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Abstract

The primary goal of this study was to characterize the variability in auditory-nerve temporal
response patterns obtained with the electrically evoked compound action potential (ECAP) within
and across a relatively large group of cochlear-implant recipients. ECAPs were recorded in
response to each of 21 pulses in a pulse train for five rates (900, 1200, 1800, 2400, and 3500 pps)
and three cochlear regions (basal, middle, and apical). An alternating amplitude pattern was
typically observed across the pulse train for slower rates, reflecting refractory properties of
individual nerve fibers. For faster rates, the alternation ceased and overall amplitudes were
substantially lower relative to the first pulse in the train, reflecting cross-fiber desynchronization.
The following specific parameters were examined: (1) the rate at which the alternating pattern
ceased (termed stochastic rate), (2) the alternation depth and the rate at which the maximum
alternation occurred, and (3) the average normalized ECAP amplitude across the pulse train
(measure of overall adaptation/desynchronization). Data from 29 ears showed that stochastic rates
for the group spanned the entire range of rates tested. The majority of subjects (79%) had different
stochastic rates across the three cochlear regions. The stochastic rate occurred most frequently at
2400 pps for basal and middle electrodes, and at 3500 pps for apical electrodes. Stimulus level
was significantly correlated with stochastic rate, where higher levels yielded faster stochastic rates.
The maximum alternation depth averaged 19% of the amplitude for the first pulse. Maximum
alternation occurred most often at 1800 pps for basal and apical electrodes, and at 1200 pps for
middle electrodes. These differences suggest some independence between alternation depth and
stochastic rate. Finally, the overall amount of adaptation or desynchronization ranged from 63%
(for 900 pps) to 23% (for 3500 pps) of the amplitude for the first pulse. Differences in temporal
response properties across the cochlea within subjects may have implications for developing new
speech-processing strategies that employ varied rates across the array.
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1. Introduction

Many stimulus parameters for speech-processor programs can be manipulated to improve
speech perception with a cochlear implant (CI). One parameter that has been shown to affect
performance is the rate at which each electrode stimulates the auditory nerve (e.g., Brill et
al., 1997; Friesen et al., 2005; Holden et al., 2002; Kiefer et al., 2000; Loizou et al., 2000;
Vandali et al., 2000). Unfortunately, there is not one rate that is best for all recipients, nor is
there currently an objective method for predicting an optimal rate on an individual basis.
Thus, some amount of trial and error is involved in finding an optimal rate. For adults, this
procedure involves subjective preferences and/or formal speech-perception measures to
compare programs with different rates. Young congenitally deafened children, on the other
hand, cannot provide reliable subjective feedback and typically have not developed adequate
speech and language skills to complete formal speech-perception testing as a comparative
measure. As a result, this population is typically fit with strategies using software-default
rates. An objective method for individually predicting an optimal stimulation rate would be
advantageous. It is possible that differences in auditory-nerve temporal responses across
individuals may contribute to performance differences across stimulation rates. The present
study is the first in a series of experiments that examined whether the electrically evoked
compound action potential (ECAP) can be used to objectively predict an optimal stimulation
rate on an individual basis.

A few studies have evaluated temporal response properties of the human auditory nerve by
examining ECAP amplitudes in response to individual pulses in a train (Hay-McCutcheon et
al., 2005; Finley et al., 1997; Rubinstein et al., 1999; Wilson et al., 1997). With these
measurements, the relative ECAP amplitude reflects the total number of fibers responding to
each pulse.1 For very slow-rate pulse trains (on the order of 100-200 pps, per Wilson et al.,
1997), ECAP amplitudes are typically similar across individual pulses, suggesting that the
same population of fibers are depolarized and then fully recover following each pulse in the
train. For faster pulse rates (approximately 400 pps to 1500 pps, per Wilson et al., 1997), an
alternating response pattern appears, which reflects the variance in absolute and relative
refractory recovery times across individual auditory nerve fibers (Finley et al., 1997;
Rubinstein et al., 1999; Wilson et al., 1997). The overall ECAP amplitudes are reduced and
the alternating pattern typically diminishes as the stimulation rate is increased further (2000
3000 pps, per Wilson et al., 1997; 5000 pps, per Miller et al., 2008) due to combined effects
of refractory recovery, adaptation, and increased temporal jitter (e.g., Hay-McCutcheon et
al., 2005; Mino & Rubinstein, 2006; Miller et al., 2008). This state represents stochastic
independence among individual auditory nerve fibers (e.g., Rubinstein et al., 1999; Wilson
etal., 1997; Litvak et al., 2003; Miller et al., 2008). Further, modeling data show increased
temporal jitter for shorter inter-pulse intervals (i.e., faster-rate pulse trains; Mino &
Rubinstein, 2006). Auditory neurons are presumably able to code information represented
by faster rates of stimulation as a result of desynchronization of the whole-nerve response;
that is, a sub-population of fibers is available to respond at any given point in time. The rate
at which stochastic independence occurs is henceforth referred to as “stochastic rate.”

In adult CI recipients, Loizou et al. (2000) measured speech perception with the continuous
interleaved sampling (CIS) strategy (Wilson et al., 1995) using per-channel stimulation rates
ranging from 400-2100 pps/ch. All six subjects showed a clear point where performance
increased to a plateau as a function of rate. These plateau points varied across subjects from
800 pps/ch to 2100 pps/ch. Although ECAP responses to pulse trains have not been studied

lecap amplitude is also influenced by the proximity of the stimulating electrode to the neural tissue, as well as the relative location
of the recording electrode. Because those two variables are held constant for the measures described here, any relative changes in
ECAP amplitude as a function of pulse number should reflect the activity of the underlying neural population.
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across enough subjects to establish the cross-subject variability, the upper end of the plateau
points for some subjects in the Loizou et al. (2000) study were consistent with rates that
yielded a stochastic response in the ECAP measures reported by other investigators (i.e.,
Rubinstein et al., 1999; Wilson et al., 1997). This observation suggests that there may be a
relation between speech perception performance and stochastic independence as measured
with the ECAP.

Temporal response patterns, such as those obtained with the ECAP in response to pulse
trains, have not been characterized across a large number of CI recipients. Wilson et al.
(1997) reported that there appeared to be variability across subjects and electrodes, but no
ranges or means were reported for the 10 subjects in that study. Thus, it is not clear the
extent to which temporal response patterns differ across subjects or across electrodes within
a subject. If temporal response properties influence performance as a function of stimulation
rate, then it would be valuable to gain a better understanding of the variability in temporal
response patterns within and across subjects. In the present study, ECAPs were measured in
response to successive pulses in pulse trains of varying rates. The primary goal of this study
was to characterize the variability in ECAP temporal response patterns across electrodes
within a subject and across a relatively large group of subjects. Specifically, the following
parameters were examined: (1) stochastic rate, (2) alternation depth and the rate at which
maximum alternation occurred, and (3) the average normalized ECAP amplitude across the
pulse train, which represents an overall metric of adaptation and desynchronization. It was
hypothesized that stochastic rates would vary substantially within and across subjects, likely
reflecting differences in neural survival and specific response properties of those neurons.
Further, we expected that the maximum alternation would occur at a rate slower than the
stochastic rate. Finally, it was hypothesized that the overall amount of adaptation and
desynchronization would increase with pulse rate.

2. Materials and methods
2.1. Subjects

Forty-two adult and pediatric subjects were initially enrolled for this study. All enrollees
signed an informed consent. Due to current-level limitations for pulse-train stimuli
(described further in section 2.4.), measurable ECAPs could not be obtained for 16 subjects.
Data were subsequently collected for 29 ears in 26 subjects (10 males, 16 females): N=2
ears with Advanced Bionics Cll (Advanced Bionics, Sylmar, CA, USA), N=8 ears with
Advanced Bionics HiRes 90K, N=6 ears with Nucleus 24R(CS) (Cochlear Ltd., Macquarie,
NSW, Australia), N=9 ears with Nucleus 24RE(CA) Freedom, and N=4 ears with Nucleus
CI512. Data were collected for both ears in three subjects who were bilaterally implanted,
designated in Table 1 as F1/R3, F5/R4, and F8/R2 (subject numbers are ear-specific, based
on device type). Age at implant ranged from 7 years, 11 months to 82 years (mean: 44
years). Duration of implant use at the time of participation ranged from 3 months to 12.5
years (mean: 3.5 years). All subjects had full insertions. Additional demographic
information is listed in Table 1.

2.2. Equipment setup

For subjects with Cochlear devices, ECAPs were measured using the Advanced Neural
Response Telemetry (NRT) feature within the Custom Sound EP commercial software
(Cochlear Ltd., Macquarie, NSW, Australia) via a Freedom speech processor interfaced with
a programming Pod. For subjects with Advanced Bionics devices, ECAPs were measured
with the Bionic Ear Data Collection System (BEDCS), which is an experimental research
platform (Advanced Bionics Corp., Sylmar, CA). ECAP measures were obtained with a
Platinum Series Processor interfaced with a Clinical Programming Interface (CPI I1).
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ECAPs were measured in response to each of 21 pulses in a pulse train. Pulse train stimuli
were cathodic-leading, charge-balanced, biphasic current pulses presented in monopolar
mode at five different rates: 900, 1200, 1800, 2400, and 3500 pps. Pulse width was 25 psec/
phase for Cochlear and 21.55 psec/phase for Advanced Bionics devices. For subjects with
the Nucleus 24R(CS) and Nucleus 24RE/CI1512 devices, the software defaults for interphase
gap were used, which were 25 and 7 psec, respectively. There was no interphase gap for
Advanced Bionics devices.

ECAPs were separated from the stimulus artifact using a modified forward masking
technique described by Hay-McCutcheon et al. (2005). This process is illustrated in Fig. 1.
To resolve the response to the first pulse in the train, the standard forward-masking
technique (e.g., Abbas et al., 1999) was applied, using a single masker with a masker-probe
interval (MPI) of 400 psec (A1—B1+C1—Dgy; Fig. 1, left panel). Four steps were used to
resolve the ECAP response for pulses 2-21. First, a template of the probe artifact was
isolated by subtracting trace C, from trace B4. Second, the MPI was set to equal the period
of the pulse-train rate (e.g., 286 usec for a 3500-pps train) so that the probe served as the last
pulse in each pulse train (masker and probe amplitudes were equal; see Fig. 1, right panel,
trace Bp). To remove the stimulus artifact and neural responses to all but the last pulse
(probe), the masker(s)-alone trace was subtracted from the masker(s)-plus-probe trace
(Bnh—C,). Last, the probe artifact template (B;—C4) was subtracted from B,—C,,, where n
represents the total number of pulses in the pulse train. The number of maskers was
increased by one after each waveform was obtained, until 21 pulses were presented (20
maskers and one probe). For each participant, the presentation order for pulse-train rate and
test electrode were pseudo-randomized to avoid introducing additional adaptation effects on
a single electrode.

For Cochlear recipients, the probe repetition rate was reduced to 35 Hz to accommodate 20
maskers (software default is 80 Hz). For Advanced Bionics recipients, the repetition rate
was approximately 1 Hz. These were the fastest repetition rates for the present stimuli that
could be used for each respective device. Software defaults for gain were used (50 dB for
N24RE and C1512, 60 dB for N24R(CS), 1000 [linear multiplier] for Advanced Bionics).
The recording electrode was typically located two positions apical to the stimulating
electrode (monopolar recording). Recording delay was optimized individually for Cochlear
recipients (this parameter is not applicable in BEDCS for Advanced Bionics recipients). For
all subjects, 50-100 sweeps were averaged to resolve the ECAP. Measures were made for an
apical, middle, and basal electrode for each subject (one exception was for subject C24, for
whom no ECAP responses could be obtained on an apical electrode; see Table 1). Electrode
impedances were measured for all subjects prior to data collection. Abnormally functioning
electrodes were not used for stimulation or recording in this study.

2.4. Procedures

Because stimulus level has been shown to strongly affect ECAP temporal response patterns
(e.g., Finley et al., 1997; Miller et al., 2008), it was important to use the same current level
to measure ECAPs for all five rates on a given electrode. Temporal integration varies with
stimulation rate (i.e., faster rates sound louder than slower rates) and pulse duration (i.e., 21
pulses will sound louder than 1), so stimulus levels were determined based on loudness
judgments for the longest pulse train at the fastest rate. The behavioral dynamic range was
measured for each electrode using a 3500-pps train of 21 pulses (20 maskers and 1 probe),
which represents the maximum amount of current across all stimuli used. For Cochlear
recipients, the “stimulate only” mode in NRT was used to present the pulse-train stimuli in
an ascending manner using 5-CL2 steps. For Advanced Bionics recipients, BEDCS was used
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to present the pulse-train stimuli in an ascending logarithmic manner using similar
increments (as in Hughes & Stille, 2009). Participants used a visual rating scale to indicate
when the sound was first heard (rating of 1 on a scale of 1 to 10, where 10 was too loud) and
when the sound was loud but comfortable (rating of 8). For each electrode, ECAPs were
measured using the same masker/probe current level for all five rates. Because stimulus
levels were determined using a fast-rate pulse train, the maximum stimulus levels used were
lower than that typically used to obtain traditional ECAPSs (i.e., a single masker and probe).
ECAP thresholds typically fall in the upper half of the dynamic range for the traditional
stimulus used to elicit the ECAP (Potts et al., 2007), and may approximate or exceed the
behavioral upper loudness limit for faster-rate pulse trains (e.g., Potts et al., 2007; Holstad et
al., 2009). These limitations precluded participation in the study for roughly one-third of the
subjects who were initially enrolled, because measurable ECAPs could not be obtained with
these lower current levels.

2.5. Data analysis

ECAP traces were read into a custom program written in Matlab (Mathworks, Inc., Natick,
MA), which applied the subtraction methods described above (Fig. 1). N1 and P2 peaks
were manually marked and peak-peak amplitudes were calculated. For each set of 21 pulses,
ECAP amplitudes were normalized to (i.e., divided by) the amplitude obtained for the first
pulse in the train. This was done so that relative amplitude changes across the pulse train
could be assessed and compared across electrodes and subjects. An example is shown in the
top panel of Fig. 2 for an 1800-pps pulse train delivered to electrode 20 (E20) for subject
N5. The bottom panel shows the corresponding waveforms (for clarity, only the first 10
samples of each trace have been plotted). The amplitude for the first pulse should be the
largest, as it presumably reflects the contribution of all fibers recruited by the electrode at a
fixed stimulus level.

To determine stochastic rate, the normalized amplitudes for even-numbered pulses were
compared with those for odd-numbered pulses (excluding the normalization point of 1.0)
using a paired t-test. The rate that yielded no statistically significant difference (p > 0.05)
was taken as the stochastic rate for that electrode. The alternation depth was calculated as
the average normalized amplitude of the odd-numbered pulses minus the average
normalized amplitude of the even-numbered pulses, excluding the normalization point (Fig.
2, vertical bold solid line at right). Finally, the average normalized ECAP amplitude across
pulses 2-21 was calculated, which represents an overall metric of adaptation and/or
desynchronization of individual fibers (Fig. 2, horizontal light solid line).

3. Results and discussion

3.1. Individual examples

Figure 3 shows an example of normalized ECAP amplitudes as a function of pulse number
for all five rates (top row: 900 pps, bottom row: 3500 pps) across the three electrodes tested
(columns) for subject R2. Rates with a statistically significant alternating pattern are
indicated with an asterisk next to the label in the top right corner of each graph. Stochastic
rate for each electrode is indicated by the underlined label in bold text on the respective
graph in each column. For this subject, stochastic rates were 3500 pps for all three
electrodes. Note that for the basal electrode (E3), the alternating pattern was not pronounced
for the slowest rates (900 and 1200 pps), whereas greater alternation was present for the
middle (E11) and apical (E20) electrodes at the same rates. The rate that yielded the greatest
alternation depth was 2400 pps for E3 and 1800 pps for both E11 and E20. Despite these

2CLisa logarithmic-based current-level unit for Nucleus devices.
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differences, all three electrodes had the same stochastic rate, which suggests some
independence between alternation depth and stochastic rate. It may be that the alternation
depth is influenced more by refractory recovery properties of the underlying neural
population (see section 3.3), whereas stochastic rate is influenced more by other response
properties (e.g., temporal jitter, spontaneous rate). Another notable difference across
electrodes for subject R2 was the overall gradient of the functions. This difference was most
pronounced for the basal and apical electrodes at the slower rates: E3 exhibited an overall
adaptation (i.e., decreasing amplitude) across the pulse train, whereas E20 exhibited an
alternating pattern with consistent average amplitude over the course of the pulse train.

Another individual example is shown in Fig. 4 for subject C29; data are plotted as in Fig. 3.
This example shows relatively flat patterns for the basal (E14) and apical (E1) electrodes for
900 and 1200 pps, in contrast with a more pronounced alternation for the middle electrode
(E8). Despite the basal and apical electrodes exhibiting similar patterns at slower rates, each
electrode had a different stochastic rate (2400 pps for E14 and 3500 pps for E1) and the
maximum alternation occurred at different rates (1800 pps for E14 and 2400 pps for E1).
This subject also exhibited an unexpected triplet pattern at 3500 pps, where the amplitude
pattern generally repeated itself following every third pulse (e.g., E8, pulses 2-4, 5-7, 8-10,
11-13, 14-16).

Figure 5 shows examples from four additional subjects that exhibited the triplet pattern
shown in Fig. 4 for 3500 pps. For all four examples, the pattern was observed at the
stochastic rate. This pattern was qualitatively observed for 21 electrodes (two rates for one
electrode, for a total of 22 occurrences) across 15 subjects, and always occurred at a rate that
was either equal to (N=18) or greater than (N=4) the stochastic rate. The pattern occurred
most often for basal electrodes (N=10), and equally as often for middle and apical electrodes
(N=6 for each). For subject N5, the pattern repeated itself after every third pulse for 2400
pps (Fig. 5, top left panel), and for 3500 pps (data not shown), the pattern repeated itself
after every fourth pulse. These results suggest a more complex repeated pattern that may be
consistent with further desynchronization that parcels the underlying neural population into
distinct sub-groups based on individual-fiber refractory-recovery time constants, and/or
integration across pulses for faster rates (Zhang et al., 2007). Recall that the ECAP is a
population response, which therefore reflects the number of surviving auditory neurons in a
stimulated cochlear region, as well as the specific properties of each (i.e., fiber threshold,
dynamic range, temporal jitter, high or low spontaneous rate). Single-fiber studies have
shown relatively large variation in fiber and node diameters across neurons (Arneson &
Osen, 1978; Liberman, 1980). Both of these variables can affect firing threshold, speed of
action-potential propagation, overall fiber excitability, and adaptation (e.g., Rhode & Smith,
1985; Muller & Robertson, 1991). Other factors that can influence fiber excitability,
temporal jitter, or adaptation include the site of spike initiation, distance between the
electrode and stimulated neural population, and stimulation rate (Frijns et al., 1996; Javel &
Shepherd, 2000; Mino et al., 2004; Mino & Rubinstein, 2006; Woo et al., 2010). Differences
in electrode placement, nerve survival patterns, and fiber-specific properties of the surviving
neural population (i.e., different distributions of high- or low-spontaneous rate fibers) are
likely explanations for why the more complex patterns were not observed in all cases.

The relative independence between alternation depth, stochastic rate, and adaptation across
electrodes is also likely due to the variability in the number and type of surviving neurons
across the cochlea. Different fiber types will have different thresholds, temporal jitter,
refractory time constants, and susceptibility to adaptation (e.g., Matsuoka et al., 2001; Zhang
et al., 2007; Woo et al., 2010). For example, high-spontaneous-rate fibers typically have
larger axons, lower thresholds, and less susceptibility to adaptation than low-spontaneous-
rate fibers (e.g., Ranck, 1975; Liberman, 1982; Rattay, 1986). Further, larger neural
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populations in specific cochlear regions will yield higher overall ECAP amplitudes.
Different combinations of specific fiber characteristics across the cochlea, as well as
differences in current level (Finley et al., 1997), likely lead to different combinations of
alternation depth, stochastic state, and adaptation patterns across electrodes, as seen in Figs.
3and 4.

3.2. Variability across electrodes and subjects

The primary goal of this study was to characterize the variability in ECAP temporal
response patterns across electrodes within a subject and across a relatively large group of
subjects. Figure 6 shows the variation in stochastic rates across electrodes and subjects. Each
grouping represents data for a basal (white bar), middle (striped bar), and apical (black bar)
electrode for each subject. Subject numbers are labeled along the x-axis. Across subjects,
stochastic rates spanned the full range tested (900-3500 pps). The majority of subjects (23
of 29 ears, or 79%) had different stochastic rates across cochlear regions. The difference in
stochastic rates across the cochlea varied more for some subjects than for others. Subjects
R4, C33, and F14 exhibited the greatest range in stochastic rates across cochlear regions: for
R4 the range was 900 pps (middle electrode) to 2400 pps (apical electrode) and for F14 and
C33, the range was 1800 (middle electrode) to 3500 pps (apical and basal electrode,
respectively). These three subjects differed widely in duration of deafness (range: 1-34
years), etiology (progressive, genetic), and age (14-41 years; see Table 1), which are all
factors known to significantly affect nerve survival (see Ng et al., 2000).

As Table 1 shows, data were collected for subjects with different manufacturers’ devices.
The per-channel stimulation rates for subjects’ daily-use programs ranged from 250 pps to
1200 pps for Cochlear recipients and 1289 pps to 5156 pps for Advanced Bionics recipients.
Given these large differences in stimulation rate between manufacturers, it was worthwhile
to determine whether long-term use of faster- or slower-rate stimulation had an effect on
stochastic rate. In addition, there were differences in the stimulus presentation rate between
manufacturers (35 Hz for Cochlear, 1 Hz for AB), which may have affected stochastic rate.
A two-way analysis of variance was used to assess the effect of device type (Cochlear,
Advanced Bionics) and cochlear region (basal, middle, apical) on stochastic rate. Results
showed no significant effect of region (F = 0.35, p = 0.71), device (F = 2.33, p = 0.13), or
region-device interaction (F = 1.99, p = 0.14). In sum, the distribution of stochastic rates did
not vary significantly across cochlear region, or between device manufacturers.

Figure 7 shows a histogram of stochastic rates for the three cochlear regions. The height of
each bar indicates the number of subjects/electrodes for each stochastic rate as a function of
cochlear region. The stochastic rate occurred most frequently at 2400 pps for basal (white
bars) and middle (gray bars) electrodes, and at 3500 pps for apical (black bars) electrodes.
These results are generally consistent with the individual data from humans reported by
Wilson et al. (1997). Only three basal electrodes yielded a stochastic rate of 1200 pps
(subjects R4, C18, C30). Subject R4 demonstrated no statistically significant alternating
patterns at any of the rates tested for E11; therefore, 900 pps was designated as the
stochastic rate. For this single case, it appears that the measurement of stochastic rate was
limited by the subject’s upper loudness comfort limits in relation to ECAP thresholds. The
ECAP amplitudes for 900 pps were ~100 pV for the first and third pulses and ~50 pV for all
remaining pulses; alternation was only evident for the first four pulses (Figure 8). For 1200
pps, ECAP amplitudes for the first and third pulses were ~100 uV and 60 pV, respectively,
while all remaining amplitudes hovered around the noise floor (~20 pV for this device). For
the remaining rates (1800-3500 pps), ECAP amplitudes for pulses 2-21 were near the noise
floor, making it difficult to resolve potential alternating patterns.
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It was of interest to examine the effect of current level on stochastic rate based on results
from Finley et al. (1997), who showed greater suppression (relative to the first pulse) for
lower current levels and greater adaptation over the course of the train for higher current
levels (see also Miller et al., 2008). Stimulus levels were correlated with stochastic rate for
Advanced Bionics and Cochlear recipients (each group separately, due to differences in
current units). Results showed significant correlations between stimulus level and stochastic
rate, where faster stochastic rates tended to occur with higher stimulation levels (r = 0.57, p
=0.001, N = 29 for Advanced Bionics and r = 0.38, p = 0.004 for Cochlear, N = 57;
Spearman rank correlation for non-normal distribution of data). These results are consistent
with (1) greater synchrony for high stimulus levels resulting in stronger locking to individual
pulses (Miller et al., 2008), which effectively results in the stochastic state occurring for
faster-rate pulse trains; and (2) greater variation in amplitudes and changes in the alternating
pattern across the pulse train for low stimulus levels, as reported by Finley et al. (1997),
which effectively results in the stochastic state occurring at slower rates. This was likely the
issue for E11 in subject R4 (Figure 8). The extent to which stochastic rate changes with
stimulus level within subjects is not entirely clear, and is a topic that warrants further
investigation.

It is also not clear how differences in stochastic rates across the cochlea might relate to
performance with the device. ECAP stochastic rates in the present study spanned from 900
pps to 3500 pps, which is consistent with stochastic rates reported by other investigators
(i.e., Rubinstein et al., 1999; Wilson et al., 1997), and with rates yielding a plateau in
speech-perception performance (800-2100 pps; Loizou et al., 2000). Although the majority
of the stochastic rates in the present study (2400-3500 pps) are consistent with or exceed the
upper range of rates investigated by Loizou et al. (2000), this difference may be due to the
relatively small sample size in that study (six subjects) and possible differences in stimulus
levels used for speech processing versus ECAP data collection. Recall that the stimulus
levels for the present study were based on a pulse train of approximately 6 ms (21 pulses at
3500 pps), which would yield higher current levels for equal loudness relative to the
traditional 500-ms pulse train used for programming the speech processor. Because slower
stochastic rates tend to occur for lower stimulus levels, we would likely see stochastic rates
more similar to the rates that yielded plateaus in performance in the Loizou et al. study if
similar (lower) levels were used for ECAP data collection.

A number of studies have shown relationships between perceptual temporal processing and
speech perception (e.g., Fu, 2002; Luo et al., 2008; Sagi et al., 2009). If temporal inputs
from the auditory nerve are the basis for perceptual temporal processing, then the results
from the present study may have implications for changes to future speech-processing
strategies. Current speech processors only employ a single per-channel rate for all
electrodes, with the exception of MED-EL’s Fine Structure Processing (FSP) strategy. With
FSP, the per-channel rate is varied on the most apical 2-3 channels to represent the positive-
going zero-crossings (or fine structure) within the respective bandpass filter(s) (Hochmair et
al., 2006). In any case, it may be beneficial to employ per-channel stimulation rates that vary
independently across the entire array to best exploit the temporal response properties of local
neural populations. Given the performance plateaus as a function of rate reported by Loizou
et al. (2000), one argument may be to simply use the fastest stimulation rate available for a
given processor, which would ensure that all auditory-nerve fibers would be driven at the
stochastic rate with no detriment to performance. The flaws with this argument, however,
are that sustained, long-term stimulation with high rates can produce long-term threshold
shifts in auditory nerve fibers (Tykocinski et al., 1995; Litvak et al., 2003). In addition,
faster-rate strategies will reduce battery life for the processor. It therefore seems prudent to
investigate ways to optimize (but not exceed) stochastic rate on an individual-electrode
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basis. Although the present study did not include measures of speech perception, future
experiments are underway that will further examine these relationships.

3.3. Alternation across rates

Figure 9 shows a histogram of rates at which the maximum alternation occurred. Data are
plotted as in Fig. 7. The maximum alternation (i.e., largest alternation depth) occurred most
often at 1800 pps for basal and apical electrodes, and at 1200 pps for middle electrodes. In
no case did the maximum alternation occur at 3500 pps for the present subject group; this
was expected because the majority of stochastic rates (which, by definition, was the rate at
which the alternation ceased) were 2400 pps and 3500 pps (see Fig. 7). On average, the
maximum alternation depth spanned a range of 19% of the amplitude of the response to the
first pulse in the train (i.e., the mean difference between odd- and even-numbered pulses was
0.19 normalized amplitude).

Figure 10 depicts box-and-whisker plots showing the range of alternation depth (which
reflects the variance in refractory-recovery times across fibers) across all subjects and
electrodes for each pulse-train rate. The boxes represent the 25t and 75™ percentiles, the
whiskers represent the 10t and 90t percentiles, and the filled circles represent outliers.
Means and medians are represented by thick and thin horizontal lines, respectively. In
general, the alternation depth increased slightly from 900 pps to 1200 pps, then decreased as
the rate increased to 3500 pps. The mean alternation depth across all electrodes was 0.160,
0.194, 0.192, 0.082, and —0.007 normalized amplitude for 900, 1200, 1800, 2400, and 3500
pps, respectively. Taken together with the results from Fig. 9, these data suggest that the
maximum alternation occurred most frequently for 1800 pps, but when it occurred for 1200
pps, the alternation depth was larger.

If we consider that the absolute refractory period (time period when an action potential is not
possible) of the auditory nerve is approximately 300-400 psec (Miller et al., 2001;
Morsnowski et al., 2006), then we would expect limited alternation for rates beyond 2500—
3333 pps, which is consistent with the present findings. The periods of the 1200-pps and
1800-pps pulse trains (rates producing maximum alternation) were 833 us and 556 ps,
respectively, which fall within the known relative refractory period (time period of reduced
excitability) of the auditory nerve (Miller et al., 2001; Morsnowski et al., 2006; Botros &
Psarros, 2010). Stimulation rates within this range will be most likely to produce alternating
ECAP patterns.

To further assess refractory effects, we calculated the absolute refractory period and the
refractory-recovery time constant, t (tau), from refractory-recovery functions that were
collected for these subjects as part of another experiment (unpublished data). Refractory-
recovery functions were assessed for MPIs ranging from 100 psec — 10 ms for Cochlear
recipients (software default) and 100 usec — 4 ms for AB recipients (due to BEDCS
limitations). Data were available for 57 of the 86 electrodes tested (N = 43 Cochlear, N = 14
AB). The absolute refractory period was taken as the MPI for the peak of the function, and
ranged from 100 psec to 900 usec (mean: 499.5 usec, SD: 148.9 usec). Tau was calculated
using the following formula:

A:Amax % e_((MPI_tO)/T)+C,
where A is the ECAP amplitude, Anax is the maximum ECAP amplitude within the
function, MPI is the corresponding masker-probe interval for amplitude A, tg is the masker-

probe interval for Amax (MPI for the peak of the function), and C is a correction for residual
masking (i.e., the amplitude at the longest MPI). Overall, tau values ranged from 410.5 psec
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to 1884.0 usec, which should represent the relative refractory period. These time constants
correspond to stimulation rates of approximately 531 pps to 2436 pps, which is a range that
should yield alternating amplitude patterns, consistent with the data in Figure 10. The mean
time constants for basal, middle, and apical electrodes were 1032.4 psec (SD = 350.7), 990.4
psec (SD = 259.4), and 774.4 psec (SD = 263.2), respectively. These results were consistent
with the faster stochastic rates observed for apical electrodes (Fig. 7), and may be the result
of greater nerve survival or a more heterogeneous population of fibers in the apical region.

Table 2 lists the mean refractory-recovery time constants for electrodes with stochastic rates
ranging from 900-3500 pps (top section), and for electrodes with the rate of maximum
alternation ranging from 900-2400 pps (bottom section). Standard deviations (SD), the
range of tau values, and number of electrodes included for each rate are also shown. A one-
way analysis of variance (Kruskal-Wallis, on ranks due to non-normal distribution) revealed
no significant differences in recovery time constants across electrodes with different
stochastic rates (H = 2.54, df = 4, p = 0.64). Although there was a trend toward shorter
refractory-recovery time constants for electrodes that demonstrated a maximum alternation
at faster rates, this trend failed to reach statistical significance (H = 7.50, df = 3, p = 0.06). It
should be noted that the refractory-recovery functions were obtained using masker/probe
levels that were “loud but comfortable” (rating of 8), based on the single masker-probe
stimulus used to elicit these measures. As a result, the current levels used for the refractory-
recovery functions were typically higher than those used for the pulse-train data. Because
refractory-recovery functions are level dependent (e.g., Finley et al., 1997), we are limited in
what we can infer from comparing these data to the pulse-train data. Ideally, refractory-
recovery functions should have been obtained using the same current levels used to obtain
the pulse-train data. Because refractory recovery is generally slower for lower stimulus
levels (Finley et al., 1997), we might expect slightly longer time constants for recovery
functions obtained with the same (lower) stimulus levels used for the pulse-train data.

Finally, the rate at which the maximum alternation occurred in the present study (1800 pps)
contrasts with data from Wilson et al. (1997), which indicated that the maximum alternation
depth occurred at approximately 1000 pps or less. This difference may have been due to
differences in stimulus level between the two studies. Wilson et al. used current levels that
produced most-comfortable levels with a 1016-pps, 50-msec duration pulse train, whereas
the present study used loudness ratings based on 21 pulses of a 3500-pps train (6 ms
duration). The shorter-duration signal used for loudness estimates in the present study may
have yielded overall higher stimulus levels than in Wilson et al. Higher stimulus levels
produce greater synchrony, and thus a higher probability that individual fibers will respond
to each pulse in the train (yielding a relatively flat amplitude pattern across pulses). Thus,
faster rates would be necessary for an alternating pattern to emerge for higher stimulus
levels.

3.4. Desynchronization across rates

Figure 11 depicts box-and-whisker plots showing the normalized ECAP amplitudes
averaged across pulses 2-21, which reflects the overall amount of desynchronization across
the pulse train. Data are plotted as in Fig. 10. Because the ECAP amplitude for the first
pulse represents the response from the entire population of neurons in a given region,
reduced ECAP amplitudes for subsequent pulses (i.e., 2—21) should represent responses
from a sub-population of fibers. In general, the normalized amplitude across the pulse train
decreased as the rate increased. The amplitude decrease was not linear as a function of rate,
but rather was best fit with a decaying exponential (note that in Fig. 11, rate is plotted on an
interval scale, not a linear scale). The average normalized amplitudes across all electrodes
were 0.63, 0.50, 0.36, 0.30, and 0.23 for 900, 1200, 1800, 2400, and 3500 pps, respectively.
This means that at the fastest rate (3500 pps), on average, approximately 23% of the total
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population of fibers recruited by the first pulse produced a response to each subsequent
pulse. These results are consistent with those reported by Wilson et al. (1997) and
Rubinstein et al. (1999), and suggest that for faster stimulation rates, the whole-nerve
response becomes desynchronized so that only a sub-population of fibers is available at any
given time to code information from individual pulses.

3.5. Robustness of ECAP measures

Figure 12 illustrates the robustness of the ECAP measures presented here. Several months
after completing data collection for this study, subject F8 underwent explantation of his
Nucleus 24RE Freedom device following unresolved intermittencies with device function.
He was re-implanted with the newer-generation Nucleus CI512 device. ECAP measures
were repeated for E20 with the new device (following approximately 12 months of use) to
compare with the previous results obtained 17 months earlier. In general, the normalized
ECAP amplitudes were very similar with both devices. Pearson correlation coefficients
ranged from 0.79 (p < 0.0001) for 1200 pps to 0.98 (p < 0.0001) for 1800 pps. It should be
noted that the stimulation levels were different between the two visits: 225 CL was used at
the first visit with the Freedom device, whereas 200 CL was used with the C1512 device
(these levels both corresponded to a loudness rating of “8” at the time of testing). There was
slightly more alternation at the two slowest rates with the newer device, consistent with the
lower stimulus level used (see Section 3.3). Despite these differences in alternation, both
devices yielded the same stochastic rate (3500 pps). Both devices also produced the triplet
pattern observed at 3500 pps. These results illustrate the robustness of the measures
discussed here, in that similar responses were obtained for the same subject with two
different devices (albeit similar electrode arrays) across a relatively long time interval.

3.6. Study limitations

One limitation for potential clinical applications of the present results is that ECAPs could
not be measured for 38% (16 out of 42) of the subjects who were initially enrolled. When
using the traditional single-masker stimulus, ECAPs can typically be recorded from
approximately 95% of electrodes (van Dijk et al., 2007). For the pulse train stimuli used in
the present study, loudness summation across the 3500-pps pulse train necessitated the use
of lower current levels. Therefore, subjects had to have relatively large ECAPs to begin with
(re: single-masker stimulus). However, the patterns tended to emerge within the first few
pulses, so a reasonable alternative would be to use shorter-duration pulse trains, which
would allow for the use of higher stimulus levels and thus a greater likelihood of obtaining
measurable ECAPs.

A potential shortcoming in the present data set is that ECAP responses were not evaluated
for rates slower than 900 pps. The initial motivation for the study was to examine the range
of stochastic rates across electrodes and subjects. Therefore, 900 pps was chosen as the
slowest rate for the present study based on results from Wilson et al. (1997). Those data
showed that 900 pps typically produced a clear alternating pattern across pulses, suggesting
that a stochastic state should be reached with rates faster than 900 pps. In the course of data
analysis, however, it became clear that other characteristics of the functions were of interest
to examine, such as the alternation depth and amount of adaptation or desynchronization
across pulses. Therefore, additional research would be valuable for further characterizing
responses for slower pulse rates.

Similarly, patterns were only assessed for the first 21 pulses for each rate. Therefore, it is not
known whether the trends noted in the present study would persist across longer-duration
pulse trains. For example, the alternating pattern for E11 at 2400 pps in Fig. 3 shows greater
alternation for the first half of the function than for the second half. Based on the limited
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sampling window, it is not known whether that alternation persists or continues to diminish.
Hay-McCutcheon et al. (2005) showed relatively stable patterns across a series of 100 pulses
for a 1000-pps train (i.e., 100-ms window), but did not assess other rates. Therefore,
assessment of temporal response patterns across a longer time window for different rates
represents an opportunity for further study.

4. Conclusions

The primary goal of this study was to characterize ECAP temporal response patterns across
electrodes within a subject and across a relatively large group of subjects. Results showed
that (1) stochastic rate varied across cochlear regions for the majority (79%) of ears tested:;
(2) stochastic rates ranged from 900 pps to 3500 pps, which spanned the entire range
assessed; (3) for a large number of subjects, the alternating pattern developed into a triplet
pattern as the rate increased to 2400-3500 pps; (4) stochastic state was reached most often
for 2400- to 3500-pps pulse trains; (5) stimulus level was significantly correlated with
stochastic rate; (6) maximum alternation occurred most often for 1200- to 1800-pps pulse
trains; (7) on average, the maximum alternation depth spanned a range of approximately
19% of the amplitude of the response to the first pulse in the train; (8) the overall amount of
adaptation/desynchronization decayed exponentially as a function of pulse-train rate; (9) on
average, approximately 23% of the total population of fibers recruited by the first pulse
produced a response to each subsequent pulse at the fastest rate (3500 pps); and (10)
temporal response properties of the auditory nerve appear to be resilient to device re-
implantation and longitudinal effects.
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AB Advanced Bionics

BEDCS Bionic Ear Data Collection System

Cl cochlear implant

CIS continuous interleaved sampling

ECAP electrically evoked compound action potential
FSP Fine Structure Processing

MPI masker-probe interval

NRT Neural Response Telemetry

pps pulses per second

SD standard deviation
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Subtraction Method to Resolve ECAP
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Fig. 1.

Schematic illustrating the subtraction method used to resolve the ECAP. Left panel:
traditional forward-masking technique, used to resolve the response to the first pulse in the
train. Right panel: modified forward-masking technique, used to resolve the responses to
pulses 2-21 (number of pulses indicated by subscript n). MPI = masker-probe interval. In
both panels, A = probe alone, B = masker plus probe, C = masker alone, D = zero-amplitude
pulse for system artifact. Probe pulses are indicated in bold and labeled “P”; masker pulses

are thinner lines labeled “M.”
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Fig. 2.

Top: Individual example illustrating how alternation depth (vertical bolded solid line at
right) and average normalized ECAP amplitude across pulses 2-21 (horizontal light solid
line) were calculated. Data are from subject N5, electrode 20, for an 1800-pps pulse train.
Bottom: Corresponding ECAP waveforms for the data in the top panel. For clarity, only the
first 10 samples of each trace are shown.
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Fig. 3.

Individual example of temporal response patterns for five rates (top row: 900 pps, bottom
row: 3500 pps) across basal (left), middle (middle), and apical (right) cochlear regions. In
each panel, ECAP amplitudes were normalized to the amplitude for the first pulse in the
train, and are plotted as a function of number of pulses. Data are from subject R2. For each
electrode, the stochastic rate (rate at which the alternation was no longer statistically
significant) is underlined and bolded.
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Individual example of temporal response patterns for five rates across basal, middle, and
apical cochlear regions for subject C29. Data are plotted as in Fig. 3.
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Fig. 7.
Histogram of stochastic rates for each electrode region, as a function of pulse-train rate.
Data are from all electrodes/subjects tested.
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Fig. 8.

Left: Normalized ECAP amplitudes as a function of pulse number for Subject R4, electrode
11. Each panel represents a different rate: 900 pps (top), 1200 pps (middle), and 1800 pps
(bottom). Right: Corresponding ECAP waveforms for the plots on the left. Data for the two
fastest rates (2400 pps and 3500 pps) were similar to the plots shown for 1800 pps.
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Fig. 9.
Histogram of rates at which maximum alternation occurred for each electrode region, as a
function of pulse-train rate. Data are from all electrodes/subjects tested.
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Fig. 10.

Box-and-whisker plots showing average alternation depth across pulses 2-21 (odd-
numbered pulses minus even-numbered pulses) for each rate and electrode region. Each
grouping of three plots represents data for basal (left/white bars), middle (middle/light gray
bars), and apical (right/dark gray bars) electrodes. Boxes represent the 25t and 75t
percentiles, whiskers represent the 101" and 90™ percentiles, and filled circles represent
outliers. Means and medians are represented by thick and thin horizontal lines, respectively.
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Fig. 11.

Box-and-whisker plots showing average normalized ECAP amplitude across pulses 2-21 for

each rate and electrode region. Data are plotted as in Fig. 9.
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Example of robustness of temporal response patterns pre and post re-implant. Data are for
subject F8, electrode 20, across all five rates. Filled circles represent original recordings

with a Nucleus Freedom device; open circles represent data obtained 17 months later
following re-implantation with a Nucleus CI512 device.
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