@’PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Galvin JJ, lll, Oba SI, Baskent D,
Chatterjee M, Fu Q-J (2015) Envelope Interactions in
Multi-Channel Amplitude Modulation Frequency
Discrimination by Cochlear Implant Users. PLoS
ONE 10(10): €0139546. doi:10.1371/journal.
pone.0139546

Editor: Simon J Cropper, University of Melbourne,
AUSTRALIA

Received: August 6, 2015
Accepted: September 15, 2015
Published: October 2, 2015

Copyright: © 2015 Galvin et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: John Galvin, Sandy Oba, and Qian-Jie Fu
were supported by National Institutes of Health (NIH)
grant DC004993. Monita Chatterjee was supported
by NIH grant R01 DC014233. Deniz Baskent was
supported by VIDI grant 016.096.397 from the
Netherlands Organization for Scientific Research
(NWO) and the Netherlands Organization for Health
Research and Development (ZonMw), and a
Rosalind Franklin Fellowship from University of
Groningen, University Medical Center Groningen.

RESEARCH ARTICLE

Envelope Interactions in Multi-Channel
Amplitude Modulation Frequency
Discrimination by Cochlear Implant Users

John J. Galvin, lII"?3®* Sandra . Oba'®, Deniz Bagkent?>*®, Monita Chatterjee*®, Qian-
Jie Fu'®

1 Department of Head and Neck Surgery, David Geffen School of Medicine, University of California Los
Angeles, Los Angeles, California, United States of America, 2 Department of Otorhinolaryngology, Head and
Neck Surgery, University Medical Center Groningen, University of Groningen, Groningen, The Netherlands,
3 Research School of Behavioral and Cognitive Neurosciences, Graduate School of Medical Sciences,
University of Groningen, Groningen, The Netherlands, 4 Auditory Prostheses & Perception Lab, Boys Town
National Research Hospital, Omaha, Nebraska, United States of America

® These authors contributed equally to this work.
* Jgalvin@ucla.edu (JG)

Abstract

Rationale

Previous cochlear implant (Cl) studies have shown that single-channel amplitude modula-
tion frequency discrimination (AMFD) can be improved when coherent modulation is deliv-
ered to additional channels. It is unclear whether the multi-channel advantage is due to
increased loudness, multiple envelope representations, or to component channels with bet-
ter temporal processing. Measuring envelope interference may shed light on how modu-
lated channels can be combined.

Methods

In this study, multi-channel AMFD was measured in Cl subjects using a 3-alternative
forced-choice, non-adaptive procedure (“which interval is different?”). For the reference
stimulus, the reference AM (100 Hz) was delivered to all 3 channels. For the probe stimulus,
the target AM (101, 102, 104, 108, 116, 132, 164, 228, or 256 Hz) was delivered to 1 of 3
channels, and the reference AM (100 Hz) delivered to the other 2 channels. The spacing
between electrodes was varied to be wide or narrow to test different degrees of channel
interaction.

Results

Results showed that Cl subjects were highly sensitive to interactions between the reference
and target envelopes. However, performance was non-monotonic as a function of target
AM frequency. For the wide spacing, there was significantly less envelope interaction when
the target AM was delivered to the basal channel. For the narrow spacing, there was no
effect of target AM channel. The present data were also compared to a related previous
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study in which the target AM was delivered to a single channel or to all 3 channels. AMFD
was much better with multiple than with single channels whether the target AM was deliv-
eredto 1 of 3 orto all 3 channels. For very small differences between the reference and tar-
get AM frequencies (2—4 Hz), there was often greater sensitivity when the target AM was
delivered to 1 of 3 channels versus all 3 channels, especially for narrowly spaced
electrodes.

Conclusions

Besides the increased loudness, the present results also suggest that multiple envelope
representations may contribute to the multi-channel advantage observed in previous AMFD
studies. The different patterns of results for the wide and narrow spacing suggest a periph-
eral contribution to multi-channel temporal processing. Because the effect of target AM fre-
quency was non-monotonic in this study, adaptive procedures may not be suitable to
measure AMFD thresholds with interfering envelopes. Envelope interactions among multi-
ple channels may be quite complex, depending on the envelope information presented to
each channel and the relative independence of the stimulated channels.

Introduction

Given the limited spectral resolution of cochlear implants (CIs), temporal envelopes convey
important speech cues for CI users. As such, CI users’ temporal processing capabilities may
contribute to their speech understanding. Single-channel amplitude modulation detection
(AMD) has been extensively measured in CI users [1-11] and has been correlated with CI
users’ speech performance [3,12]. Similarly, CI users’ single-channel amplitude modulation
frequency discrimination (AMFD) has been correlated with CI users’ prosody perception [13-
15] and tonal language perception [16]. However, in everyday listening with clinical processors,
CI users must process multiple temporal envelopes. Because of multi-channel loudness sum-
mation, current levels on individual channels must often be reduced in clinical processors to
provide a comfortable operating range [17-19]. Single-channel AMD and AMFD have been
shown to depend on current level [1-9,11,16]. At the same loudness, multi-channel AMD has
been shown to be significantly poorer than single-channel AMD, due to the reduced current
levels needed to compensate for multi-channel loudness summation [20]. However, at the
same loudness, single- and multi-channel AMFD thresholds have not been shown to be signifi-
cantly different [21], despite differences in current level. Previous studies have also shown that
single-channel AMD thresholds can vary across stimulation site [6], though no clear effect of
across-site variability has been shown for multi-channel AMD [20]. For AMED, It is unclear
how across-site variability may affect multi-channel perception. Thus, many factors may con-
tribute to CI users’ multi-channel temporal envelope processing: listening task (envelope detec-
tion vs. envelope frequency discrimination), current level, multi-channel loudness summation,
across-site differences in temporal processing, etc.

One issue when measuring AMD is the contribution of potential loudness cues associated
with amplitude modulated (AM) stimuli [22]. As such, it is unclear whether AMD represents
CI users’ temporal processing limits or their sensitivity to loudness cues in AM stimuli. While
there are methods to limit the contribution of potential AM loudness cues [10,23], such current
level adjustments and/or roving may introduce too much variability in AMD thresholds. As
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such, discrimination of AM frequency, rather than detection of AM, may better represent tem-
poral processing limits of CI users. AMFD is typically measured using AM depths that are well
above AMD threshold. Loudness differences across AM frequency are inconsistent and typi-
cally small [24]. Accordingly, less current level compensation and jitter is needed when mea-
suring AMFD than for AMD, resulting in a potentially less “noisy” measure of CI users’
temporal processing.

AMED has been shown to be better when the target AM was delivered to multiple channels
than to any of the single component channels used for the multi-channel stimuli [21,25]. As
noted above, when single- and multi-channel stimuli are similarly loud and at a comfortably
loud presentation level, no significant difference in AMFD was observed [21]. It is unclear how
across-site variability might contribute to the multi-channel advantage in AMFD. When sin-
gle-channel AMFD was measured at summation-adjusted current levels, performance was
near chance-level [21], obscuring across-site differences in performance. Thus, when multi-
channel loudness summation is considered, it may be difficult to observe how channels are
combined when discriminating coherent AM delivered to multiple channels.

Many previous studies have explored how competing envelopes may interfere with CI users’
ability to detect or discriminate target AM. For AMD, significant amounts of “envelope mask-
ing” (the difference in AMD threshold between a modulated and steady state masker) have
been observed even when the target AM channel is spatially remote from the masker channel
[26-27]. As such, central processes are thought to contribute strongly to CI users’ temporal
envelope perception. Similarly, AMFD thresholds have been shown to be greatly elevated in
the presence of competing envelope information, even when the target and masker channels
are spatially remote [28-29]. In general, CI users seem unable to segregate even large AM fre-
quency differences between the target and masker channel. In these previous studies, presenta-
tion levels for the target AM channel were relatively high, thus ensuring good baseline single-
channel AMD or AMFD thresholds. Also in these studies, there was typically no adjustment
for multi-channel loudness summation. Because the multi-channel stimuli only contained 2
channels, and because of the relatively high presentation levels, multi-channel loudness sum-
mation would not be expected to significantly contribute to the pattern of results observed.
However, when a larger number of channels are considered along with the attendant loudness
summation, baseline single-channel thresholds at summation-adjusted levels would most likely
be much poorer than observed in previous AMD or AMFD studies. Indeed, at summation
adjusted levels, single-channel AMFD was recently shown to be at near chance-level [21]. And
while widely spaced channels have been used in some previous studies [28-29], there have
been few comparisons of envelope interference between widely and narrowly spaced channels.
If interference were to occur at the edges of the spread of excitation from multiple channels,
less interference would be expected for widely spaced electrodes. At reduced summation-
adjusted current levels, the spread of excitation would be less broad [30-31], which might
reduce channel interaction, especially for widely spaced channels. In these previous studies, it
is also unclear how across-site differences in temporal processing may have contributed to the
degree of interference between the masker and target channels, as temporal processing was not
typically measured for masker channels. One previous AMD study showed no clear relation-
ship between the envelope sensitivity of the masker channel and the amount of envelope mask-
ing produced by the masker channel [27].

Taken together, results from these previous studies suggest that multi-channel envelope per-
ception may affected by the information in each channel (coherent or competing AM), multi-
channel loudness summation, across-site difference in temporal processing, and the spatial
overlap in the spread of excitation from each component channel. In this study, AMFD was
measured using multi-channel stimuli in which the target AM was delivered to 1 of 3 channels
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Table 1. Cl subject demographics.

Subject

S1
S2
S3
S4
S5

Age at testing (yrs)

70
79
28
67
78

and the reference AM was delivered to the other 2 channels. The component channels were
either widely or narrowly spaced to explore different degrees of channel interaction. The target
AM channel was varied to explore across-site differences in temporal processing. To examine
how AM discrimination was affected by the type of envelope information delivered to multiple
channels, the present data were compared to those from a previous related study in which the
target AM was delivered to a single channel or to all 3 channels [21]. In all cases, whether with
single or multiple channels, AMFD data was compared using summation-adjusted current lev-
els to explore temporal processing at the reduced current levels that might be used in clinical
processors. Comparing AMFD with single and multiple channels at the same summation
adjusted current levels provided an opportunity to examine the effects of loudness and the type
of information delivered to each channel on AM discrimination.

Methods

Subjects

Five adult, post-lingually deafened CI users participated in this study. All were users of
Cochlear Corp. devices and all had more than 2 years of experience with their implant device.
Relevant subject details are shown in Table 1. All 5 subjects previously participated in a related
AMEFD study [21].

Ethics Statement

All subjects provided written informed consent prior to participating in the study, in accor-
dance with the guidelines of the St. Vincent Medical Center Institutional Review Board (Los
Angeles, CA), which specifically approved this study. All subjects were financially compensated
for their participation.

Stimuli

Stimuli were similar to those used in a previous related study [21]. All stimuli were 300-ms
biphasic pulse trains; the stimulation mode was monopolar, the stimulation rate was 2000
pulses per second (pps) per electrode, the pulse phase duration was 25 ps and the inter-phase
gap was 8 ps. The relatively high stimulation rate was selected to encode the highest target AM
frequency (356 Hz) and to approximate the cumulative stimulation rate used in some clinical
processors. The spacing between electrodes was varied to represent different amounts of chan-
nel interaction; electrodes were either widely (El 4, 10, and 16) or narrowly spaced (EL 9, 10,
and 11). The component electrodes of the multi-channel stimuli were optimally interleaved in
time; the inter-pulse interval (between the offset of one pulse and the onset of the next) was
0.109 ms. All stimuli were presented via research interface [32], bypassing subjects’ clinical

Age at implantation (yrs) Duration of deafness (yrs) Etiology Device Strategy
60 23 Genetic N24 ACE
77 35 Otosclerosis N5 ACE
26 11 Acoustic Neuroma Freedom ACE
59 20 Meniere’s/ Otosclerosis Freedom ACE
76 8 Unknown N5 ACE

N24 = Nucleus 24; N5 = Nucleus 5; ACE = Advanced combination encoder

doi:10.1371/journal.pone.0139546.1001
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processors and settings; custom software was used to deliver the stimuli and to record subject
responses.

Several steps were taken to determine the current levels for the component electrodes in the
multi-channel stimuli and to ensure similar loudness across component electrodes and the
wide and narrow spacing conditions, and are more fully described in a previous related study
[21]. First, the dynamic range (DR) was estimated for single electrodes without AM. Absolute
detection thresholds (T's) were estimated using a “counting” method, as is sometimes used for
clinical fitting of speech processors. During each threshold measurement, a number of pulse
train bursts (between 2 and 5 bursts) were presented to the subject, who responded by report-
ing how many bursts were heard. Depending on the correctness of response, the current level
was adjusted in 0.5 dB steps; the current level after 4 reversals was considered the threshold.
Maximum acceptable loudness (MAL) levels were estimated by slowly increasing the current
level (in 0.2 dB steps) for three pulse train bursts until reaching MAL. Threshold and MAL lev-
els were averaged across a minimum of two runs, and the DR was calculated as the difference
in current between MAL and T levels. After the initial DR estimation, all electrodes were swept
for equal loudness at 10% DR, 50% DR, and at MAL (100% DR). During loudness sweeping,
300 ms pulse trains were delivered to each electrode in sequence (at either 10% DR, 50% DR or
MAL, depending on the sweep), first from apex to base, and then from base to apex. The sub-
ject indicated which (if any) of the electrodes were louder or softer than the rest; the current
level was adjusted to those electrodes as needed, and the electrodes were then re-swept for
loudness. After making all adjustments, the final threshold, MAL and DR values for each elec-
trode were recorded.

When the three component electrodes were combined using the above single-channel cur-
rent levels, multi-channel stimulation would be expected to be substantially louder due to sum-
mation [17-19]. Multi-channel stimuli were loudness-balanced to a common single-channel
reference (EL 10) presented at 50% DR. An adaptive two-alternative, forced-choice (2AFC),
double-staircase procedure was used for loudness balancing [33-34]. Stimuli were loudness-
balanced without AM. The amplitude of the 3-channel probe was globally adjusted (final step
size = 0.4 dB) according to subject response (2-down/1-up or 1-down/2-up, depending on the
track), thereby adjusting the current level for each component electrode by the same ratio. For
each run, the final 8 of 12 reversals in current level were averaged, and the mean of 2-3 runs
was considered to be the loudness-balanced level. The mean current level reduction to the
multi-channel stimuli across the wide and narrow combinations was 3.95 dB (range = 1.6 to
6.0 dB), relative to the single-channel reference. Refer to the previous related study [21] for
additional details regarding the loudness balance procedure, and for the amount of current
level reduction needed to compensate for multi-channel loudness summation for each subject.
Fig 1 shows the summation-adjusted DRs for widely spaced electrodes for subject S3. Note that
the summation-adjusted current levels were well below the original single-channel T (solid
lines) and MAL levels (dashed lines).

Table 2 shows the test electrodes for each subject and condition and the current levels for
summation-adjusted T levels (minimum AM current level), MAL levels (maximum AM cur-
rent level), DR (which corresponds to the range of AM), and 50% DR (which corresponds to
the reference current level used to calculate AM depth). Because of the previous loudness
sweeping with single electrodes, component electrodes were presumed to be similarly loud at
the summation-adjusted T, MAL, and 50% DR current levels. When measuring multi-channel
AMFD, the current levels of the component channels were independently roved by +1 dB from
trial to trial to reduce potential cues arising from cross-channel loudness differences.

For the multi-channel stimuli, the basal, middle, and apical channels were sequentially
interleaved. Sinusoidal AM was then applied to the multi-channel stimulus according to f(t)*(1
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Fig 1. lllustration of the summation-adjusted current levels and DRs used for subject S3. The colored solid and dashed lines show the original single-
channel T and MAL levels before adjusting for multi-channel loudness summation, respectively. The ovals represent the summation-adjusted DRs, and also
represent the AM depth used to measure AMFD (i.e., between the summation-adjusted T and MAL levels); the number within each oval indicates the
electrode. The ovals on the left side of the figure show single-channel stimuli; the ovals in the middle and right side of the figure show multi-channel stimuli.
The filled ovals indicate the channels that received the target AM frequency and the white ovals indicate the channels that received the reference AM
frequency.

doi:10.1371/journal.pone.0139546.9001

+msin(2m*f,,t)), where f(t) is a steady-state pulse train, m is the modulation index, and f,, is
the modulation frequency. A 10-ms onset and offset was applied to all stimuli. The initial mod-
ulation phase was 180 degrees for all stimuli. For each channel, the modulation index was cal-
culated relative to the reference current level (50% DR, in microamps) to target minimum and
maximum current levels at T and MAL, respectively.

Throughout this paper, the caret symbol (1) indicates the channel that received the target
AM. The reference AM frequency was 100 Hz; the target AM frequency was 101, 102, 104, 108,
116, 132, 164, 228, or 356 Hz. During AMFD testing, the reference stimulus contained the ref-
erence frequency delivered to all 3 channels. The probe stimulus contained the target AM fre-
quency delivered to one channel and the reference AM frequency delivered to the other two
channels. Fig 2 shows examples of the reference and probe stimuli. The envelope patterns are
very similar between the 100 Hz reference and the 102 Hz target, but very different between the
100 Hz reference and the 132 Hz target. When the target AM was delivered to only 1 of 3 chan-
nels, there is very little difference in the 102 Hz temporal pattern compared to when the target
AM was delivered to all 3 channels. However, the difference in the 132 Hz temporal pattern
was quite large when the target AM was delivered to 1 of 3 channels or to all 3 channels.
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Table 2. Summation-adjusted current levels.

Subject

S1

S1

S2

S2

S3

S3

S4

S4

S5

S5

Spacing

Wide

Narrow

Wide

Narrow

Wide

Narrow

Wide

Narrow

Wide

Narrow

El

4
10
16
9
10
11
4
10
16
9
10
11
4
10
16
9
10
11
4
10
16
9
10
11
4
10
16
9
10
11

158
155
126
163
166
141

74

MAL

693
816
640
825
877
825
228
232
212
221
217
209
142
161
108
144
139
139
209
142
161
312
306
354
224
283
220
259
269
274

microamps

DR

535
661
513
662
711
684
144
162
140
152
151
145
92
108
71
97
93
89
145
92
108
201
201
249
147
202
149
191
191
199

50% DR

426
485
383
494
522
483
156
151
142
145
141
137
96
107
73
95
92
94
137
96
107
212
206
230
151
183
145
164
173
174

T

43.97
43.80
42.03
44.24
44.42
42.98
38.48
36.92
37.08
36.81
36.35
36.20
34.02
34.57
31.52
33.37
33.26
33.88
36.20
34.02
34.57
40.94
40.46
40.46
37.76
38.23
36.97
36.66
37.76
37.44

dB (re: 1 microamp)

MAL

56.82
58.23
56.12
58.33
58.86
58.33
47.14
47.30
46.52
46.90
46.73
46.42
43.05
44.15
40.70
43.15
42.84
42.84
46.42
43.05
44.15
49.89
49.72
50.98
47.01
49.05
46.85
48.27
48.58
48.74

DR

12.85
14.44
14.09
14.09
14.44
15.35
8.66
10.38
9.44
10.09
10.38
10.23
9.03
9.58
9.18
9.79
9.58
8.96
10.23
9.03
9.58
8.95
9.26
10.53
9.25
10.82
9.88
11.61
10.82
11.30

50% DR

52.58
53.72
51.67
53.87
54.34
53.67
43,85
43.58
43.02
43.24
43.01
42.74
39.66
40.62
37.27
39.57
39.31
39.47
42.73
39.66
40.62
46.52
46.27
47.22
43.56
45.23
43.25
44.28
44.76
44.81

Values are shown for threshold (T), maximum acceptable loudness (MAL), dynamic range (DR), and 50% DR. The AM depth was between T and MAL

(100% DR), and the reference current level was 50% DR.

doi:10.1371/journal.pone.0139546.t002

Fig 3 illustrates the test conditions in terms of the electrode spacing. For the wide spacing,

channels were expected to relatively independent; for the narrow spacing, channels were

expected to interact.

Procedure

A 3AFC non-adaptive procedure was used to measure AMFD (“which interval is different?”),
as in a previous related study [21]. During each trial of the run, the probe stimulus (in which
the target AM was delivered to 1 channel and the reference AM was delivered to the other 2
channels) was randomly assigned to 1 of the 3 intervals and the reference stimulus (in which
the reference AM frequency was delivered to all 3 channels) was assigned to the remaining

2 intervals. The subject was asked to respond which interval was different. Because AM
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7/25



@.PLOS | ONE Multi-Channel Envelope Interactions

Reference: 100 Hz Target: 102 Hz Target: 102 Hz

MAL - A

A+B+C: AA + BA + CA:

Ar+B+C

50% DR

Threshold
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time (ms) Time (ms) Time (ms)
Reference: 100 Hz Target: 132 Hz Target: 132 Hz
MAL A*+B+C — A A*+B+C A*+ B+ CA
= B
am C
50% DR
Threshold
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time (ms) Time (ms) Time (ms)

Fig 2. Examples of experimental stimuli. The reference stimuli are shown in the left column and the probe stimuli are shown in the middle and right
columns. The top row shows probe stimuli with the 102 Hz target AM frequency and the bottom row shows probe stimuli with the 132 Hz target AM frequency.
The left column shows the reference AM frequency delivered to all 3 channels, the middle column shows the target AM frequency delivered to 1 of 3 channels
(with the reference AM delivered to the other 2 channels), and the right column shows the target AM frequency delivered to all 3 channels. The x-axis shows
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time (in ms). The y-axis shows the nominal summation-adjusted current levels. The figure accurately shows the timing of the pulse trains and order of
interleaving over a 20 ms range. The close-up of the stimulation pattern shows the current levels for the target AM channel (red) and the reference AM

channels (blue and green) for the 102 Hz target AM frequency.

doi:10.1371/journal.pone.0139546.9002

frequency may affect loudness given a fixed AM depth [35], the current level in each interval
was globally roved by + 1 dB to protect against potential loudness differences across AM

Wide spacing

4 4 10 16
10 4 10 16
16 4 10 16

Narrow spacing

9 9 10 11
10 9 10 11
11 9 10 11

9 10 11

9 10 11

9 10 11

Fig 3. lllustration of electrode spacing conditions. The wide spacing is shown at top and the narrow spacing is shown at bottom. The gray regions
indicate the target AM frequency channels and the white regions indicate the reference AM frequency channels. The target AM was delivered to a single

channel (left), 1 of 3 channels (middle), or to all 3 channels (right).

doi:10.1371/journal.pone.0139546.g003
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frequencies as in previous studies [9,21,24,29]. This roving was in addition to the independent
roving to current levels across channels in the multi-channel stimuli. Each test run contained 5
reference-probe comparisons for each probe; the reference-probe comparisons were random-
ized within each run. Three to six test runs were conducted for each condition, depending on
subjects’ availability for testing. No trial-by-trial feedback as to the correctness of the response
was provided. The test order was randomized within and across subjects.

Results

Fig 4 shows percent correct AMFD for the wide spacing condition when the target AM was
delivered to a single channel (black circles), 1 of 3 channels (white triangles) or to all 3 channels
(black squares). The circle and square data are from a previous related study [21], and are
shown for comparison purposes. Performance was generally best when the target AM was
delivered to all 3 channels. When the target AM was delivered to only a basal channel, with
(white triangles) or without the additional 100-Hz reference channels (black circles), perfor-
mance was generally poor. At relatively low target AM frequencies (102-104 Hz), there were
several instances where multi-channel performance was better when the target AM was deliv-
ered to the middle or apical channels, rather than to all 3 channels.

Similarly, Fig 5 shows percent correct AMFD for the narrow spacing condition when the
target AM delivered to a single channel, 1 of 3 channels or to all 3 channels; again, the black cir-
cle and square data are from a previous related study [21] and are shown for comparison pur-
poses. Different from the wide spacing condition, multi-channel performance was similar
when the target AM was delivered to 1 of 3 channels, regardless of target AM channel. At low
target AM frequencies (102-104 Hz), performance was markedly better when the target AM
was delivered to 1 of 3 channels rather than to all 3 channels. At high target AM frequencies
(> 132 Hz), performance tended to be better when the target AM was applied to all 3 channels.

A three-way repeated-measures analysis of variance (RM ANOVA) was performed on the
data collected for the present study (i.e., the white triangle data in Figs 4 and 5), with electrode
spacing (wide or narrow), target AM channel (relatively basal, middle, or apical), and target
AM frequency (101, 102, 104, 108, 116, 132, 164, 228, and 356 Hz) as factors. Results showed
no significant main effects of electrode spacing [F(1,7) = 3.345, p = 0.105], target AM channel
[F(2,14) =2.07, p = 0.161], or target AM frequency [F(8,56) = 1.01, p = 0.442]. However, there
were significant interactions between electrode spacing and target AM channel [F(2,14) = 7.52,
p = 0.006], and between electrode spacing and target AM frequency [F(8,56) = 2.53, p = 0.020].
Because of these interactions, subsequent separate two-way RM ANOV As were performed on
the white triangle data from Figs 4 and 5, with target AM channel and target AM frequency as
factors. The results are shown in Table 3. For both the wide and narrow spacing, there were sig-
nificant effects of target AM channel and target AM frequency (p <0.05 in both cases). For the
wide mode, AMFD was significantly poorer when the target AM was delivered to the basal
channel (p < 0.05). In many cases, AMFD was significantly poorer with the 101 Hz target AM
(p < 0.05).

In Figs 4 and 5, AMFD across target AM frequency was often non-monotonic when the tar-
get AM was delivered to a single channel (black circles) or to 1 of 3 channels (white triangles).
As such, it is difficult to estimate AMFD threshold. Fig 6 shows mean percent correct AMFD
(across all target AM frequencies) for the wide and narrow electrode spacing when the target
AM was delivered to a single channel, 1 of 3 channels or to all 3 channels. Note that the data
when the target AM was presented to a single channel or to all 3 channels are from a previous
related study [21] and are presented for comparison purposes. For the wide spacing, mean per-
formance was generally poorer when the target AM was delivered to a single channel (hatched

PLOS ONE | DOI:10.1371/journal.pone.0139546 October 2, 2015 10/25
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Fig 4. Percent correct AMFD at each probe frequency with wide electrode spacing. Each row shows individual subject data. Each column shows data
when the target AM was delivered to only the basal (left), middle (middle), or apical channel (right), or to all 3 channels. The white triangles show data from
the present study, in which the target AM was delivered to 1 of 3 channels. The black symbols show data from a related previous study [21], in which the
target AM was delivered to a single channel (circles) or to all 3 channels (squares). The caret symbol (*) indicates the target AM channel(s). The dashed line
shows chance level performance (33% correct).

doi:10.1371/journal.pone.0139546.9004

color bars), and poorest when delivered to a single basal channel (hatched red bars). Average
performance was similar when the target AM was delivered to a single basal channel (hatched
red bars) or to the basal channel with the 100 Hz reference delivered to the apical and middle
channel (solid red bars). For the narrow spacing, mean percent correct was near chance-level
when the target AM was delivered to any of the single channels (hatched color bars), except for
subject S1. Performance sharply improved when the target AM was delivered to 1 of 3 channels
or to all 3 channels.

A three-way RM ANOVA, with electrode spacing, target AM channel, and target AM con-
dition (single channel, 1 of 3 channels, or all 3 channels) was performed on the mean AMFD
data in Fig 6. Again, note that the data when the target AM was delivered to a single channel or
to all 3 channels are from a previous related study [21]. Results showed no significant effects
for electrode spacing [F(1,7) = 1.41, p = 0.253], target AM channel [F(2,14) = 1.49, p = 0.259],
or target AM condition [F(2,14) = 1.99, p = 0.129]. There were significant interactions between
electrode spacing and target AM condition [F(2,14) = 6.41, p = 0.011], between electrode spac-
ing and target AM channel [F(2,14) = 6.34, p = 0.011], between target AM condition and target
AM channel [F(4,28) = 6.84, p = 0.001], and among all three factors [F(4,28) = 6.31, p = 0.001].
Because of these interactions, subsequent separate two-way RM ANOV As were performed for
the each target AM condition shown (single-channel, 1 of 3 channels, or all 3 channels) in Fig
6, with electrode spacing and target AM channel as factors. The results are shown in Table 4.
When the target AM was delivered to a single channel or to all three channels, there was no sig-
nificant effect of electrode spacing. When the target AM was delivered to 1 of 3 channels, there
were significant effects of electrode spacing and target AM channel (p <0.05), largely driven by
the poorer mean AMFD when the target AM was delivered to the basal channel in the wide
spacing.

As shown in Figs 4-6, AMFD improved greatly when two channels were added to a single
target AM channel, whether with 2 reference or 2 target AM channels. At some target AM fre-
quencies, the improvement in AMFD with multi-channel stimulation was sometimes greater
when 2 reference AM channels were added rather than 2 target AM channels. Fig 7 shows the
mean difference in percent correct (across subjects) when the target AM was delivered to 1 of 3
channels or to all 3 channels, relative to when the target AM was delivered to a single channel
(i.e., the mean difference between the white triangle data and the black circle and square data
from Figs 4 and 5). Again, note that the data when AM was delivered to a single channel or to
all 3 channels are from a previous related study [21]. Values greater than zero indicate that per-
formance was better with the multi-channel stimuli; values less than zero indicate that perfor-
mance was better with single-channel stimuli. Note that performance with a single channel
(black circle data in Figs 4 and 5) was often quite poor and often near chance level, especially
for the narrow spacing. In general, multi-channel performance was better than single-channel
performance. One exception was the pattern of results for the multi-channel stimuli relative to
single electrode 4 (top left panel of Fig 7). When 2 target AM channels were added, perfor-
mance sharply improved with AM frequency; there was little effect when 2 reference AM chan-
nels were added to single electrode 4. At low target AM frequencies (102-104 Hz),
performance was often better when 2 reference AM channels rather than 2 target AM channels
were added to the single channel. At higher target AM frequencies (>132 Hz), performance
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Fig 5. Percent correct AMFD at each probe frequency with narrow electrode spacing. Each row shows individual subject data. Each column shows
data when the target AM was delivered to only the basal (left), middle (middle), or apical channel (right), or to all 3 channels. The white triangles show data
from the present study, in which the target AM was delivered to 1 of 3 channels. The black symbols show data from a related previous study [21], in which the
target AM was delivered to a single channel (circles) or to all 3 channels (squares). The caret symbol (*) indicates the target AM channel(s). The dashed line
shows chance level performance (33% correct).

doi:10.1371/journal.pone.0139546.9005

was often better when 2 target AM channels rather than 2 reference AM channels were added
to the single channel. In general, there was a near monotonic improvement in performance
with target AM frequency when the target AM was delivered to all 3 channels (black squares in
Fig 7). When the target AM was delivered to only 1 of 3 channels (white triangles in Fig 7), per-
formance also improved, but without a consistent relationship to target AM frequency.

A four-way RM ANOV A was performed on the difference data shown in Fig 7, with elec-
trode spacing, additional channel type (2 reference AM or 2 target AM), target AM channel,
and target AM frequency as factors. Note again that the data for reference single channel data
and when 2 target AM channels were added were from a related previous study [21]. The
results are shown in Table 5. While there were no significant main effects, there were signifi-
cant interactions between electrode spacing and additional channel type, additional channel
type and target AM channel, additional channel type and target AM frequency, and among
electrode spacing, additional channel type, and target AM channel (p < 0.05 in all cases).

Because of the interaction shown in the previous four-way RM ANOV A, separate two-way
RM ANOVAs were performed on the difference data shown in each panel of Fig 7, with added
channel type (2 reference or 2 target AM channels) and target AM frequency as factors. The
results are shown in Table 6. Adding 2 target AM channels was significantly better than adding
2 reference AM channels only relative to single target AM channel 4 (p < 0.05; top left panel of
Fig 7). For the narrow spacing, the difference in AMFD was significantly better when adding 2
reference AM channels than when adding 2 target AM channels, only for 102 and 104 Hz
(p < 0.05). Relative to single AM channel 10, the difference in AMFD was significantly greater
when adding 2 reference AM channels than when adding 2 target AM channels, for 102 Hz
and only for the wide spacing (p < 0.05), Although there appeared to be a greater difference in
AMFD when adding 2 target AM channels for frequencies > 132 Hz, there was no significant
effect, except relative to single channel 4 (top left panel of Fig 7).

Table 3. Results of the separate two-way RM ANOVAs performed on the white circle data (i.e., the target AM delivered to 1 of 3 channels) shown in
Figs 4 and 5.

Spacing Factor dF,res F ratio P Post-hoc (Bonferroni, p < 0.05)
Wide AM ch 2,64 22.74 < 0.001 Apical, middle > basal
Wide AM freq 8, 64 23.16 < 0.001 132, 164, 228, 356 > 101, 102, 104, 108;
102, 104, 108, 116 > 101
Wide AM ch X AM freq 16, 64 2.11 0.018 Middle: 104, 108, 116, 132, 164 > 101
Apical: 132, 346 > 101, 108; 116, 164, 228 > 101
Narrow AM ch 2,64 4.75 0.044
Narrow AM freq 8, 64 12.00 < 0.001 102, 104, 108, 116, 164, 228, 356 > 101
Narrow AM ch X AM freq 16, 64 0.76 0.719 Basal: 102, 164 > 101

Middle: 116, 164, 228, 356 > 101
Apical: 102, 104, 108, 116, 132, 164, 228, 356 > 101

AM ch = target AM channel (relatively basal, middle, or apical); AM freq = target AM frequency (101, 102, 104, 108, 116, 132, 164, 228, or 356 Hz); dF,
res = degrees of freedom, residual error.

doi:10.1371/journal.pone.0139546.1003
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Fig 6. Mean percent correct AMFD across all probe frequencies. Individual and average data is shown. The top and bottom panels show mean AMFD for
the wide and narrow spacing, respectively. The black bars show performance when the target AM was delivered to all 3 channels and the hatched colored
bars show performance when the target AM was delivered to a single channel; data are from a previous related study [21]. The filled bars show performance
when the target AM was delivered to a 1 of 3 channels. The caret symbol (#) indicates the target AM channel(s). The dashed line shows chance-level
performance (33.3% correct).

doi:10.1371/journal.pone.0139546.9006

Another series of separate two-way RM ANOV As were performed on the data shown in Fig
7, this time with electrode spacing (wide or narrow) and target AM frequency as factors. Data
was analyzed separately for conditions when 2 reference AM channels or 2 target AM channels
were added to the single AM channel. Data was also analyzed separately for the basal, middle,
and apical single-channel references. The results are shown in Table 7. There was a significant
effect for electrode spacing only when 2 reference AM channels were added (p < 0.05), with a
greater difference for the narrow than for the wide spacing. For the basal and middle single-
channel references, there was no significant effect of target AM frequency when 2 reference
AM channels were added (p > 0.05). When 2 target AM channels were added, there were sig-
nificant differences between relatively high and low target AM frequencies (p < 0.05), espe-
cially for the narrow combination, but no significant differences between the wide and narrow
spacing (p > 0.05). It should be noted that for the analyses presented in Tables 6 and 7, power
was sometimes quite low due to the small number of subjects.

Discussion

The present data showed substantial envelope interaction that was not consistently related to
difference in AM frequency between the target and reference AM channels. The envelope inter-
ference was greater when channels were narrowly spaced than when widely spaced, although
there was substantial interference even among widely spaced channels. Below, we discuss the
present results in greater detail.

Envelope interactions

When the target AM was delivered to only 1 of 3 channels, there was not a consistent relation-
ship between AMFD and the differences in AM frequency across multiple channels. However,
CI subjects were very sensitive to the presence of envelope interactions at all target AM fre-
quencies. This result is somewhat consistent with previous studies that showed sometimes
highly elevated AMFD thresholds when a single masker AM channel was combined with a sin-
gle target AM channel [28-29].

Table 4. Results of RM ANOVAs performed on the mean AMFD data shown in Fig 6. Separate analyses were performed for the different target AM
channel conditions (i.e., the target AM delivered to a single channel, 1 of 3 channels, or all three channels).

Target AM condition Factor dF, res F-ratio p Post-hoc (Bonferroni, p < 0.05)
Spacing 1,8 1.23 0.330
Single channel AM ch 2,8 6.26 0.023 Apical > basal
Spacing X AM ch 2,8 3.65 0.075 Wide: apical > basal
Spacing 1,8 29.57 0.006 Narrow > Wide
1 of 3 channels AM ch 2,8 23.85 < 0.001 Apical, middle > basal
Spacing X AM ch 2,8 19.34 < 0.001 Wide: apical, middle > basal

Basal: narrow > wide
All 3 channels Spacing 1,4 0.02 0.905

Spacing = wide or narrow, AM ch = target AM channel (relatively basal, middle, or apical); dF, res = degrees of freedom, residual error.

doi:10.1371/journal.pone.0139546.1004
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mean difference when 2 target AM channels were added to the single target AM channels; the white triangles show performance when 2 reference AM
channels were added to the single target AM channels. The error bars show the standard error. Data for the single-channel reference and when the target AM
was delivered to all 3 channels (black squares) were collected in a previous related study [21].

doi:10.1371/journal.pone.0139546.g007

CI subjects were extremely sensitive to very small AM frequency differences (2-4 Hz)
between component channels, especially when channels were narrowly spaced. For the 20 ms
segments shown in the top row of Fig 2, the overall temporal envelope appears to be quite simi-
lar whether the 102 Hz target AM was delivered to 1 of 3 channels (middle panel) or to all 3
channels. However, given the 300-ms stimulus duration, the 100-Hz reference and 102-Hz tar-
get AM would have been out of phase, which may have provided a strong perceptual cue. The
bottom row of Fig 2 shows strong differences between the target and reference channels when
the 132 Hz target AM was delivered to 1 of 3 channels. Yet performance was quite similar
between the 102 and 132 Hz target AM frequencies when the target AM was delivered to 1 of 3
channels (see Figs 4 and 5). Because the present multi-channel stimuli were interleaved in time,
and because the interference was greater for narrowly spaced channels, CI subjects may have
attended to interactions between envelopes at the neural level (rather than the envelopes them-
selves interacting). Given the relatively high stimulation rate (2000 pps/channel), neurons
responding to stimulation from one channel might not have fully recovered before receiving
stimulation from the second and third channels. As such, the temporal envelopes from each
channel may have been combined in the overlapping neural region. When the difference in
AM rate across channels was small, this may have produced some irregularity in the probe sti-
muli. Such percepts associated with low AM rate differences were also observed in previous
AMED studies with interferers [36-37]. In this study, this percept persisted for larger AM fre-
quency differences. As such, the present results do not reflect CI subjects’ ability to discrimi-
nate target AM frequency in the presence of competing AM channels, but rather their
sensitivity to envelope interactions that did not strongly depend on AM frequency differences.

Table 5. Results from a four-way RM ANOVA performed on the difference data shown in Fig 7.

Factor dF, res F-ratio P
Spacing 1,8 2.77 0.134
Add ch 1,8 1.12 0.321
AM ch 2,16 0.96 0.403
AM freq 8, 64 1.01 0.442
Spacing X Add ch 1,8 6.77 0.032
Spacing X AM ch 2,16 2.60 0.105
Spacing X AM freq 8, 64 1.34 0.242
Add ch X AM ch 2,16 7.26 0.006
Add ch X AM freq 8, 64 7.67 < 0.001
AM ch X AM freq 16, 128 1.61 0.074
Spacing X Add ch X AM ch 2,16 6.83 0.007
Spacing X Add ch X AM freq 8, 64 1.81 0.091
Spacing X Am ch X AM freq 16, 128 1.13 0.334
Add ch X AM ch X AM freq 16, 128 1.62 0.073
Spacing X Add ch X AM ch x AM freq 16, 128 1.23 0.265

Spacing = wide or narrow, Add ch = type of channels added to the single target AM channel (2 reference
AM or 2 target AM); AM ch = target AM channel (relatively basal, middle, or apical); AM freq = target AM
frequency (101, 102, 104, 108, 116, 132, 164, 228, or 356 Hz); dF, res = degrees of freedom, residual
error.

doi:10.1371/journal.pone.0139546.t005
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Table 6. Results of two-way RM ANOVAs performed on data shown in Fig 7, with the type of added channel and target AM frequency as factors.

Spacing

Wide

Wide

Wide

Narrow

Narrow

Narrow

Single-channel ref

4
4
4

10
10
10
16
16
16
9
9
9

10
10
10

11
11
11

Factor dF, res F ratio p Post-hoc (Bonferroni, p < 0.05)
Added ch 1,32 12.8 0.023 2 target AM > 2 ref AM
AM freq 8, 32 1.7 0.135
Added ch X AM freq 8, 32 6.3 < 0.001 2 target AM: 164, 228 > 101
256: 2 target AM > 2 ref AM
Added ch 1,32 2.0 0.234
AM freq 8, 32 1.7 0.148
Added ch X AM freq 8,32 71 < 0.001 102: 2 ref AM > 2 target AM
Added ch 1,32 0.5 0.531
AM freq 8, 32 0.6 0.790
Added ch X AM freq 8, 32 5.4 < 0.001
Added ch 1,32 1.3 0.318
AM freq 8, 32 2.9 0.014 356 > 101
Added ch X AM freq 8, 32 25.8 < 0.001 2 target AM: 132, 164, 228, 356 >
101, 102, 104;
102, 104: 2 ref AM > 2 target AM
Added ch 1,32 1.0 0.372
AM freq 8, 32 2.4 0.035
Added ch X AM freq 8, 32 27.3 < 0.001 2 target AM: 132, 164 > 101, 102, 104;
356 > 102;
102: 2 ref AM > 2 target AM
Added ch 1,32 7.4 0.053
AM freq 8, 32 1.7 0.133
Added ch X AM freq 8, 32 15.0 < 0.001 2 target AM: 132, 164 > 101, 102;

356 > 101
102, 104: 2 ref AM > 2 target AM

Single-channel ref = single channel reference used to calculate performance difference between single- and multi-channel AMFD scores; Added ch = type
of channel added to the single AM channel (2 target AM or 2 reference AM channels); AM freq = target AM frequency (101, 102, 104, 108, 116, 132, 164,
228, or 356 Hz); dF, res = degrees of freedom, residual error.

doi:10.1371/journal.pone.0139546.t006

This sensitivity may have been somewhat elevated for low AM rate differences between the tar-
get and reference AM channels.

The present data showed greater interference among narrowly spaced channels than widely
spaced channels, similar to previous studies [28-29]. Still, there was significant interference
among widely spaced channels. The spread of excitation might be expected to be reduced given
the low summation-adjusted stimulation levels on each channel. The present data suggests that
interactions most likely occurred where these channels overlapped, which would have been more
pronounced with narrow spacing. In the previous related study [21], there was no significant
effect of electrode spacing when the target AM was applied to all 3 channels. When the target
AM was applied to only 1 of 3 channels, there was a significant effect of electrode spacing, sug-
gesting that the effect of channel interaction may depend on the type of envelope information
delivered to each channel. When the envelope information was the same on all channels, the
degree of channel interaction had little effect. When the envelope information was different
across channels, the degree of channel interaction mattered greatly. Thus the peripheral pattern
may matter more when processing competing rather than coherent envelopes.

The present data also suggests that using adaptive procedures to measure AMFD with inter-
ferers may not produce meaningful threshold data. In this study, there was no monotonic
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Table 7. Results of two-way RM ANOVAs performed on data shown in Fig 7, with electrode spacing and target AM frequency as factors.

Added channels

2 reference AM

2 reference AM

2 reference AM

2 target AM

2 target AM

2 target AM

Single-channel ref

A

U w>»>>000 W0 >

(@}

Factor dF,res F ratio P Post-hoc (Bonferroni, p < 0.05)

Spacing 1,32 27.8 0.006  Narrow > Wide

AM freq 8,32 1.4 0.237

Spacing X AM freq 8, 32 1.0 0.437

Spacing 1,32 7,8 0.049  Narrow > Wide

AM freq 8, 32 1.4 0.249

Spacing X AM freq 8, 32 0.9 0.949

Spacing 1,32 10,9 0.030  Narrow > Wide

AM freq 8, 32 2.5 0.029

Spacing X AM freq 8,32 0.9 0.548

Spacing 1,32 0.3 0.636

AM freq 8, 32 8.1 < 0.001 164, 228, 356 > 101, 102, 104; 132 Hz > 101,102 Hz

Spacing X AM freq 8, 32 0.6 0.619

Spacing 1,32 2.7 0.179

AM freq 8,32 6.8 < 0.001 132, 164 > 101, 102, 104;
116, 228, 356 > 101

Spacing X AM freq 8, 32 2.5 0.032  Narrow: 132, 164 > 101, 102, 104;
116, 228, 356 > 101

Spacing 1,32 2.5 0.188

AM freq 8, 32 4.1 0.002 132, 164, 256 > 101

Spacing X AM freq 8, 32 15.0 < 0.001 Narrow: 132 > 101;

164 > 101, 102

Single channel ref = single channel used to calculate performance differences between single- and multi-channel AMFD scores; Spacing = wide or
narrow; AM freq = target AM frequency (101, 102, 104, 108, 116, 132, 164, 228, or 356 Hz); dF, res = degrees of freedom, residual error.

doi:10.1371/journal.pone.0139546.t007

relationship between the target AM frequency and performance when the target AM was delivered
to 1 of 3 channels. As such, AMFD thresholds derived from an adaptive pitch ranking procedure,
as used in some previous studies [28-29] may not accurately reflect perception of frequency differ-
ences between component AM channels. Also, adaptive procedures in an AMFD task may not test
very low frequency differences between the reference and probe AM rates, as thresholds often are
10% or more of the reference rate [29]. A non-adaptive procedure as used in the present study
allows the psychometric function to be directly measured. As such, any non-monotonicities in the
psychometric function may be observed. In the present results, the non-adaptive procedure
revealed non-monotonic pattern of results when the target AM was delivered to 1 of 3 channels.
Given the present pattern of results, it is unclear whether the sometimes greatly elevated thresholds
reported in previous AMFD studies [28-29] fully reflect CI users’ ability to perceive target AM
rates in the presence of interferers. Even lower thresholds reported for some masked conditions
may not reflect the nature of the envelope interactions [28-29], as the present data suggest a dip in
the masked threshold function when the target AM frequency difference was between 8 and 32
Hz. The present data suggest substantial interference even when the difference between the target
and reference channel AM rates was quite small, and that this interference persisted even when the
difference in AM rates was nearly 2 octaves, especially for the narrowly spaced electrodes.

Multi-channel loudness summation and temporal envelope processing

In a previous related study [21], single-channel AMFD with summation-adjusted current levels
was quite poor (see circle data in Figs 4 and 5). In that study, increasing the current of a single
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channel or adding channels with coherent AM greatly improved performance. In this study,
adding channels with different AM to the target AM was easily perceived, though none of the
single channels could convey temporal envelope information when presented in isolation. In
both cases, there was greater temporal envelope sensitivity with multiple channels. In the previ-
ous study [21], the multi-channel advantage was explained by the increased loudness rather
than by multiple representations of the temporal envelope. However, the present data suggest
that envelope information may have been combined across channels. Loudness summation
may still play a role in multi-channel envelope processing, as envelopes may not be effectively
combined across channels until achieving some criterion loudness (e.g., comfortably loud).
Thus, the present results also support previous work [21,25] in which the multi-channel advan-
tage in AMFD was explained by the multiple representations of envelope information.

One exception to the present pattern of results is subject S1 (top row in Figs 4 and 5). Sub-
ject S1 experienced the least amount of multi-channel loudness summation. Consequently, sin-
gle-channel and multi-channel AMFD were very similar [21]. Note that S1 was also the most
sensitive to envelope interactions, exhibiting the highest scores of all subjects at all target AM
frequencies. Subject did not have the largest DRs or lowest T levels (see Table 2), so absolute
current levels do not explain the greater sensitivity to envelope interactions. Subject S1 exhib-
ited similar effects of electrode spacing as the other subjects, so it is unlikely that there was
markedly different channel interaction.

Contributions of individual channels to multi-channel envelope
processing

In the previous related study [21], it was difficult to observe across-site differences in single-
channel AMFD. At the summation-adjusted levels, performance was too poor and at comfort-
ably loud levels, performance was too good. As such, contributions of individual channels to
the multi-channel percept could not be observed when coherent AM was delivered to all 3
channels. One motivation for the present study was to vary the stimulation site of the target
AM channel when the target was delivered to 1 of 3 channels. Across-site differences in this
manipulation might reveal channels that strongly or weakly interacted with the others. Chan-
nels with better temporal processing might be more resistant to the interferers. Alternatively,
channels with poorer temporal processing might interact weakly with channels with better
temporal processing.

In the wide spacing, there was little interaction when the target AM was delivered to EL 4
and the reference AM was delivered to EL 10 and EL 16. Indeed, performance was quite similar
when the target AM was delivered to EL 4 (circle and triangle data in left column of Fig 4),
whether or not the reference AM was delivered to EL 10 and EL 16. Given that AMFD was gen-
erally poorest when the target AM was delivered to single EL 4, it is unlikely that good temporal
processing made EL 4 more resistant to the interferers. Interestingly, when the target AM was
delivered to EL 10 and EL 16 (square data in left column of Fig 4), performance sharply
improved. Taken together, these patterns of results suggest that performance was largely driven
by EL 10 and EL 16, whether or not coherent AM was delivered to the additional channels. It
seems likely that for these subjects and stimuli, temporal processing was poor for EL 4 and thus
contributed weakly to multi-channel envelope processing. Such an observation is consistent
with previous studies that have suggested better temporal processing in the apical region of the
cochlea [38-39], although no strong or consistent advantage has been shown for apical elec-
trodes [40-41]. This result is not consistent with previous studies that have shown no signifi-
cant effect of interferer location on AMFD [27-28]. Note that in these studies, only 2 channels
were stimulated (1 target and 1 interferer), and the target AM was typically delivered to an
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electrode in the middle of the array. In this study, the stimulation site of the target AM channel
was varied across all 3 channels, which may have revealed the different pattern of results.

In the wide spacing, when the target AM was delivered to EL 10 or 16 (middle and bottom
left panels of Fig 7, respectively), there was substantial interaction, especially for low target AM
frequencies. Interestingly, the largest interaction was observed when the target AM was deliv-
ered to EL 10. It is unclear whether this indicates better temporal processing on EL 10 (which
might give rise to stronger interaction) or interactions with the spread of excitation from both
EL 4 and EL 16. When the target AM was delivered to EL 4 or 16, either would have primarily
interacted with EL 10, as the spread of excitation from the most spatially remote electrode
would have produced much less interference.

There was a significant interaction between electrode spacing and target AM channel for
mean AMFD when the target AM was delivered to only 1 of 3 channels (see Table 4). With the
wide spacing, mean AMFD was significantly better when the target AM was delivered to the
apical or middle channels, rather than the basal channel. With the narrow spacing, there was
no significant difference among target AM channels, most likely because of the strong overlap
in the spread of excitation among ELs 9, 10, and 11.

Limitations to the present study

A 3AFC task was used in this study to measure AMFD, similar to many previous studies [9,13-
16,21], rather than a 2AFC pitch ranking task [11,24,25,29]. CI subjects were very sensitive to
the channel interactions in this study. As discussed above, a 2AFC adaptive procedure may not
be appropriate given the present non-monotonic functions when AMFD was measured with
interferers. One alternative would be to measure pitch ranking with interferers using a 2AFC
non-adaptive procedure.

The AM depth used in this study was much deeper than typically used in previous AMFD
or MDI studies, which is typically some value above MDT [9]. This large AM depth may have
contributed to the present pattern of results. It is unclear whether the present pattern of results
would hold with smaller AM depths. Also, the summation-adjusted current levels used in this
study were quite low, providing very poor single-channel AMFD. Most previous studies have
measured AMFD or MDI at higher loudness levels [25,28-28], which provides good AMFD
even with a smaller AM depth than used in this study. However, the present summation-
adjusted current levels are likely to be more comparable to those used in clinical processors.
AMEFD measured at these summation-adjusted levels may be more representative of the tem-
poral processing limits within each channel. With multi-channel stimulation, AMFD greatly
improves due to increased loudness and/or combined coherent AM information. Unfortu-
nately, channels with different envelope information interact as well, resulting in poor percep-
tion of the target AM.

Implications for Cl users

The present results demonstrate the importance of reducing channel interaction in Cls. Enve-
lope interference was reduced in the present wide spacing, relative to the narrow spacing.
Results from the previous studies suggest that CI users may benefit from redundant envelope
cues presented on multiple channels. As such, similar envelope cues could be delivered to adja-
cent channels while dissimilar envelope cues could be delivered to spatially remote channels; in
such an approach, adequate and accurate representation of the spectral envelope should still be
maintained. High rates may further increase channel interaction [42]. As such, lower stimula-
tion rates may improve channel independence and reduce envelope interference. Finally, given
the effects of loudness summation on multi-channel envelope processing, it might be advisable
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to stimulate fewer channels per stimulation cycle. Fewer channels in each cycle may require
higher current levels to maintain adequate loudness. The higher current levels may in turn
improve temporal processing for each channel and subsequently improve multi-channel enve-
lope perception.

Conclusions

In this study, multi-channel AMFD was measured using stimuli in which the target AM was
delivered to 1 channel and the reference AM was delivered to 2 channels. The spacing between
electrodes was varied to be wide or narrow, thereby testing the effect of relative channel interac-
tion on multi-channel AMFD. The stimulation site of the target AM channel was varied to test
single-channel contributions to the multi-channel AMFD. The present data were compared to
data from a previous study in which the target AM was delivered to a single channel or to all 3
channels; in all cases, AMFD was measured using reduced current levels on each channel to
accommodate multi-channel loudness summation. Key findings include:

1. CI subjects were very sensitive to multi-channel envelope interference, especially when elec-
trodes were narrowly spaced.

2. When only the target AM was delivered to 1 of 3 channels, there was not a consistent rela-
tionship with target AM frequency. The non-monotonic functions suggest that a non-adap-
tive procedure, as used in this study may be more appropriate than adaptive pitch ranking
tasks used in previous studies that measured AMFD with interfering envelopes.

3. When electrodes were widely spaced, there was little interaction among channels when the
target AM was delivered to the most basal channel, possibly due to poorer temporal process-
ing in the basal electrode. The most envelope interaction was observed when the target AM
was delivered to the middle electrode and the reference AM was delivered to the apical and
basal electrodes, which may have maximized interactions at the edges of the spread of
excitation.

4. Data from the previous study [21] showed that single-channel AMFD was very poor at sum-
mation-adjusted current levels. When multiple channels were added that contained coher-
ent AM, AMFD improved greatly. When multiple channels were added that contained
different AM from the target, CI subjects were very sensitive to envelope interactions. Thus,
channels that were not capable of transmitting envelope cues could be combined to deliver
envelope information that was easily perceived. This suggests that listeners combined enve-
lope information across channels, in addition to benefitting from the increased loudness
associated with multi-channel summation.

Supporting Information

S1 Table. Raw data collected for this study. Each cell shows the number of times (out of 5)
that the stimulus was correctly discriminated. Each row shows a test run. Each column shows
the target AM frequency. Each tab shows data for individual subjects.

(XLSX)
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