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Abstract

Although cochlear implants (Cls) are a viable treatment option for severe hearing loss in adults of any age, older adults may
be at a disadvantage compared with younger adults. Cls deliver signals that contain limited spectral information, requiring Cl
users to attend to the temporal information within the signal to recognize speech. Older adults are susceptible to acquiring
auditory temporal processing deficits, presenting a potential age-related limitation for recognizing speech signals delivered by
Cls. The goal of this study was to measure auditory temporal processing ability via amplitude-modulation (AM) detection as
a function of age in Cl users. The contribution of the electrode-to-neural interface, in addition to age, was estimated using
electrically evoked compound action potential (ECAP) amplitude growth functions. Within each participant, two electrodes
were selected: one with the steepest ECAP slope and one with the shallowest ECAP slope, in order to represent electrodes
with varied estimates of the electrode-to-neural interface. Single-electrode AM detection thresholds were measured using
direct stimulation at these two electrode locations. Results revealed that AM detection ability significantly declined as a
function of chronological age. ECAP slope did not significantly impact AM detection, but ECAP slope decreased (became
shallower) with increasing age, suggesting that factors influencing the electrode-to-neural interface change with age. Results
demonstrated a significant negative impact of chronological age on auditory temporal processing. The locus of the age-
related limitation (peripheral vs. central origin), however, is difficult to evaluate because the peripheral influence (ECAPs)
was correlated with the central factor (age).
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Cochlear implants (CIs) deliver signals that are highly
degraded in the spectral domain, requiring CI users to
attend to the temporal properties of the signal to recog-
nize speech. Despite this signal degradation, many CI
users have excellent speech recognition abilities without
the aid of visual cues (Gifford et al., 2008; Schvartz-
Leyzac et al., 2019). However, there is a large amount
of individual variability in speech recognition perfor-
mance (Blamey et al., 2013; Holden et al., 2013), some
of which can be explained by individuals’ ability to

accurately process temporal information. One popula-
tion that is at risk for acquiring temporal processing
deficits is older adults over 65 years of age (e.g.,
Fitzgibbons & Gordon-Salant, 1996).
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Chronological age in adult CI users has been identi-
fied as a predictor of speech recognition performance,
with younger adults outperforming older adults on var-
ious speech recognition measures (Blamey et al., 2013;
Chatelin et al., 2004; Friedland et al., 2010; Roberts
et al., 2013; Sladen & Zappler, 2015). After accounting
for the effect of duration of deafness, Blamey et al.
(2013) found a significant negative effect of age at
implantation for individuals over the age of 70 years.
In a smaller scale study, Sladen and Zappler (2015)
divided participants into two age groups that were
matched for duration of deafness and found that the
older group performed significantly worse than the
younger group on speech recognition tasks in quiet
and in noise. The presence of auditory temporal process-
ing deficits in older CI users could contribute to the del-
eterious effect of age on speech recognition performance.

Temporal processing ability generally refers to an
individual’s ability to detect or to discriminate between
subtle changes in a signal that occur in the time domain.
One commonly used assessment of temporal processing
is amplitude-modulation (AM) detection. AM signals
are dynamic and are similar to AM fluctuations that
are present in the speech envelope. Age-related declines
in temporal envelope processing have been observed in
animal models (Walton et al., 2002) and in humans
(Grose et al., 2009; He et al., 2008; Leigh-Paffenroth &
Fowler, 2006; Purcell et al., 2004), suggesting a general
decline in the synchronization of neural responses to
temporal envelope fluctuations with advancing age.
Temporal acuity, as it relates to the rate that neural
units are able to phase lock to electrical pulse trains,
also decreases after long periods of deafness
(Middlebrooks, 2018). Prolonged periods of auditory
deprivation can be more likely to occur in older CI
users. Despite the evidence for age-related declines in
temporal envelope processing, the impact of age on
AM detection ability has not been evaluated in CI
users. It is reasonable to hypothesize that age-related
declines in temporal processing may put older CI users
at a disadvantage for perceiving speech via a CI.

AM detection ability in CI users varies as a function
of signal-related factors, including presentation level,
electrical stimulation/carrier rate, and electrode location.
Generally, AM detection ability tends to worsen with
decreasing presentation level (Galvin & Fu, 2005;
Pfingst et al., 2007), increasing carrier rate (Galvin &
Fu, 2005, 2009; Pfingst et al., 2007), and decreasing elec-
trical dynamic ranges (DRs; Pfingst et al., 2007). The
magnitude of these effects varies greatly between listen-
ers, suggesting that listener-related factors including bio-
logical variables may impact performance.

AM detection thresholds have been shown to vary
across different electrode locations within a single CI
user (Garadat et al., 2012; Pfingst et al., 2007).

Cochlear pathology, and the resulting survival of spiral
ganglion cells (SGCs), are highly variable along the
length of the cochlea as well as between individuals
(Hinojosa & Marion, 1983; Khan et al., 2005).
Differences in the neural survival pattern at each elec-
trode location may underlie these across-electrode differ-
ences in AM detection thresholds. One measurement
that is used to estimate SGC density in CI users is the
amplitude growth function (AGF) of the electrically
evoked compound action potential (ECAP), which is a
representation of the input—output function of the
ECAP peak-to-peak amplitude response with increasing
current level (Schvartz-Leyzac & Pfingst, 2018). Steeper
ECAP AGFs (or steeper growth functions of wave I of
the auditory brainstem response) have been shown to be
indicative of better peripheral neural survival in multiple
animal models (Hall, 1990; Pfingst et al., 2017;
Ramekers et al., 2014; Smith & Simmons, 1983). It is
important to note, however, that the slope of the
ECAP AGF can reflect a combination of neural and
nonneural factors, including the distance from the elec-
trode to the modiolus, electrode impedances, and elec-
trode orientation (Grill et al., 2009; Miller et al., 1993;
Van de Heyning et al., 2016). While many of these fac-
tors can be accounted for in animal studies, experiments
in human CI users cannot rule out the contribution of
nonneural factors to the slope of the ECAP growth
function.

Although AM detection has been studied extensively
in CI users (e.g., Chatterjee & Oba, 2005; Chatterjee &
Oberzut, 2011; Chatterjee & Robert, 2001; Fraser &
McKay, 2012; Galvin & Fu, 2005) and has been shown
to correlate with speech recognition ability (Cazals et al.,
1994; Fu, 2002; Garadat et al., 2012), very little research
has focused on the impact of listener-related factors on
AM detection in CI users. Previous psychophysical stud-
ies with CIs users also tend to have relatively small
sample sizes and limited consideration of participants’
chronological age, age at onset of hearing loss, and esti-
mation of the degree of neural survival. In addition,
many previous studies only measured AM detection on
a single electrode for each participant. The choice of
electrode could confound the results due to differences
in neural survival across the electrode array. It is possi-
ble that these differences may underlie some of the indi-
vidual variability observed in CI users.

The number of SGCs declines for increasing dura-
tions of deafness (Leake et al., 1999) as well as advancing
age (Makary et al., 2011; Sergeyenko et al., 2013). In
addition, altered temporal discharge patterns are
observed in electrically stimulated SGCs that have expe-
rienced prolonged periods of auditory deprivation
(Shepherd & Javel, 1997). Therefore, reduced neural sur-
vival due to aging may effectively reduce CI users’ tem-
poral processing as measured on an AM detection task.
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A reduction in temporal envelope processing has impor-
tant implications for CI users because they must rely
primarily on temporal envelope modulations to under-
stand speech. These consequences of reduced temporal
processing could be an underlying source of older CI
users’ speech recognition limitations.

Because auditory temporal processing ability declines
with increasing age, even in the absence of hearing loss
(CHABA, 1988), psychophysical temporal processing
tasks are often considered measures of central auditory
processing (e.g., Fitzgibbons & Gordon-Salant, 1995). It
is, however, difficult to estimate the independent contri-
bution of the central auditory system that is free from
influences from the peripheral auditory system (Humes
et al., 2012). CIs bypass many cochlear structures and
stimulate the SGCs directly, which makes CI users a
novel population in which to measure the role of the
central auditory system on temporal processing ability
without much of the confounding influence of the
peripheral auditory system. The only remaining periph-
eral contribution in CI users is the electrode-to-neural
interface or the quality of the transmission of electrical
stimulation to the intended SGCs. The electrode-to-
neural interface can refer to the many factors that can
either prevent or facilitate the transmission of electrical
signals from an intracochlear electrode to the adjacent
neural population. At the level of the electrode, factors
that can affect the electrode-to-neural interface include
the distance from the electrode to the modiolus
(Saunders et al., 2002), electrode configuration (Bierer
& Faulkner, 2010), and the impedance values for both
the stimulating and recording electrode (Grill et al.,
2009). At the neural level, the number of surviving
SGCs (e.g., SGC density; Hinojosa & Marion, 1983)
and the health of those SGCs (Pfingst et al., 2015) can
directly impact the quality of the electrode-to-neural
interface. A poor electrode-to-neural interface is associ-
ated with smaller electrical DRs and steeper loudness
growth functions, which may diminish performance
with a CI (Bierer & Nye, 2014). Therefore, to estimate
the independent contribution of the central auditory
system to temporal processing ability in CI users, the
contribution of the degree of peripheral neural survival
was also estimated.

The goal of this study was to identify the effect of age
among CI users on AM detection ability at different
electrical carrier rates. The contribution of other age-
related factors (peripheral neural survival estimates) to
participants’ performance on the AM detection task was
also assessed. Based on the results from studies that
tested younger and older normal-hearing listeners, it
was hypothesized that older CI users would require
larger depths of modulation compared with younger
CI users and middle-aged CI users to detect the presence
of AM in electrical pulse trains because of age-related

auditory temporal processing limitations. Furthermore,
it was hypothesized that the age effects would be larger
for stimuli presented at relatively fast electrical carrier
rates because of the altered temporal discharge patterns
associated with age-related SGC degeneration. It was
also hypothesized that older CI participants would
have relatively shallow ECAP AGF slopes compared
with younger and middle-aged CI participants due to
age-related reductions in SGCs.

Method

Participants

Twenty-two participants were recruited to represent a
wide range of ages from 23 to 84 years (mean=56.1 &+
18 years) with at least two participants’ ages falling into
each decade. All participants passed a cognitive screen-
ing for dementia with a score of >22 on the Montreal
Cognitive Assessment (Nasreddine et al., 2005). A
Montreal Cognitive Assessment score of 22 to 25 indi-
cates that an individual is at risk for mild cognitive
impairment (Cecato et al., 2016). These individuals
were not excluded from participating in the experiment,
which is consistent with the recommendations by Dupuis
et al. (2015) for individuals with hearing impairment.
Moreover, age is of primary importance in this study
and the practice of excluding older participants who
were considered “at risk” of cognitive impairment
would significantly limit the recruiting potential for
older participants. All participants were implanted with
Cochlear-brand devices. Participant demographics are
provided in Table 1. All participants were required to
have at least 6 months of CI experience.

Mapping

Each participant’s electrical DR was measured by estab-
lishing threshold (“T”) and maximum comfortable
(“M”) levels using standard CI mapping procedures
for each test electrode for every carrier rate. T levels
were defined as the smallest amount of electrical current
needed to detect a 500-ms constant-amplitude pulse train
100% of the time. M levels were defined as the upper
limit of a participant’s comfortable volume range.
Electrical DR was calculated as the current range from
T level to M level for each electrode. Direct stimulation
best practices were followed to perform these experi-
ments (Litovsky et al., 2017).

Stimuli and Procedure

All stimulus presentation was performed using direct
stimulation of the electrode array with the Nucleus
Implant Communicator (NIC2) and an L34 research
sound processor. Stimuli were 500-ms AM -electrical
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Table |I. Participant Demographics.

Participant Age Gender Age at HL onset Duration of HL Etiology Device MoCA score
S| 23 M 0 12 Connexin 26 CI24RE(CA) 27
S2 25 M 4 14 Hereditary CI24RE(CA) 27
S3 27 F 0 20 Connexin 26 CI512(CA) 29
S4 30 M 10 9 Hereditary CI24RE(CA) 27
S5 37 F 5 I5 Hereditary Cl24M 30
Sé 41 M | 37 Meningitis Cl422 28
S7 45 M 26 5 Cogan syndrome CI24R(CS) 22
S8 50 F 38 | Hereditary CI24RE(CA) 29
S9 50 F 3 44 Unknown CI24RE(CA) 27
S10 54 F 41 3 Hereditary CI24RE(CA) 27
Sl 54 F 40 7 Endocarditis CI512(CA) 24
SI12 59 M 5 47 Hereditary CI24RE(CA) 26
SI3 64 F 4 53 Rh incompatibility CI512(CA) 30
Sl4 65 F 0 57 Unknown CI24RE(CA) 27
SI5 65 F 0 47 Unknown Cl24M CNT
Slé 69 F 2 60 Measles CI24RE(CA) 29
S17 71 F 5 49 Unknown CI24RE(CA) 28
SI18 75 F 50 20 Unknown CI24RE(CA) 26
S19 76 M 70 | Ototoxicity CI512(CA) 28
S20 8l F 35 41 Unknown CI24RE(CA) 27
S21 83 M 77 2 Aging CI24RE(CA) 28
S22 84 M 62 12 Noise induced CI24RE(CA) 26

Note. HL = hearing loss; duration of HL =number of years that hearing loss of any degree was experienced prior to implantation; MoCA = Montreal
Cognitive Assessment; CNT = could not test due to severe vision loss; M = male; F =female. Participant S15 was able to complete the auditory portions of
the MoCA that did not require vision without difficulty and was included the study.

biphasic pulse trains, and each pulse had a 25-ps phase
duration and an 8-us interphase gap. Monopolar stimu-
lation was used. Stimuli had AM applied using seven
modulation depths (1%, 3%, 5%, 10%, 25%, 50%,
and 100% of the DR) and three modulation frequencies
(50, 100, and 250 Hz). Two carrier rates (500 and 4000
pulses per second [pps]) were used to convey the AM.

ECAP Amplitude Growth Functions. ECAP AGFs were mea-
sured at five electrode locations (electrodes 4, 8, 12, 16,
and 20) using Custom Sound EP software provided by
Cochlear Ltd. ECAPs were collected using the forward-
masking subtraction procedure (Abbas et al., 1999;
Brown et al., 1990) with an 80-pps probe rate, 50-ps
phase duration, and a 7-us interphase gap. The record-
ing electrode was selected to be two electrodes away
from the measurement electrode in the basal direction.
The masker pulse had the same stimulation parameters
as the probe pulse with a +10 current unit (CU) offset in
input level (the masker pulse was 10 CUs higher than the
probe pulse). ECAP stimulation parameters were the
same for all electrode locations and all participants.
Measurements were collected at an initial presentation
level below a participant’s threshold level and increased
in 5 CU steps up to a maximum comfort level.
Participants were instructed to indicate when the
ECAP stimuli reached a level at which any further

increase would cause the stimulus to be uncomfortable.
A linear ECAP slope was computed by transforming the
input values from the logarithmic CU scale to a linear
charge scale (nC). Linear input values in nC were used to
calculate the slope of the linear input—output function
for each electrode. The slope was derived in a similar
approach as described by Schvartz-Leyzac and Pfingst
(2018). Slope values were calculated by determining a
best-fit line that included all monotonically increasing
data points (ECAP peak-to-peak amplitudes) with
increasing input values. For electrodes that showed non-
monotonic patterns of responses at high input levels, the
slope was calculated only including data points along the
growth function that produced an increase in peak-to-
peak amplitude relative to the previous data point mea-
sured at a lower input level. Based on the sample of
ECAP AGFs from the five electrode locations across
the array, two electrodes were selected for the AM detec-
tion procedure. The electrode with the steepest AGF was
selected as the participant’s “steep” electrode location,
while the electrode with the shallowest AGF was selected
as the participant’s “shallow” electrode location. In this
way, AM detection was evaluated at an electrode loca-
tion with a relatively good and a relatively poor
electrode-to-neural interface in terms of ECAP ampli-
tude growth. In 2 of the 22 participants, ECAPs could
not be recorded from one or more electrodes from the
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subset of five electrodes selected (electrodes 4, 8, 12, 16,
and 20). In those cases, the two test electrodes were
selected from the reduced subset of electrodes that had
ECAP responses.

Loudness Balancing. Loudness cues were limited using
techniques similar to those suggested by Fraser and
McKay (2012). Loudness balancing was performed
using a loudness matching procedure for each AM
depth, modulation frequency, and carrier rate, at each
electrode. Loudness-balanced levels were used for stim-
ulus presentation to remove potential loudness cues that
may signal the presence of AM. In addition, a £4 CU
level roving was applied to each stimulus interval to fur-
ther obscure loudness cues (Fraser & McKay, 2012).

In the loudness-matching procedure, the reference
stimulus consisted of an unmodulated pulse train pre-
sented at 80% of the DR (e.g., Fu, 2002). A percentage
of the DR was chosen as the initial presentation level to
control for differences in loudness growth functions
across the electrode array that may disrupt the effective
AM depth represented at each electrode location. This
reference stimulus was compared with an AM target
stimulus. Each target AM signal (for every modulation
depth, at each modulation frequency, carrier rate, and
test electrode) was presented between two of the
unmodulated reference signals. Participants were
instructed to report whether the target signal needed to
be increased or decreased in volume in order to be equal
to the two unmodulated reference signals. The current
level of the target signal was adjusted in 1-CU steps until
the participant reported that all three signals were equal
in volume. The loudness-balanced level was recorded for
each target AM signal. This procedure was repeated a
minimum of 3 times. The average current level of the
volume-adjusted AM signals across all three trials was
set as the final loudness-balanced stimulus. This proce-
dure was repeated for each condition for two test
electrodes.

AM Detection. AM detection thresholds (i.e., modulation
detection thresholds [MDTs]) were measured for two
electrodes ([1] electrode with the steepest ECAP slope
and [2] electrode with the shallowest ECAP slope).
MDTs were collected using a three-interval, two-alterna-
tive forced-choice task with an interstimulus interval of
500ms. MDTs were established for AM frequencies of
50, 100, and 250 Hz using a method of constant stimuli,
which obtained psychometric functions for each AM-
rate condition plotted as percentage correct detection
as a function of modulation depth. Final psychometric
functions were constructed based on average percent
correct detection of AM stimuli over 50 trials as a func-
tion of modulation depth for each AM rate and for each
carrier rate. Participants were instructed to select the

“different” sound that may differ in sound quality,
timbre, or pitch. No feedback was provided. The presen-
tation of stimuli was blocked within each carrier rate
condition; the order of the electrodes tested in each
rate block was randomized. The order of the conditions
and electrodes tested was randomized across
participants.

Statistical Analyses

A three-level generalized linear (logistic) mixed-effects
model (GLMM) was used to fit participants’ AM detec-
tion performance functions. This was done using the R
Studio software interface with the Ime4 package (Bates
et al., 2014) and following the model building recom-
mendations from Hox et al. (2017). An intercept-only
model was constructed as a first step and was used as
a benchmark. Second, all main effects and interactions
between Level 1 predictor variables were added to the
fixed effects structure: carrier rate (two levels: “0” = 500
pps [reference level], “1”=4000 pps), modulation fre-
quency (three levels: “—2”=50Hz, “—1"=100Hz,
“0”=250Hz [reference level]), and modulation depth
(three levels: “0”=1% and 3% [reference level],
“17=5% and 10%, “2”=25%, 50%, and 100%).
During experimental testing, the modulation depths
included seven fixed levels. For analysis purposes, how-
ever, data for similar depths were combined to represent
small (1% and 3%), moderate (5% and 10%), and large
(25%, 50%, and 100%) modulation depths in order to
make more interpretable comparisons between modula-
tion depth and other Level 1 and (potentially) Level 2
variables. Nonsignificant interactions that did not result
in any improvement in model fit (evaluated with a »*
significance test) were removed from the model at this
step.

Next, the main effects and interactions for all Level 2
predictors (age, age at onset of deafness, duration of
hearing loss, and ECAP slope) were added to the fixed
effects. Values for all Level 2 predictors were standard-
ized (z scores) before being entered into the model. As a
result, all Level 2 coefficients that remained in the model
represented changes to AM detection with increasing or
decreasing that particular variable on a standard devia-
tion (SD) scale. Standardized ECAP slopes were desig-
nated as either the “steep” or “shallow” electrode by a
nested variable in the random effects structure.

The three-level model was reflected in the random
effects structure in which two electrode locations
(“0”=steep ECAP [reference level], “1”=shallow
ECAP) were nested within subject. Because each subject
was tested at two electrode locations, measurements at
the electrode level are not independent of one another.
In this way, standardized ECAP slope values (classified
as a continuous numeric variable) could be added to the
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model as a Level 2 predictor variable because slopes
were recognized as an attribute of its respective electrode
within its respective subject.

Finally, random slope variation for each Level 1 pre-
dictor was added to the model on a variable-by-
variable basis to avoid an overparameterized model.
All predictors that had significant variance across sub-
jects and resulted in model convergence remained in the
model. Cross-level interactions between Level 2 and
Level 1 (only Level 1 predictors that had significant
random variance across subjects) were added to the
fixed effects.

Results

Effects of Modulation Depth, Modulation Frequency,
and Carrier Rate

The results of the GLMM are shown in Table 2. Results
revealed significant main effects of modulation depth,
modulation frequency, and carrier rate on the detection

Table 2. Final GLMM for AM Detection.

of AM. As the modulation depth increased, the likeli-
hood of detecting AM increased. At moderate depths of
5% to 10% modulation, participants were 2.17 times
more likely to detect AM compared with small depths
of 1% to 3% (p<.001). Participants were 3.97 times
more likely to detect AM at large modulation depths
of 25% to 100% compared with small depths
(p <.001). As the modulation frequency decreased, the
likelihood of AM detection increased. Compared to the
highest modulation frequency of 250 Hz, participants
were 1.75 times more likely to detect AM at 100 Hz
(p <.001). At 50 Hz, participants were 1.69 times more
likely to detect AM compared with 250 Hz (p < .001).
This result reflects the low-pass characteristics of the audi-
tory system for identifying the presence of modulated
signals. There was also a main effect of carrier rate. As
carrier rate increased from 500 pps to 4000 pps, partici-
pants were less likely (0.75 times) to detect AM (p =.009).

Significant two-way interactions were identified
between the depth of modulation and the modulation
frequency. These four interactions, including Moderate

Fixed Effects Coefficient SE z p Odds Ratio
Intercept 0.602 0.217 2.773 0.005 1.83
Modulation Depth: Small (1-3%; ref)
Moderate (5-10%) 0.774 0.059 13.026 <0.001 2.17
Large (25-100%) 1.380 0.060 22.981 <0.001 3.97
Modulation Freq: 250 Hz (ref)
50 Hz 0.526 0.055 9.632 <0.001 1.69
100 Hz 0.557 0.055 10.178 <0.001 1.75
Carrier Rate: 500 pps (ref)
4000 pps —0.291 0.112 —2.589 0.009 0.75
Age (standardized) —0.791 0.206 —3.845 <0.001 0.45
Interactions
Moderate Depth x 50 Hz 0.787 0.094 8.400 <0.001 2.20
Large Depth x 50 Hz 1.685 0.156 10.833 <0.001 5.39
Moderate Depth x 100 Hz 0.736 0.094 7.867 <0.001 2.09
Large Depth x 100 Hz 1.168 0.131 8.926 <0.001 3.22
Moderate Depth x 4000 pps —0.085 0.081 —1.050 0.294 0.92
Large Depth x 4000 pps 0.409 0.085 4.814 <0.001 1.50
50 Hz x 4000 pps 0.326 0.077 4.250 <0.001 1.38
100 Hz x 4000 pps 0.314 0.077 4.074 <0.001 1.37
Moderate Depth x 50 Hz x 4000 pps —0.105 0.127 —0.822 0411 0.90
Large Depth x 50 Hz x 4000 pps 0411 0.263 1.567 0.117 I.51
Moderate Depth x 100 Hz x 4000 pps —0.471 0.125 -3.772 <0.001 0.62
Large Depth x 100 Hz x 4000 pps —0.087 0.190 —0.459 0.646 0.92
Random Effects Variance SD
Subject Intercept 0.844 0918
Subject Rate Slope 0.110 0.332
Electrode within Subject Intercept 0.261 0511
Electrode within Subject Rate Slope 0.148 0.385

Note. SE = standard error; SD = standard deviation; Bold text indicates significance at the p <.05 level.
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Depth x 50Hz, Large Depth x 50Hz,  Moderate
Depth x 100Hz, and Large Depth x 100 Hz, relate to
AM performance in these conditions compared with
AM detection at the reference condition (Small
Depth x 250 Hz). The reference condition characterizes
the most difficult condition under which to detect AM.
These two-way interactions suggest an exponential
improvement in AM detection performance for increasing
depths of modulation at lower modulation frequencies,
but a more linear increase in performance at the higher
modulation frequency of 250Hz. Figure 1 shows the
mean AM detection performance functions for each
experimental condition and highlights the interactions
between modulation depth and modulation frequency,
as well as the interactions with carrier rate.

There was a significant two-way interaction of Large
Depths x 4000 pps. This result suggests that the negative
effect of 4000 pps on AM detection ability is overcome
for greater, more salient, depths of modulation.
Similarly, two-way interactions between modulation fre-
quency and carrier rate (50Hzx4000 pps and
100 Hz x 4000 pps) suggest that AM detection at
slower modulation frequencies was not negatively
impacted by the faster carrier rate to the same degree
compared with 250 Hz. Finally, there was also a signif-
icant three-way interaction of Moderate
Depths x 100 Hz x 4000 pps. This finding suggests that
although the negative effect of increasing the carrier rate
was mitigated for larger modulation depths and for
lower modulation frequencies, a participant was less
likely to detect AM of moderate depths at 100 Hz at
4000 pps compared with the detection of small depths
at 250Hz at 500 pps (the reference condition). To

summarize, this result suggests that the negative effect
of increasing the carrier rate on AM detection persists
for moderate depths at 100 Hz.

Effect of Chronological Age on AM Detection

The final model revealed a significant main effect of
chronological age (p <.001), suggesting that with every
1 SD increase in age (representing an interval of
18 years), a participant was 0.45 times less likely to
detect AM. There were no significant cross-level interac-
tions between age and any Level 1 predictors. No other
subject-level factors (e.g., age at onset of hearing loss,
duration of hearing loss, or ECAP slope) were signifi-
cant. This finding suggested that electrodes with the
steepest ECAP slope did not exhibit significantly better
MDTs compared with electrodes with the shallowest
ECAP slope. Figure 2 displays the probability of AM
detection when participants were divided into three age
groups: younger (age: <38years [SD < —1]), middle-
aged (age: 39-73years [—1 <SD < 1]), and older (age:
>T4years [SD > 1]). Overall, the younger group correct-
ly detected the presence of AM 87% of the time, the
middle-aged group detected AM 78% of the time, and
the older group detected AM 70% of the time.

MDTs were also calculated from each participant’s
psychometric performance function. MDT was defined
as the interpolated AM depth that was correctly detected
70.7% of the time when the psychometric function was
fit with a sigmoidal function. MDT was then converted
to dB re: 100% modulation depth (20log[m]). The final
temporal modulation transfer functions are plotted as
MDTs as a function of AM frequency for each carrier
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rate in Figure 3. Overall, the results show an expected
pattern of poorer AM detection with increasing modu-
lation frequency. The main effect of age is clearly
highlighted in Figure 3, which shows poorer MDTs
with increasing age. MDTs were also related to the
DR of the electrode; larger DRs were associated with
better (lower) MDTs. Pearson correlations (with
Bonferroni corrections) revealed significant relationships
between DR and MDTs for both electrode locations
using 500 pps: “steep” electrodes (r=-—.734, p<.0l)
and “shallow” electrodes (r=—.661, p <.01) and using
4000 pps: “steep” electrodes (r=-—.618, p<.0l) and
“shallow” electrodes (r=—.590, p <.01).

ECAP slopes, including both sets of “steep” and
“shallow” electrodes, are plotted as a function of age in
Figure 4. There were significant negative correlations
between ECAP slopes and chronological age for both
electrode locations: “steep” electrodes (r=—.624,
p<.01) and “shallow” electrodes (r=-—.638, p<.0l).

6; age values =SD < —1]). Blue lines show “middle-aged” (MCI)
< SD < +1). Red lines show “older” (OCI) participants >74 years of

These correlations suggested that estimated peripheral
neural survival declined with age in this group of CI users.

Discussion

Signal-Related Factors: Modulation Depth, Modulation
Frequency, and Carrier Rate

This study investigated the relative contributions of
signal-related factors (including electrical carrier rate,
modulation frequency, and modulation depth) and
listener-related factors (including chronological age, age
at onset of hearing loss, duration of hearing loss, and the
electrode-to-neural interface [as estimated by ECAP
AGTF slope]) to AM detection ability in adult CI users.
AM detection was measured for seven depths of modula-
tion, which were divided into three categories for statis-
tical analysis: small (1% and 3%), moderate (5%
and 10%), and large depths (25%, 50%, and 100%).
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Figure 1 shows that the probability of accurate AM detec-
tion increased with increasing the modulation depth in
every condition. AM detection also varied as a function
of modulation frequency, with higher modulation fre-
quencies resulting in poorer performance. Significant
interactions between modulation depth and modulation
frequency suggested that participants were more likely to

detect AM in every experimental condition when com-
pared with the reference condition. The reference condi-
tion, which compared performance at a small depth, 250-
Hz modulation frequency, and 500-pps carrier rate to all
other conditions, was the most difficult condition and was
selected in order to capture the most variability between
individual participants. This strategy provided the best
chance for a three-level, mixed-effects model to account
for significant variability at a subject level.

AM detection results showed a small decrease in per-
formance using a 4000-pps carrier rate compared with a
500-pps carrier rate (Figure 1). Across all participants
and all other stimulation parameters, AM was accurate-
ly detected 79% of the time at 500 pps and 77% of the
time at 4000 pps, suggesting that participants were 0.75
times less likely to detect AM at a faster carrier rate.
Previous studies have also shown a decrease in AM
detection performance with increasing the electrical car-
rier rate (Galvin & Fu, 2005; Pfingst et al., 2007).
Increases in the electrical stimulation/carrier rate pro-
duce CI maps with larger electrical DRs, which theoret-
ically could provide more salient AM cues (e.g., more
accurately represented at the neural level because of a
larger range of amplitudes) compared with a small DR.
In this study, larger DRs resulted in better MDTs
regardless of the carrier rate being used. This result is
consistent with other studies that also found a significant
correlation between DR and MDTs, suggesting that
larger DRs are associated with better MDTs (e.g.,
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Pfingst et al., 2007). The benefit from lower carrier rates
for increasing listeners’ sensitivity to AM could be due to
the relative difference in amplitude between consecutive
pulses within a modulated pulse train. This idea, known
as the “step-size hypothesis” proposed by Middlebrooks
(2008), suggests better modulation detection and better
neural phase-locking ability when the amplitude differ-
ence between successive pulses is large, which is the case
for relatively low carrier rates. For higher carrier rates,
both the amplitude step size and the timing between suc-
cessive pulses are much smaller as compared with lower
carrier rates.

There were significant interactions between modula-
tion frequency and carrier rate (Figure 1). This finding
demonstrated that even though performance was poorer
overall for 4000 compared with 500 pps, the carrier rate
effect was offset by increasing depths of modulation.
Finally, a three-way interaction between Moderate
Depth x 100-Hz Modulation Frequency x 4000-pps car-
rier rate suggested that the negative effect of a higher
carrier rate persisted for only moderate depths of mod-
ulation at 100 Hz. To summarize, the rate effects were
small enough to be essentially overcome by stronger pre-
dictor variables of AM detection, including modulation
depth and modulation frequency.

Listener-Related Factors: Chronological Age and
ECAP Slope

Results supported the hypothesis that older CI users
require larger depths of modulation compared with
younger users to detect the present of AM in electrical
pulse trains (Figures 2 and 3) presumably because of
age-related auditory temporal processing limitations.
On average, younger participants were able to detect
AM 87% of the time across all experimental conditions,
while middle-aged participants detected AM 78% of the
time, and older participants detected AM 70% of the
time. Clinical CI sound processors produce amplitude
modulations ranging between 10% and 40% modulation
(Lindenbeck et al., 2020), but the actual modulation
depths experienced by the CI user in everyday commu-
nication environments may be even smaller due to back-
ground noise and reverberation (Sayles & Winter, 2008).
Thus, the age differences in AM detection ability in this
study were observed within the range of typical modu-
lation depths produced by a clinical CI processor and
could have negative implications for older CI users.

It was also hypothesized that the age differences
would be largest for the faster carrier rate conditions,
due to altered temporal discharge patterns associated
with age-related SGC degeneration. The results did not
support this prediction as the final GLMM showed only
a significant main effect of age, and no significant cross-
level interactions involving age. This result may suggest

that the major factor contributing to decrecased AM
detection ability in older participants is likely central in
nature, rather than peripheral. Alternatively, it is possi-
ble that the size of the rate effect was too small to sig-
nificantly vary between age groups. In addition, there
were no significant effects of any other listener-related
variables (i.e., age at onset of hearing loss, duration of
hearing loss, or ECAP AGF slope). This result is some-
what contradictory to previous studies that investigated
the relationship between AM detection ability and esti-
mates of peripheral neural survival (Tejani et al., 2017).

Tejani et al. (2017) conducted a study that correlated
psychophysical measures of AM detection and electro-
physiological measures (ECAP) to AM pulse trains.
Significant correlations were identified between behav-
ioral MDTs and a modulated response amplitude of
the ECAP responses (the difference in the maximum
and minimum ECAP amplitude over the course of one
full modulation cycle) for modulation frequencies below
1000 Hz. In other words, robust ECAP recordings were
collected for all modulation frequencies, but AM detec-
tion ability decreased with increasing modulation fre-
quency. This finding suggested a central limitation for
AM encoding at higher modulation frequencies. One
major difference between Tejani et al. and this study is
the methodology in collecting and interpreting the
ECAP response. This study collected ECAP AGFs in
response to a single probe pulse. Tejani et al. collected
multiple ECAPs, one for each pulse in a full modulation
cycle. In addition, this study recruited 22 participants to
represent a wide range of ages while the Tejani et al.
study recruited eight CI users, seven of whom were
between the ages of 54 to 77 years, with the remaining
participant being a 39-year-old. Thus, a powerful exam-
ination of chronological age as it related to ECAP
responses and to MDTs was not possible in that study.

Garadat et al. (2012) measured MDTs at all electrode
locations in 12 adult CI users between the ages of 51 to
75 years. Modulation detection ability varied substan-
tially across participants. Within a single participant,
across-site AM detection from different electrode loca-
tions also varied significantly for many participants with
no consistent pattern in this variation across partici-
pants. These findings suggested that AM detection per-
formance was related to participant-specific irregularities
in the electrode-to-neural interface across the array. This
study found similar results, in that some participants had
relatively large differences in MDTs across the two dif-
ferent electrode locations, while others did not. Garadat
et al. did not evaluate the electrode-to-neural interface,
so it is unknown whether or not those potential irregu-
larities across a single electrode array could have
accounted for any across-site differences in MDTs.
However, in a subsequent study using the same group
of participants, Garadat et al. (2013) created
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experimental CI programs for each participant in which
the electrodes that were found to have the poorest
MDTs were deactivated. When compared with their
everyday programs, which had essentially all electrodes
activated, participants exhibited improved scores for
speech-in-noise and consonant discrimination measures
when the poor MDT electrodes were deactivated, sug-
gesting that poor AM detection ability was related to
poor electrode-to-neural interfaces. The current study,
however, did not find an effect of the electrode-to-
neural interface as estimated by ECAP AGFs. It may
be that ECAP slopes are not the most sensitive measure
in which to examine specific aspects of the electrode-to-
neural interface that impact AM detection. For example,
recent evidence suggests that the relative differences in
slope between ECAP AGF measurements that utilized
different stimulation parameters (i.e., interphase gap
duration) are predictive of speech recognition perfor-
mance (Schvartz-Leyzac & Pfingst, 2018).

The results of this study support the hypothesis that
older participants have shallower ECAP AGF slopes
compared with younger participants, presumably
because of age-related reductions in SGCs. However,
ECAP slope was not a significant predictor of AM detec-
tion ability. One potential reason why ECAP slope did
not significantly predict AM detection is because of the
method of selecting only one “steep” and one “shallow”
electrode based on the respective ECAP slope values.
Another reason could be that the choice of a “steep”
versus “shallow” electrode reflected a large difference
in relative ECAP slope in some participants, but in
others, only reflected a very small increase in slope. In
other words, for some participants, the slope value for
the “steep” electrode was substantially higher compared
with all other electrodes (Figure 4). But in other partic-
ipants, there were essentially little to no differences in
slope values between the highest and lowest slopes. For
example, one participant only had a 2pV/nC difference
in slope between electrodes, while another had a 66 uV/
nC difference. Another potential reason why ECAP
AGEF slope did not significantly predict AM detection
is because the ECAP slope could reflect the entire
electrode-to-neural interface, not only the neural com-
ponent. Other factors independent from neural survival
can impact the slope of the ECAP AGF, including the
distance from the electrode to the modiolus, electrode
impedance, and the presence of fibrous tissue or bone
growth. It cannot be ruled out that other factors besides
neural survival could have contributed to the differences
in ECAP AGF slope values across participants and
across electrode locations within an individual partici-
pant. However, it could be argued that the most likely
factor affecting age-related differences in the electrode-
to-neural interface is a reduction of spiral ganglion

density, rather than nonneural components (e.g.,
Makary et al., 2011).

Chronological age, rather than ECAP slope, was the
sole listener-related factor that contributed to perfor-
mance on this AM detection task. However, ECAP
slope was correlated with age, with ECAP AGF slopes
significantly decreasing with advancing age (Figure 4). It
is important to note that the age at onset and etiology of
deafness differed between younger and older partici-
pants, which may have contributed to the observed age
effect. As a rule, younger participants tended to have an
earlier onset of hearing loss and were more likely to have
a genetic component to their deafness. A thorough inves-
tigation of factors of this nature would require a sub-
stantially larger sample of participants. Another
approach would be to match younger and older partic-
ipants for biological variables relating to their hearing
histories in order to evaluate the effect of age alone.
This strategy is also not readily feasible because of lim-
itations in participant recruitment and availability. In
addition, age was the only listener-related factor that
significantly contributed to AM detection performance.
However, Figure 4 shows that age and ECAP slope were
closely related, with the majority of steeper ECAP slopes
belonging to younger participants. It may be advanta-
geous to match younger and older participants on the
basis of internal electrode array and ECAP AGF slopes
to investigate the contribution of peripheral factors
separately.

In summary, these findings add considerable support
to the notion that SGCs deteriorate with age. Even
though CIs bypass cochlear structures that are influ-
enced by aging in the peripheral auditory system, the
number of surviving SGCs in the periphery still present
a potential confound for delineating the effects of aging
in the central auditory system from those in the periph-
eral auditory system. The age-related declines in audito-
ry temporal processing for AM signals may be
associated with changes to higher level central processes
that occur beyond the level of the SGCs because perfor-
mance on this task was not predicted by ECAP AGF
slope. However, a peripheral contribution to the
observed age limitation cannot be entirely ruled out as
chronological age and ECAP AGF slope were correlat-
ed. Nevertheless, CIs present a unique model in which to
examine aging effects in the auditory system.

Conclusions

This study investigated the effect of age and the
electrode-to-neural interface on AM detection ability
for multiple modulation depths and modulation fre-
quencies at two electrical carrier rates. In general, AM
detection improved with increasing the modulation
depth. AM detection ability decreased with increasing
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the modulation frequency. AM detection also decreased
slightly for the faster carrier rate compared with the
slower rate. It was hypothesized that results would
show an age-related decline in central temporal process-
ing ability for detecting AM. It was also hypothesized
that electrodes with poor electrode-to-neural interface
estimates, presumably due to reduced peripheral neural
survival (a reduction in SGCs), would have poorer AM
detection ability compared with electrodes with good
electrode-to-neural interface estimates. Results demon-
strated that advancing age was associated with poorer
AM detection performance overall. Peripheral status, as
estimated by ECAP AGF slopes, declined with age but
did not significantly contribute to AM detection ability.
The apparent decline in peripheral neural survival esti-
mates that accompanies aging limited the evaluation of
the independent contributions from central aging per se
and age-related changes in the peripheral system to audi-
tory temporal processing ability for AM detection.
Nevertheless, these results may explain some of the
age-related deficits in speech recognition in CI users. A
reduction in AM detection, or temporal envelope encod-
ing in general, has important implications for CI users
who must rely on temporal envelope modulations within
the signal to understand speech. Natural speech is com-
prised of phonetic sounds at a wide range of amplitudes,
with low-level components (i.e., consonants) being par-
ticularly important for accurate speech understanding.
The results of this study suggest that older CI users,
who show poorer AM detection ability compared with
younger CI users, may benefit from sound processing
strategies that increase the depth or saliency of ampli-
tude modulations either for all input levels or primarily
for low-level speech cues. Taken together, the findings
indicate that older CI users exhibit age-related declines
in temporal processing ability for an AM detection task.
The age differences observed in this study could explain
some of the individual variability observed in other stud-
ies that measured temporal processing in CI users.

Acknowledgments

The authors would like to thank Cochlear Ltd. for providing
testing equipment and technical support, and Calli M. Yancey
for helping in data collection and analysis. Finally, thank you
to Brittany N. Jaekel and Julie I. Cohen for helping with data
analysis. The authors would also like to thank the University
of Maryland’s College of Behavioral & Social Sciences Dean’s
Office for their support.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The authors disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
This work was supported by National Institutes of Health
Grants RO1-AG051603 (M.J.G.), F32-DC016478 (M.J.S.),
and T32-DCO000046E (M.J.S.). The content is solely the
responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health.

ORCID iDs

Maureen J. Shader (@ https://orcid.org/0000-0002-4284-2738
Matthew J. Goupell ® https://orcid.org/0000-0003-2662-3057

References

Abbas, P. J., Brown, C. J., Shallop, J. K., Firszt, J. B., Hughes,
M. L., Hong, S. H., & Staller, S. J. (1999). Summary of
results using the Nucleus CI24M Implant to record the elec-
trically evoked compound action potential. FEar and
Hearing, 20(1), 45-59.

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2014). Ime4:
Linear mixed-effects models using Eigen and S4. R package
version, 1(7), 1-23.

Bierer, J. A., & Faulkner, K. F. (2010). Identifying cochlear
implant channels with poor electrode-neuron interface:
Partial tripolar, single-channel thresholds and psychophys-
ical tuning curves. Ear and Hearing, 31(2), 247-258. https://
doi.org/10.1097/AUD.0b013e3181c7daf4

Bierer, J. A., & Nye, A. D. (2014). Comparisons between detec-
tion threshold and loudness perception for individual
cochlear implant channels. FEar and Hearing, 35(6),
641-651. https://doi.org/10.1097/AUD.0000000000000058

Blamey, P., F. Artieres, D. Baskent, F. Bergeron, A. Beynon,
E. Burke, N. Dillier, R. Dowell, B. Fraysse, S. Gallego, P. J.
Govaerts, K. Green, A. M. Huber, A. Kleine-Punte, B.
Maat, M. Marx, D. Mawman, I. Mosnier, A. F.
O’Connor, S. ... D. S. Lazard (2013). Factors affecting
auditory performance of postlinguistically deaf adults
using cochlear implants: An update with 2251 patients.
Audiology and Neurotology, 18(1), 36-47. https://doi.org/
10.1159/000343189

Brown, C. J., Abbas, P. J., & Gantz, B. (1990). Electrically
evoked whole-nerve action potentials: Data from human
cochlear implant users. The Journal of the Acoustical
Society of America, 88(3), 1385-1391. https://doi.org/10.
1121/1.399716

Cazals, Y., Pelizzone, M., Saudan, O., & Boex, C. (1994). Low-
pass filtering in amplitude modulation detection associated
with vowel and consonant identification in subjects with
cochlear implants. The Journal of the Acoustical Society of
America, 96(4), 2048-2054. https://doi.org/10.1121/1.410146

Cecato, J. F., Martinelli, J. E., Izbicki, R., Yassuda, M. S., &
Aprahamian, 1. (2016). A subtest analysis of the Montreal
Cognitive Assessment (MoCA): Which subtests can best
discriminate between healthy controls, mild cognitive
impairment and  Alzheimer’s disease? International
Psychogeriatrics, 28(5), 825-832. https://doi.org/10.1017/
s1041610215001982


https://orcid.org/0000-0002-4284-2738
https://orcid.org/0000-0002-4284-2738
https://orcid.org/0000-0003-2662-3057
https://orcid.org/0000-0003-2662-3057
https://doi.org/10.1097/AUD.0b013e3181c7daf4
https://doi.org/10.1097/AUD.0b013e3181c7daf4
https://doi.org/10.1097/AUD.0000000000000058
https://doi.org/10.1159/000343189
https://doi.org/10.1159/000343189
https://doi.org/10.1121/1.399716
https://doi.org/10.1121/1.399716
https://doi.org/10.1121/1.410146
https://doi.org/10.1017/s1041610215001982
https://doi.org/10.1017/s1041610215001982

Shader et al.

13

CHABA (Committee on Hearing, Bioacoustics, and
Biomechanics). (1988). Speech understanding and aging. The
Journal of the Acoustical Society of America, 83(3), 859-895.

Chatelin, V., Kim, E. J., Driscoll, C., Larky, J., Polite, C., Price,
L., & Lalwani, A. K. (2004). Cochlear implant outcomes in
the elderly. Otology and Neurotology, 25(3), 298-301.

Chatterjee, M., & Oba, S. 1. (2005). Noise improves modulation
detection by cochlear implant listeners at moderate carrier
levels. The Journal of the Acoustical Society of America,
118(2), 993-1002. https://doi.org/10.1121/1.1929258

Chatterjee, M., & Oberzut, C. (2011). Detection and rate dis-
crimination of amplitude modulation in electrical hearing.
The Journal of the Acoustical Society of America, 130(3),
1567-1580. https://doi.org/10.1121/1.3621445

Chatterjee, M., & Robert, M. E. (2001). Noise enhances mod-
ulation sensitivity in cochlear implant listeners: Stochastic
resonance in a prosthetic sensory system? Journal of the
Association for Research in Otolaryngology, 2(2), 159-171.
https://doi.org/10.1007/s101620010079

Dupuis, K., Pichora-Fuller, M. K., Chasteen, A. L., Marchuk,
V., Singh, G., & Smith, S. L. (2015). Effects of hearing and
vision impairments on the Montreal Cognitive Assessment.
Aging, Neuropsychology, and Cognition, 22(4), 413-437.
https://doi.org/10.1080/13825585.2014.968084

Fitzgibbons, P. J., & Gordon-Salant, S. (1995). Age effects on
duration discrimination with simple and complex stimuli.
The Journal of the Acoustical Society of America, 98(6),
3140-3145. https://doi.org/10.1121/1.413803

Fitzgibbons, P. J., & Gordon-Salant, S. (1996). Auditory tem-
poral processing in elderly listeners. Journal of the American
Academy of Audiology, 7(3), 183-189.

Fraser, M., & McKay, C. M. (2012). Temporal modulation
transfer functions in cochlear implantees using a method
that limits overall loudness cues. Hearing Research, 283(1—
2), 59-69. https://doi.org/10.1016/j.heares.2011.11.009

Friedland, D. R., Runge-Samuelson, C., Baig, H., & Jensen, J.
(2010). Case-control analysis of cochlear implant perfor-
mance in elderly patients. Arch Otolaryngology Head and
Neck Surgery, 136(5), 432-438. https://doi.org/10.1001/
archoto.2010.57

Fu, Q. J. (2002). Temporal processing and speech recognition
in cochlear implant users. NeuroReport, 13(13), 1635-1639.
https://doi.org/10.1097/00001756-200209160-00013

Galvin, J. J., 111, & Fu, Q. J. (2005). Effects of stimulation rate,
mode and level on modulation detection by cochlear
implant users. Journal of the Association for Research in
Otolaryngology, 6(3), 269-279. https://doi.org/10.1007/
s10162-005-0007-6

Galvin, J. J., III, & Fu, Q. J. (2009). Influence of stimulation
rate and loudness growth on modulation detection and
intensity discrimination in cochlear implant users. Hearing
Research, 250(1-2), 46-54. https://doi.org/10.1016/j.heares.
2009.01.009

Garadat, S. N., Zwolan, T. A., & Pfingst, B. E. (2012). Across-
site patterns of modulation detection: Relation to speech rec-
ognition. The Journal of the Acoustical Society of America,
131(5), 4030-4041. https://doi.org/10.1121/1.3701879

Garadat, S. N., Zwolan, T. A., & Pfingst, B. E. (2013). Using
temporal modulation sensitivity to select stimulation sites for

processor MAPs in cochlear implant listeners. Audiology and
Neurotology,  18(4), 247-260.  https://doi.org/10.1159/
000351302

Gifford, R. H., Shallop, J. K., & Peterson, A. M. (2008). Speech
recognition materials and ceiling effects: Considerations for
cochlear implant programs. Audiology and Neurotology,
13(3), 193-205. https://doi.org/10.1159/000113510

Grill, W. M., Norman, S. E., & Bellamkonda, R. V. (2009).
Implanted neural interfaces: Biochallenges and engineered
solutions. Annual Review of Biomedical Engineering, 11,
1-24. https://doi.org/10.1146/annurev-bioeng-061008-124927

Grose, J. H., Mamo, S. K., & Hall, J. W., III. (2009). Age
effects in temporal envelope processing: Speech unmasking
and auditory steady state responses. Ear and Hearing, 30(5),
568-575. https://doi.org/10.1097/AUD.0b013e3181ac128f

Hall, R. D. (1990). Estimation of surviving spiral ganglion cells
in the deaf rat using the electrically evoked auditory brain-
stem response. Hearing Research, 49(1-3), 155-168. https://
doi.org/10.1016/0378-5955(90)90188-u

He, N.-j., Mills, J. H., Ahlstrom, J. B., & Dubno, J. R. (2008).
Age-related differences in the temporal modulation transfer
function with pure-tone carriers. The Journal of the
Acoustical Society of America, 124(6), 3841-3849. https://
doi.org/10.1121/1.2998779

Hinojosa, R., & Marion, M. (1983). Histopathology of pro-
found sensorineural deafness. Annals of the New York
Academy of Sciences, 405(1), 459-484. https://doi.org/10.
1111/5.1749-6632.1983.tb31662.x

Holden, L. K., C. C. Finley, J. B. Firszt, T. A. Holden, C.
Brenner, L. G. Potts, B. D. Gotter, S. S. Vanderhoof, K.
Mispagel, G. Heydebrand and M. W. Skinner. (2013).
Factors affecting open-set word recognition in adults with
cochlear implants. Ear and Hearing, 34(3), 342-360. https://
doi.org/10.1097/AUD.0b013e3182741aa7

Hox, J. J., Moerbeek, M., & Van de Schoot, R. (2017).
Multilevel analysis: Techniques and applications. Routledge.

Humes, L. E., Dubno, J. R., Gordon-Salant, S., Lister, J. J.,
Cacace, A. T., Cruickshanks, K. J., Gates, G. A., Wilson,
R. H., & Wingfield, A. (2012). Central presbycusis: A
review and evaluation of the evidence. Journal of the
American Academy of Audiology, 23(8), 635-666. https://
doi.org/10.3766/jaaa.23.8.5

Khan, A. M., Whiten, D. M., Nadol, J. B., & Eddington, D. K.
(2005). Histopathology of human cochlear implants:
Correlation of psychophysical and anatomical measures.
Hearing Research, 205(1-2), 83-93. https://doi.org/10.
1016/j.heares.2005.03.003

Leake, P. A., Hradek, G. T., & Snyder, R. L. (1999). Chronic
electrical stimulation by a cochlear implant promotes sur-
vival of spiral ganglion neurons after neonatal deafness. The
Journal of Comparative Neurology, 412(4), 543-562. https://
doi.org/10.1002/(sici)1096-9861(19991004)412:4< 543::aid-
cnel>3.0.co;2-3

Leigh-Paffenroth, E., & Fowler, C. G. (2006). Amplitude-mod-
ulated auditory steady-state responses in younger and older
listeners. The Journal of the Acoustical Society of America,
17(8), 582-597. https://doi.org/10.3766/jaaa.17.8.5

Lindenbeck, M. J., Laback, B., Majdak, P., & Srinivasan, S.
(2020). Temporal-pitch sensitivity in electric hearing with


https://doi.org/10.1121/1.1929258
https://doi.org/10.1121/1.3621445
https://doi.org/10.1007/s101620010079
https://doi.org/10.1080/13825585.2014.968084
https://doi.org/10.1121/1.413803
https://doi.org/10.1016/j.heares.2011.11.009
https://doi.org/10.1001/archoto.2010.57
https://doi.org/10.1001/archoto.2010.57
https://doi.org/10.1097/00001756-200209160-00013
https://doi.org/10.1007/s10162-005-0007-6
https://doi.org/10.1007/s10162-005-0007-6
https://doi.org/10.1016/j.heares.2009.01.009
https://doi.org/10.1016/j.heares.2009.01.009
https://doi.org/10.1121/1.3701879
https://doi.org/10.1159/000351302
https://doi.org/10.1159/000351302
https://doi.org/10.1159/000113510
https://doi.org/10.1146/annurev-bioeng-061008-124927
https://doi.org/10.1097/AUD.0b013e3181ac128f
https://doi.org/10.1016/0378-5955(90)90188-u
https://doi.org/10.1016/0378-5955(90)90188-u
https://doi.org/10.1121/1.2998779
https://doi.org/10.1121/1.2998779
https://doi.org/10.1111/j.1749-6632.1983.tb31662.x
https://doi.org/10.1111/j.1749-6632.1983.tb31662.x
https://doi.org/10.1097/AUD.0b013e3182741aa7
https://doi.org/10.1097/AUD.0b013e3182741aa7
https://doi.org/10.3766/jaaa.23.8.5
https://doi.org/10.3766/jaaa.23.8.5
https://doi.org/10.1016/j.heares.2005.03.003
https://doi.org/10.1016/j.heares.2005.03.003
https://doi.org/10.1002/(sici)1096-9861(19991004)412:4<543::aid-cne1>3.0.co;2-3
https://doi.org/10.1002/(sici)1096-9861(19991004)412:4<543::aid-cne1>3.0.co;2-3
https://doi.org/10.1002/(sici)1096-9861(19991004)412:4<543::aid-cne1>3.0.co;2-3
https://doi.org/10.1002/(sici)1096-9861(19991004)412:4<543::aid-cne1>3.0.co;2-3
https://doi.org/10.1002/(sici)1096-9861(19991004)412:4<543::aid-cne1>3.0.co;2-3
https://doi.org/10.3766/jaaa.17.8.5

Trends in Hearing

amplitude modulation and inserted pulses with short inter-
pulse intervals. The Journal of the Acoustical Society of
America, 147(2), 777-793. https://doi.org/10.1121/10.0000610

Litovsky, R. Y., Goupell, M. J., Kan, A., & Landsberger,
D. M. (2017). Use of research interfaces for psychophysical
studies with cochlear-implant users. Trends in Hearing, 21,
https://doi.org/10.1177/2331216517736464

Makary, C. A., Shin, J., Kujawa, S. G., Liberman, M. C., &
Merchant, S. N. (2011). Age-related primary cochlear neu-
ronal degeneration in human temporal bones. Journal of the
Association for Research in Otolaryngology, 12(6), 711-717.
https://doi.org/10.1007/s10162-011-0283-2

Middlebrooks, J. C. (2008). Cochlear-implant high pulse rate
and narrow electrode configuration impair transmission of
temporal information to the auditory cortex. Journal of
Neurophysiology, 100(1), 92-107. https://doi.org/10.1152/
jn.01114.2007

Middlebrooks, J. C. (2018). Chronic deafness degrades tempo-
ral acuity in the electrically stimulated auditory pathway.
Journal of the Association for Research in Otolaryngology,
19(5), 541-557. https://doi.org/10.1007/s10162-018-0679-3

Miller, C. A., Abbas, P. J., & Brown, C. J. (1993). Electrically
evoked auditory brainstem response to stimulation of dif-
ferent sites in the cochlea. Hearing Research, 66(2), 130-142.
https://doi.org/10.1016/0378-5955(93)90134-m

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau,
S., Whitehead, V., Collin, I., Cummings, J. L., & Chertkow,
H. (2005). The Montreal Cognitive Assessment, MoCA: A
brief screening tool for mild cognitive impairment. Journal
of the American Geriatrics Society, 53(4), 695-699. https://
doi.org/10.1111/j.1532-5415.2005.53221.x

Pfingst, B. E., Colesa, D. J., Swiderski, D. L., Hughes, A. P.,
Strahl, S. B., Sinan, M., & Raphael, Y. (2017). Neurotrophin
gene therapy in deafened ears with cochlear implants: Long-
term effects on nerve survival and functional measures.
Journal of the Association for Research in Otolaryngology,
18(6), 731-750. https://doi.org/10.1007/s10162-017-0633-9

Pfingst, B. E., Xu, L., & Thompson, C. S. (2007). Effects of
carrier pulse rate and stimulation site on modulation detec-
tion by subjects with cochlear implants. The Journal of the
Acoustical Society of America, 121(4), 2236. https://doi.org/
10.1121/1.2537501

Pfingst, B. E., Zhou, N., Colesa, D. J., Watts, M. M., Strahl,
S. B., Garadat, S. N., Schvartz-Leyzac, K. C., Budengz,
C. L., Raphael, Y., & Zwolan, T. A. (2015). Importance
of cochlear health for implant function. Hearing research,
322, 77-88. https://doi.org/10.1016/j.heares.2014.09.009

Purcell, D. W., John, S. M., Schneider, B. A., & Picton, T. W.
(2004). Human temporal auditory acuity as assessed by enve-
lope following responses. The Journal of the Acoustical Society
of America, 116(6), 3581. https://doi.org/10.1121/1.1798354

Ramekers, D., Versnel, H., Strahl, S. B., Smeets, E. M., Klis,
S. F., & Grolman, W. (2014). Auditory-nerve responses to
varied inter-phase gap and phase duration of the electric
pulse stimulus as predictors for neuronal degeneration.
Journal of the Association for Research in Otolaryngology,
15(2), 187-202. https://doi.org/10.1007/s10162-013-0440-x

Roberts, D. S., Lin, H. W., Herrmann, B. S., & Lee, D. J.
(2013). Differential cochlear implant outcomes in older

adults. The Laryngoscope, 123(8), 1952—-1956. https://doi.
org/10.1002/lary.23676

Saunders, E., Cohen, L., Aschendorff, A., Shapiro, W., Knight,
M., Stecker, M., Richter, B., Waltzman, S., Tykocinski, M.,
Roland, T., Laszig, R., & Cowan, R. (2002). Threshold, com-
fortable level and impedance changes as a function of elec-
trode-modiolar distance. Ear and Hearing, 23(1), 285-40S.
https://doi.org/10.1097/00003446-200202001-00004

Sayles, M., & Winter, I. M. (2008). Reverberation challenges
the temporal representation of the pitch of complex sounds.
Neuron, 58(5), 789-801. https://doi.org/10.1016/j.neuron.
2008.03.029

Schvartz-Leyzac, K. C., Conrad, C. A., & Zwolan, T. A.
(2019). Datalogging statistics and speech recognition
during the first year of use in adult cochlear implant recip-
ients. Otology & Neurotology, 40(7), e686—693. https://doi.
org/10.1097/MA0O.0000000000002248

Schvartz-Leyzac, K. C., & Pfingst, B. E. (2018). Assessing the
relationship between the electrically evoked compound
action potential and speech recognition abilities in bilateral
cochlear implant recipients. FEar and Hearing, 39(2),
344-358. https://doi.org/10.1097/aud.0000000000000490

Sergeyenko, Y., Lall, K., Liberman, M. C., & Kujawa, S. G.
(2013). Age-related cochlear synaptopathy: An early-onset
contributor to auditory functional decline. The Journal of
Neuroscience, 33(34), 13686-13694. https://doi.org/10.1523/
jneurosci.1783-13.2013

Shepherd, R. K., & Javel, E. (1997). Electrical stimulation of
the auditory nerve. I. Correlation of physiological responses
with cochlear status. Hearing Research, 108(1-2), 112—144.
https://doi.org/10.1016/S0378-5955(97)00046-4

Sladen, D. P., & Zappler, A. (2015). Older and younger adult
cochlear implant users: Speech recognition in quiet and
noise, quality of life, and music perception. American
Journal of Audiology, 24(1), 31-39. https://doi.org/10.
1044/2014_AJA-13-0066

Smith, L., & Simmons, F. B. (1983). Estimating eighth nerve
survival by electrical stimulation. Annals of Otology,
Rhinology & Laryngology, 92(1), 19-23. https://doi.org/10.
1177/000348948309200105

Tejani, V. D., Abbas, P. J., & Brown, C. J. (2017). Relationship
between peripheral and psychophysical measures of ampli-
tude modulation detection in cochlear implant users. Ear
and Hearing, 38(5), €268. https://doi.org/10.1097/AUD.
0000000000000417

van de Heyning, P., Arauz, S. L., Atlas, M., Baumgartner, W.
D., Caversaccio, M., Chester-Browne, R., Estienne, P.,
Gavilan, J., Godey, B., Gstottner, W., Han, D., Hagen, R.,
Kompis, M., Kuzovkov, V., Lassaletta, L., Lefevre, F., Li,
Y., Miiller, J., Parnes, L., Kleine Punte, A, . . . Skarzynski, H.
(2016). Electrically evoked compound action potentials are
different depending on the site of cochlear stimulation.
Cochlear Implants International, 17(6), 251-262. https://
doi.org/10.1080/14670100.2016.1240427

Walton, J. P., Simon, H., & Frisina, R. D. (2002). Age-related
alterations in the neural coding of envelope periodicities.
Journal of Neurophysiology, 88(2), 565-578. https://doi.
org/10.1152/jn.2002.88.2.565


https://doi.org/10.1121/10.0000610
https://doi.org/10.1177/2331216517736464
https://doi.org/10.1007/s10162-011-0283-2
https://doi.org/10.1152/jn.01114.2007
https://doi.org/10.1152/jn.01114.2007
https://doi.org/10.1007/s10162-018-0679-3
https://doi.org/10.1016/0378-5955(93)90134-m
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1007/s10162-017-0633-9
https://doi.org/10.1121/1.2537501
https://doi.org/10.1121/1.2537501
https://doi.org/10.1016/j.heares.2014.09.009
https://doi.org/10.1121/1.1798354
https://doi.org/10.1007/s10162-013-0440-x
https://doi.org/10.1002/lary.23676
https://doi.org/10.1002/lary.23676
https://doi.org/10.1097/00003446-200202001-00004
https://doi.org/10.1016/j.neuron.2008.03.029
https://doi.org/10.1016/j.neuron.2008.03.029
https://doi.org/10.1097/MAO.0000000000002248
https://doi.org/10.1097/MAO.0000000000002248
https://doi.org/10.1097/aud.0000000000000490
https://doi.org/10.1523/jneurosci.1783-13.2013
https://doi.org/10.1523/jneurosci.1783-13.2013
https://doi.org/10.1016/S0378-5955(97)00046-4
https://doi.org/10.1044/2014_AJA-13-0066
https://doi.org/10.1044/2014_AJA-13-0066
https://doi.org/10.1177/000348948309200105
https://doi.org/10.1177/000348948309200105
https://doi.org/10.1097/AUD.0000000000000417
https://doi.org/10.1097/AUD.0000000000000417
https://doi.org/10.1080/14670100.2016.1240427
https://doi.org/10.1080/14670100.2016.1240427
https://doi.org/10.1152/jn.2002.88.2.565
https://doi.org/10.1152/jn.2002.88.2.565

	table-fn1-2331216520936160
	table-fn1-0263617420944659

