, late Gaussian component. NRMSE, normalized

root mean square error; P-eCAP, predicted eCAP; R-eCAP, recorded eCAP.
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TABLE 2. CDLD parameters for eCAPs in patients with cochlear implants

281

AUCD AUGF slope
(the estimated number of (the estimatednumber of
Parameters 1 o py (Ms) e (Ms) oy(ms) o2 (Ms) excited fibers) excitedfibers/CU)
Mean 710 553 0.37 0.59 0.076 0.16 484 0.52
SD 46 69 0.049 0.1 0.03 0.066 142 0.07

Means represent averaged values overall electrodes or overall stimulation levels and for all patients.

AUCD indicates area under the CDLD curve; AUGF, the AUCD growth function; CDLD, compound discharge latency distribution; eCAPs, evoked compound action potentials.

TABLE 3. Parameter estimates from LMMs, with the word
recognition score as the independent variable, and the CDLD
parameters as dependent variables

Dependent variable Estimate SD F P
o +18 5.6 8.7 0.003*
) +13 5.4 56 0.01"
14 -0.011 0.057 0.07 0.82
U -0.07 0.06 1.02 0.2

oy -0.09 0.039 6.5 0.01*
[P -0.1 0.052 3.5 0.06
AUCD +15 5.1 8.1  0.005*
AUGF slope +0.18 0.06 8.7 0.004*

*Significant difference

AUCD indicates area under the CDLD curve; AUGF, the AUCD growth function; CDLD,
compound discharge latency distribution; LMM, linear mixed model; SD, standard devia-
tion.

[F(8,4607) = 657.2, p <0.00001]. The AUCDs recorded at the
apical contacts were significantly larger than those recorded at
the basal contacts [F(8,4607.8) = 657.2, p < 0.0001]. But the
duration of deafness and age at implantation did not affect the
AUCD (all p > 0.2).

Figure 5B shows word recognition scores plotted as a func-
tion of the slope of AUGF, an estimate of the rate of increase in
the estimated number of excited ANFs as a function of stimulus
level. Steeper slopes of the AUGF were significantly associ-
ated with better word recognition scores [F(1,122.1) = 8.7, p
= 0.004]. The AUGF slope decreased significantly from apical
to basal electrode locations [F(7,735.7) = 32.8; p < 0.001] and

A

100

80

60

40 f

Words correct (%)

ot ¥,

R2=0.1, p<0.01

0 500 1000 1500

a, (firing density)

did not significantly depend on any of the other factors (all p >
0.05).

We found that the p; and p,, which reflect the average fir-
ing latencies of excited ANFs, were not significantly associ-
ated with the word recognition score [F(1,116) = 0.87, p =
0.82; F(1,113.6) = 1.6, p = 0.2, respectively]. The p; and pa
recorded at the basal contacts were significantly longer than
those recorded at the apical contacts [F(7,4601) = 40, p <
0.001); F(7,4600) = 10.9, p < 0.001]. The age at implantation
had a significant effect on Y, (p = 0.02), indicating patients
implanted at an older age showed longer firing latencies. This
effect was not observed for 1 (p = 0.53). The duration of deaf-
ness and the current level did not significantly affect p; (p =
0.17 and p = 0.06, respectively) or 12 (p = 0.3 and p = 0.09,
respectively).

The 01 and 02 represent the degree of neural synchronicity.
Figure 6 plots word recognition scores as a function of the 0}
and 07 respectively. 01 showed a significant negative relation-
ship between the word recognition score [Fig. 6A; F(1,107.7)
=5.5, p = 0.02]. However, 02 was not significantly associated
with the word recognition score [Fig. 6B, F(1,113) = 3.5, p =
0.06]. The implant design, current level, electrode location, and
deafness duration showed significant effects on 01 and 07 (all p
< 0.05). The age at implant showed a significant effect on 02 (p
<0.01), but not on 01 (p = 0.06).

Due to the unequal sample sizes of the MS and 1J groups
(Table 1), the difference in speech perception between the two
groups was examined with the Welch t-test and no significant
difference was observed (p = 0.57).

100

80

60 e

40

201 . .

R2=0.05, p = 0.01

0 500 1000 1500

a5 (firing density)

Fig. 4. Correlations between word recognition scores and firing density parameters. The percentage of words recognized by each individual patient are plotted
against the corresponding o1 (A) and o (B) values, averaged across all contacts and all current levels. R? values are derived from the linear regressions (dotted

lines).



8/ +AWAOANDINBRAAAAYO/FIAEIOYIASALLIAIPO0AEIEAHIONI/AO AUMY TXOMA

DUOINXFOHISABZIYTCA+eyNIOITWNOTZTARHHJRSGHINAUG Aq Bulresy-res/wod mm| sfeulnol//.dny woly pspeojumod

€202/1€/50 uo

282

100

80 r
o®

60

40

Words correct (%)

20t

. "e R=0.12, p<0.001

0 200 400 600 800
AUCD (estimated number of fibers)

1000

DONG ET AL./ EAR & HEARING, VOL. 44, NO. 2, 276-286

B
100
L]
L]
80
= 60t
Q
3
g
2 40t
S
=
20
oo R’=0.09, p<0.01
0 . .
0 05 1 15

Slope of AUGF (estimated number of fibers/CU)

Fig. 5. Correlations between word recognition scores and the estimated number of ANFs and AUGF slope. The percentage of words recognized by each indi-
vidual patient are plotted against the corresponding AUCD (A) and AUGF slope (B), averaged across all contacts or all current levels. R? values are derived
from the linear regressions (dotted lines). ANF indicates auditory nerve fiber; AUCD, area under the CDLD curve; AUGF, the AUCD growth function; CDLD,

compound discharge latency distribution.

Abilities of CDLD Parameters, eCAP Amplitude, and
AGF Slope to explain the Variance in Speech Perception

We performed simple linear regression analyses to deter-
mine whether CDLD-related parameters allow more precise
predictions about the word recognition score than eCAP ampli-
tude and slope of the AGF by comparing R? values (Table 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. & and &
showed R? values of 0.102 and 0.05, respectively (Fig. 4). The
AUCD showed an R? value of 0.12 (Fig. 5A). The AUGF slope
showed an R? value of 0.09 (Fig. 5B). ; and p; revealed small
R? values, 0.0009 and 0.015, respectively. 01 showed a moder-
ately high R? of 0.09 (Fig. 6A), but 02 showed a low value of
0.04 (Fig. 6B).

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

A

100

80 r

60

40 r

Words correct (%)

201

R?=0.09, P<0.01 .

" L L L

0.12

0
0.04 006 0.08 0.1

a4 (ms)

0.14

contacts and current levels, showed an R? of 0.06 (Fig. 7A). The
AGF slope showed an R? of 0.07 (Fig. 7B). It was calculated for
each patient as the average of all available AGFs across differ-
ent contacts. The differences between the R? of the eCAP out-
come measures and those of the CDLD outcome measures were
investigated based on the cocor test (Diedenhofen & Musch
2015). However, no significant differences were observed (all
p>0.05).

DISCUSSION

This study was the first to test whether speech understanding
was correlated with the CDLD (i.e., the number and the tem-
poral firing properties of excited ANFs in human eCAPs). We
showed that speech recognition performance was significantly
associated with the CDLD parameters related to the number
of excited ANFs (&1, &2, AUCD), with the AUGF slope (i.e.,

B
100
80 .
L]
B0 | *
.
40|
[ ]
. * ‘ .
20t b .
.
R2=0.04, P>0.05 ® L
0 L i i
0 0.1 0.2 0.3 0.4
7, (ms)

Fig. 6. Correlations between word recognition scores and neural synchronicity parameters. The percentage of words recognized by each individual patient
are plotted against the corresponding o1 (A) and 02 (B) values, averaged across all contacts and all current levels. R? value is derived from the linear regression

(dotted line).
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TABLE 4. Comparison of the abilities of different parameters to
explain (R?) the variance in speech performance in patients with
cochlear implants

Parameters R?
X1 0.1

oo 0.05
L1 0.0009
o 0.015
04 0.09
02 0.04
AUCD 0.12
AUGF slope 0.09
eCAP amplitude 0.06
AGF slope 0.07

R? values are derived from the linear regressions.

AGF indicates the eCAP amplitude growth function; AUCD, the area under the CDLD
curve; AUGF, the AUCD growth function; CDLD, compound discharge latency distribution;
eCAPR, electrically evoked compound action potential.

the speed of the increase of the number of excited ANFs with
increasing current level), and with early neural synchronicity
(01). The other three parameters (1, 12, and 02) were not sig-
nificantly correlated with speech recognition.

Results from postmortem 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; Seyyedi et al. 2014; Kamakura & Nadol
2016). 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, evidently, a direct com-
parison between the eCAP amplitude and the number of sur-
viving ANFs in individuals with CIs cannot be made. In this
study, the temporal firing properties of excited ANFs extracted
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o
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20 .

[ ]
Ses RZ=0.06, p<0.05
0 L 1 1
0 200 400 600 800
eCAP amplitude (uV)

from the CDLD metrics in eCAPs (&1,062, AUCD) provided a
more accurate estimate of the number of excited ANFs than
the eCAP amplitude (Dong et al. 2020), and the AUGF slope
provided a more accurate rate of the increase of the estimated
number of excited ANFs with increasing stimulus than the AGF
slope. The significant associations between the word recogni-
tion score and these four metrics (Table 3) supported the notion
that more excited ANFs would provide better speech percep-
tion. According to the results in the present study, combined
with those in previous studies (e.g., Schvartz-Leyzac & Pfingst,
2018), we conclude that the number of excited 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.

Earlier studies have suggested that a decline in the syn-
chronicity of the auditory neural response 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 07 was negatively associated with speech
perception (Table 3), that is, a more synchronous ANF response
in the early CDLD peak (smaller 01) was associated with better
speech understanding. Moreover, although the 02 was not sig-
nificantly associated with speech perception (p = 0.06), a simi-
lar trend was observed (Fig. 6B). Our findings are consistent
with previous findings showing that a decline in the synchronic-
ity of excited ANFs was associated with different factors, such
as the duration of deafness, auditory nerve abnormalities, and
myelin disorders (Shepherd & Javel 1997; Rance 2005). In turn,
these factors may lead to a deterioration in CI speech outcomes.
Our analysis of o suggests that eCAP waveforms with different
morphology can have different clinical implications for neural
synchrony and speech perception performance. That is, patients
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<
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Fig. 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 or current levels. R? values are derived from the linear regressions
(dotted lines). AGF indicates amplitude growth function; eCAP, electrically evoked compound action potential.
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with narrower eCAP waveforms tended to have greater neural
synchrony and better speech perception 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 () and M) and speech
perception outcomes indicating that firing latencies of excited
ANFs had little effect on speech perception (Table 3).

Previous studies have reported that patients with larger
eCAP amplitudes and steeper AGF slopes tended to show bet-
ter 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. 7). Contrasting with the eCAP amplitude and AGF slope,
we found that a similar proportion of the variance in speech
perception could be explained by the &, AUCD, AUGEF slope,
and 07 (Table 4), but because of the higher significance lev-
els (Table 3 and Fig. 7), &1, AUCD, AUGEF slope and 01 might
be better predictors of CI outcomes than the traditionally used
eCAP amplitude and AGF slope. In addition, no outliers were
observed among this large group of subjects showing a combi-
nation of a low word score with either a high number of esti-
mated ANFs, or a steep AUGF slope (Fig. 5). This also supports
the notion that AUCD and AUGF slope have predictive value
for speech recognition performance after implantation.

The low coefficients of determination of the correlation
between the CDLD parameters and speech recognition per-
formance indicated that much of the variance in performance
remained unexplained, suggesting that high ANF survival rates
and high neural synchronicity alone are not sufficient to guar-
antee good CI outcomes. Modeling work by Oxenham (2016)
indeed indicates that large losses in ANFs are associated with
relatively small changes in auditory psycho-acoustic outcomes.
Other factors also play a role in speech recognition, including
demographic factors, such as cognitive abilities (e.g., Fayad &
Linthicum 2006; He et al. 2017; Pisoni et al. 2017).

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 unitary
response has not been recorded in humans, and the one used in
this study was estimated with iterative deconvolution by Dong
etal. (2020, 2021) from eCAP recordings (Fig. 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. 2022). 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 gan-
glion neuron (e.g., Stypulkowski & van den Honert 1984; Lai
& Dillier 2000). According to the above reasons, we report only
qualitatively the effects of CDLD parameters on speech percep-
tion. Quantitative effect size estimates will have to wait until the
human unitary response and CDLD have been quantitatively,

and ideally physiologically better defined. Further anatomical
and electrophysiological studies are therefore warranted. This
knowledge can provide a better understanding of how the two
CDLD components affect speech perception performance in
individuals with CIs.

Other factors may have affected the CDLD parameters and,
consequently, the association between these CDLD parameters
and speech perception. First, the CDLD parameters relating to
the number of excited ANFs were significantly dependent on
the current level and contact location. However, because we
only had a single speech score available for each patient, we
were unable to determine which electrodes and current levels
were most optimal for eCAP recording and CDLD derivation
to predict speech perception performance. Second, alternative
methods to determine the slope of the AGF can be considered to
improve the relatively low correlation between speech percep-
tion and AGF slope as found in this study. Conventional linear
regression fitting, as used in the present report, has been used
most often in the literature (e.g., Abbas et al. 1999; Stronks et
al. 2019). This approach requires nonlinear data points to be
removed, which was based on visual inspection in the present
paper (Biesheuvel et al. 2018). Other proposed fitting meth-
ods, notably sigmoidal fitting, eliminate this requirement (Van
de Heyning et al. 2016) and potentially allow for more reliable
curve fitting, because more data is available. The disadvantage
of this method is that the noise floor, and hence the number
of averages, ultimately determines the threshold (Stronks et
al. 2019). Other linear fitting approaches include preprocess-
ing steps by excluding outliers (Schvartz-Leyzac et al. 2020) or
smoothing the data (Hughes et al. 2001), which may enhance
the reliability of fitting as well. Very recently a novel method
involving re-sampling of the AGF and slope estimation based
on a windowing method has been proposed that outperformed
other methods in terms of its correlation with spiral ganglion
neuron density (Skidmore et al. 2022). Thirdly, earlier stud-
ies have shown that CI design can affect the angular insertion
depth, the distance from the electrode contacts to the modio-
lus, and the auditory neural response threshold (e.g., Gordon &
Papsin 2013; van der Jagt et al. 2016). Nevertheless, these stud-
ies do not report any significant effects of array type on speech
perception or behavioral thresholds. Our present data corrobo-
rate these findings.

To date, eCAP measurements have proven to be useful in
diagnosing and managing CI failures, although some discrepan-
cies have been reported (Gantz et al. 1988; Hughes et al. 2004;
DeVries et al. 2016; van Eijl et al. 2017; He et al. 2017). Our
results demonstrated that the extraction of CDLDs from eCAP
waveforms can provide additional clinical information, includ-
ing an estimation of 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.

CONCLUSIONS

The results of this study showed that in individuals with ClIs,
speech perception after implantation was significantly associ-
ated with the number and synchronicity of excited ANFs, esti-
mated based on the CDLDs. We found that the CDLD-related
and eCAP-based parameters (amplitude and AGF slope) could
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explain similar variance (R?) in speech perception. 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 indi-
viduals with ClIs.
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