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ABSTRACT

Thresholds of asymmetric pulses presented to cochlear
implant (CI) listeners depend on polarity in a way that
differs across subjects and electrodes. It has been
suggested that lower thresholds for cathodic-dominant
compared to anodic-dominant pulses reflect good local
neural health. We evaluated the hypothesis that this
polarity effect (PE) can be used in a site-selection strategy
to improve speech perception and spectro-temporal
resolution. Detection thresholds were measured in eight
users of Advanced Bionics CIs for 80-pps, triphasic,
monopolar pulse trains where the central high-
amplitude phase was either anodic or cathodic. Two
experimentalMAPs were then generated for each subject
by deactivating the five electrodes with either the highest
or the lowest PE magnitudes (cathodic minus anodic
threshold). Performance with the two experimental
MAPs was evaluated using two spectro-temporal tests
(Spectro-Temporal Ripple for Investigating Processor
EffectivenesS (STRIPES; Archer-Boyd et al. in J Acoust
Soc Am 144:2983–2997, 2018) and Spectral-Temporally
Modulated Ripple Test (SMRT; Aronoff and
Landsberger in J Acoust Soc Am 134:EL217–EL222,
2013)) and with speech recognition in quiet and in noise.
Performance was also measured with an experimental
MAP that used all electrodes, similar to the subjects’
clinical MAP. The PE varied strongly across subjects and
electrodes, with substantial magnitudes relative to the

electrical dynamic range. There were no significant
differences in performance between the three MAPs at
group level, but there were significant effects at subject
level—not all of which were in the hypothesized
direction—consistent with previous reports of a large
variability in CI users’ performance and in the potential
benefit of site-selection strategies. The STRIPES but not
the SMRT test successfully predicted which strategy
produced the best speech-in-noise performance on a
subject-by-subject basis. The average PE across electrodes
correlated significantly with subject age, duration of
deafness, and speech perception scores, consistent with
a relationship between PE and neural health. These
findings motivate further investigations into site-specific
measures of neural health and their application to CI
processing strategies.
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detection thresholds, channel selection

INTRODUCTION

Cochlear implants (CIs) allow many users to under-
stand speech well in quiet acoustic situations. Howev-
er, there is a large variability in the performance
between users and even the most successful show
much worse speech perception in background noise
compared to normal-hearing listeners (Friesen et al.
2001; Cullington and Zeng 2008). Efforts to develop
noise reduction techniques for improved speech
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recognition in background noise with CIs have
shown promising results but still remain an area of
active research and do not eliminate the large
differences in outcomes among CI users (Hu and
Loizou 2010; Dawson et al. 2011; Goehring et al.
2017). Possible underlying reasons for the speech
perception difficulties and variable outcome in CI
listeners include the user-specific pattern of neural
survival (Khan et al. 2005; Fayad and Linthicum
2006), the broad spread of neural activation along
the auditory nerve (at least in the monopolar
mode used clinically (Shannon 1983; Hughes and
Stille 2010)), and the variability due to surgical
trauma and electrode placement in the cochlea
(Finley and Skinner 2008; Carlson et al. 2011).
Together, these effects contribute to reduced
spectro-temporal resolution and to distortions of
the frequency-to-place mapping of sound in the
cochlea. This in turn is likely to impair speech
perception especially in noisy listening situations
with background sounds (Friesen et al. 2001; Fu
and Nogaki 2005).

Several studies have proposed electrode-
deactivation strategies as a means to improve speech-
in-noise perception in CI users. The criteria used for
(de-) activation have been based on measures of
electrode discrimination (Zwolan et al. 1997; Saleh
et al. 2013; Vickers et al. 2016), modulation detection
thresholds (Zhou and Pfingst 2012; Garadat et al.
2012, 2013), stimulus detection thresholds (Bierer and
Litvak 2016; Zhou 2017), and the results of CT-
imaging techniques (Noble et al. 2013, 2014). Reduc-
ing the number of stimulation sites may improve
spectral resolution by decreasing channel interactions
and can in principle be used to selectively deliver
electrical stimulation to better-functioning neural
regions along the cochlea. Indeed, two studies have
shown that electrode discrimination scores can suc-
cessfully be used to deactivate electrodes from the
everyday MAP of CI users to improve speech percep-
tion (Zwolan et al. 1997; Saleh et al. 2013), whereas
another study based on electrode discrimination did
not find such differences in performance (Vickers
et al. 2016). Spectral resolution and speech recogni-
tion in quiet and in noise have been improved relative
to the clinical MAP by using a site-selection strategy
based on low-rate (80 pps) detection thresholds,
which were proposed to reflect neural health (Zhou
2016, 2017), while no group effects were found in a
study that used high-rate (997 pps) detection thresh-
olds for selecting deactivation sites (Bierer and Litvak
2016). Improvements in speech-in-noise perception,
relative to the clinical MAP, have been obtained using
strategies based on modulation detection thresholds
(Garadat et al. 2013) and CT-imaging techniques
(Noble et al. 2013, 2014).

Although site-selection strategies may preferentially
stimulate those electrodes that most effectively convey
information needed to understand speech, there is a
potential disadvantage of reducing the number of
stimulated channels. While previous studies have
shown that speech perception does not improve
beyond about 4 to 10 spectral channels of information
(Dorman et al. 1997; Friesen et al. 2001; Garnham
et al. 2002; Fu and Nogaki 2005)—fewer than the
number of electrodes in modern CIs—two recent
studies have shown that speech recognition perfor-
mance in noise can improve as the number of
channels is increased above 8 (Schvartz-Leyzac et al.
2017) or 12 (Croghan et al. 2017). Those studies
suggest that deactivating some electrodes could de-
grade performance even when a fairly large number
of electrodes remain activated. However, the perfor-
mance improvements with more than 8 or 12 active
electrode channels observed by Croghan et al. and by
Schvartz-Leyzac et al. were small, and the advantages
with more active electrode channels may have been
due to the increased similarity of the experimental
MAPs to the everyday MAP of the subjects or to the
fact that the reduced-channel MAPs’ performance was
decreased by selecting a set of relatively poorer
electrode sites. In general, there is growing evidence
that site-selection strategies can potentially improve
speech-in-noise perception in some CI users when a
small proportion of electrodes is deactivated based on
individualized measures of neural function and/or
electrode position at each electrode site. However, the
potential benefits of selectively stimulating Bmore
effective^ channels must always be weighed against
the potential disadvantages in reducing the number
of channels of information.

For a site-selection method to be successfully
implemented in CI speech processors, it is desirable
to have a reliable measure of the electrode-nerve
interface and of the functioning of neural processes at
each electrode site (Bierer and Faulkner 2010; Pfingst
et al. 2015). Understanding the neural bases of any
effect is likely to prove important for understanding
why a manipulation does not work, or works only in
some subjects, and in the development of new and
more effective methods. Although CT image-guided
approaches provide a high level of information about
the placement of the electrode array within the
cochlea (Noble et al. 2013, 2014; Long et al. 2014;
DeVries et al. 2016), they may not be available for
many CI users due to the health risk from radiation
exposure and do not provide information on neural
survival. In contrast, single-electrode psychophysical
measures can be safely obtained with any CI user able
to participate in the task. Several studies have
reported that psychophysical measures of single-
electrode detection thresholds show substantial
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across-listener and across-electrode variability, and it
has been suggested that this variability may be used
for estimating the individual pattern of neural func-
tioning along the electrode array (Pfingst et al. 2004;
Bierer and Faulkner 2010; Bierer et al. 2015a;
Cosentino et al. 2016; Mesnildrey 2017; Carlyon
et al. 2018). Such measures have been applied in
site-selection strategies, and improvements in speech
perception compared to the everyday MAPs were
observed. Those advantages were observed for some
subjects, but not at group level, when electrodes were
selected and deselected on the basis of high-rate
thresholds (Bierer and Litvak 2016) and for all
subjects and at group-level when (de-) selection was
based on low-rate thresholds (Zhou 2016, 2017). The
improvements reported by Zhou (2016, 2017) were
obtained even without allowing subjects to acclimatize
to the experimental settings beforehand. Here, we
propose an estimate of local neural health using the
difference between low-rate detection thresholds for
trains of asymmetric pulses of opposite polarity and
evaluate its potential applicability in a site-selection
strategy for CI users.

Studies using animal models have found greater
sensitivity to cathodic stimulation than to anodic
stimulation (Hartmann et al. 1984; Miller et al. 1999;
Miller et al. 2004). The reverse is true for human CI
users, who require less current in anodic than
cathodic stimulation mode to obtain comfortable
listening levels (Macherey et al. 2006, 2008; Van
Wieringen et al. 2008) or electrically evoked responses
(Undurraga et al. 2010; Undurraga et al. 2013; Spitzer
and Hughes 2017; Hughes et al. 2018). A potential
reason for the difference between human and animal
data comes from computational studies that modeled
the effect of degenerated peripheral processes of the
spiral ganglion cells, compared to cells with intact
peripheral processes (Rattay 1999; Rattay et al. 2001).
Thresholds were increased in all cases with
degenerated peripheral processes but more so for
cathodic than for anodic stimulation and especially
for the human model compared to the animal model.
These predictions for the human model show that the
ratio between anodic and cathodic thresholds de-
pends strongly on the survival of peripheral processes,
with lower cathodic than anodic thresholds for
regions with more intact peripheral processes and
lower anodic than cathodic thresholds for regions
with more degenerated peripheral processes (cf.
Resnick et al. 2018). This observation is consistent
with the difference in polarity sensitivity found
between acutely deafened animal models (Hartmann
et al. 1984; Miller et al. 1999, 2004), which retain
intact peripheral processes for up to 2 months after
inducing hearing loss (Leake and Hradek 1988),
compared to human CI users (Macherey et al. 2008;

Macherey et al. 2017; Carlyon et al. 2018) that have
been deaf for longer periods of time and thus tend to
have more degenerated peripheral processes
(Johnsson et al. 1981; Zimmermann et al. 1995;
Fayad and Linthicum 2006).

While previous studies found anodic stimulation to
be more efficient in human CI users at supra-threshold
stimulation levels (Macherey et al. 2008; Undurraga
et al. 2010; Spitzer and Hughes 2017), recent results
indicate that polarity sensitivity at threshold is subject-
dependent and varies across electrodes for a given CI
user (Macherey et al. 2017; Mesnildrey 2017; Carlyon
et al. 2018; Hughes et al. 2018). Consequently, it might
be possible to use the subject-specific pattern of polarity
sensitivity to estimate the presence of intact or
degenerated peripheral processes and to serve as an
indicator of the local neural health along the electrode
array. The polarity sensitivity at threshold level, PE, is
obtained from a population of spiral ganglion cells with
potentially varying degrees of degeneration of the
peripheral processes and therefore expected to be of
gradual nature. This measure is based on detection
thresholds that can be obtained with lower stimulation
current than used for supra-threshold measures, there-
by potentially improving its spatial selectivity. Further-
more, the computation of a difference metric between
thresholds in both polarities at each electrode site
normalizes somewhat for the distance of the electrode
array with respect to the targeted spiral ganglion nerve
cells. Indeed, Mesnildrey (2017) measured the PE from
multiple electrodes in nine subjects from whom they
had postoperative CT scans and reported that the PE
did not correlate with the distance from the spiral
ganglion cells, as estimated from the electrode-modiolar
distance. An additional advantage of the PE measure is
that, because it is a difference score, it is unlikely to be
affected by cognitive differences between subjects
(Carlyon et al. 2018).

We measured detection thresholds in a group of CI
users for anodic- and cathodic-dominant triphasic
pulse trains and calculated the polarity sensitivity as
the difference between the two thresholds (cathodic
minus anodic) at all active sites along the electrode
array for each subject. The pattern of polarity
sensitivity was then used in a site-selection strategy to
generate two experimental MAPs for each subject
based on their clinical MAP, one with the five Bbest^
sites (those with the smallest PEs) deactivated and one
with the five Bworst^ sites (largest PEs) deactivated
while never allowing three adjacent sites to be
deactivated. Subjects completed a set of listening tests
to evaluate their performance in terms of spectro-
temporal resolution and speech perception in quiet
and in background noise with the experimental MAPs
and with a MAP that used all electrodes, similar to
their clinical MAP.
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The main goal was to investigate the reliability of
the polarity sensitivity measure on an individual scale
and to evaluate its potential use in guiding a site-
selection strategy for improving speech perception in
CI users. Furthermore, we analyzed potential relation-
ships between the estimated neural health and speech
performance across users, based on the hypothesis
that subjects with better neural health will also be
more successful in utilizing their CI. Finally, we
explored whether spectro-temporal tests can be used
to reliably predict speech perception benefits between
experimental conditions on an individual basis, in
order to facilitate the evaluation of optimized pro-
gramming strategies in clinical environments.

METHODS

Subjects

Eight post- or peri-lingually deafened, native speakers
of British English took part. Their mean age was
62 years, with a range from 48 to 72 years. Subjects
were unilaterally implanted users of an Advanced
Bionics (BAB^; Valencia, CA, USA) HiRes 90K™
cochlear implant and had more than 2 years of
experience with their device with a mean duration
of implant use of 5.5 years. Half of the subjects were
implanted with a pre-curved, mid-scalar electrode
(HiFocus™ Mid-Scala, MS) and the other half with a
straight lateral wall electrode (HiFocus™ 1J, 1J). Only
the implanted ear of each subject was used for the
presentation of stimuli; if a subject was wearing a
hearing aid in the other ear, then it was turned off
during the experiment. Prior to the experiment, the
most recent clinical MAP was obtained for each
subject (with usage experience with the clinical MAPs
ranging from 10 months to 2 years). Details about the
demographic information and devices used by the
eight subjects are given in Table 1.

The study was part of a larger research program
that was approved by the National Research Ethics
committee for the East of England. Before commenc-
ing, subjects gave their informed consent and were
informed that they could withdraw from the study at
any point. Subjects were paid for taking part and
reimbursed for travel expenses.

Technical Equipment and Software

All experiments were performed using a battery-
powered laptop computer running Microsoft Win-
dows 10 Pro (Dell XPS 15, model 2017). Experimental
sessions took place in a quiet testing room located in
the MRC Cognition and Brain Sciences Unit at the
University of Cambridge. The experimenter and the
subject were sitting at a desk while one of them used

the laptop computer, depending on the stage of the
experiment underway at the time.

A direct-stimulation experiment was performed for
measuring the psychophysical detection thresholds
(described in part IIc). The technical setup for this
part of the experiment consisted of an AB Clinical
Programming Interface (CPI) connected to an AB
Platinum Sound Processor (PSP), which was in turn
controlled using BEDCS software (Ver. 1.18.337;
Advanced Bionics, Valencia, CA, USA) with experi-
mental programs written in MATLAB (Ver. 2014a;
The Mathworks, Nattick, MA, US). The research
processor was connected to the laptop with a USB-
to-serial port converter and delivered the stimuli
directly to the CI of the subjects via a cable and RF
transmitter coil provided by AB. Stimuli were con-
trolled by the experimental software to exceed
neither the electrical compliance limit (7 V) of the
research processor nor the safety charge limit of the
electrode array. For each subject, impedance mea-
sures were performed for each electrode at the
beginning of every testing session using AB’s
Soundwave software (Ver. 2.3) to calculate maximum
current levels within compliance limits. Following
standard practice in our laboratory, impedances were
checked at the end of all sessions that used this direct-
stimulation method.

The spectro-temporal and speech intelligibility tests
(described in part IIf) did not involve direct stimula-
tion but instead used a programmable Harmony
speech processor (AB) that was battery-powered and
worn by the subject during the listening tests. The
stimuli were delivered to the subject using an external
USB soundcard (Roland UA-55 Quad-Capture USB)
that was connected to the auxiliary (AUX) input port
of the processor with an audio-cable provided by AB
and with the input from the microphone disabled.
The utilization of a clinical AB speech processor for
this part of the experiment ensured that the presen-
tation of stimuli did not exceed compliance limits and
comfortable listening levels as specified in the indi-
vidual clinical MAP of the subject. The stimulus
presentation level for one spectro-temporal test
(Spectro-Temporal Ripple for Investigating Processor
EffectivenesS (STRIPES), see part IIf) was set to most
comfortable level using the default STRIPES test
stimulus and by adjusting the manual volume control
of the soundcard. For the other spectro-temporal test
(Spectral-Temporally Modulated Ripple Test (SMRT),
see part IIf) and the speech intelligibility tests, the
presentation level was calibrated to 60 dB SPL using
the direct-connect calibration procedure implement-
ed in the AB research software (LIST Player Ver. 3,
Advanced Bionics, Valencia, CA, USA) and by
adjusting the manual volume control of the
soundcard accordingly. For each subject and at the

434 GOEHRING ET AL.: Site-Selection Strategy for Cochlear Implant Users



beginning of every test part that was performed for
the experiment, the presentation levels were con-
firmed by the subjects to be comfortable to them.

Psychophysical Detection Thresholds

The goal of this part of the experiment was to detect
individual differences in polarity sensitivity at thresh-
old level across the electrode array for each subject, so
as to determine an estimate of local neural health.
The stimuli for the measurement of detection thresh-
olds in anodic- and cathodic-dominant polarities
consisted of monopolar, triphasic stimuli for which
the central phase had twice the amplitude of the first
and last phases of the stimulus. The polarity of the
central phase defined the polarity of the stimulus
(anodic-cathodic-anodic, ACA or cathodic, and cathod-
ic-anodic-cathodic, CAC or anodic). The duration of
each of the three phases was 43.1 μs, and stimuli were
presented at a rate of 80 pps and with a total stimulus
duration of 300 ms. The current level was specified
and controlled in microampere by the low-level direct-
stimulation routines but was scaled to decibel values
when set by the experimental software.

Before the measurement of detection thresholds,
subjects completed loudness ratings for both ACA and
CAC stimuli for each electrode activated in their
clinical MAP (see Table 1). Electrical stimulation
always started at zero current level and was increased
in small current steps while obtaining feedback from
the subjects on the perceived loudness by using a
loudness chart (from step 1 BJust Noticeable^ up to
step 7 BLoud but Comfortable^) and tracking step 6
BMost Comfortable.^ This procedure was necessary to
obtain safe and comfortable initial stimulation levels
for the following adaptive threshold measurements.

For the measurements of detection thresholds
(THRs), an adaptive one-up/one-down tracking pro-
cedure was used. This was similar to a Békésy-tracking
scheme applied independently to each electrode (i.e.,
there were no changes in stimulation electrode
during an adaptive track). The initial presentation
level was set between 70 and 98 % of the obtained
MCL in current level (step 6 of the loudness chart) for
that electrode and polarity combination. For elec-
trodes with a comparatively larger dynamic range as
indicated by the loudness ratings, a smaller percent-
age of the MCL was used as initial level to reduce the
number of steps necessary to reach threshold level.
Conversely, for electrodes with a smaller dynamic
range, a higher percentage of the MCL was used as
initial level to ensure that a sufficient number of trials
were clearly audible before reaching the first reversal.
This was done to reduce the time needed for the
subject to complete the adaptive procedure while
ensuring a stable adaptive track. Subjects pressed the
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space bar of the computer keyboard each time they
heard a sound. When subjects responded to the
stimuli within a time window of 3 s, the presentation
level was decreased by one step size and a new
stimulation was triggered after a randomly chosen
delay of between 2 and 3 s. If subjects did not respond
within 3 s after the stimulus presentation, the level was
increased by one step size and presented after a
randomly chosen delay of between 0.1 and 0.6 s. This
resulted in a stimulus presentation every 2 to 6 s. The
initial step size was 0.5 dB and was reduced to 0.2 dB
after the first reversal (with a minimum step size of
4 μA imposed by the direct-stimulation routines). The
adaptive procedure stopped after eight reversals and
the THR level was estimated as the average of the
stimulus levels at the last six reversal points.

The presentation order of electrodes was random-
ized per subject and two adaptive tracks were per-
formed for each threshold estimate. In the first run,
stimuli were presented at every electrode in random-
ized order for both polarities (ACA and CAC),
randomly choosing which polarity was presented first.
In the second run, electrodes were presented in
reversed order, and also the polarity was chosen in
reversed order to the first run to control for order
effects of the presentation. The average of the two
runs was taken as the final THR estimate for each
electrode-polarity combination. In total, this proce-
dure took about 2 h and required up to 64 adaptive
tracks to be completed by the subjects (with a
maximum of 16 electrodes for the two polarities and
two runs).

Site Selection Based on Polarity Sensitivity

The polarity effect (PE) was defined as the difference in
sensitivity to CAC versus ACA stimuli at threshold level.
It was calculated for each subject and each electrode by
converting the obtained THR levels to decibels and
subtracting the anodic from the cathodic thresholds. A
negative, or small, PE value reflects greater sensitivity to
cathodic than to anodic stimulation and is hypothesized
to indicate a healthier neural region due to a higher
proportion of intact peripheral processes of the excited
neurons. In contrast, a positive, or large, PE value is
hypothesized to indicate a neural region with poorer
neural health due to a higher proportion of
degenerated peripheral processes. This estimate of local
neural health along the electrode array was used to
guide a site-selection strategy for improving listening
performance in CI users.

Three experimental MAPs were generated in
Soundwave™ for each subject. For the first two
experimental MAPs, the five electrodes with either
the highest (MAP 1) or lowest (MAP 2) PE values were
selected sequentially and then deactivated in the

clinical MAP of that subject, with the constraint that
three adjacent electrodes could not be deactivated. If,
at any point during the construction of the experi-
mental MAPs, the selection of the next deactivated
electrode would have resulted in three adjacent
electrodes being deactivated in the experimental
MAP, then this electrode was kept active and the next
highest or lowest electrode was selected that did not
yield three adjacent electrodes to be turned off. This
rule was imposed in order to avoid an extreme
cluttering of deactivated electrodes in one region of
the electrode array. No further selection restrictions
were applied. The third experimental MAP (MAPC)
served as a control condition, and the same electrodes
were active as in the clinical MAP of each subject.

For all three experimental MAPs tested in the
evaluation experiment, the coding strategy was changed
to HiRes-S (roughly similar to continuous-interleaved-
sampling, CIS, without any current focussing or steering),
while keeping the same pulse duration as used with the
coding strategy in the subjects’ clinical MAP (all subjects
usedHiRes-Optima in their clinical MAP, a strategy based
on CIS with additional current steering). This led to an
automatic adjustment of the channel stimulation rate for
all three MAPs in the clinical software Soundwave™ to
compensate for the change in loudness resulting from
the change in coding strategy.When further switching off
electrodes in the experimental MAPs (MAP 1 and MAP
2), the clinical software again automatically adjusted the
channel stimulation rate to provide the same overall
stimulation rate per cycle depending on the pulse width
used by each subject (see Table 1). This resulted in a
change in channel stimulation rate by the ratio of all
active electrodes M divided by the remaining active
electrodes in the experimental MAPs M − 5 (resulting in
a factor of M / (M − 5) ~ 1.5). The input signal was
changed to AUX ONLY to mute the microphone input
and to automatically deactivate all further adaptive post-
processing functions (for example, any noise reduction
function that was active) and the internal telecoil was
switched off to avoid potential interference. The thresh-
old (T) and most comfortable (M) levels given by the
clinical MAP were unchanged in the experimental MAPs
for each electrode. The number of remaining active
electrodes in the experimental MAPs (MAP 1 and MAP
2) led to an adjustment of the center frequencies and
bandwidths used for the input analysis filter bank (see
Table 2) but was the same in both MAPs for each subject.
The allocation of input sound spectral information to
stimulation electrode was changed depending on the
location of the deactivated electrodes in the two MAPs
per subject, to provide all input sound information to the
active sites of stimulation for thatMAP. The differences in
terms of number of active electrodes, changes in spectral
analysis filters, and channel stimulation rates were the
same between the experimental MAPs (MAP 1 and MAP
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2) in respect to MAPC, which served as a control
conditionmost similar to the clinical MAP of the subjects.

In order to evaluate the possibility of loudness
differences between the three MAPs under test, that
may have affected listening performance (for exam-
ple, speech intelligibility), subjects completed a loud-
ness rating procedure for all three experimental
MAPs for comparison purposes. A 2.5-s-long white
noise signal was generated and shaped with the long-
term average spectrum of 10 sentence lists of the
speech material used for the listening experiments
(see BPerformance Evaluation^ section) and calibrat-
ed to the same root-mean-square level as the speech
stimuli. This signal was then used to perform loudness
ratings with each experimental MAP and presented
via the AUX port of the Harmony research processor.
The playback started at a presentation level of − 40 dB
relative to the presentation level used for the listening
experiment and was then increased using a MATLAB
script while obtaining feedback from the subjects on
the AB loudness chart.

Performance Evaluation

Spectro-Temporal Tasks. We used two spectro-temporal
non-speech tasks. One of these, the STRIPES test was
developed in our laboratory (Archer-Boyd et al. 2018).
The test uses an adaptive procedure to measure the
threshold at which the subject can just distinguish the
target stimulus from two reference stimuli in a three-
interval, two-alternative forced-choice task. Stimuli
consisted of 1-s-long, concurrent exponential sine
sweeps moving up or down in frequency from 250 to
8000 Hz. The subject had to select the target interval,
which was either the first or last interval and which was
always an upward sweep; the other two intervals
contained downward sweeps (Fig. 1, top row). The
number of concurrent frequency sweeps (the Bdensity^)
was varied to titrate difficulty, with the task being very
easy at a density close to 1, and progressively harder at
higher densities. The starting frequency was roved
across trials and the beginning and end of each interval
was masked by short noise bursts to reduce the salience
of onset and offset cues. An adaptive two-up/one-down
procedure started with a sweep density of 1.1 (equal to

the total number of, but not necessarily uninterrupted,
sweeps present during a 1-s interval) and adjusted the
density per trial with a density step size of 0.5 (for the
first four reversals) and 0.2 (for the last eight reversals).
The test was complete after 12 reversals and the final
score of the run was calculated as the average density of
the last four reversals.

The other spectro-temporal measure was the SMRT
test developed by Aronoff and Landsberger (2013).
Stimuli were generated using a non-harmonic tone
complex with 202 equal-amplitude pure-tone compo-
nents from 100 to 6400 Hz that were modulated by a
sine wave with a defined number of ripples per octave
(RPO). The SMRT test involved a three-interval,
forced-choice task, in which two of the three 500-ms-
long intervals contained a reference stimulus with 20
RPO, and the other interval contained the target
stimulus that was initialized with 0.5 RPO and adjusted
using an one-up/one-down procedure with a step size
of 0.2 RPO per trial. The phase of the ripple at the
onset of the stimuli was pseudo-randomized and a test
run was completed after ten reversals, of which the
last six were used to calculate the final score by
averaging. Software to perform the SMRT test was
obtained from the official website provided by the
developers (http://smrt.tigerspeech.com). The SMRT
test was developed for hearing-impaired listeners and
selected in this study to serve as a comparison
condition to STRIPES because it is widely used with
CI listeners and has been shown to correlate with
their mean speech perception scores in quiet and in
noise in previous studies (Holden et al. 2016; Lawler
et al. 2017; Zhou 2017). However, for the SMRT test,
CI listeners may perform the task based on cues
different from spectro-temporal processing. For ex-
ample, amplitude modulations within a single chan-
nel may be sufficient to distinguish the target from the
reference stimulus at low RPOs (Archer-Boyd et al.
2018). This can be seen in the bottom part of Fig. 1,
where at any one CF the amplitude fluctuations are
larger and slower for the signal stimulus. In contrast,
the STRIPES test was specifically developed for CI
users with the focus on avoiding confounding cues by
letting subjects identify sweep direction instead of
density and by using simple stimuli—to be usable also

TABLE 2

Center frequencies used for the experimental MAPs with 10, 15, or 16 active channels

MAP Spectral channel

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

10 ch. 356 534 704 926 1220 1607 2117 2788 3673 6438
15 ch. 336 463 556 668 804 965 1160 1394 1674 2012 2417 2904 3490 4193 6638
16 ch. 333 455 540 642 762 906 1076 1278 1518 1803 2142 2544 3022 3590 4264 6665
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with newly implanted patients. Here, STRIPES and
SMRT were used for evaluating the experimental
MAPs and to compare their ability to predict speech
perception performance by CI users.
Speech Tests. In the speech in quiet (SIQ) test, subjects
were presented with sentence lists drawn from the
Bamford-Kowal-Bench (BKB; Bench et al. 1979) speech
corpus. This consisted of 15 contextual sentences per list
with three keywords per sentence, spoken by a British
male talker. Subjects were asked to repeat what they
heard and were encouraged to guess if unsure about the
exact content. The experimenter scored the keywords
for each sentence according to the correct answers and
the final score per run was calculated by dividing the
number of correct keywords by the total number of
keywords in that list. Mistakes related to verb tenses or
plurality of nouns were deemed correct, but all other
mistakes were scored as incorrect.

In the speech in noise (SIN) test, sentence lists
from the BKB corpus (as used for SIQ, but different
lists) were mixed with time-reversed speech drawn
from the Harvard sentences (Rothauser 1969) spoken
by a different British male talker. This choice of
background noise represented the highly modulated
characteristics of competing speech, as it occurs in
realistic listening environments, but with the use of an
unintelligible masker to avoid informational masking
effects (Deeks and Carlyon 2004). An adaptive one-
up/one-down procedure with a step size of 2 dB was
implemented, to measure the speech reception
threshold at which 50 % of the sentences were
understood correctly (SRT50; MacLeod and
Summerfield 1990). The initial signal-to-noise ratio

(SNR) was set to − 4 dB and increased by 2 dB per
trial, while repeating a randomly drawn sentence from
the list, until the subject recognized the three
keywords. The next sentence was then taken from
the list and the adaptive procedure started depending
on the answer of the subject until all 15 sentences of
that list had been presented. A trial was deemed
correct if all three keywords were correctly repeated
by the subject and the final SRT score for that run was
calculated as the average of the last ten SNRs
presented.

Study Protocol

The experiment was organized into five experimental
sessions of 2 to 3 h each, which were completed by the
subjects on five different days. Electrode impedances
were measured at the start of each session using the
clinical software. Subjects completed the loudness
rating procedure in the first session and the measure-
ment of detection thresholds in the second session (as
described in the BPsychophysical Detection
Thresholds^ section). Before session 3 was performed,
the experimental MAPs were constructed by the
experimenter (as described in the BSite Selection
Based on Polarity Sensitivity^ section) and loaded
onto the Harmony research processor as pre-defined
programming settings. The third and fourth experi-
mental sessions consisted of the evaluation of MAP 1
and MAP 2 using all four evaluation tests. First, three
runs of STRIPES were performed for each of the two
MAPs, counter-balancing the order of the MAPs
across the eight subjects. Second, three runs of SMRT
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FIG. 1. Time-frequency plots of STRIPES stimuli (upper panel, density of 5) and SMRT stimuli (lower panel, RPOs of 1 and 20) used for a single
trial in the forced-choice task. The target stimulus is shown in the left position with the two reference stimuli shown in the middle and right
positions



for each MAP were performed using the same order
as used for STRIPES. After this, a short break was
offered to the subjects and an acclimatization phase
was employed to let the subject get used to one of the
two experimental MAPs by listening to an audiobook
for 15 min (Jules Verne’s 20 Thousand Leagues Under
the Sea, read by a male talker different from the one in
the speech tests) and while being able to read along
with the printed manuscript. Directly after the com-
pletion of the acclimatization phase, their speech
recognition in quiet was measured by performing
three runs of the test described in BPerformance
Evaluation.^ Following this, the speech recognition in
noise test was completed for three runs using the
procedure described in BPerformance Evaluation.^ In
the next session, the same procedure was followed,
while reversing the order of the MAPs in the STRIPES
and SMRT test parts and using the other experimen-
tal MAP for the acclimatization part and speech tests.
In the final session of the experiment, the third
(clinical-like) experimental MAP, MAPC, was tested in
all four evaluation tests. The testing followed a similar
procedure to the previous sessions by completing
three runs of STRIPES, three runs of SMRT, a short
break, the acclimatization phase, and three runs for
the speech in quiet test followed by three runs of the
speech in noise test. In addition, a further set of three
runs of STRIPES and SMRT was performed after a
short break to obtain the same number of data points
for this MAP as for the other two experimental MAPs.

For the evaluation of the two experimental MAPs
(MAP 1 and MAP 2), the experiment followed a
double-blinded scheme in which neither the experi-
menter nor the subject knew which experimental
MAP was being tested. This was not achieved for the
MAP MAPC, which was added as a follow-up measure
to compare the performances in MAP 1 and MAP 2 to
a reference conditionmost similar to the subject’s clinical
MAP. Here, the subjects but not the experimenter were
blinded as to which condition was being tested.

RESULTS

Psychophysical Detection Thresholds

Detection thresholds measured for both polarities
(ACA and CAC) at each electrode site are shown for
all subjects in Fig. 2. Note that electrode 16 was
excluded from the data analyses, due to this electrode
site being active only in two subjects. For the group
data, there was a general pattern of lower average
thresholds in anodic (CAC, red circles) than in
cathodic (ACA, blue squares) stimulation mode for
all electrode sites. A paired samples t test indicated a
significant difference between mean ACA and CAC
thresholds [t(14) = 13.771, p G 0.0001]. A somewhat

different shape of the threshold curves depending on
the type of electrode array can be observed in Fig. 2,
with a significantly larger variability in thresholds
across electrode sites for MS (subjects 4, 5, 6, 7) than
for 1J (other subjects; Levene’s test, p = 0.002). On
average, thresholds for the MS array tended to be
highest for the middle-numbered electrodes. Howev-
er, mean thresholds were not different between array
types when averaging across electrode sites. The
reliability of the threshold tracking procedure was
evaluated by calculating the correlation between the
two adaptive THR measurements, after normalizing
the threshold data for each subject by subtracting, for
each data point, the average across electrodes for that
subject (Fig. 3a). There were highly significant corre-
lations between the two THR measurements for both
polarities ACA and CAC separately (Pearson’s r = 0.99,
p G 0.0001; for both polarities). The average absolute
difference in THR measurements between two runs
was 0.17 dB with a standard deviation of 0.07 dB.

Polarity Effect and Experimental MAPs

The PE was based on the average of the thresholds
obtained in the two adaptive runs. To evaluate its
reliability, we correlated the PE effects based on the
first vs second set of measures, after normalizing the
data for each subject by subtracting, for each data point,
the average for that subject across electrodes. This
correlation is shown in Fig. 3b and was highly significant
(r = 0.95, p G 0.0001, df = 110). For the data in this study,
there was no significant relationship between the
average thresholds and the average PE across subjects
nor a consistent relationship between the PE and the
thresholds across electrodes (ACA, CAC, or clinical
thresholds). This latter finding differs from that report-
ed by Carlyon et al. (2018) and is discussed further in the
BDISCUSSION^ section. The mean and variability in PE
were also not different between the two types of
electrode arrays used by the subjects.

The PE is shown for all eight subjects and all
measured electrode sites in Fig. 4. The individual
patterns of PE values in combination with the site-
selection strategy used to construct the two experi-
mental MAPs led to 16 distinct electrode selections.
The average PE across electrodes and subjects had a
substantial size relative to the electrical dynamic range
of the subjects (defined as M–T level, in dB) of about
36 % on average (with a standard deviation of 20 %
and there was an average electrical dynamic range of
3.3 dB across electrodes and subjects). Electrode-wise
PE values varied from − 1.98 up to 2.61 dB with
subject-wise standard deviations between 0.47 and
1.04 dB. Both the magnitude and variability of the
PE across-electrode sites constituted a substantial
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portion of the electrical dynamic range of the
subjects.

There was a significant positive correlation between
the average PE across electrodes with the age of the
subjects (r = 0.75, df = 6, p = 0.032; see Fig. 5a) and with
the duration of deafness (r = 0.76, df = 6, p = 0.029, not
shown). Because age and duration of deafness corre-
lated with each other (r = 0.66, df = 6, p = 0.075), it is
unclear which of these factors was responsible for the
correlation with PE (partial correlation between PE
and deafness duration = 0.76, p = 0.029; between PE
and age = 0.75, p = 0.032).

The results for the loudness comparison of the
three experimental MAPs are shown in Fig. 6. Loud-
ness ratings were very similar between the experimen-
tal MAPs and there were no significant differences in
the perceived loudness between the three MAPs
either at threshold or most comfortable level, as
determined by one-way repeated-measures ANOVAs
[at THR: F(2, 14) = 0.454, p = 0.644; at MCL: F(2, 14) =
1.232, p = 0.321].

Evaluation Tests

The results of the four evaluation tests are shown in
Fig. 7 for all subjects. Data are shown for all three
MAPs but analyses are initially restricted to MAP 1 and
MAP 2. This was done because only those two MAPs
were tested in a counterbalanced and double-blind
fashion and because our primary outcome measure
was the difference in performance between them
(with the hypothesis that MAP 1 leads to better
performance than MAP 2). These two maps were
expected to differ approximately equally from the
clinical map, thereby reducing the effect of familiarity
on any comparison of the speech scores.

For the non-speech tests, STRIPES and SMRT, test-
retest reliability was determined as the correlation
between the average performance of MAP 1 and MAP
2 in the three runs in each of the two evaluation test
sessions. There were strong and highly significant
correlations for both tests (STRIPES: r = 0.91, df = 6,
p = 0.0019; SMRT: r = 0.87, df = 6, p = 0.0044). Further-
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FIG. 2. Detection thresholds measured in anodic (CAC, red and filled circles) and cathodic (ACA, blue and open squares) stimulation modes at
each electrode site for all subjects
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more, there was no evidence for a practice or fatigue
effect; the difference between average scores in
sessions 1 and 2 was only − 0.326 for STRIPES and −
0.328 for SMRT, neither of which was statistically
significant [STRIPES: t(7) = − 1.79, p = 0.12; SMRT:
t(7) = − 1.76, p = 0.12]. Of greater importance is the
reliability of the differences between the two maps for
each test. The subject-wise differences in performance
between MAP 1 and MAP 2 were correlated signifi-
cantly across the two test sessions for STRIPES (r =
0.88, df = 6, p = 0.0042) but not for SMRT (r = 0.18, df =
6, p = 0.68). Hence, we have evidence that the
difference in performance between the two MAPs
was reliable for the STRIPES test but do not have
evidence that this is so for SMRT. That is, for the
STRIPES test, a subject who performs better for MAP
1 than for MAP 2 in session 1 will also do so in session
2; we have no evidence that this was the case for
SMRT. To evaluate whether the reliability was signif-
icantly greater for STRIPES than for SMRT, we

compared the two correlations using Fisher’s r to z
transform; this just missed significance (z = 1.89, p =
0.059, two-tailed).

For the speech tests, the subject-wise normalized
speech recognition scores, obtained by subtracting,
for each subject, the average performance in the
three MAPs from each MAP’s score, in quiet and in
noise were strongly correlated (r = − 0.83, df = 22,
p G 0.0001), indicating that the differences in speech
scores between MAPs were reliable and consistent.
Note that for statistical analysis the percentage correct
scores for speech in quiet were transformed using the
rationalized arcsine transform (RAU; Studebaker
1985). The effect of MAP on performance differed
across subjects and across evaluation tests.

The main hypothesis under test was that perfor-
mance on the evaluation tests would differ significant-
ly between MAP 1 and MAP 2, with better
performance for MAP 1. We therefore performed
statistical analyses using paired samples t tests for
those two MAPs. The results showed no significant
differences between the experimental MAPs at group
level for STRIPES [t(7) = − 0.226, p = 0.83], SIQ [t(7) =
− 0.295, p = 0.78] and SIN [t(7) = 0.555, p = 0.59], but
there was a small but significant effect for SMRT,
whereby thresholds were higher (better) for MAP 1
than for MAP 2 [MAP 1 = 2.03 RPO, MAP 2 = 1.59
RPO, t(7) = 3.07, p = 0.018]. This significant effect
should, we believe, be treated with caution given the
fact that, for SMRT, the difference between the two
maps did not correlate across the two test sessions.
Consistent with the absence of a group-level effect,
there were mixed results at subject level, with some
subjects showing results consistent with the hypothesis
and others against it, both when analyzing all result
scores and when restricting the analysis to only
statistically significant differences at subject level using
paired t tests with Bonferroni-Holm correction for
eight tests (one for each subject). For the latter case,
there were three subject-level differences significant
between MAP 1 and MAP 2 for the STRIPES test (S1,
S3, S8) and one for the SIN test (S3), out of which just
S1 showed an effect in the predicted direction with
STRIPES.

We additionally performed some analyses while
including the data for MAPC. This revealed no
significant effect of MAP on any of the outcome
measures, as assessed by one-way repeated-measures
ANOVAs for each outcome measure. No significant
overall differences were found [STRIPES: F(2, 14) =
1.153, p = 0.344; SIQ: F(2, 14) = 0.905, p = 0.427; SIN:
F(2, 14) = 0.994, p = 0.395; SMRT: F(1.132, 7.923) =
3.857, p = 0.083, df for SMRT adjusted using Huynh-
Feldt correction due to sphericity violation]. Although
our comparisons between the experimental maps
revealed no significant group-level differences for
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any outcome measure, there were significant subject-
level differences between the experimental MAPs and
MAPC (tested using two-tailed, paired t tests with
Bonferroni-Holm correction for 16 tests, with 2 per
subject) for the STRIPES and SMRT tests. For the
STRIPES test, six subjects showed a benefit of MAPC
over one of the experimental maps, one (S7) showed
no significant differences, and S1 showed a significant
subject-level benefit with MAP 1 over MAPC. For the
SMRT test, one subject (S5) showed a significant
advantage for MAPC over MAP 2. For SIQ, most
subjects scored highly with all three experimental

MAPs (9 80 % correct, apart from S3 with MAP 1 and
S6 with MAP 2) and there were no significant subject-
level differences between the experimental MAPs and
MAPC. For SIN, there was a large variability in
performance between subjects, with SRT scores rang-
ing from 7.8 dB up to 20.7 dB (excluding the very
high SRT for S3 using MAP 1), and there were again
no significant subject-level differences. Note that for
SIQ and SIN, there were only three runs averaged per
score compared to STRIPES and SMRT with six runs
per score, which made it less likely to detect statistical
differences at subject level for the speech tests.
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FIG. 4. Polarity effect for all subjects and electrode sites measured. The sites that were deactivated in the experimental MAPs are indicated for
MAP 1 (black) and MAP 2 (gray). The average PE for all tested electrodes for each subject and for the electrodes remaining in each MAP is
indicated on the y-axis



We also examined whether either of the spectro-
temporal measures predicts, for a given subject, which
MAP will produce the best speech perception. If so, this
would provide preliminary evidence that the spectro-
temporal test could be used clinically in order to identify
the processing strategy that will provide the best possible
speech perception for a given subject. To perform the
evaluation, we normalized all measures to the mean
across the three MAPs for each subject and then
correlated these normalized values. This is mathemati-
cally equivalent to the method recommended by Bland
and Altman (1995). For the STRIPES test, this revealed
correlations that were in the predicted direction for
both speech tests; the correlation was significant for SIN
(r = − 0.59, df = 14, p = 0.016) and just missed significance

for SIQ (r = 0.48, df = 14, p = 0.059). For SMRT, the
correlation was not significant for SIN (r = − 0.33, df =
14, p = 0.21) and just missed significance for SIQ (r =
0.48, df = 14, p = 0.059).

While there was no significant relationship between
the average detection thresholds or the variance in
thresholds across electrodes and the normalized
evaluation test scores, there was a significant across-
subject correlation between the PE averaged across
electrodes and both the SIQ and SIN scores averaged
across MAPs per subject (SIQ: not normally distribut-
ed as tested with Lilliefors test, p = 0.001, Spearman’s
rho = − 0.88, df = 6, p = 0.0072; SIN: r = 0.77, df = 6, p =
0.023), with better performance associated with lower
PE (see Fig. 5b, c). Because PE is a difference score,
these across-subject correlations are unlikely to be
driven by cognitive differences between subjects. They
are consistent with, but do not prove, the idea that
subjects having low PEs exhibit good neural health
and good speech perception. Furthermore, there
were strong associations between the duration of
deafness and speech perception in quiet (r = − 0.91,
df = 6, p = 0.002) and in noise (r = 0.95, df = 6, p G 0.001)
consistent with results reported in previous studies
(van Dijk et al. 1999; Holden et al. 2013; Plant et al.
2016). However, there were no significant relation-
ships between the duration of deafness and the
spectro-temporal tests (STRIPES: r = − 0.55, df = 6, p =
0.158; SMRT: r = − 0.65, df = 6, p = 0.081).

DISCUSSION

Comparison Between MAPs

Stimulus detection thresholds were measured in a
group of CI users for triphasic, low-rate stimuli in
both anodic and cathodic polarities to calculate the
PE, the difference in polarity sensitivity at threshold
level, for all active electrode sites. The PE demon-
strated subject-specific patterns that were distinct
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from the thresholds per se and the clinical thresh-
olds based on high-rate, biphasic stimulation. PE
values showed strong test-retest reliability and were
substantial in size relative to the electrical dynamic
range of the subjects.

The proposed site-selection strategy was evaluated
using two experimental MAPs that were constructed
by deactivating the electrode sites with either the five
highest or five lowest PE values for each subject. The
two MAPs, MAP 1 and MAP 2, were used in four
listening tests to evaluate performance differences
and to compare against a third MAP, MAPC, most
similar to the subjects’ clinical MAP. Statistical
analysis revealed no significant differences between
MAP 1 and MAP 2 for any of the evaluation tests at
group level, except for a small (and, as we have
argued above, potentially unreliable) advantage for
MAP 1 in the SMRT test. No significant differences
were observed when all three maps were analyzed
together. Hence, the site-selection strategy was not
successful in improving the overall listening perfor-
mance for this group of CI users. While the small
amount of acclimatization provided here made a
performance benefit of the reduced-electrode MAPs

over MAPC unlikely, this cannot explain why perfor-
mance was not better for MAP 1 than for MAP 2, as
both of these maps were unfamiliar to the subjects.
Nevertheless, it is of some interest that performance
was also not significantly worse overall with the
reduced-electrode MAPs, indicating a strong robust-
ness of CI users to changes in their spectral mapping
strategy. This was most obvious for speech in quiet,
where all subjects performed at very high levels with
all or at least two of the three MAPs under test.
Thus, MAPC was never clearly better than the better
of the channel-reduced MAPs in the speech tests at
subject level. As expected, variability in between-
subject performance and within-subject differences
between MAPs were more prominent for the speech-
in-noise test than in the speech-in-quiet test. There
was no clear pattern at group level, but results
indicate that there were significant differences in
listening performance between the experimental
MAPs (MAP 1 and MAP 2) at subject level with the
STRIPES test. This shows that spectro-temporal
processing, as measured by a non-speech test, can
in principle be affected by the choice of which
electrodes to disable.

E1: STRIPES

S1 S2 S3 S4 S5 S6 S7 S8 AVG

3

5

7
S

tr
ip

es
 d

en
si

ty

MAP1
MAP2
MAPC

E2: SMRT

S1 S2 S3 S4 S5 S6 S7 S8 AVG

1

4

7

R
ip

pl
es

 p
er

 O
ct

.

E3: Speech in Quiet

S1 S2 S3 S4 S5 S6 S7 S8 AVG

50

75

100

%
 c

or
re

ct

E4: Speech in Noise

S1 S2 S3 S4 S5 S6 S7 S8 AVG
Subjects

10

15

20

S
R

T
 (

dB
)

444 GOEHRING ET AL.: Site-Selection Strategy for Cochlear Implant Users

FIG. 7. Individual results by all subjects and on average using the three experimental MAPs for all four evaluation tests (E1, STRIPES; E2, SMRT;
E3, Speech in Quiet; E4, Speech in Noise). Error bars indicate the standard error of the mean. Asterisks indicate subject-level differences between
MAPs (p G 0.05). S3 scored 27.4 dB SRT with MAP 1 for E4



Comparison with Previous Studies on Site-
Selection Strategies

Several studies have shown significant effects of site-
selection strategies on listening performance in CI
users either at group level (Garadat et al. 2012, 2013;
Saleh et al. 2013; Zhou 2017) or at subject level
(Noble et al. 2013, 2014; Bierer and Litvak 2016).
Differences between studies included the measures
upon which electrode sites were deactivated, the
number of electrodes deactivated, the rules used for
site selection, and the coding strategy employed for
the presentation to the subjects. Those studies that
reported significant group-level effects over the
clinical MAP (Zhou 2017; Garadat et al. 2013), used
a site-selection strategy that deactivated a small
proportion of electrodes (5/22), that were evenly
distributed across five regions along the electrode
array, and used the ACE coding strategy. Both of
those studies compared the experimental MAP
directly to the clinical MAP without using, for all
subjects, a control condition that differed from the
clinical MAP by a similar amount as did the
experimental MAP. Interestingly, they demonstrated
significant improvements in speech recognition even
without acclimatization to the experimental MAP, a
promising outcome for a new processing strategy in
CI users. However, one could argue that the
reported benefits were due to decreased between-
electrode interactions due simply to having fewer
remaining active electrodes. This argument cannot
explain the results of a previous study (Garadat et al.
2012) that reported substantially better speech-in-
noise perception when using the electrode sites (10/
22) with the lowest modulation detection thresholds
(MDTs) compared to a condition with the 10 sites
having the highest MDTs. That study used the same
subjects as in Garadat et al. (2013) but with a
different site-selection method and a CIS signal-
processing strategy. Taken together, the findings of
Garadat et al. (2012, 2013) provide support for a
successful site-selection strategy based on modula-
tion detection thresholds, but differences in meth-
odology complicate the direct comparison of results.
In addition, as Bierer et al. (2015b) have argued, the
differences in MDTs observed in those studies may
have been mediated by differences in loudness.

The methodology by Bierer and Litvak (2016)
was most similar to the current study and com-
pared two experimental MAPs to a MAP with all
channels active as in the clinical MAP. While there
was no significant effect at group level, Bierer and
Litvak reported beneficial effects for both experi-
mental MAPs for some subjects, especially for those
subjects with poorer speech perception perfor-
mance. This trend was not observed in the current

study, in which the two subjects with the poorest
speech performance (S3 and S6) did not obtain
improvements with the reduced-channel MAPs over
the all-channel MAP MAPC. Finally, it is worth
noting that, unlike the experiments reported here,
the majority of previous studies have not used
double-blind procedures to evaluate the different
experimental strategies. This may lead to uncon-
scious biases both on the part of the subject and
the experimenter. Placebo effects are ubiquitous in
medical research and we advise that beneficial
effects of site selection or other novel program-
ming methods should be confirmed using double-
blind procedures before being used to inform
clinical practice.

Spectro-Temporal Tests and Their Prediction of
Speech Scores

The spectro-temporal tests, STRIPES and SMRT,
showed strong test-retest reliability for average per-
formance between MAPs, and the difference be-
tween the two MAPs on the STRIPES test was
consistent across sessions. Furthermore, STRIPES
successfully predicted the variation in speech-in-
noise scores across MAPs, once between-subject
differences were removed. The results found in this
study support the potential applicability of the
STRIPES test to predict differences between
subject-specific speech-in-noise scores obtained with
different MAPs. We did not find this evidence for
the SMRT test, possibly because it may have been too
difficult for most subjects or because of confounding
cues introduced by the stimuli. In contrast to
STRIPES, the SMRT test failed to produce consistent
subject-wise differences between MAP 1 and MAP 2
across testing sessions, indicating that scores were
not reliable. In comparison, STRIPES’ reliability
likely resulted from its easier procedure, developed
specifically for CI users, and by avoiding confound-
ing cues that are not related to spectro-temporal
processing. One of the main advantages of non-
speech tests over conventional speech tests is that no
acclimatization period is needed for subjects to learn
the relationship between a novel pattern of stimula-
tion and the identity of speech segments, as is the
case for speech tests (Davis et al. 2005). It is worth
noting that we evaluated speech perception after
only 15 min of acclimatization; the rationale under-
lying STRIPES is that it should predict the pattern of
performance across MAPs once acclimatization is
complete. If so, then it is possible, although of
course not certain, that even stronger correlations
would have been obtained had we used longer
acclimatization periods.
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Polarity Effect as an Estimate of Neural Health

The absence of a group-level effect for the site-
selection strategy used here does not negate the PE
as an estimate of local neural health. There were
several factors due to the electrode deactivation that
may have interacted with and changed the perfor-
mance in the evaluation tests such as spectral shifts,
spectro-temporal distortions, and changes in stimula-
tion sites. All of these alterations may require longer
periods of acclimatization than provided in this study.
Furthermore, it is still not known whether the
selective use of neural regions with better neural
health leads to improved speech perception. In
support of the rationale for the PE as an estimate of
neural health, there were significant correlations for
the average PE with the age and the duration of
deafness of the subjects and strong associations
between the PE and the average speech perception
performance in quiet and in noise. The PE was lower
for younger subjects, those with shorter deafness
durations, and for the ones who performed better
on the speech scores. However, our small sample size
means that these correlations should be interpreted
with caution, and previously reported relationships
between speech performance and demographic fac-
tors such as duration of deafness were found to
account for less variability than reported here
(Holden et al. 2013; Plant et al. 2016). Furthermore,
the correlations between PE and other measures
might depend on the subset of subjects tested. For
example, the variation in speech scores among a
group of subjects who differed strongly in cognitive
ability might be dominated by those cognitive factors
and therefore correlate only weakly with the PE. The
point that correlations may depend on the subjects
tested is also relevant to a discrepancy between the
finding that, across electrodes, the PE correlated
significantly with the average of the anodic and
cathodic thresholds in the study of Carlyon et al.
(2018) but not here. It may be that for some subjects,
the across-electrode variation in average threshold is
dominated by factors other than neural health, such
as the electrode-modiolar distance (EMD; Long et al.
2014; DeVries et al. 2016), whereas the PE is sensitive
to neural health but less to EMD than the thresholds
per se (Mesnildrey 2017). A test of this hypothesis
would be to collect thresholds from a large number of
subjects from whom there are postoperative CT scans,
split these into groups with large vs small across-
electrode variations in EMD, and measure the corre-
lations between the PE and average thresholds in the
two groups.

Future investigations are needed to evaluate
subject-specific measures of spatial selectivity and
electrode interaction for potential relationships with

the PE patterns and the site-selection strategy out-
comes in this study. Furthermore, electrode-specific
measurements of electrically evoked compound ac-
tion potentials (Undurraga et al. 2010; Spitzer and
Hughes 2017; Hughes et al. 2018) or the auditory
change complex (Mathew et al. 2017) could serve as
objective measures of neural functioning along the
electrode array to validate the PE measurements and
to inform the site-selection strategy (Prado-Guitierrez
et al. 2006; Ramekers et al. 2015).

CONCLUSIONS

We evaluated a site-selection strategy, based on
polarity sensitivity at threshold level, designed to
improve speech perception by CI users. Eight subjects
completed four evaluation tests, two spectro-temporal
tests and two speech recognition tests, with three
experimental MAPs, one of which was most similar to
their clinical MAP. The other two experimental MAPs
were constructed by deactivating the five electrodes
with the best or worst local neural health as estimated
from the polarity sensitivity measure, PE. The data
measured to construct and evaluate the experimental
MAPs showed strong test-retest reliability. Results
revealed no significant differences between the ex-
perimental MAPs at group level, but there were
significant differences between the MAPs at subject
level. These individual differences in outcomes are in
line with the previous pattern of findings in CI users
that show a large variability in performance and in the
benefits of novel strategies (Zwolan et al. 1997; Noble
et al. 2014; Bierer and Litvak 2016; Zhou 2016). The
STRIPES test, but not the SMRT test, was successful in
predicting the differences in speech-in-noise scores
between the experimental MAPs and may prove
useful for clinical and research applications to predict
the effect of novel programming strategies on speech
perception on a patient-by-patient basis.

The measure of polarity sensitivity, PE, was related to
the age, the duration of deafness, and to the speech
perception performance of the CI users, consistent with
the hypothesis that polarity sensitivity reflects the neural
health in the cochlea (Mesnildrey 2017; Carlyon et al.
2018). However, the absence of a clear performance
advantage for any of the experimental MAPs underlines
the need for further investigations into the appropriate
metric for site-selection strategies.

ACKNOWLEDGEMENTS

The authors express their gratitude to the subjects who took
part in the study. We also want to thank Quentin Mesnildrey
and Olivier Macherey for their help with the software
programming for the psychophysical thresholds as well as

446 GOEHRING ET AL.: Site-Selection Strategy for Cochlear Implant Users



Prof. Colette McKay and two anonymous reviewers for their
helpful comments.

This work was funded by an International Project grant by
Action on Hearing Loss (UK, grant number 82) to authors RC
and JA, by award RG91365 from theMedical Research Council
to author RC, and by a Pauline Ashley fellowship from Action
on Hearing Loss (UK, grant number PA19) to author AA-B.

Open Access This article is distributed under the terms of
the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted use, distribution, and reproduction in
any medium, provided you give appropriate credit to the
original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were
made.

REFERENCES

ARCHER-BOYD AW, SOUTHWELL RV, DEEKS JM ET AL (2018) Develop-
ment and validation of a spectro-temporal processing test for
cochlear-implant listeners. J Acoust Soc Am 144:2983–2997

ARONOFF JM, LANDSBERGER DM (2013) The development of a
modified spectral ripple test. J Acoust Soc Am 134:EL217–
EL222. https://doi.org/10.1121/1.4813802

BENCH J, KOWAL Å, BAMFORD J (1979) The BKB (Bamford-Kowal-
Bench) sentence lists for partially-hearing children. Br J Audiol
13:108–112

BIERER JA, FAULKNER KF (2010) Identifying cochlear implant
channels with poor electrode-neuron interface: partial tripolar,
single-channel thresholds and psychophysical tuning curves. Ear
Hear 31:247

BIERER JA, LITVAK L (2016) Reducing channel interaction through
cochlear implant programming may improve speech perception:
current focusing and channel deactivation. Trends Hear
20:2331216516653389

BIERER JA, BIERER SM, KREFT HA, OXENHAM AJ (2015A) A fast method
for measuring psychophysical thresholds across the cochlear
implant array. Trends Hear 19:233121651556979. https://
doi.org/10.1177/2331216515569792

BIERER JA, DEEKS JM, BILLIG AJ, CARLYON RP (2015B) Comparison of
signal and gap-detection thresholds for focused and broad
cochlear implant electrode configurations. J Assoc Res
Otolaryngol 16:273–284

BLAND JM, ALTMAN DG (1995) Calculating correlation coefficients
with repeated observations: part 2—correlation between sub-
jects. Bmj 310:633

CARLSON ML, DRISCOLL CLW, GIFFORD RH ET AL (2011) Implications
of minimizing trauma during conventional cochlear implanta-
tion. Otol Neurotol 32:962

CARLYON RP, COSENTINO S, DEEKS JM ET AL (2018) Effect of stimulus
polarity on detection thresholds in cochlear implant users:
relationships with average threshold, gap detection, and rate
discrimination. J Assoc Res Otolaryngol:1–9

COSENTINO S, CARLYON RP, DEEKS JM ET AL (2016) Rate discrimination,
gap detection and ranking of temporal pitch in cochlear implant
users. J Assoc Res Otolaryngol 17:371–382

CROGHAN NBH, DURAN SI, SMITH ZM (2017) Re-examining the
relationship between number of cochlear implant channels
and maximal speech intelligibility. J Acoust Soc Am
142:EL537–EL543

CULLINGTON HE, ZENG F-G (2008) Speech recognition with varying
numbers and types of competing talkers by normal-hearing,
cochlear-implant, and implant simulation subjects. J Acoust Soc
Am 123:450–461

DAVIS MH, JOHNSRUDE IS, HERVAIS-ADELMAN A ET AL (2005) Lexical
information drives perceptual learning of distorted speech:
evidence from the comprehension of noise-vocoded sentences.
J Exp Psychol Gen 134:222

DAWSON PW, MAUGER SJ, HERSBACH AA (2011) Clinical evaluation of
signal-to-noise ratio-based noise reduction in Nucleus® cochlear
implant recipients. Ear Hear 32:382–390

DEEKS JM, CARLYON RP (2004) Simulations of cochlear implant
hearing using filtered harmonic complexes: implications for
concurrent sound segregation. J Acoust Soc Am 115:1736–1746

DEVRIES L, SCHEPERLE R, BIERER JA (2016) Assessing the electrode-
neuron interface with the electrically evoked compound action
potential, electrode position, and behavioral thresholds. J Assoc
Res Otolaryngol 17:237–252

DORMAN MF, LOIZOU PC, RAINEY D (1997) Speech intelligibility as a
function of the number of channels of stimulation for signal
processors using sine-wave and noise-band outputs. J Acoust Soc
Am 102:2403–2411

FAYAD JN, LINTHICUM FH (2006) Multichannel cochlear implants:
relation of histopathology to performance. Laryngoscope
116:1310–1320

FINLEY CC, SKINNER MW (2008) Role of electrode placement as a
contributor to variability in cochlear implant outcomes. Otol
Neurotol 29:920

FRIESEN LM, SHANNON RV, BASKENT D, WANG X (2001) Speech
recognition in noise as a function of the number of spectral
channels: comparison of acoustic hearing and cochlear im-
plants. J Acoust Soc Am 110:1150–1163. https://doi.org/
10.1121/1.1381538

FU Q-J, NOGAKI G (2005) Noise susceptibility of cochlear implant
users: the role of spectral resolution and smearing. J Assoc Res
Otolaryngol 6:19–27

GARADAT SN, ZWOLAN TA, PFINGST BE (2012) Across-site patterns of
modulation detection: relation to speech recognition. J Acoust
Soc Am 131:4030–4041. https://doi.org/10.1121/1.3701879

GARADAT SN, ZWOLAN TA, PFINGST BE (2013) Using temporal
modulation sensitivity to select stimulation sites for processor
maps in cochlear implant listeners. Audiol Neurotol 18:247–260.
https://doi.org/10.1159/000351302

GARNHAM C, O’DRISCOLL M, RAMSDEN R, SAEED S (2002) Speech
understanding in noise with a Med-El COMBI 40+ cochlear
implant using reduced channel sets. Ear Hear 23:540–552

GOEHRING T, BOLNER F, MONAGHAN JJM ET AL (2017) Speech
enhancement based on neural networks improves speech
intelligibility in noise for cochlear implant users. Hear Res
344:183–194. https://doi.org/10.1016/j.heares.2016.11.012

HARTMANN R, TOPP G, KLINKE R (1984) Discharge patterns of cat
primary auditory fibers with electrical stimulation of the cochlea.
Hear Res 13:47–62

HOLDEN LK, FINLEY CC, FIRSZT JB ET AL (2013) Factors affecting open-
set word recognition in adults with cochlear implants. Ear Hear
34:342

HOLDEN LK, FIRSZT JB, REEDER RM ET AL (2016) Factors affecting
outcomes in cochlear implant recipients implanted with a
perimodiolar electrode array located in scala tympani. Otol
Neurotol 37:1662

HU Y, LOIZOU PC (2010) Environment-specific noise suppression for
improved speech intelligibility by cochlear implant users. J
Acoust Soc Am 127:3689–3695

HUGHES ML, CHOI S, GLICKMAN E (2018) What can stimulus polarity
and interphase gap tell us about auditory nerve function in
cochlear-implant recipients? Hear Res 359:50–63

GOEHRING ET AL.: Site-Selection Strategy for Cochlear Implant Users 447

http://dx.doi.org/10.1121/1.4813802
http://dx.doi.org/10.1177/2331216515569792
http://dx.doi.org/10.1177/2331216515569792
http://dx.doi.org/10.1121/1.1381538
http://dx.doi.org/10.1121/1.1381538
http://dx.doi.org/10.1121/1.3701879
http://dx.doi.org/10.1159/000351302
http://dx.doi.org/10.1016/j.heares.2016.11.012


HUGHES ML, STILLE LJ (2010) Effect of stimulus and recording
parameters on spatial spread of excitation and masking patterns
obtained with the electrically evoked compound action potential
in cochlear implants. Ear Hear. 31:679–92

JOHNSSON LG, HAWKINS JJ, KINGSLEY TC ET AL (1981) Aminoglycoside-
induced cochlear pathology in man. Acta Otolaryngol Suppl
383:1–19

KHAN AM, WHITEN DM, NADOL JB JR, EDDINGTON DK (2005)
Histopathology of human cochlear implants: correlation of
psychophysical and anatomical measures. Hear Res 205:83–93

LAWLER M, YU J, ARONOFF JM (2017) Comparison of the spectral-
temporally modulated ripple test with the Arizona Biomedical
Institute sentence test in cochlear implant users. Ear Hear
38:760–766

LEAKE PA, HRADEK GT (1988) Cochlear pathology of long term
neomycin induced deafness in cats. Hear Res 33:11–33

LONG CJ, HOLDEN TA, MCCLELLAND GH ET AL (2014) Examining the
electro-neural interface of cochlear implant users using psycho-
physics, CT scans, and speech understanding. J Assoc Res
Otolaryngol 15:293–304

MACHEREY O, VAN WIERINGEN A, CARLYON RP ET AL (2006) Asymmetric
pulses in cochlear implants: effects of pulse shape, polarity, and
rate. J Assoc Res Otolaryngol 7:253–266. https://doi.org/
10.1007/s10162-006-0040-0

MACHEREY O, CARLYON RP, VAN WIERINGEN A ET AL (2008) Higher
sensitivity of human auditory nerve fibers to positive electrical
currents. J Assoc Res Otolaryngol 9:241–251

MACHEREY O, CARLYON RP, CHATRON J, ROMAN S (2017) Effect of pulse
polarity on thresholds and on non-monotonic loudness growth
in cochlear implant users. J Assoc Res Otolaryngol 18:513–527

MACLEODA, SUMMERFIELDQ(1990)Aprocedure formeasuring auditory and
audiovisual speech-reception thresholds for sentences in noise: ratio-
nale, evaluation, and recommendations for use. Br J Audiol 24:29–43

MATHEW R, UNDURRAGA J, LI G ET AL (2017) Objective assessment of
electrode discrimination with the auditory change complex in
adult cochlear implant users. Hear Res 354:86–101

MESNILDREY Q (2017) Towards a better understanding of the
cochlear implant-auditory nerve interface: from intracochlear
electrical recordings to psychophysics. Dissertation. University
Aix-Marseille

MILLER CA, ABBAS PJ, ROBINSON BK ET AL (1999) Electrically evoked
single-fiber action potentials from cat: responses to monopolar,
monophasic stimulation. Hear Res 130:197–218

MILLER CA, ABBAS PJ, HAY-MCCUTCHEON MJ ET AL (2004)
Intracochlear and extracochlear ECAPs suggest antidromic
action potentials. Hear Res 198:75–86

NOBLE JH, LABADIE RF, GIFFORD RH, DAWANT BM (2013) Image-
guidance enables new methods for customizing cochlear
implant stimulation strategies. IEEE Trans Neural Syst Rehabil
Eng 21:820–829. https://doi.org/10.1109/TNSRE.2013.2253333

NOBLE JH, GIFFORD RH, HEDLEY-WILLIAMS AJ ET AL (2014) Clinical
evaluation of an image-guided cochlear implant programming
strategy. Audiol Neurotol 19:400–411. https://doi.org/10.1159/
000365273

PFINGST BE, XU L, THOMPSON CS (2004) Across-site threshold
variation in cochlear implants: relation to speech recognition.
Audiol Neurotol 9:341–352

PFINGST BE, ZHOU N, COLESA DJ ET AL (2015) Importance of cochlear
health for implant function. Hear Res 322:77–88

PLANT K, MCDERMOTT H, VAN HOESEL R ET AL (2016) Factors
predicting postoperative unilateral and bilateral speech recog-
nition in adult cochlear implant recipients with acoustic hearing.
153–163

PRADO-GUITIERREZ P, FEWSTER LM, HEASMAN JM ET AL (2006) Effect of
interphase gap and pulse duration on electrically evoked
potentials is correlated with auditory nerve survival. Hear Res
215:47–55

RAMEKERS D, VERSNEL H, STRAHL SB ET AL (2015) Recovery character-
istics of the electrically stimulated auditory nerve in deafened
guinea pigs: relation to neuronal status. Hear Res 321:12–24

RATTAY F (1999) The basic mechanism for the electrical stimulation
of the nervous system. Neuroscience 89:335–346

RATTAY F, LUTTER P, FELIX H (2001) A model of the electrically
excited human cochlear neuron. I Contribution of neural
substructures to the generation and propagation of spikes. Hear
Res 153:43–63. https://doi.org/10.1016/S0378-5955(00)00256-2

RESNICK JM, O’BRIEN GE, RUBINSTEIN JT (2018) Simulated auditory
nerve axon demyelination alters sensitivity and response timing
to extracellular stimulation. Hear Res 361:121–137

ROTHAUSER EH (1969) IEEE recommended practice for speech
quality measurements. IEEE Trans Audio Electroacoust 17:225–
246

SALEH SM, SAEED SR, MEERTON L ET AL (2013) Clinical use of
electrode differentiation to enhance programming of cochlear
implants. Cochlear Implants Int 14:16–18

SCHVARTZ-LEYZAC KC, ZWOLAN TA, PFINGST BE (2017) Effects of
electrode deactivation on speech recognition in multichannel
cochlear implant recipients. Cochlear Implants Int 18:324–334

SHANNON RV (1983) Multichannel electrical stimulation of the auditory
nerve in man. II. Channel interaction. Hear Res 12:1–16

SPITZER ER, HUGHES ML (2017) Effect of stimulus polarity on
physiological spread of excitation in cochlear implants. J Am
Acad Audiol 28:786–798

STUDEBAKER GA (1985) A rationalized arcsine transform. J Speech
Lang Hear Res 28:455–462

UNDURRAGA JA, VAN WIERINGEN A, CARLYON RP ET AL (2010) Polarity
effects on neural responses of the electrically stimulated
auditory nerve at different cochlear sites. Hear Res 269:146–
161. https://doi.org/10.1016/j.heares.2010.06.017

UNDURRAGA JA, CARLYON RP, WOUTERS J, VAN WIERINGEN A (2013) The
polarity sensitivity of the electrically stimulated human auditory
nerve measured at the level of the brainstem. J Assoc Res
Otolaryngol 14:359–377

VAN DIJK JE, VAN OLPHEN AF, LANGEREIS MC ET AL (1999) Predictors of
cochlear implant performance. Audiology 38:109–116

VAN WIERINGEN A, MACHEREY O, CARLYON RP ET AL (2008) Alternative
pulse shapes in electrical hearing. Hear Res 242:154–163

VICKERS D, DEGUN A, CANAS A ET AL (2016) Deactivating cochlear
implant electrodes based on pitch information for users of the
ACE strategy. In: Physiology, psychoacoustics and cognition in
normal and impaired hearing. Springer, pp 115–123

ZHOU N (2016) Monopolar detection thresholds predict spatial
selectivity of neural excitation in cochlear implants: implications
for speech recognition. PLoS One 11:1–18. https://doi.org/
10.1371/journal.pone.0165476

ZHOU N (2017) Deactivating stimulation sites based on low-rate
thresholds improves spectral ripple and speech reception
thresholds in cochlear implant users. J Acoust Soc Am
141:EL243–EL248

ZHOU N, PFINGST BE (2012) Psychophysically based site selection
coupled with dichotic stimulation improves speech recognition
in noise with bilateral cochlear implants. J Acoust Soc Am
132:994–1008. https://doi.org/10.1121/1.4730907

ZIMMERMANN CE, BURGESS BJ, NADOL JB JR (1995) Patterns of
degeneration in the human cochlear nerve. Hear Res 90:192–
201

ZWOLAN TA, COLLINS LM, WAKEFIELD GH (1997) Electrode discrim-
ination and speech recognition in postlingually deafened adult
cochlear implant subjects. J Acoust Soc Am 102:3673–3685

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

448 GOEHRING ET AL.: Site-Selection Strategy for Cochlear Implant Users

http://dx.doi.org/10.1007/s10162-006-0040-0
http://dx.doi.org/10.1007/s10162-006-0040-0
http://dx.doi.org/10.1109/TNSRE.2013.2253333
http://dx.doi.org/10.1159/000365273
http://dx.doi.org/10.1159/000365273
http://dx.doi.org/10.1016/S0378-5955(00)00256-2
http://dx.doi.org/10.1016/j.heares.2010.06.017
http://dx.doi.org/10.1371/journal.pone.0165476
http://dx.doi.org/10.1371/journal.pone.0165476
http://dx.doi.org/10.1121/1.4730907

	 Resolution and Speech Perception
	ABSTRACT
	INTRODUCTION
	METHODS
	Subjects
	Technical Equipment and Software
	Psychophysical Detection Thresholds
	Site Selection Based on Polarity Sensitivity
	Performance Evaluation
	Spectro-Temporal Tasks
	Speech Tests

	Study Protocol

	RESULTS
	Psychophysical Detection Thresholds
	Polarity Effect and Experimental MAPs
	Evaluation Tests

	DISCUSSION
	Comparison Between MAPs
	Comparison with Previous Studies on Site-Selection Strategies
	Spectro-Temporal Tests and Their Prediction of Speech Scores
	Polarity Effect as an Estimate of Neural Health

	CONCLUSIONS
	Acknowledgements
	References


