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Effect of stimulation parameters on sequential current-steered
stimuli in cochlear implants
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ABSTRACT:

Manipulation of cochlear implant (CI) place pitch was carried out with current steering by stimulating two CI
electrodes sequentially. The objective was to investigate whether shifts in activated neural populations could be
achieved to produce salient pitch differences and to determine which stimulation parameters would be more
effective in steering of current. These were the pulse rate and pulse width of electrical stimuli and the distance
between the two current-steering electrodes. Nine CI users participated, and ten ears were tested. The pattern of pitch
changes was not consistent across listeners, but the data suggest that individualized selection of stimulation parame-
ters may be used to effect place pitch changes with sequential current steering. Individual analyses showed that pulse
width generally had little influence on the effectiveness of current steering with sequential stimuli, while more
salient place pitch shifts were often achieved at wider electrode spacing or when the stimulation pulse rate was the
same as that indicated on the clinical MAP (the set of stimulation parameters) of the listener. Results imply that cur-

rent steering may be used in Cls that allow only sequential stimulation to achieve place pitch manipulation.
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I. INTRODUCTION

Cochlear implants (CIs) have been used to restore the
hearing of severely to profoundly deaf people. Though
effective, CIs do not provide normal hearing (Grifford and
Revir, 2010). The spatial resolution of CIs is limited by the
number of implanted electrodes as well as current spread. A
primary consequence of the limited spatial resolution is the
degradation of pitch perception in CI listeners (Gantz et al.,
2005). Pitch perception is key for good speech perception
and for perception and appreciation of music (Green et al.,
2002; Gantz et al., 2005). Melodic contour identification by
CT users is generally weak because of limited spatial resolu-
tion (Galvin et al., 2007; Spitzer et al., 2021).

A proposed solution for improved spatial resolution is
to use current steering to create pitches intermediate to those
created by stimulating two adjacent electrodes individually
(McDermott and McKay, 1994; Kwon and van den Honert,
2006; Koch et al., 2007; Saoji and Litvak, 2010; Wu and
Luo, 2013). The intermediate place pitches reflect increased
spatial resolution (Kwon and van den Honert, 2006).
Traditionally, current steering is carried out with simulta-
neous stimulation (e.g., Koch et al., 2007; Saoji and Litvak,
2010; Snel-Bongers et al., 2011; Snel-Bongers et al., 2013;
Wu and Luo, 2013). Virtual channels are created by simulta-
neous stimulation of two adjacent electrodes (Donaldson
et al., 2005; Klawitter et al., 2018; Saoji and Litvak, 2010)
or by stimulating more electrodes simultaneously to
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improve control over the current field in the cochlear area
targeted (Landsberger and Srinivasan, 2009; Padilla et al.,
2017). However, not all commercially available CIs stimu-
late electrodes simultaneously. While simultaneous stimula-
tion of electrodes allows control over the shape of the
current field so as to adjust the position of the peak of stimu-
lation, the intention with sequential stimulation is to limit
electrode interaction, so that direct superposition of the elec-
trical currents from electrodes cannot be used to shape the
current field. Perhaps for this reason, current steering with
ClIs that do not allow simultaneous stimulation has received
relatively little attention in research studies. Earlier studies,
however, have shown that a current-steering effect (or a
pitch shift) can be achieved with sequential stimulation
(McDermott and McKay, 1994; Kwon and van den Honert,
2006; Swanson, 2008).

McDermott and McKay (1994) showed that the evoked
pitch could be altered by adjusting the relative currents on
two electrodes using bipolar stimulation. Stimulus pulse
width varied across listeners (50, 100, or 200 us), pulse rate
was 250 pulses per second (pps), and the inter-pulse delay
between the two current-steering electrodes was 0.4 ms.
Intermediate pitches could be evoked on adjacent electrodes
in some listeners, but larger electrode separation (up to
seven electrodes) was needed in others.

Swanson (2008) stimulated at 1776 pps and used
monopolar stimuli on adjacent electrodes to create interme-
diate pitch percepts. Stimulus pulse width was 25 us, and
the inter-pulse delay was 12.4 us. He found that all the lis-
teners in the study who achieved a high percentage of
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correct electrode discrimination on adjacent electrodes were
also able to pitch rank intermediate pitch percepts.

Kwon and van den Honert (2006) used monopolar stim-
uli on adjacent electrodes with stimulation rate between 500
and 1800 pps, the same as on the listener’s clinical MAP
(the set of individualized stimulation parameters). Stimulus
pulse width was 25 us, and the inter-pulse delay was 19 pus.
They reported that more than 80% of the listeners who par-
ticipated in their study could perceive intermediate pitches
between stimulating electrodes.

Although these three studies each used different stimu-
lation parameters, current-steered pitch differences were
demonstrated in each. These stimulation parameters are not
expected to have an equally large influence in adjusting
place pitch information.

The objective of the present study was to determine the
influence of selected stimulation parameters on the pitch
ranking ability of CI listeners when they were presented
with sequential current-steered stimuli. The parameters
investigated were stimulation pulse rate, pulse width, and
electrode separation. The latter is defined to be the distance
between the current-steering pair of electrodes. The motiva-
tion for selecting these parameters is because of the poten-
tial influence of each in determining the activated nerve
fibre population, expected to be true for pulse width and
electrode separation, or because changing pulse rate is
expected to influence the pitch sensation. The selection of
parameters is expanded on below.

Pulse rate. Pulse rate is expected to interfere with place
pitch and possibly influence the effectiveness of sequential
current steering in controlling place pitch, conceivably espe-
cially at low stimulation rates where variation in pulse rate
would be perceived as a pitch change. Studies have shown a
relationship between the pulse rate and perceived rate pitch
(McDermott and McKay, 1997), and a number of studies
(e.g., McDermott and McKay, 1997; Zeng, 2002) have
observed that a fundamental limit to pulse rate discrimina-
tion may exist in CIs at around 300-600 pps, or higher in
some listeners, with Kong and Carlyon (2010) reporting lis-
teners that could track rate pitch up to 900 pps. As the inten-
tion with sequential current-steered stimuli is to adjust place
pitch, it is necessary to consider the effect of stimulation
rate on perceived pitch. As has been shown in several stud-
ies (e.g., McDermott and McKay, 1997; Stohl et al., 2008;
Landsberger et al., 2016), perceived pitch at a selected place
of stimulation within the cochlea is dependent not only on
the place of stimulation, but also on the stimulation rate, at
least at low rates of stimulation. Stohl er al. (2008) used two
rates of stimulation (199 and 398 pps) and stimulated elec-
trodes across the entire electrode array. Although the higher
rate consistently elicited higher pitch in 3/5 listeners at these
low rates, rate pitch changes also made the pitch ranking
task more difficult for some listeners. Interaction between
rate and place depends on parameter choice. McDermott
and McKay (1997) showed that place pitch dominated at
higher stimulation rates, and Landsberger et al. (2016) dem-
onstrated that two different electrodes stimulated at two
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different rates may have the same pitch but would differ in
sound quality. The pitch scaling map in Landsberger et al.
(2016) shows interaction between rate and place across a
range of rates (100—1500 pps) and cochlear places from base
to apex. This suggests that rate may have an influence on the
extent to which it would be possible to adjust place pitch
with sequential current steering. The hypothesis was that
rate pitch would interfere more with pitch ranking of
sequential stimuli at lower pulse rates, so that pitch ranking
ability may be expected to improve at higher pulse rates.

Electrode separation. The distance between the stimu-
lation electrodes during current steering may influence how
effective current steering will be in adjusting place pitch in
sequential stimulation. Electrodes that are closely spaced
could largely excite the same neural population. A number
of studies have shown that even for Cls with 22 electrodes,
CI users (Friesen et al., 2001; Wilson and Dorman, 2008;
Croghan et al., 2017) or listeners with normal hearing listen-
ing to an acoustic model of a CI (Wilson and Dorman, 2008;
Strydom and Hanekom, 2011) often utilize only around
4-10 independent information channels in speech recogni-
tion tasks. For both listener groups, speech recognition
asymptotes at 4—10 electrodes, but significant improvements
up to 22 electrodes have been observed in some listeners
(Croghan et al., 2017).

Assuming overlap in the neural populations activated
by two electrodes in a current-steering pair, a larger distance
between two stimulating electrodes may result in a more
easily resolved shift in the neural excitation pattern when
current is varied on these two electrodes. However, if the
electrodes in the stimulating pair are too far apart, there may
be no overlap between the activated neural populations and
consequently no effect of current steering on place pitch.
Experiments carried out with simultaneous current-steered
stimuli showed that there is a gradual deterioration in the
just noticeable difference of pitch with increasing electrode
separation (Snel-Bongers et al., 2011). This study also found
that more current adjustment was needed to maintain equal
loudness between simultaneous stimuli created using larger
electrode separations. The hypothesis in the present study
was that larger electrode separations would lead to a more
salient pitch shift with sequential stimulus current steering
up to a boundary where neural overlap became minimal
(estimated to be around 4 mm; McDermott and McKay,
1994).

Pulse width. Studies have shown that using longer
pulses results in lower neural thresholds (Shepherd and
Javel, 1999) and may lead to a wider area of neural activa-
tion (Chatterjee and Shannon, 1998) so that characteristics
extracted from the neural excitation pattern (e.g., peak or
centroid of the activation area) to identify changes in place
pitch may be resolved less easily. As narrower neural activa-
tion regions resulting from shorter pulses may lead to less
overlap in the neural populations activated by the current-
steered electrodes, it was hypothesized that narrower pulse
widths would lead to more focused current steering and
potentially more salient pitch shifts.
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TABLE I. Background information on the nine listeners who participated in the experiments. S3 used her original implant for 17 years before being reim-
planted. A new implant had been in use for nine years at the time of the study. S6 had a stimulation pulse width of 25 us, except on electrodes 10-13, where

this was 50 us.

Age at study Duration of CI use

Number of active Stimulation rate per Stimulation pulse Stimulation

Listener Ear (years) at study (years) Implant electrodes channel (pps) width (us) mode
S3 Right 67 12 CI24R—Contour Advance 22 500 25 MP1 +2
Left (original) 67 17 CI22M-Straight 18 240 25 BP+1
Left (new) 67 9 CI24RE—Contour Advance 15 500 75 MP1 +2
S25 Left 36 3 CI24RE—~Contour Advance 22 900 25 MP1+2
S13 Left 66 11 CI24R—Contour Advance 20 900 25 MP1 +2
S24 Right 26 10 CI24RE—-Contour Advance 22 1200 25 MP1 +2
S19 Right 48 10 CI24RE—-Contour Advance 22 900 25 MP1 +2
S28 Right 63 10 CI24RE—Contour Advance 22 1200 25 MP1+2
S6 Right 60 6 CI512-Contour Advance 22 900 25(10-13=50) MP1+2
S20 Left 31 12 CI24R—Contour Advance 21 900 25 MP1+2
S5 Left 49 3 CI24RE—-Contour Advance 22 250 25 MP1 +2
Il. METHODS Electrodes of the current-steered pair that was furthest
. apart (2.1 mm center to center) were selected to be well
A. Listeners

Nine experienced, post-lingually deaf CI users of the
Nucleus device with the Contour Advance electrode array
participated in the experiments (Table I). The study included
ten ears as listener S3 completed the experiments with both
ears. Collection of data for this study was approved by the
relevant research ethics committees of the University of
Pretoria before testing commenced. Listeners provided writ-
ten informed consent.

B. Stimuli

Experiments were carried out using the L34 research
processor (provided by Cochlear Europe Ltd.) programmed
by means of the Nucleus MATLAB toolbox (Swanson, 2008).
Table II shows the stimulation parameters that were varied
during 15 experimental conditions. All other stimulation
parameters were chosen to be as close as possible to the
default parameters in the clinical MAPs of each listener and
to ensure that stimulus conditions were met where neural
populations activated by the current-steering electrode pair
were expected to overlap, as expanded on below. The inter-
phase gap between anodic and cathodic pulses was always
8 us, and monopolar stimulation was used throughout.

1. Design of stimuli to ensure overlapping activated
neural populations

Sequential stimulation on two adjacent or nearby elec-
trodes could result in two distinct neural activation sites or
two overlapping sites depending on stimulus parameters as
shown in modeling work by Frijns et al. (2009). To achieve
a current-steering effect, it was necessary to select stimula-
tion parameters that were expected to result in temporal
integration of the neural activity and in spatial overlap
between the nerve fibre populations excited by the two elec-
trodes. These stimulation parameters were the distance
between the two electrodes of a current-steering pair, the
delay between the pulses on these, and the stimulus level.
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within the range within which McDermott and McKay
(1994) and Snel-Bongers et al. (2011) found it possible to
create intermediate pitches. These were 4 mm with sequen-
tially stimulated electrodes using bipolar stimulation mode
(McDermott and McKay, 1994) and 4.4mm for simulta-
neous stimulation in monopolar stimulation mode (Snel-
Bongers et al., 2011).

TABLE II. The three stimulation parameters varied in the 15 experiments.
Stimulation pulse rate was varied in experiments 1-9 while keeping the
pulse width constant, and this was repeated for three electrode separations.
These were 0.7, 1.4, and 2.1 mm, measured between electrode centers.
Experiments 10-15 varied pulse width across the rest of the selected range
while keeping the pulse rate constant, and this was repeated for the three
electrode separations. The final column shows the resulting delay between
pulses on the two electrodes (the delay between the commencement of the
pulses on the first and second electrodes). Pulse delay was implicitly related
to the pulse width used.

Third parameter: Pulse delay

First Second Electrode between stimulus
parameter: parameter: separation on first and
Experiment Pulse rate Pulse width (number of second electrode
number (pps) (us) electrodes) (us)
1 1776 25 1 70.4
2 1776 25 2 70.4
3 1776 25 3 70.4
4 888 25 1 70.4
5 888 25 2 70.4
6 888 25 3 70.4
7 200 25 1 70.4
8 200 25 2 70.4
9 200 25 3 70.4
10 1776 79 1 187.7
11 1776 79 2 187.7
12 1776 79 3 187.7
13 1776 132 1 281.5
14 1776 132 2 281.5
15 1776 132 3 281.5
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The pulsatile electrical stimuli for the two current-
steered electrodes were interleaved, with the second elec-
trode stimulated directly after the first so that the phase
delays between pulses on the two electrodes were mini-
mized, called burst mode in Venter and Hanekom (2014).
Burst mode was used to ensure that the two stimuli would
fall within a window in which pulses from two sequentially
stimulated electrodes were expected to interact, that is, in
which the neural responses would be integrated. Interaction,
measured as a threshold shift of a second electrode stimu-
lated subsequent to the first, decays with longer time delays
between the pulses on the two electrodes (Middlebrooks,
2004). An interaction decay time constant of around 350 us
was measured by Middlebrooks in an animal model with
electrodes that were 1.4 mm apart at their centers. The lon-
gest time delay between pulses on adjacent electrodes in the
present experiments was 281.5 us, well within the delay in
which interaction is expected.

Finally, stimulus levels were selected to ensure that the
neural populations activated by the two electrodes would
overlap. Frijns et al. (2009) showed in their model that neu-
ral populations would probably not overlap at lower stimu-
lus levels for the electrode separation that they used
(HiFocus 1J electrode array with contacts spaced 1.1 mm
apart) but that activated neural populations would fuse for
stimulus levels of around —3 dB re maximum comfortable
level (MCL) and higher. Relatively high stimulus levels
were used in the present study with all stimuli presented
between 75% of the dynamic range (DR) and MCL. DR was
measured as the range between threshold and MCL. For the
DRs for all experimental conditions and all listeners in the
study, this translated into stimulus levels between —2.1 dB re
MCL and MCL.

2. Design of experimental variables

Each parameter tested had three variations. As rate
pitch probably cannot be extracted from stimuli presented at
high stimulation rates, interaction between rate and place
pitch was expected to be low at high rates. High-rate stimu-
lation well above the proposed limit of temporal pitch per-
ception may help to avoid a potential confounding influence
of temporal pitch perception. For example, Schatzer et al.
(2014) selected a rate of 1500 pps, and Baumann et al.
(2011) selected 800 pps. A high stimulation rate of 1776 pps
was selected as the first variation in the present study, fol-
lowing Swanson (2008).

Literature shows that a limit to pulse rate discrimination
in CIs may exist at around 300 pps (McDermott and
McKay, 1997), although this may be markedly higher, up to
above 900 pps, dependent on the specific listener (Kong and
Carlyon, 2010; Goldsworthy and Shannon, 2014), age of the
listener (Johnson et al., 2021), and stimulation parameters
(Venter and Hanekom, 2014). Therefore, 200 pps, a stimula-
tion rate below this proposed limit, was tested as the other
extreme when varying pulse rate. With a similar argument,
Stohl et al. (2008), considering the interaction between rate
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and place of stimulation, selected pulse rates of 199 and 398
pps. These were intended to be below the rate at which rate
pitch typically asymptotes, their rationale being that the
influence of pulse rate on place pitch should primarily be
limited to the range in which differences in rate pitch can be
distinguished by CI listeners. An intermediate pulse rate of
888 pps between 200 and 1776 pps was also tested.

A stimulation pulse width of 25 us was the MAP pulse
width for most of the listeners, explaining why this pulse
width was tested. At the other extreme, a 132 us pulse width
was chosen because it was the longest pulse duration that
could be applied at a stimulation rate of 1776 pps. The 79 us
pulse width was midway between 25 and 132 us.

Current was varied on selected electrodes to achieve a
pitch shift. Each experiment was carried out with three differ-
ent combinations of current-steering electrodes, these being
electrodes 11 and 12, 11 and 13, and 11 and 14 (electrode 22
was most apical). Current steering is often carried out with
adjacent electrodes. The reason for including wider electrode
separations in the present study as well was twofold. First,
not all CI electrode arrays have electrodes that are spaced as
closely to each other as those used in the present study (about
0.7 mm center to center for the Contour Advance array). For
example, the Standard Med-El electrode array (from their
Classic series) has electrode contacts that are spaced about
2.4 mm apart, while electrodes are about 1.1 mm apart in the
Advanced Bionics HiFocus 1J electrode array. Second, if it
could be shown that current-steering effects can be obtained
at larger electrode separations, current steering could be used
to activate nerve fibres that would have been targeted by a
defective electrode in an array with closely spaced electrodes.
This method, called spanning, has been proposed previously
by Snel-Bongers et al. (2011) for simultaneous stimulation.
They showed that intermediate pitches could be created
between two non-adjacent current-steering electrodes up to
4.4 mm apart. It is therefore important to know whether span-
ning can be achieved with sequential stimulation.

3. Current-steering stimuli and expected pitch ranking
order

In the main tests, each experiment consisted of four
stimuli (Table III), which had to be pitch-ranked. The cur-
rent levels indicated in the table are explained below.
Current levels are always specified in current units (CU),
related to current in mA through an equation given in
McKay et al. (2003). The intention was to steer current by
varying the current levels on electrodes X and Y, the two
electrodes of a current-steered pair. Table III shows sche-
matically (last two columns) what the intention was with the
stimuli. Stimuli A and D were single-electrode stimuli, as
either electrode X or Y was activated at zero current levels.
These stimuli should result in current distributions that
would activate neural populations that are most distinct.
Stimuli B and C activated electrodes X and Y differentially,
and the hypothesis was that this would shift the activated
neural population between the two extremes if a sequential
stimulation current-steering effect was achieved. The
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TABLE III. Amplitudes of stimuli A—D used in each of the 15 experiments with stimulation currents always given in CU. These are the amplitudes before roving
was applied. MCL always refers to the current levels of the equal-current dual-electrode stimuli used to determine DR. The second and third columns illustrate the
intention with the stimuli. Columns 4 and 5 indicate the current levels after stimulus A was loudness-balanced to stimulus D, but before the dual-electrode stimuli
were loudness-balanced to stimulus D. /5 and I, are the current levels used for the single-electrode stimuli A and D. Ag and Ac are the current adjustments needed
to the stimulus currents of stimuli B and C, respectively, to achieve loudness balancing to stimulus D. Ag and A¢ could be positive or negative.

Before loudness
balancing dual-electrode
stimuli B and C to reference D

Simple illustration of stimulation
amplitude of stimuli

After loudness
balancing dual-electrode
stimuli B and C to reference D

Stimulation current
on electrode X
(electrode 11)

Stimulus  Electrode X Electrode Y

Stimulation current Stimulation current on
on electrode X electrode Y
(electrode 11)  (electrode 12, 13, or 14)

Stimulation current
on electrode Y
(electrode 12, 13, or 14)

o
o]

In — 15CU

Reference stimulus
current level Ip, presented
at MCL of electrode pair X, Y

N

1 »; this is MCL of electrode pair X, Y, 0 N
adjusted by loudness balancing

to reference stimulus D

IN (Ip — 15CU) + Ay In + A

In—15CU Ip + Ac (In— 15 CU) + Ac

expectation was, therefore, that listeners should be able to
rank the pitches of these four stimuli with pitch increasing
from stimulus A to stimulus D. This is referred to the
expected pitch order when it is assumed that sequential cur-
rent steering was successful in adjusting place pitch.

Stimuli A-D were all equally loud (achieved through a
loudness balancing procedure explained below), and in stim-
uli B and C, one electrode was stimulated at 15 CU less than
the other.

C. Procedure

All 15 experiments of Table II, presented in the same
order to listeners, were completed with each of the ten ears.
Each experiment could be divided into three tasks: deter-
mining DR, loudness balancing the stimuli, and pitch rank-
ing the stimuli. Determining DR and loudness balancing
was completed for all variations in parameters and for all
the ears. Stimuli A-D had to be loudness-balanced to ensure
that loudness cues would not influence pitch ranking, and to
achieve this it was necessary to first determine at which lev-
els to stimulate electrodes X and Y of each of these four
stimuli. Once the safe stimulus ranges were known for all
variations in parameters, loudness balancing followed.

1. Determining DR

The DRs of the stimuli that were expected to be loudest,
namely the dual-electrode stimuli (B and C), were deter-
mined first. Dynamic range was determined in CU as the
difference between the threshold and MCL. Dynamic ranges
were determined for each of the experimental conditions
(Table II) for the interleaved stimulation pattern of electro-
des X and Y. Stimuli were 500 ms in duration with equal
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stimulation currents on the two electrodes, while pulse
width, pulse rate, and electrode separation varied with the
experimental condition.

The listener had to move the slider on a graphical user
interface on a personal computer, altering the stimulation
current in steps of one CU equally on both electrodes until
the stimulus was just audible. This amplitude was stored as
the threshold. Next, the listener had to move the slider to a
loudness that was perceived as the loudest comfortable
sound, which was stored as the MCL. This was repeated
three times for each experimental variation, and the mean of
the three attempts was stored as the threshold or MCL,
respectively. The difference between these was then taken
as the DR. This procedure determined MCLs in the condi-
tion where the Iloudest stimuli were expected and
consequently determined a safe stimulation range for dual-
electrode stimuli. In the main experiments, one of the two
electrodes in a dual-electrode stimulus always either
received no stimulus or was stimulated at 15 CU less than
the other. The intention was to use clearly audible but com-
fortable sounds in the main experiments by selecting stimu-
lus levels that were close to MCL. Although the individual
MCLs for electrodes X and Y were expected to be higher
than for dual-electrode stimuli, the MCLs determined for
the latter were used as an approximation to the MCLs for
individual stimulation of electrodes X and Y.

2. Loudness balancing the stimuli

The stimuli (A-D) used in the pitch ranking experi-
ments were loudness-balanced to ensure equal loudness
across stimuli. Loudness balancing followed the procedure
of an earlier study (van Wieringen et al., 2005). Three
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stimuli were presented consecutively without any delay for
500 ms each: a test stimulus, bracketed by two identical refer-
ence stimuli (always stimulus D) that were used as loudness
balancing references. The second stimulus (A, B, or C) was
the test stimulus that had to be loudness-balanced against the
reference. Only the test stimulus amplitude could be varied.

The listener had to adjust a slider until the test stimulus
was perceived to be as loud as the two reference stimuli.
Single-electrode stimulus A was the first to be balanced
against D. Designating electrical current (in CU) by the
symbol /, the current level of stimulus D (single-electrode
stimulus on electrode X) was Ip This was the current at the
MCL determined before. The loudness-balanced current
level of electrode Y obtained thus was /vy | g. The loudness-
balanced current relationship between electrodes X and Y
was then used to determine the levels at which X and Y had
to be presented in stimuli B and C. Electrodes X and Y were
stimulated at current levels that were different from their
loudness-balanced values by 15 CU in stimuli B and C. This
means that, using stimulus B as an example, if the loudness-
balanced level of electrode Y was 1 CU more than that of
electrode X after loudness balancing stimuli A and D, the
initial current levels (before loudness balancing stimulus B
to the reference) of X and Y would be Iy=1Iy 1g=1Ip + 1
CU and Ix=1Ip — 15 CU, respectively. When loudness bal-
ancing stimuli B and C against the reference, the difference
in current level between stimulating electrodes X and Y was
maintained by adjusting the current levels on these electro-
des by the same amount, Ag and Ac, respectively. Table IV
shows an example of the current levels before and after
loudness balancing for one of the listeners.

TABLE IV. An example of loudness-balanced stimuli (all currents in CU)
before any roving was applied. These data are for listener S13 for experiments
7,8, and 9 and stimuli A-D (see Table III). Stimulation current levels in column
3 are after loudness balancing stimulus A to reference stimulus D, but before
loudness balancing stimuli B and C to the reference. Column 4 gives the final
loudness-balanced levels after stimuli B and C have been loudness-balanced to
D. Currents on the two electrodes of stimuli B and C were adjusted by the same
amounts in these two loudness balancing tasks, Ag and Ac, respectively. The
amounts by which currents had to be adjusted to achieve balanced loudness
across stimuli A-D are typical of the present group of listeners.

Before loudness After loudness
balancing B and C to D: balancing B and C to D:
Current on electrodes ~ Current on electrodes

Experiment ~ Stimulus X, Y (CU) X, Y (CU)
7 A 0, 189 0, 189
7 B 170, 189 165, 184
7 C 185,174 180, 169
7 D (reference) 185,0 185,0
8 A 0, 184 0,184
8 B 170, 184 172, 186
8 C 185, 169 187,171
8 D (reference) 185,0 185,0
9 A 0, 187 0, 187
9 B 171, 187 168, 184
9 C 186, 172 186, 172
9 D (reference) 186, 0 186, 0
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3. Roving of stimulus level

As a further precaution to prevent the listeners from
using loudness as a cue in the pitch ranking task, roving of
the stimulus level was added to each stimulus presented dur-
ing the pitch ranking experiments. Similar to other studies, a
roving range of =10% of the DR of the listener was chosen
(Laneau and Wouters, 2004; Snel-Bongers et al., 2012). The
increase or decrease in current applied during roving was
equal for both electrodes in stimuli B and C, so that the ratio
of current of the two stimulating electrodes remained the
same. For stimuli A and D, roving was applied only to the
stimulating electrode and not to the zero-stimulus electrode.

4. Pitch ranking of stimuli

In the main experiment, listeners had to pitch rank each
of the four stimuli against one another in the 15 conditions
shown in Table II. A two-alternative forced choice (2AFC)
procedure was used for pitch ranking. A stimulus randomly
selected from stimuli A, B, C, or D was presented for
500 ms, followed by 500 ms of silence, followed by another
random stimulus presentation of 500 ms. The listener had to
indicate which one of the two sounds was judged to be
higher in pitch. No feedback was given, but listeners could
repeat the two stimuli once before indicating a decision,
similar to the approach in some other studies (e.g., Galvin
et al., 2007). The second presentation of a stimulus differed
from the first, as random roving was applied at every stimu-
lus presentation. Listeners, however, seldom repeated stim-
uli. Each combination of two stimuli (e.g., B and D) was
presented ten times in each order (B, D and D, B in this
example).

lll. RESULTS
A. Multidimensional scaling (MDS) analysis

The results were tabulated in a stimulus-response
matrix, which showed how many times the stimuli of each
column were rated higher in pitch than the stimuli of each
row. The pitch rank of the different stimuli was determined
using MDS methods. It would have been possible to simply
calculate perceptual distances (d’) between pitch-ranked
stimuli,! but MDS analysis provided a more powerful analy-
sis tool, as expanded on below.

First, although listeners had to perform a pitch ranking
task, other cues may have contributed to their judgment of
pitch, and the existence of a second dimension (along with
the pitch dimension) had to be ruled out. Specifically, this
would also confirm that the loudness controls described ear-
lier were effective in suppressing loudness as a potential
cue. Many researchers prefer to use cumulative d’ values to
express the perceptual distance between stimuli (McDermott
and McKay, 1994; Kwon and van den Honert, 2006;
Swanson, 2008), but this is under the assumption that the
perceptual dimension of pitch is unidimensional (Kwon and
van den Honert, 2006). It has, however, been shown that
perceptual data of non-simultaneous dual-electrode stimuli
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can be described by a two-dimensional space (McKay et al.,
1996). That study was conducted using bipolar stimulation,
and the dimensions could be correlated with the positions of
the two electrode pairs. While the number of dimensions
necessary to describe perceptual data when sequential dual-
electrode, monopolar stimulation is applied may not be the
same as that of bipolar stimulation, no available literature
appears to confirm that pitch perception should be restricted
to be unidimensional in this case. This had to be tested
through MDS analysis.

Second, while d’ values consider the perceptual distance
between two stimuli, MDS considers all four stimuli simul-
taneously to find both the pitch rank order and the percep-
tual distance between stimuli that best represents the
perceptual distances between all four stimuli in a single
dimension. In this way, MDS analysis reflects the perceptual
distances captured in the pitch rank stimulus-response matri-
ces more accurately than expressing perceptual distances
through @’ values obtained through pairwise comparisons. In
addition, while the pitch rank order has to be assumed when
cumulative d' values are used to express perceptual distan-
ces between stimuli, no such assumption is made in MDS
analysis. MDS determines the pitch rank order from all the
data available in the stimulus-response matrix.

MDS was carried out using built-in MATLAB functions.
Notably, the MDS stress factor and scree plot of all the data
(Kruskal, 1964; Wickelmaier, 2003), for all the listeners,
indicated consistently that a single dimension could suffi-
ciently represent the perceptual distance between the stim-
uli. This was interpreted as meaning that listeners used a
single perceptual dimension when judging pitch direction
and that the four stimuli could be ranked in this dimension.
This dimension is interpreted to be a place pitch dimension,
given that stimuli were carefully loudness-balanced. This
corresponds to findings by Klawitter et al. (2018) for simul-
taneous stimulation. They confirmed through an MDS anal-
ysis that sensation changed along a single perceptual
dimension for physical and virtual electrodes in their
current-steering experiments and that this dimension was
most likely place pitch.

The outcome of the MDS provides an unbiased pitch
rank order of the different stimuli and the perceptual dis-
tance between the different stimuli. The MDS results were
used to draw cumulative MDS graphs, similar to cumulative
d graphs often seen in literature (McDermott and McKay,
1994; Kwon and van den Honert, 2006; Swanson, 2008).
These are shown in Figs. 1 and 2. Since the cumulative
MDS was derived from the MDS that was calculated in
a one-dimensional space, Saoc =Sap + Spc and Sap =Sap
+ Sgc + Scp, where Sac is the perceptual distance (in arbi-
trary pitch units) between the position of stimulus A and the
position of stimulus C along the y axis of the cumulative
MDS graphs, which represents pitch distance.

Cumulative MDS graphs in Figs. 1 and 2 express per-
ceived pitch in arbitrary perceptual pitch units on a linear
scale. The reference pitch (0 on the ordinate) for each of the
15 experiments was always stimulus A. Each tick on the
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FIG. 1. Cumulative MDS graphs for the first five listeners in Table 1. Each
panel consists of 15 cumulative MDS graphs, one for each experiment
(Exp), numbered from bottom to top. Each cumulative MDS graph was
plotted from —1 to 1 (normalized arbitrary perceptual units along a pitch
dimension). There are 15 ticks on the y axis. Each of these represents the 0
mark of the cumulative MDS graph of the corresponding experiment. This
means, for example, that the second tick on the y axis represents the +1
mark of experiment 1, the 0 mark of experiment 2, and the —1 mark of
experiment 3. Pulse rate (PR), pulse width (PW), and electrode distance
(ED) of each experiment are indicated on the right.

ordinate corresponds to this reference pitch for one of the 15
experiments. Stimuli B, C, and D could be ranked higher in
pitch than stimulus A and would then be plotted above the
reference pitch value of a particular experiment along the
ordinate or ranked lower and then be plotted below the refer-
ence pitch value on the ordinate. Two stimuli in a particular
experiment that were more different in pitch (a larger percep-
tual distance) would be spaced further apart on the ordinate.
The largest observed pitch difference between stimulus A
(reference pitch of 0) and any of the other stimuli (B, C, and
D) was used to normalise data, so that the pitch rank could
range between —1 and 1 on these cumulative MDS graphs.

Pitch rank (arbitrary units)
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FIG. 2. Cumulative MDS graphs for the last five listeners in Table I. These
graphs should be interpreted in the same way as those in Fig. 1. Exp,
experiment.

Johanie Roux and Johan J. Hanekom 615

£1:80:20 €20 1snbny 1z


https://doi.org/10.1121/10.0012763

Considering the perceptual distances in pitch in Figs. 1
and 2, no consistent trend appeared across the experiments
for all the listeners, but the results of some listeners were
similar for certain stimulation parameters. Listener S3, with
ear S3R, was the only listener who was able to pitch rank
the four stimuli of all 15 experiments in the expected order.
The latter was the expected pitch ranking order if sequential
current steering was indeed successful in adjusting place
pitch. Most listeners were able to distinguish between stimu-
lus A and stimulus D and, as expected, ranked stimulus D
higher than stimulus A. However, two listeners, S19 and
S28, often ranked stimulus A higher than stimulus D. For a
few listeners (e.g., S5 and S28), larger perceptual distances
were observed between stimuli for the experiments where
wider stimulation pulse widths were used.

There appeared to be a noticeable change in the percep-
tual distance between stimuli for the experiments where a
pulse rate of 200 pps was used. Some listeners, e.g., S3L
and S5, seemed to have better pitch ranking ability in these
experiments, while others, e.g., S13 and S25, performed
well in all the experiments except those carried out at 200
pps. It is of interest to note that the MAP stimulation rates
were low for listeners who performed well in pitch ranking
at a pulse rate of 200 pps. The MAP stimulation rate of lis-
tener S5 was 250 pps, and although the MAP stimulation
rate of S3L was 500 pps, the original implant of S3L stimu-
lated at 240 pps. Conceivably, these two listeners were
adapted to these lower rates and therefore performed better
at these rates. This was explored in the statistical analysis
below.

It is of interest to consider the effect of age on the per-
ceptual distances in pitch (Figs. 1 and 2) through some
examples. At age 67, S3 was the oldest listener in the study
and with ear S3R also the best performer, having ranked the
pitch of the four stimuli in the expected order in 15/15
experiments. Her other ear (S3L), however, was a poor per-
former (pitch ranked in expected order in 4/15 experiments),
suggesting that variables other than age had an influence.
S13 (aged 66) could pitch rank the four stimuli in the
expected order in almost all (13/15) experiments, while S24
(at 26 the youngest listener) could achieve this in 8/15
experiments. In summary, while age-related decline in the
auditory processing of spectral information has been
reported (Chauvette et al., 2022), there was no clear age-
related effect evident in the present data. This was not tested
statistically because of the small sample set.

B. Statistical analysis

The MDS results show the perceptual distance between
stimuli, as well as the pitch rank order for the four stimuli
for each experiment and each ear tested. A multilevel statis-
tical model [linear mixed model (LMM)] was used to assess
the effect of the three independent stimulation parameters
(PR, PW, and ED) as well as the effect of the variable
“listener” (which captured individual differences between
the ears tested) on the pitch ranking results.
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The underlying hypothesis was that if a current-steering
effect could be achieved in the listeners during the pitch
ranking experiments, they would always be able to rank the
stimuli in an expected order. As a summary measure, the
percentage of repetitions to which the response of the lis-
tener was as expected (assuming an effective current-
steering effect) was calculated. Every stimulus pair in the
pitch ranking experiment could lead to either a correct or
incorrect result (pitch rank order was according to expecta-
tion or not). Results follow a binomial distribution, so that
chance level approaches 50% for a large number of trials.
The expected order from low to high pitch was assumed to
be stimuli A, B, C, and D. The percentages correct (accord-
ing to expectation) were used as input data for the multilevel
analysis.

Data were analyzed with a multilevel LMM. As there
were repeated measures within subjects (the same listeners
participated in all 15 experiments, and there were five trials
per listener per experimental condition), the model was
developed as a multilevel LMM with repeated measures in
sas software. The dependent variable was percentage cor-
rect. Independent variables were those that were manipu-
lated in the experiments: PW, ED, and PR. The interaction
of the MAP pulse rate (PRyap) With the manipulated pulse
rate was included in the final model. This is explained
below.

Level 1 in the multilevel model represents the within-
listener repeated measures, while level 2 represents the lis-
teners (between-subject factors). The most general model
considered containing all the interactions was

Percentage correct
= by + by;PR;; + byPW; + b3ED;;
+ by;PR * PRyap + bs;PW;; * PR;;
+ bePR;; % EDj; + byPR;  ED;;
+ug; + &, (1)

with i the level 1 indexing variable (repeated measures
within listeners), j the level 2 indexing variable (listeners),
by a fixed intercept estimated from the data, b;; to by
listener-specific slopes, uy; the intercept variance that mod-
eled the random intercepts across listeners, and &; the
residual.

The final model was determined through a manual step-
wise step-up procedure, commencing from a null model
(Percentage correct= by + up;+ &;) and considering
whether the addition of individual fixed effects and random
effects would result in a significant change in the log-
likelihood.

As outcome of this procedure, the best fitting model
included the fixed effects (ED, PR, and PW), interaction
between PR and the listener’s MAP pulse rate (PR*PRy;4p),
and random slopes across listeners for ED. While the slope
for ED varied significantly between listeners (estimated var-
iance =20.02, Wald Z=2.02, p=0.043), slopes did not
vary markedly across listeners for PR and PW (slope
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TABLE V. Estimates of fixed effects in final model.

95% confidence interval
Effect size:

Parameter Estimate Standard error df* t Significance p-value Lower bound Upper bound Cohen’s /2
Intercept 64.85 4.52 9.26 14.34 <0.001 54.66 75.03

PW 0.04 0.01 473.98 4.21 <0.001 0.021 0.059 0.035
ED 2.61 1.47 9.00 1.78 0.108 —0.703 5.93 0.0001
PR —0.01 0.001 42423 —8.16 <0.001 —0.014 —0.009 0.116
PR *Map PR 1.592x 107’ 1.610 x 107° 404.21 9.89 <0.001 1275107 1.908 x 1077 0.173

“Degrees of freedom (df).

variances of 0.00002 and 0.01, respectively; Wald Z=1.76,
p=0.079 for PR, and Wald Z=2.01, p =0.045 for PW), so
that random slopes for PR and PW were not included in the
final model. A weak positive correlation between PW and
PR was observed (correlation coefficient of 0.26).
Interactions between the independent variables (PR*PW,
PR*ED, and ED*PW) were neither significant nor improved
the goodness of fit and were therefore not included in the
final model.
The final multilevel model was, therefore,

Percentage correct = bg + b PR;j + boPW;; + b3;ED;;
+b4PR * PRMAP + Uoj + &jj- (2)

Results of the statistical analysis are shown in Table V (esti-
mates of fixed effects) and Table VI (estimates of covari-
ance parameters). The last column in Table V shows effect
sizes expressed as Cohen’s f> (Cohen, 1988), calculated
with the method in Selya et al. (2012).

R? was used as measure of the goodness of fit of the
final model. R* =0.20, indicating that 20% of the variance
in the outcome is explained by the independent variables
(PW, ED, and PR). The effect size for the overall model
( f2 =0.25) is moderate to large, indicating that PW, ED, and
PR explain 25% of the variance in pitch rank judgments rel-
ative to the unexplained variance.

Considering the random effects in the final model, the
estimates of the covariance parameters (Table VI) show that
there were significant variances in the slopes between listeners
for ED; Wald’s Z =2.02, p = 0.044. The intraclass correlation
coefficient (ICC) calculated from Table VI, ICC = 0.74, sug-
gests that the 74% of the variance accounted for in the out-
come results from variation between the listeners. This
becomes self-explanatory when it is realized that there are

TABLE VI. Estimates of covariance parameters of the final model.

many more parameters (including ones that cannot be con-
trolled) that have an impact on the performance ability of each
CI user.

As much of the variance accounted for in the outcome
was because of individual differences between listeners,
an individual-level analysis was carried out. The multi-
level model in Eq. (2) was adapted by removing the index-
ing variable j (listener) so that the random effect, random
slopes for ED across listeners (bs;), was replaced with a
fixed slope (b3). This resulted in a fixed effects model that
considered the fixed effects of PW, ED, and PR for each
listener. The results of this statistical analysis are summa-
rized in Table VII, and Fig. 3 shows the individual out-
comes for the ten ears for PW, PR, and ED. The data
points are always the average of five trials. To avoid clut-
ter, regression lines are shown only for large effect sizes
(Table VII).

The variation across listeners is clear for all three inde-
pendent variables. Table VII shows that the manipulated
variables influenced the ability to pitch rank the stimuli dif-
ferently across listeners. While variation in PW and PR
across listeners is evident in Fig. 3, these slopes are flat rela-
tive to that of ED, with slope variance noted above, indicat-
ing that large changes in PW and PR do not influence the
outcome to the same extent as small changes in ED. As
explained earlier, this is why random slopes for PR and PW
were not included in the final model.

Without inclusion of the interaction term PR*PRyap
during the step-up procedure, PR did not have a statistically
significant effect on the percentage of correct responses,
F(1,539.5) =1.94, p =0.164. However, the individual anal-
yses (Table VII) show that changes in PR did have a signifi-
cant influence in 7/10 listeners, with moderate to large
effect sizes in these listeners.

95% confidence interval

Parameter Estimate  Standard error  Wald Z  Significance p-value ~ Lower bound ~ Upper bound
Repeated measures AR1 diagonal 68.98 3.82 18.05 <0.001 61.88 76.89
ARI rho 0.22 0.04 5.88 <0.001 0.15 0.29
Intercept variance across listeners UN (1,1) 193.95 94.99 2.04 0.041 74.27 506.49
Covariance between intercept and ED UN (2,1) —12.22 22.35 —0.55 0.584 —56.03 31.58
Variance of ED across listeners UN (2,2) 20.45 10.13 2.02 0.044 7.74 54.00
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TABLE VII. Individual analyses, indicated effect sizes, and significance of fixed effects. Cohen’s f2 is reported as the measure for effect size.

Listener Cohen’s > for PW Cohen’s 2 for ED Cohen’s 2 for PR p-value for PW p-value for ED p-value for PR
S13 0.00 1.71 0.32 0.779 <0.001 <0.001
S25 0.02 0.49 0.54 0.263 <0.001 <0.001
S3L 0.00 0.04 0.18 0.742 0.031 0.004
S3R 0.06 0.01 0.11 0.029 0.460 0.003
S24 0.35 0.01 0.05 <0.001 0.459 0.055
S19 0.00 0.00 0.00 0.923 0.642 0.627
S28 0.99 0.34 0.01 <0.001 <0.001 0.452
S6 0.13 0.66 0.20 0.063 <0.001 0.015
S20 0.07 0.76 0.12 0.026 <0.001 0.004
S5 1.01 0.03 1.27 <0.001 0.174 <0.001

Interestingly, individual estimates of fixed effects showed
that for some listeners decreasing the pulse rate resulted in a
significantly lower percentage of correct scores, while for other
listeners decreasing the pulse rate had the opposite effect or no
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FIG. 3. Percentage of correct responses for the ten ears shown individually
as a function of PR, PW, and ED. Each data point represents the average of
five trials. To make reading of the graphs easier, data for the listeners are
slightly spread apart artificially on the abscissa, and regression lines are
shown only where the effect size was large (Table VII). The legend indi-
cates which symbols correspond to which listener.
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effect, explaining why the overall analysis did not show an
effect of pulse rate. Specifically, listeners S3R, S6, S13, S20,
S24, and S25 performed significantly better at the highest stim-
ulation rates, while S19 and S28 showed no significant change
in performance at any stimulation rate. S5 and S3L performed
significantly better at the lowest rates of stimulation.

It is especially interesting to note how the two ears of
S3 differed. Table I shows that the stimulation rate in the
MAP of S3L (original implant) and of S5 was low (240 and
250 pps, respectively). Of the six ears that performed better
at high stimulation rates, five used stimulation rates of 900
or 1200 pps in their MAPs, and S3R used 500 pps. From
this it appears as if the clinical stimulation rate may have
had an influence on place pitch perception with the tested
stimulation rates. This observation motivated the inclusion
of the interaction between the tested stimulation rate and the
MAP stimulation rate in the model. This resulted in the final
model [Eq. (2)] that improved the fit to the data signifi-
cantly, and in this model PR and the interaction term
(PR*PRp5p) are both significant (Table V). This supports
the notion that a familiar MAP stimulation rate may have
influenced the performance of the CI users in the current-
steering experiments at different tested rates.

Figure 3 suggests that performance usually improved in
the same direction or did not improve when PW was increased.
Individual tests of fixed effects showed that PW had a statisti-
cally significant effect on the percentage of correct responses
of five of the ears tested. Effect sizes were small for two of
these five cases (Table VII) and large for S28 and S5.

Electrode separation had a significant effect in 6/10 ears
tested, with large effect sizes in five of these listeners. While
the ability to pitch rank the stimuli improved as ED
increased in these listeners, the opposite was true of S28.

None of the manipulated parameters had any significant
influence on the percentage of correct responses of S19, as
also seen in Fig. 3. Also, S3R could always rank pitch accord-
ing to expectation irrespective of variation in the independent
variables. This ceiling effect resulted in small effect sizes.

IV. DISCUSSION

The results confirmed that current steering with sequen-
tial stimulation may be used to produce pitch shifts in some
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CI users, as also concluded by Landsberger and Galvin
(2011). In most instances, pitch did change when current
was steered from stimulus A to stimulus D (Figs. 1 and 2).
Of ten ears tested, nine could rank pitch correctly (using
75% correct as the threshold) in one or more conditions.
These figures show that pitch ranking ability depended on
parameter choice and that this varied across listeners, sug-
gesting that an individualized approach may be followed to
select parameters that could potentially achieve effective
manipulation of place pitch with sequential current-steered
stimuli. It appears, however, that not all CI users would ben-
efit equally from attempts to manipulate pitch with sequen-
tial current-steered stimuli. The study considered to which
extent particular stimulation parameters would facilitate the
manipulation of place pitch.

A. Electrode separation

Most of the listeners in the present study (9/10 ears)
could pitch rank sequential current-steered stimuli correctly
in one or more experimental conditions (using 75% correct
as threshold) when separation between stimulating electro-
des was ED = 3. Each of the three electrode distances were
included in five experiments (Table II), so that five compari-
sons between pitch ranking ability at ED=1 and ED =3
could be made for each listener. Pitch ranking ability was
better at ED =3 than at ED =1 in 37/50 experimental con-
ditions across the ten ears tested.

In summary, pitch ranking ability was often better at
larger electrode spacing, which could be ascribed to a more
distinctive shift in population of activated nerve fibres than
when electrodes are more closely spaced. The amount of
shift in the activated neural population will depend on cur-
rent spread. When electrodes are further apart, these shifts
in the excitation pattern are expected to become more
salient. The distance between electrodes that would allow
place pitch manipulation will depend on the extent to
which two electrodes stimulate overlapping neural popula-
tions, which is in turn determined by spread of current
away from an electrode. Monopolar stimulation leads to
relatively large current spread, so that current manipulation
on closely spaced electrodes may lead to shifts in the neu-
ral excitation pattern that are too small to be salient.
Current spread is determined not only by device parame-
ters (the design of the specific electrode array’s contacts
and the mode used, i.e., a monopolar or bipolar mode), but
also by user-specific parameters (electrode placement
within a particular CI user’s cochlea and the anatomy of
the CI user’s cochlea, which will determine current path-
ways). Smaller spread of current should increase the reso-
lution with which pitch manipulations can be done with
current steering. Fortunately, it may be possible to adjust
spread of excitation in current-steered stimuli through cur-
rent focusing with multi-electrode stimuli, as shown by
Landsberger and Srinivasan (2009) and Padilla et al.
(2017).
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B. Pulse rate

Seen across listeners, the influence of pulse rate was
inconsistent, so that pulse rate alone did not have a statisti-
cally significant influence on pitch ranking of current-
steered stimuli. Pitch ranking ability of 8/10 ears improved
significantly in experiments where the stimulation pulse rate
was the same as the stimulation rate indicated in the MAP
of the CI user. This is reflected in the statistical model,
where the inclusion of the PR*PRy;sp interaction term
resulted in a final model where pulse rate is shown to signifi-
cantly influence the percentage of correct responses.
Temporal and place pitch information typically covary in
normal hearing, but they are decoupled in CIs. Oxenham
et al. (2004) showed that stimuli that convey the temporal
information of low frequency sinusoids to higher frequency
places lead to poor pitch perception of tones in listeners
with normal hearing. The authors speculated that this was
indicative of the importance of achieving a correct match
between place of stimulation and rate of stimulation in ClIs.
The latter has been the topic of several pitch matching stud-
ies where pitch matching between an electrically elicited
pitch sensation and an acoustic pure tone was attempted. For
example, Schatzer et al. (2014) found that for reliable pitch
matches between the two ears of CI users with single-sided
deafness, there had to be a reasonable match between place
of stimulation and rate of stimulation. It should be noted
that interaural place pitch matches in CI users are strongly
influenced by the conditions tested so that place pitch
matches can be unreliable (Goupell et al., 2019).
Systematically varying rate and place of stimulation,
Landsberger et al. (2016) showed that two electrodes stimu-
lated at different rates may have similar pitch but that the
sound qualities of the electrodes were typically different,
using the descriptors “clean,” ‘“noisy,” “high,” and
“annoying” for the pitch sensation. Among others, listeners
reported that low rates sounded cleaner on more apical elec-
trodes and less clean on more basal electrodes and that low
rates of stimulation sounded noisy on more basal electrodes.
Shannon et al. (2011) investigated the effect of stimulation
rate on speech recognition but also asked listeners to rate the
sound quality of the speech presented at the different rates.
They found that listeners consistently preferred their every-
day speech processors above the experimental processors.

Taken together, these studies show that rate of stimula-
tion influences sound quality, that listeners may have spe-
cific preferences for rate of stimulation, and that listeners
prefer experimental speech processors that stimulate at the
rate set in their MAP. The present data show an advantage
for particular stimulation rates when manipulating place
pitch. This may be because of the interplay between rate and
place of stimulation and the resulting effect on sound qual-
ity, so that, for example, the pitch shift in a noisy sound may
be more difficult to hear than in a clean sound.
Alternatively, this may be because a rate preference has
been developed in a particular listener. While not enough
data are available to attach significance to this, the present
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data suggest that stimulation rates that are unfamiliar to the
particular CI user may interfere with the cues needed to
extract the place pitch created by current-steered stimuli.

C. Pulse width

While the neural activation area would probably covary
with pulse width (Zhou et al., 2020), neither the centroid
nor the peak position of the neural activation area is pre-
dicted to change markedly when pulse width is changed.
The present data appear to be consistent with this as stimula-
tion pulse width did not markedly influence pitch ranking
ability with sequential current-steered stimuli (while
the influence of PW is significant, the effect size is small;
Table V), suggesting that the place pitch cues contained in
the neural excitation pattern are stable through changes in
pulse width. The implication is that varying pulse width to
change the neural excitation pattern would not advance the
effectiveness of pitch manipulation with sequential current-
steered stimuli.

D. Pulse delay

There may be a trade-off between pulse delay and elec-
trode separation that would determine when a single pitch
sensation is formed. McKay et al. (2001) investigated this
interplay in the context of loudness of electrical stimuli.
They considered loudness summation of stimuli consisting
of pulses on two electrodes, tested at various electrode sepa-
rations and various delays between the pulses on the two
electrodes. The authors argued that, when electrodes are
widely spaced, electrical pulses would stimulate distinct
neural populations, and they would contribute independently
to loudness. Interestingly, even when two electrodes stimu-
lated an overlapping neural population, they found that the
distance between the electrodes had little effect on loudness
so that the loudness contribution of pulses could be approxi-
mated to be independent irrespective of distance between
electrodes. This was ascribed to two counteracting effects
that may occur when two electrodes activate the same neural
population. Within this shared population, fibres are acti-
vated by electrical pulse trains from two electrodes so that
they are stimulated at twice the rate of the single-electrode
pulse rate. However, because of refractory effects, fibres
may not fire on each stimulation pulse, so that the net effect
in their study was that loudness remained relatively constant
as electrode spacing is varied.

One interpretation of the seemingly independent contri-
butions to loudness from pulses on different electrodes may
be that electrodes usually stimulate non-overlapping neural
populations. There is, however, a large body of evidence
that shows that spread of excitation is broad (e.g., Friesen
et al., 2001; Zhu et al., 2012), so that apparent independent
summation of loudness is not a valid test for the amount of
overlap between neural populations stimulated by two elec-
trodes. Rather, an MDS analysis would show whether dis-
tinct neural populations were activated (in which case one
would expect the MDS to indicate that the pitch sensation
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had more than one dimension) or whether there was signifi-
cant overlap in the activated neural populations (in which
case the pitch sensation is expected to vary along a single
dimension as current was steered). The present data showed
that the current-steered pitch sensation varied along a single
dimension, implying that the sequential pulses on different
electrodes were integrated into a single pitch sensation. It is
conceivable that sequential stimulation applied on two elec-
trodes within the refractory period of the nerve fibres or
within a temporal integration window may be perceived as a
single pitch sensation even when electrodes stimulate non-
overlapping neural populations. This has not been tested in
the context of place pitch manipulation with sequential
current-steered stimuli and requires further investigation.
The objective with stimulation in burst mode when
stimulating sequentially was to ensure that interaction would
take place at the neural level. This means that nerve fibres in
the neural population activated by the second electrode of a
current-steering pair may have been in their refractory
period, which may have resulted in suppressed excitation to
the second pulse. Nerve fibres toward the edges of the acti-
vated populations of each electrode would presumably not
be subject to refractory effects to the same extent.
Therefore, while the objective with the stimulus design was
to bring about temporal interaction between electrodes, the
resulting refractory effects may have affected the spatial
neural excitation pattern as well. Changes in the spatial exci-
tation profile are expected to influence place pitch, but
whether this would have enhanced or suppressed pitch dif-
ferences among stimuli A-D needs further investigation.

E. Loudness of sequential dual-electrode stimuli

While the present study concludes that pitch shifts can
be effected in some listeners by sequential current steering,
it is clear from previous studies (Frijns er al., 2009;
Landsberger and Galvin, 2011) that loudness varies dissimi-
larly for simultaneous and sequential dual-electrode stimula-
tion, so that control over loudness would require careful
consideration when attempting to manipulate pitch with
sequential stimulation.

Frijns et al. (2009) used computer modeling to predict
the neural excitation patterns of dual-electrode current steer-
ing for simultaneous and sequential stimuli and compared
model predictions of loudness with loudness balancing data
in users of the Advanced Bionics HiRes90K CI with the
Hifocus 1J electrode array. This device allowed comparison
of simultaneous and sequential stimulation in the same lis-
teners. Similarly, Landsberger and Galvin (2011) compared
simultaneous and sequential stimulation in the same listen-
ers. Frijns et al. defined a steering parameter, o, that charac-
terized the fraction of the total current that was delivered on
the more basal electrode. Both of these studies concluded
that sequential stimulation required current compensation to
maintain equal loudness across current-steered stimuli, so
that at «=0.5 (equal current on both electrodes) the
summed current for dual-electrode stimuli reached almost
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double that of the single-electrode currents (¢ =0 or «=1).
In other words, each electrode in a sequential dual-electrode
stimulus had to receive approximately the same amount of
current as the single-electrode stimulus to maintain equally
loud stimuli at « =0.5. In contrast, both studies found that
for simultaneous stimulation, equally loud single-electrode
and dual-electrode stimuli required that the total current
(shared between the two electrodes) remained the same.

To compare present data with those of Frijns et al.
(2009) and Landsberger and Galvin (2011), the dual-
electrode currents of Table III were converted into corre-
sponding o-values using the definition in Frijns et al. These
calculated o-values varied in a range between 0.47 and 0.53
across the 15 experiments. Therefore, from the conclusions
relating to sequential stimulation in Frijns et al. and
Landsberger and Galvin, the total current for the dual-
electrode stimuli of the present experiments was expected to
be around twice that of the single-electrode currents to
maintain equal loudness. This was indeed the case as can be
seen in the example of current adjustments required to
achieve equal loudness in Table IV. The values in this table
are typical of the outcomes across all loudness balancing
tasks, experimental conditions, and listeners. It was consis-
tently found that, to maintain equal loudness in the present
experiments (x~0.5), relatively small adjustments from
single-electrode stimulus levels were required to obtain the
current of each electrode in a dual-electrode stimulus.
Specifically, of the total number of loudness balancing tasks
(10 ears, 15 experiments), current adjustment required to
achieve loudness balancing was almost always (in 147 of
the 150 loudness balancing tasks) smaller than 10% of the
DR of the listener in the specific experimental condition,
while the average adjustment was 0.12 CU. This means that,
at «~0.5, the total current required for sequential dual-
electrode stimuli to loudness match single-electrode stimuli
varied in a narrow range that was around twice that of the
single-electrode currents, corresponding to the findings of
Frijns et al. and Landsberger and Galvin.

As noted before, this current adjustment was not
required for the simultaneous stimuli of Frijns et al. (2009)
or Landsberger and Galvin (2011). Considering this from a
different viewpoint, as o was varied in simultaneous stimu-
lation, the current on each electrode of a dual-electrode
stimulus had to be decreased relative to that of the single-
electrode stimuli (¢=0 and «=1) so that total current
remained constant to ensure that loudness was maintained.
The current on each electrode needed to be halved at
o=0.5. On the other hand, to achieve equal loudness
between sequential dual-electrode and single-electrode stim-
uli at o~ 0.5 requires little adjustment to the current levels
of the former relative to the current levels of the latter, typi-
cally smaller than 10%.

F. Implications

First, while the pattern of pitch changes for sequential
current steering was not consistent across all listeners in the
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present study, the data indicate that place pitch could indeed
be manipulated by sequential current steering and that an
individualized selection of stimulation parameters may be
needed to effect pitch changes. This suggests that it should
be possible to improve place pitch resolution with sequential
stimulation in some CI users implanted with electrode arrays
that have wider electrode spacing. Examples of these are the
Standard Med-El electrode array from their Classic series or
the Med-El Flexsoft array, both with electrode spacing of
2.4mm. This is similar to the maximum distance between
electrodes tested in the present study (2.1 mm), suggesting
that current steering with sequential stimuli may be effective
in creating intermediate pitches between those associated
with two adjacent electrodes in these arrays.

In addition, similar to simultaneous current steering
(Snel-Bongers et al., 2011), sequential current steering may
be useful in bridging single-electrode failures in arrays
where electrodes are spaced closely enough, potentially
restoring the normal pitch resolution of the particular elec-
trode array design. Examples of these are the Contour
Advance or Straight electrode arrays of the Nucleus CI,
where electrode bands are 0.7 and 0.75 mm apart, respec-
tively. Current steering would probably not be effective in
replacing a failed electrode in an array where electrodes are
much further apart.

Second, loudness will vary as o is varied in dual-
electrode sequential stimulation (Frijns et al., 2009), so that
speech processor algorithms that attempt to effect intermedi-
ate pitches with sequential current steering will require
more sophistication in determining the correct current levels
for dual-electrode stimuli than in the case of simultaneous
current steering. The latter requires no or small adjustments
of current to maintain equal loudness with varying o
(Donaldson et al., 2005; Frijns et al., 2009). If, however,
oa=0.5 is selected as the current-steering condition in dual-
electrode sequential stimulation, the present data as well as
those of Frijns et al. (2009) and Landsberger and Galvin
(2011) suggest that loudness changes may be imperceptible
or small when the single-electrode current levels are
retained in the dual-electrode stimuli.

Third, pitch shifts will probably only be effected if spe-
cific stimulus conditions are met. High stimulation levels
[close to MCL as used in the present experiments and in
Frijns et al. (2009)] may be required to ensure that activated
neural populations overlap, and electrode spacing should be
small enough to ensure neural overlap (McDermott and
McKay, 1994). It will probably be necessary to ensure tem-
poral integration of sequential stimuli by stimulating differ-
ent electrodes within a time delay expected to result in
interaction between neural responses. With these stimulus
conditions met, intermediate place pitches could be effected
with sequential stimulation in some CI users. While meeting
these stimulus conditions mentioned will not guarantee that
pitch shifts can be effected in all listeners, an important
implication is that unintended occurrence of pitch shifts
should be expected in some CI users under normal listening
conditions when listening with their everyday MAP. This is
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so because adjacent electrodes are stimulated in quick suc-
cession in typical sequential stimulation speech processing
strategies, and if two adjacent or nearby electrodes activate
overlapping neural populations at relatively high levels of
stimulation, the present data suggest that pitch shifts will
occur for some CI users. These may be time-varying pitch
shifts at multiple places along the cochlea. It is not clear to
what extent this will affect speech perception. It is known
that frequency mismatches between the target frequency and
the perceived pitch influence speech understanding (Di
Nardo et al., 2010), but also that large frequency mis-
matches are generally expected in ClIs (Landsberger et al.,
2015), so that any additional pitch shifts from unintentional
current steering may be inconsequential for speech percep-
tion. If, however, these pitch shifts were found to interfere
with speech perception, the effect may be mitigated by stag-
gering the order of electrode stimulation (Todd and
Landsberger, 2018). This will require further investigation.

'To explain the terminology preferred in this article: Although the percep-

tual distance considered was pitch difference between stimuli, the more
general reference to perceptual distance was generally preferred. As the
actual pitch difference between two stimuli was not determined through
pitch matching experiments, referring to “perceptual distance between
two pitches” is technically a more correct description than referring to
“pitch difference.”

Baumann, U., Rader, T., Helbig, S., and Bahmer, A. (2011). “Pitch match-
ing psychometrics in electric acoustic stimulation,” Ear Hear. 32(5),
656—662.

Chatterjee, M., and Shannon, R. V. (1998). “Forward masked excitation
patterns in multielectrode electrical stimulation,” J. Acoust. Soc. Am.
103(5), 2565-2572.

Chauvette, L., Fournier, P., and Sharp, A. (2022). “The frequency-
following response to assess the neural representation of spectral speech
cues in older adults,” Hear. Res. 418, 108486.

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences,
2nd ed. (Erlbaum, Hillsdale, NJ).

Croghan, N. B. H., Duran, S. L., and Smith, Z. M. (2017). “Re-examining
the relationship between number of cochlear implant channels and maxi-
mal speech intelligibility,” J. Acoust. Soc. Am. 142(6), EL537-EL543.

Di Nardo, W., Scorpecci, A., Giannantonio, S., Cianfrone, F., Parrilla, C.,
and Paludetti, G. (2010). “Cochlear implant patients’ speech understand-
ing in background noise: Effect of mismatch between electrode assigned
frequencies and perceived pitch,” J. Laryngol. Otol. 124(8), 828-834.

Donaldson, G. S., Kreft, H. A., and Litvak, L. (2005). “Place-pitch discrimi-
nation of single- versus dual-electrode stimuli by cochlear implant users,”
J. Acoust. Soc. Am. 118(2), 623-626.

Friesen, L. M., Shannon, R. V., Baskent, D., and Wang, X. (2001). “Speech
recognition in noise as a function of the number of spectral channels:
Comparison of acoustic hearing and cochlear implants,” J. Acoust. Soc.
Am. 110(2), 1150-1163.

Frijns, J. H. M., Kalkman, R. K., Vanpoucke, F. J., Bongers, J. S., and
Briaire, J. J. (2009). “Simultaneous and non-simultaneous dual electrode
stimulation in cochlear implants: Evidence for two neural response
modalities,” Acta Otolaryngol. 129(4), 433—439.

Galvin, J. J., III, Fu, Q. J., and Nogaki, G. (2007). “Melodic contour identi-
fication by cochlear implant listeners,” Ear Hear. 28(3), 302-319.

Gantz, B. J., Turner, C., Gfeller, K. E., and Lowder, M. W. (2005).
“Preservation of hearing in cochlear implant surgery: Advantages of com-
bined electrical and acoustical speech processing,” Laryngoscope 115(5),
796-802.

Goldsworthy, R. L., and Shannon, R. V. (2014). “Training improves
cochlear implant rate discrimination on a psychophysical task,” J. Acoust.
Soc. Am. 135, 334-341.

Goupell, M. J., Cosentino, S., Stakhovskaya, O. A., and Bernstein, J. G. W.
(2019). “Interaural pitch-discrimination range effects for bilateral and

622 J. Acoust. Soc. Am. 152 (1), July 2022

single-sided-deafness  cochlear-implant users,” J. Assoc. Res.
Otolaryngol. 20, 187-203.

Green, T., Faulkner, A., and Rosen, S. (2002). “Spectral and temporal cues
to pitch in noise-excited vocoder simulations of continuous-interleaved-
sampling cochlear implants,” J. Acoust. Soc. Am. 112(5), 2155-2164.

Grifford, R. H., and Revir, L. J. (2010). “Speech perception for adult
cochlear implant recipients in a realistic background noise: Effectiveness
of preprocessing strategies and external options for improving speech rec-
ognition in noise,” J. Am. Acad. Audiol. 21(7), 441-451.

Johnson, K. C., Xie, Z., Shader, M. J., Mayo, P. G., and Goupell, M. J.
(2021). “Effect of chronological age on pulse rate discrimination in adult
cochlear-implant users,” Trends Hear. 25, 1-15.

Klawitter, S., Landsberger, D. M., Biichner, A., and Nogueira, W. (2018).
“Perceptual changes with monopolar and phantom electrode stimulation,”
Hear. Res. 359, 64-75.

Koch, D. B., Downing, M., Osberger, M. J., and Litvak, L. (2007). “Using
current steering to increase spectral resolution in CII and HiRes 90K
users,” Ear Hear. 28(2), 385-41S.

Kong, Y. Y., and Carlyon, R. P. (2010). “Temporal pitch perception at
high rates in cochlear implants,” J. Acoust. Soc. Am. 127(5),
3114-3123.

Kruskal, J. B. (1964). “Multidimensional scaling by optimizing goodness of
fit to nonmetric hypothesis,” Psychometrika 29(1), 1-27.

Kwon, B. J., and Van Den Honert, C. (2006). “Dual-electrode pitch discrim-
ination with sequential interleaved stimulation by cochlear implant users,”
J. Acoust. Soc. Am. 120(1), EL1-EL6.

Landsberger, D., and Galvin, J. J., IIT (2011). “Discrimination between
sequential and simultaneous virtual channels with electrical hearing,”
J. Acoust. Soc. Am. 130(3), 1559-1566.

Landsberger, D. M., and Srinivasan, A. G. (2009). “Virtual channel discrim-
ination is improved by current focusing in cochlear implant recipients,”
Hear. Res. 254(1), 34-41.

Landsberger, D. M., Svrakic, M., Roland, J. T., and Svirsky, M. (2015).
“The relationship between insertion angles, default frequency allocations,
and spiral ganglion place pitch in cochlear implants,” Ear Hear. 36(5),
e207—-e213.

Landsberger, D. M., Vermeire, K., Claes, A., Van Rompaey, V., and Van
de Heyning, P. (2016). “Qualities of single electrode stimulation as a
function of rate and place of stimulation with a cochlear implant,” Ear
Hear. 37(3), 149-159.

Laneau, J., and Wouters, J. (2004). “Multichannel place pitch sensitivity
in cochlear implant recipients,” J. Assoc. Res. Otolaryngol. 5(3),
285-294.

McDermott, H. J., and McKay, C. M. (1994). “Pitch ranking with nonsimul-
taneous dual-electrode electrical stimulation of the cochlea,” J. Acoust.
Soc. Am. 96(1), 155-162.

McDermott, H. J., and McKay, C. M. (1997). “Musical pitch perception
with electrical stimulation of the cochlea,” J. Acoust. Soc. Am. 101(3),
1622-1631.

McKay, C. M., Henshall, K. R., Farrell, R. J., and McDermott, H. J. (2003).
“A practical method of predicting the loudness of complex electrical stim-
uli,” J. Acoust. Soc. Am. 113(4), 2054-2063.

McKay, C. M., McDermott, H. J., and Clark, G. M. (1996). “The perceptual
dimensions of single-electrode and nonsimultaneous dual-electrode stim-
uli in cochlear implantees,” J. Acoust. Soc. Am. 99(2), 1079-1090.

McKay, C. M., Remine, M. D., and McDermott, H. J. (2001). “Loudness
summation for pulsatile electrical stimulation of the cochlea: Effects of
rate, electrode separation, level, and mode of stimulation,” J. Acoust. Soc.
Am. 110(3), 1514-1524.

Middlebrooks, J. C. (2004). “Effects of cochlear-implant pulse rate and
inter-channel timing on channel interactions and thresholds,” J. Acoust.
Soc. Am. 116(1), 452-468.

Oxenham, A. J., Bernstein, J. G., and Penagos, H. (2004). “Correct tono-
topic representation is necessary for complex pitch perception,” Proc.
Natl. Acad. Sci. U.S.A. 101(5), 1421-1425.

Padilla, M., Stupak, N., and Landsberger, D. M. (2017). “Pitch ranking with
different virtual channel configurations in electrical hearing,” Hear. Res.
348(1), 54-62.

Saoji, A. A., and Litvak, L. M. (2010). “Use of ‘phantom electrode’ tech-
nique to extend the range of pitches available through a cochlear
implant,” Ear Hear. 31(5), 693-701.

Johanie Roux and Johan J. Hanekom

£1:80:20 €20 1snbny 1z


https://doi.org/10.1097/AUD.0b013e31821a4800
https://doi.org/10.1121/1.422777
https://doi.org/10.1016/j.heares.2022.108486
https://doi.org/10.1121/1.5016044
https://doi.org/10.1017/S0022215110000320
https://doi.org/10.1121/1.1937362
https://doi.org/10.1121/1.1381538
https://doi.org/10.1121/1.1381538
https://doi.org/10.1080/00016480802610218
https://doi.org/10.1097/01.aud.0000261689.35445.20
https://doi.org/10.1097/01.MLG.0000157695.07536.D2
https://doi.org/10.1121/1.4835735
https://doi.org/10.1121/1.4835735
https://doi.org/10.1007/s10162-018-00707-x
https://doi.org/10.1007/s10162-018-00707-x
https://doi.org/10.1121/1.1506688
https://doi.org/10.3766/jaaa.21.7.3
https://doi.org/10.1177/23312165211007367
https://doi.org/10.1016/j.heares.2017.12.019
https://doi.org/10.1097/AUD.0b013e31803150de
https://doi.org/10.1121/1.3372713
https://doi.org/10.1007/BF02289565
https://doi.org/10.1121/1.2208152
https://doi.org/10.1121/1.3613938
https://doi.org/10.1016/j.heares.2009.04.007
https://doi.org/10.1097/AUD.0000000000000163
https://doi.org/10.1097/AUD.0000000000000250
https://doi.org/10.1097/AUD.0000000000000250
https://doi.org/10.1007/s10162-004-4049-y
https://doi.org/10.1121/1.410475
https://doi.org/10.1121/1.410475
https://doi.org/10.1121/1.418177
https://doi.org/10.1121/1.1558378
https://doi.org/10.1121/1.414594
https://doi.org/10.1121/1.1394222
https://doi.org/10.1121/1.1394222
https://doi.org/10.1121/1.1760795
https://doi.org/10.1121/1.1760795
https://doi.org/10.1073/pnas.0306958101
https://doi.org/10.1073/pnas.0306958101
https://doi.org/10.1016/j.heares.2017.02.013
https://doi.org/10.1097/AUD.0b013e3181e1d15e
https://doi.org/10.1121/10.0012763

Schatzer, R., Vermeire, K., Visser, D., Krenmayr, A., Kals, M., Voormolen,
M., Van de Heyning, P., and Zierhofer, C. (2014). “Electric-acoustic pitch
comparisons in single-sided-deaf cochlear implant users: Frequency-place
functions and rate pitch,” Hear. Res. 309(1), 26-35.

Selya, A. S., Rose, J. S., Dierker, L. C., Hedeker, D., and Mermelstein, R. J.
(2012). “A practical guide to calculating Cohen’s f 2, a measure of local
effect size, from PROC MIXED,” Front. Psychol. 3, 111.

Shannon, R. V., Cruz, R. J., and Galvin, J. J., IIT (2011). “Effect of stimula-
tion rate on cochlear implant users’ phoneme, word and sentence recogni-
tion in quiet and in noise,” Audiol. Neurotol. 16(2), 113-123.

Shepherd, R. K., and Javel, E. (1999). “Electrical stimulation of the audi-
tory nerve: II. Effect of stimulus waveshape on single fibre response prop-
erties,” Hear. Res. 130(1), 171-188.

Snel-Bongers, J., Briaire, J. J., Van Der Veen, E. H., Kalkman, R. K., and
Frijns, J. H. M. (2013). “Threshold levels of dual electrode stimulation in
cochlear implants,” J. Assoc. Res. Otolaryngol. 14(5), 781-790.

Snel-Bongers, J., Briaire, J. J., Vanpoucke, F. J., and Frijns, J. H. M.
(2011). “Influence of widening electrode separation on current steering
performance,” Ear Hear. 32(2), 221-229.

Snel-Bongers, J., Briaire, J. J., Vanpoucke, F. J., and Frijns, J. H. M.
(2012). “Spread of excitation and channel interaction in single and dual-
electrode cochlear implant stimulation,” Ear Hear. 33(3), 367-376.

Spitzer, E. R., Galvin, J. J., IlI, Friedmann, D. R., and Landsberger, D. M.
(2021). “Melodic interval perception with acoustic and electric hearing in
bimodal and single-sided deaf cochlear implant listeners,” Hear. Res. 400,
108136.

Stohl, J. S., Throckmorton, C. S., and Collins, L. M. (2008). “Assessing the
pitch structure associated with multiple rates and places for cochlear
implant users,” J. Acoust. Soc. Am. 123(2), 1043-1053.

J. Acoust. Soc. Am. 152 (1), July 2022

Strydom, T., and Hanekom, J. J. (2011). “An analysis of the effects of elec-
trical field interaction with an acoustic model of cochlear implants,”
J. Acoust. Soc. Am. 129(4), 2213-2226.

Swanson, B. A. (2008). “Pitch perception with cochlear implants,” Ph.D.
thesis, University of Melbourne, Melbourne, Australia.

Todd, A. E., and Landsberger, D. M. (2018). “The effect of polarity order
and electrode-activation order on loudness in cochlear implant users,”
J. Acoust. Soc. Am. 144(2), EL112-EL118.

Van Wieringen, A., Carlyon, R. P., Laneau, J., and Wouters, J. (2005).
“Effects of waveform shape on human sensitivity to electrical stimulation
of the inner ear,” Hear. Res. 200(1), 73-86.

Venter, P. J., and Hanekom, J. J. (2014). “Is there a fundamental 300 Hz
limit to pulse rate discrimination in cochlear implants?,” J. Assoc. Res.
Otolaryngol. 15(5), 849-866.

Wickelmaier, F. (2003). An Introduction to MDS, 1st ed. (Aalborg
University, Aalborg, Denmark).

Wilson, B. S., and Dorman, M. F. (2008). “Cochlear implants: A remark-
able past and a brilliant future,” Hear. Res. 242(1), 3-21.

Wu, C. C., and Luo, X. (2013). “Current steering with partial tripolar stimu-
lation mode in cochlear implants,” J. Assoc. Res. Otolaryngol. 14(2),
213-231.

Zeng, F. G. (2002). “Temporal pitch in electric hearing,” Hear. Res. 174(1),
101-106.

Zhou, N., Zhu, Z., Dong, L., and Galvin, J. J., III (2020). “Effect of pulse
phase duration on forward masking and spread of excitation in cochlear
implant listeners,” PLoS ONE 15(7), ¢0236179.

Zhu, Z., Tang, Q., Zeng, F.-G., Guan, T., and Ye, D. (2012). “Cochlear-
implant spatial selectivity with monopolar, bipolar and tripolar stim-
ulation,” Hear. Res. 283(1), 45-58.

Johanie Roux and Johan J. Hanekom 623

£1:80:20 €20 1snbny 1z


https://doi.org/10.1016/j.heares.2013.11.003
https://doi.org/10.3389/fpsyg.2012.00111
https://doi.org/10.1159/000315115
https://doi.org/10.1016/S0378-5955(99)00011-8
https://doi.org/10.1007/s10162-013-0395-y
https://doi.org/10.1097/AUD.0b013e3181f8c0fe
https://doi.org/10.1097/AUD.0b013e318234efd5
https://doi.org/10.1016/j.heares.2020.108136
https://doi.org/10.1121/1.2821980
https://doi.org/10.1121/1.3518761
https://doi.org/10.1121/1.5049701
https://doi.org/10.1016/j.heares.2004.08.006
https://doi.org/10.1007/s10162-014-0468-6
https://doi.org/10.1007/s10162-014-0468-6
https://doi.org/10.1016/j.heares.2008.06.005
https://doi.org/10.1007/s10162-012-0366-8
https://doi.org/10.1016/S0378-5955(02)00644-5
https://doi.org/10.1371/journal.pone.0236179
https://doi.org/10.1016/j.heares.2011.11.005
https://doi.org/10.1121/10.0012763

