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ABSTRACT

Although modern cochlear implants (CIs) use
cathodic-leading symmetrical biphasic pulses to stim-
ulate the auditory nerve, a growing body of evidence
suggests that anodic-leading pulses may be more
effective. The positive polarity has been shown to
produce larger electrically evoked compound action
potential (ECAP) amplitudes, steeper slope of the
amplitude growth function, and broader spread of
excitation (SOE) patterns. Polarity has also been
shown to influence pitch perception. It remains
unclear how polarity affects the relation between
physiological SOE and psychophysical pitch percep-
tion. Using a within-subject design, we examined the
correlation between performance on a pitch-ranking
task and spatial separation between SOE patterns for
anodic and cathodic-leading symmetric biphasic
pulses for 14 CI ears. Overall, there was no effect of
polarity on either ECAP SOE patterns, pitch ranking
performance, or the relation between the two. This
result is likely due the use of symmetric biphasic
pulses, which may have reduced the size of the effect
previously observed for pseudomonophasic pulses.
Further research is needed to determine if a

pseudomonophasic stimulus might further improve
the relation between physiology and pitch perception.
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INTRODUCTION

Pitch perception for cochlear implant (CI) recipients
is influenced by the type of stimulus used (Cohen
et al. 1996; Hamzavi and Arnoldner 2006; Townshend
et al. 1987). In particular, stimulus polarity has been
found to be important for pitch perception. Several
studies have shown that the anodic phase contributes
most to pitch percepts for CI users, as opposed to the
cathodic phase (Carlyon et al. 2013; Macherey and
Carlyon 2012; Macherey et al. 2011). Stimulus polarity
has also been shown to affect physiological measures
in CI users (Hughes et al. 2017; Macherey et al. 2008;
Spitzer and Hughes 2017; Undurraga et al. 2010,
2012, 2013). Recently, Spitzer and Hughes (2017)
demonstrated that anodic-leading symmetrical biphas-
ic pulses presented in monopolar mode produced
larger amplitude, broader electrically evoked com-
pound action potential (ECAP) spread-of-excitation
(SOE) patterns than cathodic-leading pulses. SOE
patterns have also been shown to be related to pitch
perception for pulse trains (Hughes 2008). However,
it remains unclear how stimulus polarity affects the
relation between pitch perception and SOE, particu-
larly for standard pulse shapes that are used clinically
for Cochlear devices (i.e., symmetrical biphasic
pulses). It may be that for standard pulse shapes,
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one leading polarity yields stronger correlations
between pitch perception and ECAP SOE patterns
than the other. The purpose of the present study was
to examine the effects of stimulus polarity on the
ECAP SOE patterns, pitch perception, and the
relation between these two measures for CI users.

The effect of stimulus polarity on pitch perception
has been investigated in a handful of studies. Based on
the tonotopic organization of the cochlea, we would
expect a lower pitch percept to be associated with a
more apical stimulation. In a group of seven subjects,
Macherey et al. (2011) presented pseudomonophasic
pulses in bipolar (BP + 1) mode with opposite polarities
delivered to each electrode in the bipolar pair. These
pseudomonophasic pulses consisted of a short-duration
high-amplitude phase of one polarity, immediately
followed by a long-duration low-amplitude phase of the
other polarity. They found that listeners were more
likely to judge the apical electrode in the BP + 1 pair as
being lower in pitch than themore basal electrode when
the apical electrode received the anodic short-high
phase. Furthermore, they found that these
pseudomonophasic pulses were also perceived as lower
in pitch than anodic-first symmetrical biphasic pulses
presented in either bipolar or monopolar mode.
Carlyon et al. (2013) demonstrated the same effect for
quadraphasic pulses in bipolar mode, finding that the
apical electrode wasmore often judged as being lower in
pitch when the center (largest amplitude) portion of the
pulse was anodic than when it was cathodic. Therefore,
the anodic polarity produced a pitch perception that
was more in agreement with target place pitch than the
cathodic polarity because lower pitch percepts were
associated with more apical stimulation for anodic
pulses. In general, it appears that the location of the
positive phase contributes most to the pitch percept.

Research also suggests that the auditory nerve is
sensitive to polarity for physiological measures such as
the ECAP and electrically evoked auditory brainstem
response (EABR). Using pseudomonophasic pulses,
Macherey et al. (2008) showed that ECAP amplitudes
were larger and had shorter latencies for anodic than
for cathodic stimuli. Similar results were found for
other non-clinical pulse shapes such as symmetric
pulses with long interphase gaps (Undurraga et al.
2010, 2012), as well as for clinically used symmetrical
biphasic pulses (Hughes et al. 2017). These studies
support modeling work (Rattay et al. 2001a, b) that
demonstrated greater effectiveness of the anodic
polarity than the cathodic polarity for stimulating
peripherally degenerated neurons. The anodic phase
preferentially stimulates the central axons, requiring
less current than the cathodic phase to generate an
action potential. More recently, we examined the
effect of polarity on ECAP SOE patterns obtained with
symmetrical biphasic pulses (Spitzer and Hughes

2017). Results showed that ECAP SOE patterns
obtained with anodic-leading stimuli were broader
and demonstrated less spatial separation between
patterns (i.e., more overlap) than SOE patterns
obtained with cathodic-leading stimuli, given equal
current levels. This finding is in agreement with
Undurraga et al. (2012), who suggested that cathodic
stimuli produce less effective masking than anodic
stimuli. With the forward-masking method used to
measure ECAP SOE patterns, cathodic-leading stimuli
produce narrower SOE patterns, which might, there-
fore, underestimate the breadth of the actual SOE. If
anodic-leading pulses yield more effective masking
than cathodic-leading pulses, then we propose that
the SOE patterns obtained with anodic-leading pulses
might more accurately reflect the actual patterns of
neural excitation that contribute to pitch perception.

A few studies have examined the relation between
ECAP SOE and psychophysical pitch ranking. Busby
et al. (2008) measured SOE width as the number of
electrodes at 75 % of the normalized peak amplitude
of the function and found no relation between SOE
width and pitch ranking. Hughes and Abbas (2006)
also found no significant correlation between SOE
width and pitch ranking using a similar width
measure. However, a follow-up study (Hughes 2008)
re-examined the ECAP data from the Hughes and
Abbas (2006) study and quantified the SOE patterns
using a novel method. Instead of measuring each SOE
function in terms of width at a specific downpoint,
pairs of SOE patterns were quantified in terms of
spatial overlap. ECAP amplitudes for the entire
function were first normalized to that of the probe
electrode. Next, the amplitude difference was calcu-
lated between functions at each masker location.
These differences were then summed together across
all masker electrodes yielding an index of spatial
separation. The SOE spatial separation index was
then related to pitch-ranking performance between
those same pairs of electrodes. The results showed
that greater spatial separation between SOE patterns
was correlated with better performance on a pitch-
ranking task. Similarly, Goehring et al. (2014a, b)
found a generally positive but not statistically signifi-
cant result when comparing spatial separation and
pitch ranking for virtual-channel stimulation using the
same methods.

Given these mixed results, the goal of the present
study was to determine if manipulating stimulus
polarity affected the correlation between the spatial
separation of ECAP SOE patterns and pitch-ranking
performance. Because it has been shown that the
anodic phase contributes more to place-pitch per-
cepts than the cathodic phase, we hypothesize that CI
recipients will score higher on pitch-ranking tasks
when the symmetric, biphasic pulses are anodic-
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leading than when they are cathodic-leading. Results
from our recent ECAP work (Spitzer and Hughes
2017) show that cathodic-leading pulses produce
narrower SOE patterns than for anodic-leading
pulses, presumably due to less effective masking
(Undurraga et al. 2012). If anodic-leading stimuli
produce more effective masking, we hypothesize that
the forward-masked SOE patterns obtained with
anodic-leading pulses will more accurately reflect the
actual neural activation patterns that contribute to
pitch-ranking abilities in CI users. As a result, we
expect a significant positive correlation between the
spatial separation of ECAP SOE patterns and pitch
ranking for anodic-leading stimuli but not necessarily
for cathodic-leading stimuli. To test these hypotheses,
the present study measured pitch ranking and ECAP
SOE patterns for CI recipients using anodic- and
cathodic-leading symmetric biphasic pulses and com-
pared the two using a within-subject design.

METHODS

Participants

Fourteen ears from 13 CI recipients were tested for
this study (seven males; age range: 18–77 years; mean
58 years). Five participants were bilateral CI users,
although only F10/F11 was tested in both ears. For
the other four bilateral users (F1, F5, F17, N11), the
contralateral ear was not tested because it had either
an older device or small/absent ECAPs. All partici-
pants were implanted with Cochlear Ltd. (Sydney,
New South Wales, Australia) devices with the same
internal electronics package. Seven of the 14 ears
were implanted with the Nucleus 24RE (CA) array,
three with the CI422, three with the CI512, and one
with the CI522. Additional demographic information
is listed in Table 1. This study was approved by the
Boys Town National Research Hospital Institutional
Review Board under protocol 03-07-XP. Written
informed consent was obtained from all participants.
Participants received a small travel stipend and hourly
compensation for their time.

Stimuli and Procedure—ECAP Recordings

This study utilized a subset of the ECAP SOE data from
Spitzer and Hughes (2017). Briefly, ECAPs were record-
ed using commercially available Custom Sound EP (v.
4.3) software (Cochlear Ltd., Sydney, New South Wales,
Australia) using a laboratory Freedom sound processor
and programming pod to present stimuli. ECAPs were
evoked using symmetric biphasic current pulses pre-
sented in monopolar mode (re: MP1). The forward-
masking subtraction method was used to remove
stimulus artifact (Abbas et al. 1999). SOE patterns were

obtained by roving the masker electrode location across
the array while the probe and recording electrode
locations were fixed. The recording electrode was
typically two electrode positions apical to the probe,
referenced to the extracochlear electrode MP2. The
default gain of 50 dB was used, and the recording delay
was optimized individually to minimize artifact. Other
relevant stimulus and recording parameters were 400 μs
masker-probe interval, 100 averages, and 80-Hz probe
rate. Data were collected using the default phase
duration of 25 μs for half of the ears (F1, F2, F5, F27,
FS31, NS20, and N11) and 50 μs for the remaining ears
(F10, F11, F17, N7, N23, FS28, and FS32) due to voltage
compliance limitations. SOE patterns were obtained for
14 probe electrodes for both stimulus polarities (probe
electrodes were generally 5–18) for a total of 28 SOE
patterns per subject. Three regions of the electrode
array were delineated: basal (probes 5–9), middle (9–
13), and apical (14–18). For each region, the middle
electrode of the set was designated as the reference
electrode (basal = 7, middle = 11, apical = 16). Electrode
pairs were defined between the reference electrode and
the other electrodes in that region (for example, the
basal comparison pairs were 5–7, 6–7, 8–7, and 9–7).

Both masker and probe stimuli were presented at an
B8^ of 10 loudness rating (Bloud^), which was obtained
using an ascending loudness-scaling technique for each
electrode. Anodic-leading stimuli were used for the
loudness scaling, as this polarity is typically the louder of
the two polarities (Macherey et al. 2006, 2008). For two
subjects, a lower loudness rating (usually B7^ out of 10)
was used due to voltage compliance limits. The current
levels used for each masker and probe electrode were
the same for both polarities.

Stimuli and Procedure—Pitch Ranking

Pitch ranking was tested using a custom programwritten
in Visual Basic that utilized Nucleus Implant Communi-
cator (NIC v. 2.23.0.822) routines (Cochlear Ltd.,
Sydney, NSW, Australia). For each of the six conditions
(three regions: basal, middle, and apical; two polarities:
cathodic and anodic), three steps were undertaken.
First, the dynamic range for each electrode in a
condition was identified by presenting 300-ms pulse
trains using MP1 mode ascending from 100 current-
level units (CL) in 5-CL steps. Participants were told to
provide categorical loudness estimates on the same 10-
point scale used for determining stimulation levels for
ECAP recordings: when the stimulus was B1^ (Bjust
noticeable^), B8^ (Bloud^), and B9^ (Bmaximum loud-
ness level^). Next, each electrode comparison pair was
loudness balanced using an adaptive, two-alternative,
forced-choice (2AFC) double-staircase procedure
(Jesteadt 1980). For each trial, participants were pre-
sented with two sounds sequentially (one on each
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electrode in the comparison pair) that visually
corresponded to two boxes on a touch-screen monitor,
and were instructed to click with a mouse or touch the
box with the louder sound, regardless of pitch. The two
tracks began 5 CL above and below the B8^ level,
respectively. The tracks were then interleaved at ran-
dom. Current level was adjusted using a two-up, one-
down procedure to find 71 % Bcorrect^ on the
psychometric function (Levitt 1971). Loudness
balancing was terminated after 10 reversals for each
track. The final level used for pitch ranking represented
the last six reversals from each track averaged together.
Step size was two CL for the first two reversals and one
CL for the eight remaining reversals.

For the pitch-ranking task, participants were presented
with stimulation on an electrode pair in a similar manner
to the loudness-balancing procedure and were asked to
indicate which was higher in pitch, regardless of loudness.
The stimuli were presented at the CL corresponding to a
loudness-balanced B8^ (as determined by the loudness
balancing procedure). A random level rove equal to 5%of
the dynamic range was applied above and below the B8^
level. This was done to help participants avoid making
judgments based on loudness instead of pitch and to
account for any slight variations in loudness perception
throughout the course of the task. No feedback was
provided. Pitch ranking was accomplished in blocks of 64
trials, with 16 trials per comparison pair (half with the
basal-side electrode presented in interval one) and four
comparison pairs per electrode set. All trials were

presented in a randomized order with regard to compar-
ison pair and which electrode of the pair was presented
first. At least two blocks were completed for each of the six
conditions, resulting in a minimum of 32 trials per
comparison pair. If the Bpercent correct^ for two blocks
differed by approximately 20% ormore, additional blocks
were run. Only three participants (F16, F27, and FS31) did
not require additional blocks. Additional blocks were
completed for a total of 32 of the 84 electrode sets: one
additional block was run for 23 electrode sets across eight
participants (yielding a total of 48 trials per comparison
pair), two additional blocks were run for eight electrode
sets across three participants (64 trials/pair), and six
additional blocks were run for one electrode set for F11
(96 trials for each of the electrode pairs in the basal
cathodic set). Although pitch ranking is a subjective task
where there is no truly correct answer for CI recipients,
trials where the basal-side electrode was chosen as higher
in pitch were deemed correct based on the expected
cochlear tonotopic organization. Total percent correct for
a comparison pair was calculated by dividing the number
of correct trials by the total number of trials for that pair.

Data Analysis—ECAP Recordings

ECAP peaks N1 and P2 were automatically picked by the
Custom Sound EP software and manually adjusted as
necessary. Amplitude was calculated as the voltage
difference between the two peaks and then exported
and processed using custom Matlab scripts (Mathworks,

TABLE 1

Demographic information for study participants. L, left; R, right; IS, initial stimulation; CI, cochlear implant; HL, hearing loss

Subject Internal
device

Ear Gender Age at test
(years, months)

Duration of
deafness
(years, months)

Age at IS
(years, months)

Duration of
CI use
(years, months)

Etiology, onset

F1 24RE(CA) L F 70, 9 11, 3 60, 7 10, 2 Unknown/progressive
F2 24RE(CA) R F 69, 3 10, 6 60, 3 9, 0 Unknown/progressive
F5 24RE(CA) R M 56, 2 7, 7 48, 3 7, 11 Unknown/sudden from

established HL
F10* 24RE(CA) R F 18, 10 8, 3 8, 3 10, 7 Waardenburg syndrome/

congenital
F11* 24RE(CA) L F 18, 10 1, 10 1, 10 17, 0 Waardenburg syndrome/

congenital
F17 24RE(CA) R M 53, 3 11, 0 42, 11 10, 4 Congenital/progressive
F27 24RE(CA) L M 58, 2 10, 6 56, 2 2, 0 Otosclerosis/progressive
N7 CI512 R M 75, 5 10, 11 69, 9 5, 8 Unknown/progressive
N11 CI512 L M 72, 5 6, 6 67, 5 5, 0 Unknown-familial and

noise
exposure/progressive

N23 CI512 R F 73, 0 1, 10 70, 5 2, 7 Meniere’s
FS28 CI422 R F 74, 4 3, 7 72, 6 1, 10 Unknown/progressive
FS31 CI422 R M 77, 7 24, 1 76, 4 1, 3 Noise induced/

hereditary
FS32 CI422 L M 61, 11 8, 3 58, 9 3, 2 Unknown/hereditary and

progressive
NS20 CI522 R F 32, 5 28, 9 31, 9 0, 8 Illness/unknown

*Matched symbols indicate both ears from a participant with bilateral CIs

282 SPITZER ET AL.: Polarity Effects on Pitch Ranking and Spread of Excitation



Natick, MA). The spatial separation index (Σ; Hughes
2008) was calculated between pairs of SOE functions by
normalizing the ECAP amplitude to the peak amplitude
of the reference electrode (again, typically electrodes 7,
11, and 16 for basal, middle, and apical regions,
respectively). Normalizations were done separately for
each region and polarity. This method differs slightly
from how the spatial separation index was calculated in
Spitzer and Hughes (2017), where SOE functions were
normalized to the peak amplitude of each separate
comparison pair. Data were normalized as described
above to be congruent with the psychophysical pitch
ranking data, for which judgments were also made
relative to the center/reference electrode in each region.
An example of the normalization process is shown in
Fig. 1 for apical SOE patterns from participant N11. Raw
and normalized ECAP SOE patterns are shown in the top
and bottom rows, respectively. Patterns obtained with
cathodic-leading and anodic-leading pulses are in the left
(circles) and right (squares) columns, respectively. For
ease of viewing, only the SOE patterns for the reference

electrode (P16) and the most basal (P14) and apical
(P18) comparison probes in the set are shown.

Next, the absolute difference in normalized ampli-
tude between comparison pairs at each masker
electrode location was calculated and summed to-
gether to yield the spatial separation index (Hughes
2008). Because ECAPs cannot generally be recorded
from the same electrode that delivers the stimulus,
the ECAP amplitude had to be estimated for a masker
hypothetically delivered to the recording electrode.
This was done by averaging the ECAP amplitudes
obtained for the two masker electrodes on either side
of the recording electrode (linear interpolation).
Comparison pairs for anodic-leading stimuli were
matched to those for cathodic-leading stimuli to
determine if there were differences in the spatial
separation index between polarities using a Wilcoxon
Signed Rank test (due to non-normal distribution of
the data). Although the effect of polarity on spatial
separation was examined in our earlier study (Spitzer
and Hughes 2017), it was recalculated for this study

FIG. 1. An individual example of the amplitude normalization
process for ECAP SOE patterns for subject N11. Each of the four panels
depicts ECAP amplitude as a function of masker electrode for the
reference probe electrode (P16, yellow symbols) and themost basal and

apical probes in the set (P14 and P18, blue symbols). Left column: SOE
patterns for cathodic probes (circles). Right column: SOE patterns for
anodic probes (squares). Top row: Raw ECAP amplitudes. Bottom row:
ECAP amplitudes normalized to the reference probe electrode (P16)
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because the SOE functions were normalized differ-
ently (i.e., to the peak of the reference electrode SOE
versus the peak of each separate comparison pair).

Data Analysis—Pitch Ranking

Percent-correct scores were transformed into rational-
ized arcsine units (RAUs) in order to create uniform
variance across the percent-correct scale (Studebaker
1985). All statistical analyses were completed using
SigmaPlot (Systat Software, San Jose, CA).

Pitch-ranking scores for each electrode pair were
then compared between polarities using a Wilcoxon
Signed Rank test to determine if performance was
better with one polarity or the other. Lastly, pitch-
ranking scores were compared to corresponding SOE
spatial separation values for each electrode pair within
a polarity using Pearson correlations to examine the
extent to which the spatial separation among ECAP
SOE patterns was correlated with pitch ranking, and
whether those relations differed for the two polarities.

RESULTS

Figure 2 shows individual examples of normalized SOE
patterns for a single comparison pair for both polarities
(left/circles, cathodic; right/squares, anodic) for four
participants (each row). Participant number and percent
correct on the pitch-ranking task are indicated at the top
of each graph. In each panel, the reference electrode is
shown in yellow and the comparison electrode is shown
in blue. These examples illustrate how the spatial
separation between SOE functions can differ with
polarity. For F2 (top row), the basal side of both SOEs
overlaps with cathodic-leading pulses (left), whereas
there is greater separation between functions on the
basal side for the anodic-leading stimuli (right). For F17,
the SOE pattern for probe 11 has larger amplitudes
overall for the cathodic condition (left), whereas the
opposite is true for anodic (right). For FS32, the primary
separation between functions obtained with cathodic-
leading stimuli occurs across the apical half of the
function, with overlap of the basal portions of each
function. The opposite trend was observed for the anodic
condition. Finally, for N23 (bottom row), the cathodic
condition yielded greater separation between functions
than the anodic condition.

Figure 3 shows the ECAP SOE spatial separation
indices for cathodic-leading (abscissa) versus anodic-
leading (ordinate) stimuli. Data for all SOE compar-
ison pairs (12 per ear) for all participants/ears are
shown. The solid diagonal line represents unity. Data
for each electrode region are coded by color, as
indicated in the figure legend. A Wilcoxon Signed

Rank test (due to non-normal distribution of data)
revealed no significant difference (z = − 1.34, p = 0.18)
in spatial separation between polarities. The median Σ
values were 2.84 and 2.66 for cathodic and anodic
conditions, respectively. Mean values were 3.28 and
3.20 for cathodic and anodic conditions, respectively.

Fig. 2. Individual examples of the effect of polarity on the spatial
separation between ECAP SOE patterns for four participants. Each
row depicts data from a different participant. Normalized ECAP
amplitude is plotted as a function of masker electrode. Patterns for
cathodic-leading probes (circles) are in the left column and for
anodic-leading probes (squares) in the right column. The reference
probe electrode is shown in yellow symbols and the comparison
probe electrode is shown in blue symbols. The specific reference and
comparison probe electrodes are shown in the legend of each panel.
Participant number and percent correct for pitch ranking are shown
at the top of each panel
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Figure 4 shows pitch-ranking results (in RAU) for
cathodic-leading (abscissa) versus anodic-leading
(ordinate) stimuli. Data are plotted similar to Fig. 3. A

Wilcoxon Signed Rank test (due to non-normal distri-
bution of data) revealed no significant difference (z =
1.01, p = 0.32) in pitch-ranking ability between polarities.
The median RAU values were 87.89 for both cathodic
and anodic conditions. The mean RAU values were
85.59 and 86.41 for cathodic and anodic, respectively.

Figure 5 shows individual plots for each participant
with the pitch-ranking RAU plotted as a function of
ECAP spatial-separation index (Σ) for each comparison
pair. Data for cathodic-leading stimuli are shown with
open circles and solid regression lines, whereas data for
anodic-leading stimuli are shown with gray squares and
dashed regression lines. Pearson correlation coefficients
(r) and levels of significance (p) are shown for each
participant and polarity in Table 2. In general, the
expected trend was a positive correlation between
performance on the pitch-ranking task and the ECAP
spatial separation between electrode pairs (Hughes
2008), especially for anodic-leading stimuli. Not all
participants exhibited this trend. For some participants
(e.g., F1, F10, F27, N7, and N11), the relation between
ECAP and pitch data followed similar trends for both
polarities, whereas others had largely divergent trends
(e.g., F2, FS32, NS20). Only three participants demon-
strated a significant correlation between the ECAP and
pitch data: F1, cathodic; FS32, cathodic; and N23,
anodic (see Table 2). For two of these participants,
phase duration was 50 μs and for the other it was 25 μs,
suggesting no clear effect of phase duration. In sum,
reversing the stimulus polarity to anodic-leading did not
result in improved correlations between the physiolog-
ical and behavioral measures, which was inconsistent
with the hypothesis.

DISCUSSION

The primary goal of this study was to compare the
spatial separation between ECAP SOE patterns to
pitch ranking for anodic- and cathodic-leading sym-
metric biphasic pulses to determine whether stimulus
polarity had an effect on the relation between the two.
Contrary to the hypothesis, there was no effect of
polarity on the relation between the physiological and
psychophysical measures. Unlike our previous study
(Spitzer and Hughes 2017), we did not find a
significant effect of polarity on ECAP spatial separa-
tion. There was also no effect of polarity on pitch
ranking abilities.

The overlap between ECAP SOE patterns obtained
with spatially separated probe electrodes is thought to
represent the degree to which neurons stimulated by
a particular electrode are also stimulated by another
electrode. In theory, greater spatial separation be-
tween ECAP SOE patterns (i.e., less overlap) indicates

Fig. 3. Spatial separation between pairs of ECAP SOE patterns for
cathodic- (abscissa) versus anodic-leading (ordinate) pulses. The
diagonal line represents equal spatial separation for both polarities.
Data points above the line indicate greater spatial separation for
anodic-leading stimuli. Each subject (n = 14) contributed 12 data
points, 4 in each region (color coded according to the legend) for a
total of 168 data points

Fig. 4. Pitch ranking scores (in RAU) for cathodic- (abscissa) versus
anodic-leading (ordinate) pulses. The diagonal line represents equal
pitch-ranking performance for both polarities. Points above the line
indicate better performance for anodic-leading stimuli. Each subject
(n = 14) contributed 12 data points, 4 in each region (color coded
according to the legend) for a total of 168 data points
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that the electrodes activate more distinct populations
of neurons. Our previous study (Spitzer and Hughes
2017) demonstrated a significant effect of stimulus
polarity on spatial separation, wherein cathodic-
leading stimuli yielded greater spatial separation
between SOE patterns than anodic-leading stimuli.
This was attributed to the cathodic polarity being less
effective as a masker when used to derive ECAPs

through the forward-masking method. Although the
present results are in the same direction as that of our
earlier study, the results failed to reach significance
despite using the same SOE data from a large subset
(14 of 16) of the participants/ears from Spitzer and
Hughes (2017).

The primary difference between the two studies is
the normalization procedure used to calculate the

FIG. 5. ECAP SOE spatial separation (abscissa) versus pitch-
ranking performance (ordinate) for individual subjects. Each
panel represents one subject (identified in the bottom left
corner). Individual data points represent comparison pairs for

cathodic (open circles, solid regression line) and anodic (filled
squares, dashed regression line) stimuli. Pearson correlation
coefficients (r) and levels of significance (p) for each comparison
are shown in Table 2
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spatial separation among ECAP SOE functions. In
Spitzer and Hughes (2017), ECAPs were normalized
to the maximum amplitude of each comparison pair.
In the present study, ECAP amplitudes were normal-
ized to the maximum amplitude of the reference/
center probe electrode. This change in methodology
was necessary to equally compare the pitch-ranking
results (which involved comparing several electrodes
to a center electrode of a region) and the physiolog-
ical results. By normalizing the data for all electrodes
in the comparison set to a single value, relative
amplitude differences and spatial separation differ-
ences between pairs in the set are preserved.

Figure 6 illustrates how differences in the two
normalization procedures affect the results. Data are
for F11, who had very small ECAP responses for the
reference probe electrode (P11; G 50 μV at the peak),
compared to most of the other electrodes in the array.
The SOE patterns for anodic-leading stimuli that are
shown in the top panel were normalized as in Spitzer
and Hughes (2017), and data in the bottom panel
were normalized using the methods in the present
study. When the amplitude for the normalization
point (P11 SOE) is small relative to the other function
in the pair (P9 SOE), the normalized amplitude
values for the other function will exceed 1.0 (see
Fig. 6, bottom panel, P9). As a result, the Σ value will
also be much larger than if both functions are
normalized to the maximum amplitude in the pair
(Fig. 6, top panel). In this example for F11, the large
Σ values are the two farthest outliers seen in Fig. 3. In
Spitzer and Hughes (2017, see Fig. 7 in that
publication), the spatial separation between cathodic
functions was significantly larger than for the anodic
functions (p = 0.002; median Σ values of 2.51 versus
2.43, respectively). The same trend was observed in

the present study (median Σ values of 2.84 versus 2.66,
respectively). However, because of the larger Σ values
that resulted from the current normalization proce-
dure, the standard deviation was larger, which result-
ed in the current results being underpowered (0.148
versus 0.834 in our previous study). Using the original
normalization method (shown in Fig. 6, top panel),
we re-analyzed the data from Fig. 7 of Spitzer and
Hughes (2017) without the two subjects who did not

TABLE 2

Correlation coefficients (r) and significance levels (p) for pitch
ranking (RAU) versus ECAP spatial separation (Σ). Asterisks

represent statistically significant correlations (p G 0.05)

Participant Pulse phase
duration (μs)

Cathodic (r, p) Anodic (r, p)

F1 25 0.59, 0.042* 0.53, 0.078
F2 25 − 0.16, 0.63 0.50, 0.10
F5 25 0.03, 0.92 0.17, 0.61
F10 50 0.09, 0.79 0.02, 0.96
F11 50 0.43, 0.16 0.08, 0.81
F17 50 0.28, 0.39 − 0.07, 0.82
F27 25 0.47, 0.12 0.28, 0.38
FS28 50 0.17, 0.59 − 0.04, 0.91
FS31 25 − 0.06, 0.86 − 0.36, 0.25
FS32 50 0.60, 0.038* − 0.11, 0.73
N7 50 0.14, 0.66 0.23, 0.47
N11 25 0.54, 0.068 0.48, 0.11
NS20 25 0.07, 0.82 0.28, 0.37
N23 50 0.27, 0.40 0.73, 0.007*

Fig. 6. Example ECAP SOE patterns for participant F11 depicting
the effect of our previous (top panel) and current (bottom panel)
normalization procedures. The comparison pair is probe electrodes 9
and 11 in both panels. Data were obtained with anodic-leading
biphasic pulses. Top panel: amplitudes were normalized to the
largest amplitude within each pair. Bottom panel: amplitudes were
normalized to the peak of the SOE function for the reference
electrode (probe 11)
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participate in the present study, and found that there
was still a statistically significant difference in spatial
separation between SOE patterns for cathodic-leading
and anodic-leading stimuli. Therefore, it appears that
the lack of a significant difference in the present study
was due to the current normalization procedure,
rather than having two fewer participants. Although
it is important to normalize ECAP data to account for
relatively large amplitude differences across and
within subjects, the normalization procedure used
here yielded larger standard deviations, which in turn
reduced the statistical power, thereby making it
difficult to see a significant difference in ECAP SOE
between the polarities.

Pitch-ranking ability was assessed in this study for
symmetric, biphasic, cathodic-, and anodic-leading
pulses. Like the ECAP SOE comparisons, there was no
significant difference in performance between the two
polarities. Although themean RAU was slightly larger for
anodic-leading pulses, which was a trend in the direction
of the hypothesis, the median values were the same for
both polarities. This finding differs from previously
published work on pitch ranking using unconventional
pulse shapes such as asymmetric (pseudomonophasic) or
multiphase pulses (Macherey et al. 2011; Carlyon et al.
2013) . Macherey et al . (2011) found that
pseudomonophasic anodic-leading stimuli produced
lower pitch percepts than symmetric biphasic stimuli
when the anodic portion of the stimulus was presented to
the more apical electrode in a bipolar pair. Similarly,
Carlyon et al. (2013) used monopolar stimulation to
show that pitch perceptions were lower for symmetric
quadraphasic pulses when the two center pulses were
anodic than when they were cathodic. These results
indicate that the response with these unconventional
pulse shapes is largely or exclusively driven by the anodic
phase (Macherey et al. 2010). The likely mechanism for
this effect is an increase in the duration of the interphase
gap (for pseudomonophasic pulses) or the duration of
the central phase (for symmetric quadraphasic pulses).
The result is that there is more time for neurons to
initiate an action potential before the opposite phase can
have an opposing effect. Indeed, several studies have
shown that longer interphase gaps and longer pulse
durations yield lower thresholds, both perceptually
(McKay and Henshall 2003; Shannon 1985) and physio-
logically (e.g., Hughes et al. 2018; Ramekers et al. 2014).
The symmetrical biphasic pulse used in the present study
has a very short inter-phase gap and equal durations of
the cathodic and anodic phases. As a result, the
effectiveness of the anodic phase is likely diminished by
the equal-amplitude cathodic phase, particularly for
short interphase gaps. Biphasic pulses have higher
thresholds than monophasic or pseudomonophasic
pulses because depolarization induced by the first phase
can be obliterated by the second phase before an action

potential threshold is reached (Shepherd and Javel
1999). Previous work has shown no effect of polarity on
perceptual thresholds when symmetric biphasic pulses
are used, in agreement with the results presented here
(Macherey et al. 2006). Notably, the present study was the
first to examine the effects of polarity on pitch ranking
using symmetric biphasic pulses with a short interphase
gap.

Finally, a few subjects showed a trend toward a
positive correlation between spatial separation and
pitch-ranking performance, although the majority did
not. Three subjects demonstrated a statistically signifi-
cant correlation between pitch ranking and spatial
separation between SOE patterns for a single polarity,
although two were for the cathodic polarity and one was
for the anodic polarity. In general, there was large
variability among participants. Figure 5 demonstrates
the relation between pitch ranking and spatial separa-
tion of ECAP SOE patterns for each subject. There are
several patterns of performance that emerge. Despite
transforming percent correct scores to RAU in order to
reduce ceiling effects, several subjects (e.g., F17) were
performing extremely well with little variance in their
pitch ranking scores. Some other subjects (e.g., F2, F11,
FS32, NS20) showed divergent trends in the ECAP-pitch
correlation for each polarity. These results differ from
those reported in Hughes (2008), where pitch ranking
performance was found to positively correlate with
ECAP spatial separation for the group as a whole.
Because the methods used to calculate pitch-ranking
scores and separation between ECAP SOE patterns were
similar between the two studies, there is further
evidence that the participants in the present study
differed or were simply more variable.

Although the participants in Hughes (2008) were
also Nucleus users, differences in electrode insertion
depth and place of stimulation could be responsible
for the lack of a relation between pitch ranking and
spread of excitation observed in the present study.
The electrodes used in this study ranged in length
from 18 to 25 mm. Assuming an average insertion
depth (imaging data were not available), our apical
electrode region (14–18) would theoretically be
inserted at an angle of ~ 220–298° (Landsberger
et al. 2015). Therefore, the most apical SOE pattern
(probe electrode 18) measured neural activation
relatively far from the apex of the cochlea
(Dhanasingh and Jolly 2017). Previous work has
shown that apical stimuli are generally judged as
louder than middle or basal stimuli (Carlyon et al.
2013), suggesting that current spread is greater in the
apical region of the cochlea. This conjecture is
supported by both animal evidence showing lower
physiological thresholds for apical as compared to
basal electrodes (Frijns et al. 2001) and modeling
work showing greater spread of excitation in the apex
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than the base of the cochlea (Kalkman et al. 2014).
Therefore, it is possible that we may have found a
significant relationship between spread of excitation
and pitch ranking if a longer electrode array had
been used.

In summary, the results from this study showed a
lack of an effect of stimulus polarity on the relation
between physiological measures of ECAP spatial
separation and pitch ranking for symmetric biphasic
pulses. These results suggest that at least for stimuli
presently used with clinical populations, changing
from cathodic-leading to anodic-leading polarity
pulses would not seem to improve pitch perception
or to systematically improve the relation between
pitch and ECAP SOE. Further studies could incorpo-
rate more participants or explore the effect of polarity
on the relation between ECAP SOE and pitch ranking
using pseudomonophasic stimuli.
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