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Multichannel Cochlear Implants
Channel Interactions and Processor Design

Mark W. White, PhD;MichaelM.Mer~nich, PhD; John N. Gardi, PhD

• Multichannel electrical stimulation of
the cochlear nerve can generate complex
interactions between the individual chan-
nels. Two types of channel interactions
have been investigated: those that occur
when two or more electrode channels are
simultaneously stimulated and those that
occur when the stimuli from each channel
are not temporally coincident. Experi-
ments with three human subjects,
implanted with scala tympani electrode
arrays, indicate that responses are a
strong function of the spacing between
the channels, the subject, and the elec-
trode geometry (ie, bipolar or monopolar
geometries).

(Arch Oto/aryngo/1984; 110:493-501)

Multichannel cochlear prostheses
are currently being investi-

gated as aids in speech reception for
the profoundly deaf. It is hoped that
multichannel speech processors that
divide the speech spectrum in contigu-
ous bands may allow the subject to
discriminate between the higher-fre-
quency spectral components of speech.
Multichannel stimulation as com-
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pared with single-channel stimulation
may more accurately mimic normal
auditory nerve excitation patterns.
However, when two or more electrode
channels are stimulated, strong inter-
actions between the channels can
occur. Psychophysical experiments
indicate that such interactions can
greatly alter the loudness and quality
of the sensation evoked during multi-
channel stimulation. In this report,
we will describe strategies by which
the nature and the extent of inter-
channel interactions can be measured,
and then we will consider methods for
controlling these interactions.

One type of interchannel interac-
tion can occur when two or more
channels are stimulated at precisely
the same time. This type of interac-
tion is described as a "simultaneous
interaction" or as an "electric field
interaction" because it may be the
result of electric field summation and
cancellation within the volume-con-
ducting tissues of the cochlea. Figure
1 illustrates how a representative sin-
gle neuron in the central nucleus of
the inferior colliculus responded to
two-channel stimulation.I'> When the
two channels were stimulated simul-
taneously and with the same polarity
(closed circles), the response was
greater than that elicited when the
polarity of the first channel was
reversed (open circles). Reversing the

polarity of the first channel presum-
ably causes a net reduction in the
electric field strength at the excitable
neural structures. Biphasic pulses
with 2oo-J.lstotal duration (100 J.lsper
phase) were used in these experi-
ments. Threshold derived for stimula-
tion of the first channel alone at one
polarity was within 1 dB of threshold
for the opposite polarity.

Figure 2 illustrates typical auditory
brain-stem responses (ABRs) in the
cat evoked by single-channel and two-
channel stimulationY Electrode
channels "I" and "2" were bipolar
pairs approximately 2 mm apart. In
this series, each electrode channel was
stimulated with single 200-J.lsbiphasic
pulses at current levels near thresh-
old. The response to stimulation of
channell alone (2,000 trials) is shown
by the first trace at the top of Fig 2
and of channel 2 alone by the second
trace. With stimuli delivered simulta-
neously and with "opposing" polari-
ties, the response was negligible
(third trace). With stimuli delivered
'simultaneously but with the same
polarity, a strong response was gener-
ated (fourth trace). The difference
between the pair of two-channel
responses (fifth trace) is a measure of
the extent of interelectrode interac-
tion. This example illustrates a rela-
tively simple strategy by which such
electric field interactions might be
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evaluated in patients.3 The application
of such an ABR test in a patient is
shown in Fig 3. The two middle sets of
response averages (labeled "++") rep-
resent responses to two-channel stim-
ulation in which the two electric fields
presumably "sum" in more regions of
the excitable tissue than for those
"opposing polarity" stimuli whose
response averages are labeled "+ -".

Psychophysical experiments de-
scribed herein by Eddington et aI' and
by Shannon' indicate that behavioral
responses (ie, loudness and threshold
measures) are also substantially
affected by changing the stimulus
polarity of one channel when more
than one channel is being stimulated
simultaneously. Since interactions
generated during simultaneous stimu-
lation can be quite severe, it might be
useful to avoid them by stimulating
each channel separately in time (ie,
temporally interlacing the stimuli
across the channels). This technique
should at least eliminate those inter-
actions that are due solely to the
simultaneity of stimuli. However, in
some subjects, there are channel
interactions that occur even though
the stimuli from the channels are not
simultaneous. Substantial changes in
threshold and loudness occur when
stimulation of the second channel fol-
lows stimulation of the first channel
by less than 2 to 5 ms. In these same
subjects, single-channel thresholds
are substantially reduced when the
delay between identical biphasic
pulses is decreased below 2 to 5 ms.

SUBJECTS AND METHODS

At the University of California, San
Francisco, three profoundly deaf subjects
were implanted with scala tympani intra-
cochlear electrode arrays in an effort to
partially restore their ability to under-
stand speech. Each subject had become
deaf after acquiring the English language.
A comprehensive set of speech perception
and basic psychophysical experiments
were conducted over the experimental
period. In one set of speech reception
experiments, a selected set of speech pro-
cessors was evaluated to determine which
processor would be most useful for each
subject.

Subject A, aged 60 years, had a gradual
onset of hearing loss starting after the age
of 10 years, that gradually increased until
her loss was profound, about 30 years later.
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There is no family history of deafness nor
any other known reason for this subject's
hearing loss. Subject B, aged 61 years, had
a gradual onset of hearing loss after mea-
sles at age 8 years that gradually increased
until the loss was profound when she was
in her 20's. Both subjects A and B partici-
pated in tests over separate three-month
periods. Subject C, aged 51 years, had a
sudden loss of hearing after an automobile
accident (at age 20 years) in which he
sustained a bilateral fracture. Subject C
underwent psychophysical testing over a
period of approximately 11h months.

Prior to implantation, all subjects exhib-
ited a greater than 1l0-dB loss across the
100-Hz to 8-kHz frequency range (subjects
were tested at octave intervals). Each of
the three subjects was unable to use high-
power hearing aids in standard speech
discrimination tests. A thorough psycho-
logic evaluation was conducted to estimate
how the subjects would respond to the
consequences of the implantation. The sub-
jects were also selected on the basis of
their willingness and ability to participate
in intensive psychophysical studies.

Subjects were implanted with scala tym-
pani intracochlear electrode arrays of 16
wires. The electrode array and the implan-
tation procedure are described in detail by
Loeb et aI.' The apical-most electrode was
inserted approximately 21 to 26 mm into
the scala. Each electrode contact was
mushroom shaped in order to increase its
surface area. The eight bipolar electrode
pairs were spaced at 2-mm intervals along
the polymeric silicone (Silastic) intracoch-

. lear insert. The intercontact spacing
between bipolar contacts was approxi-
mately 700 I'm, center to center. The bipo-
lar electrode pairs were oriented approxi-
mately radial (and slightly diagonal) to the
axis of the cochlea. Numbering of elec-
trodes begins at the apical-most part of the
array and progresses basally, such that the
apical-most bipolar pair is labeled 1 and 2
and the basal most bipolar pair is labeled
15 and 16. An odd-numbered electrode rep-
resents an electrode contact placed more
toward the modiolus (lateral) than the
even-numbered (medial) contacts. In the
monopolar configuration, only one intra-
cochlear electrode contact was stimulated
and the "return" contact was an ear clip
located on the earlobe nearest the
implanted cochlea. With monopolar stimu-
lation, the same numbering system is used,
but only one number is displayed to indi-
cate which intracochlear electrode contact
was stimulated.

All stimuli were delivered directly to the
subject's electrode" contacts via a percutac

neous cable. This cable was connected
through a set of relays to optically isolated,

constant-current stimulators.' Each stim-
ulator could generate a maximum of 1
mamp peak of current. Stimuli were gener-
ated with a digital-to-analogue converter
at a sampling rate of 20 kHz. Both pulsatile
and sinusoidal charge-balanced stimuli
were generated. For sinusoidal stimuli, an
antialiasing filter was used. During pulsa-
tile stimulation, the antialiasing filter was
bypassed. During all tests, the subject
could immediately terminate stimulation
by disengaging a "master" switch that
would immediately disconnect all elec-
trodes from the stimulators. As an addi-
tional precaution, the computer program
used a set of ongoing "consistency checks"
that verified that the system components
were operating properly. If anyone of
these consistency checks proved invalid,
stimulation immediately ceased.

In most cases, behavioral thresholds
were measured with a modified Bekesy
tracking procedure using a minimum of
eight threshold reversals for each stimulus
condition. The subject pressed a button
when he or she heard the stimulus and
released the button when the stimulus was
no longer audible. Interstimulus interval
was 0.6 s. The average of the last six
stimulus current minima and maxima was
computed to determine the estimated
threshold current. For selected stimuli,
psychometric functions were estimated
from threshold measurements obtained
with a standard two-interval, two-alterna-
tive, forced-choice (2I-2AFC) adaptive pro-
cedure.

In loudness scaling experiments, sub-
jects adjusted a linear potentiometer to
indicate how loud a sound was. The left end
of the 32.5-cm linear potentiometer repre-
sented a signal that was below threshold
(represen ted by a "0" on the 0 to 100
loudness scale). The right extreme of the
potentiometer represented a loudness that
was the maximum loudness that was still
comfortable (ie, a "100" on the scale). The
stimuli were repeated every 700 ms until
the subject pressed a button indicating
that he had completed the loudness scal-
ing. Stimulus trials were pseudorandom-
ized. Unless otherwise noted, 12 loudness
estimates were obtained f-or each stimulus
condition.

Interchannel interactions of temporally
overlapping stimuli were measured by
determining how much loudness or thresh-
old measures changed when the stimulus
polarity of one of the channels was
reversed. In most cases, polarity reversal
did not substantially alter an individual
channel's response. Thus, any changes in
the two-channel responses could be attrib-
uted to "interactions" between the two
channels. However, if an individual chan-
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Fig 2.-lnterelectrode interaction. as exhibited in auditory brain-stem response recording in
cat3.

10 Averaged responses are displayed during initial 10-ms period after stimulus onset.

Fig 1.-Field interaction. Single-unit responses to two-channel stimulation (Stim) in central
nucleus of inferior colliculus.3.

10 Basic conditions of experiment are indicated schematically on
right. Closed circles indicate when two channels were stimulated simultaneously and with same
polarity; open circles, polarity of second channel was reversed.
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were varied such that each channel's
amplitude was maintained at the
same fraction of its threshold.
Thresholds were measured for the
same polarity and reverse polarity
conditions. Differences between the
subjects were particularly apparent in
these measurements. When the polar-
ity of the nearest monopolar electrode
(ie, approximately a 700-}.Lminter-
channel separation) was reversed,
two-channel thresholds increased by
an average of 11, 5, and 14 dB over
single-channel thresholds in subjects
A, B, and C, respectively. Supra-
threshold measurements were consis-
tent with these threshold measure-
ments. Shannon5 found that subject
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mates when the polarity of electrodes
3 and 4 was reversed. The "reverse-
polarity" stimuli generated a relative-
ly weak sensation (eg, a loudness
below "10" at 500 JIamp) while the
"same-polarity" stimuli generated an
almost uncomfortably loud sensation
at the 500-JIamp stimulus level. The
two bipolar electrode channels were 2
mm apart. Thresholds for the two
channels and two polarities were
approximately equal (ie, within 1 dB
of 380 JIamp).

This experiment suggested an effi-
cient method for measuring simulta-
neous channel interactions as a func-
tion of interchannel separation. The
stimulus amplitudes of both channels

nel's response was notably different for
the two stimulus polarities, a modification
of the previously mentioned measurement
technique was used to compensate for the
difference in the individual channel's
response. The channel's stimulus ampli-
tude was changed when its polarity was
reversed, so as to generate the same single-
channel response for both polarities. To
determine how much the stimulus ampli-
tude should be changed, responses to sin-
gle-channel stimulation of both stimulus
polarities were measured prior to the two-
channel interaction experiment.

RESULTS
Single-Channel Threshold

Responses

Thresholds for monopolar and bipo-
lar stimulation were measured for all
three subjects. Thresholds were mea-
sured at several electrode sites in each
subject. In one set of threshold mea-
surements, 1,000-Hz, 300-ms sinusoi-
dal stimuli were used. Across all three
subjects, monopolar thresholds of 18
to 35 }.Lamp were typical. Bipolar
thresholds were a much stronger
function of subject than were mono-
polar thresholds. Average bipolar
thresholds for subjects A, B, and C
were 90, 30, and 170 JIamp, respective-
ly. Subject C's thresholds were about 6
dB greater than those of subject A,
and subject A's thresholds were 9 dB
greater than those of subject B. The
SEMs (in decibels) for subjects A, B,
and C were 1.1, 2.7, and 1.6 dB, respec-
tively. Dynamic ranges varied consid-
erably (6 to 40 dB) with the type of
stimulus. Dynamic ranges were gen-
erally not a strong function of elec-
trode geometry. Dynamic ranges of 6
to 10 dB were common for the 200-JIs
biphasic pulse stimuli that we used in
these studies or subject.

Interactions Involving
Simultaneous Stimuli

For measuring simultaneous inter-
action, subject A adjusted a linear
potentiometer to indicate how loud a
100-pulse per second (pps), 300-ms
stimulus was (Fig 4). Electrodes 1 and
2 and 3 and 4 were each driven with
200-}.Lsbiphasic pulse trains of equal
amplitude. The triangles represent
the subject's loudness estimates when
the two channels were stimulated
with the same polarities. The squares
represent the subject's loudness esti-
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Fig 4.-Subject A's loudness estimates during simultaneous two·
channel stimulation as function of stimulus amplitude and interchannel
polarity. Triangles indicate subject's loudness estimates when two
channels were stimulated with same polarities; squares, subject's
loudness estimates when polarity of electrodes 3 and 4 was
reversed.

Fig 3.-Auditory brain·stem response averages (2,000 trials) that
exhibit interelectrode interactions in subject B. Third and fourth most
apical bipolar pairs (2 mm apart) were stimulated simultaneously with
100 Jls per phase, 300'Jlamp biphasic pulses.
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B's midrange loudness estimates
changed considerably less than those
of subject A's when the stimulus
polarity was reversed.

IIi subject C, interactions at thresh-
old were measured as a function of
interchannel separation and as a
function of electrode configuration
(ie, monopolar or bipolar). Figure 5
illustrates such a "mapping" of chan-
nel interactions. Each data point rep-
resents the ratio of two thresholds:
threshold with the polarities reversed
divided by the threshold with the "po_
larities summing." Thresholds were
measured on a linear scale of current.
For all data points in this example,
the first (and most apical) channel's
polarity was altered. The second chan-
nel was separated by 2, 4, 6, 8, 10, 12,
or 14 mm from this most apical chan-
nel.

Figure 5 demonstrates that simul-
taneous channel interactions decline
with interchannel distance and that
these channel interactions are re-
duced with bipolar stimulation. How-
ever, even with bipolar stimulation,
subject C exhibited a substantial

amount of channel interaction. Even
with bipolar stimulation and 6-mm
channel separations, the two-channel
threshold can change by nearly a fac-
tor of two with a change in the polar-
ity of the apical channel, although the
change was considerably less pro-
nounced than that incurred under
monopolar stimulation.

Interactions Involving
Nonsimultaneous Stimuli

In subjects A and B, there were
substantial channel interactions that
occurred even though the stimuli from
the two channels were not simulta-
neous. Figure 6 illustrates subject A's
loudness estimates as a function of
the delay between two biphasic stimu-
lus pulses. Each pulse was delivered to
a separate monopolar electrode chan-
nel. Each data point represents the
average of six loudness estimates.
Standard error of the mean was about
2.7 for loudnesses above 10 and about
2.2 for loudnesses below 10. Loudness
changed most substantially when the
interchannel delay was decreased
below 5 ms.

We have measured channel interac-
tions involving nonsimultaneous
stimuli as a function of interchannel
distance in three subjects and with
two types of electrodes (ie, bipolar and
monopolar). We often refer to channel
interactions that occur during nonsi-
multaneous stimulation as "temporal
interactions." Figure 7 summarizes
the results of these studies. The tem-
poral interaction data have been sum-
marized by calculating the "percent-
age change in loudness" for a given
change in interchannel delay. Specifi-
cally, the "temporal interaction
index" is defined by the following
equation: Index = 100 X {(Lmax
Lmin)/([Lmax + Lmirr)}/2), where,
Lmin is the loudness for an interchan-
nel delay of 5 ms and Lmax is the
loudness for an interchannel delay of
1 ms. Each channel was stimulated at
a level that evoked a loudness of 10 to
20 (on the 0 to 100 loudness scale)
when the channel was stimulated
alone. In Fig 7, the distance between
the horizontal dashed line and the
horizontal axis represents the average
SE of the temporal interaction index-
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Fig 8.-Subject A's loudness estimates lor single- and two-channel
stimulation when "electric field" and temporal interactions were mini-
mized. Dashed line and circles indicate subject A's loudness estimates
lor two-channel stimuli as lunction 01stimulus amplitude on electrodes
7 and 8 and 3 and 4; solid line and squares, subject's loudness
estimates as lunction 01stimulus amplitude lor stimulation 01electrodes
7 and 8 alone.

es measured in subject B.
Subjects A and B exhibited sub-

stantiallevels of temporal interaction
between two nearby monopolar chan-
nels. However, the two subjects were
different in the spatial extent of these
interactions. Subject B exhibited
much less channel interaction than
subject A. In subject B, there was ·no
measurable nonsimultaneous interac-
tion with bipolar electrodes. In both

Arch Otoiaryngol-Vol 110, Aug 1984

subjects, the bipolar electrode reduced
the change in loudness that occurred
for a given change in interchannel
stimulus delay. In both subjects, the
index of temporal interaction de-
creased as the distance between the
two channels was increased.

Subject C was different from sub-
jects A and B in that his loudness
estimates never changed substantial-
ly over the range of interchannel

delays examined, even with monopo-
lar electrodes and minimal separation
between the channels. This is particu-
larly important because other mea-
sures indicate that this subject had
relatively little "isolation" between
channels. Subject C also was different
from subjects A and B in a closely
related, single-channel threshold
measurement. Single-channel thresh-
olds to four biphasic pulses dropped
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Fig 9.-Subject C's loudness estimates for single- and two-channel stimulation when "electric field" and
temporal interactions were minimized. Each graph represents data obtained at different interchannel
separations. Solid line and squares indicate subject's loudnessestimates for stimulation of second channel
alone; dashed line and circles, loudness estimates for stimulation of both channels.

by 2.1 dB for subject A and 2.7 dB for
subject B when the interpulse delay
was decreased from 10 ms to 1 ms.
Thresholds to pairs of biphasic pulses
dropped by 1.1 dB for subject A and
1.5 dB for subject B when the inter-
pulse delay was decreased from 10 ms
to 1 ms. In all of these cases, thresh-
olds dropped most dramatically as the
delay was decreased from 5 ms to 1
ms. However, subject C's thresholds
were not measurably affected by
interpulse delay. The SD of these
threshold measures was approximate-
ly 0.2 dB.

Loudness Summation as a Function
of Interchannel Separation

Figure 8 illustrates subject A's
loudness estimates as a function of
stimulus amplitude for single-channel

and two-channel stimulation in which
interchannel interactions (of the
types described previously) have been
minimized. Bipolar electrodes 3 and 4
and 7 and 8 were each driven with
200-lLsbiphasic pulses at 100 pps for
3OO-msdurations. The stimulus level
on electrodes 3 and 4 was held con-
stant while the stimulus level on elec-
trodes 7 and 8 was varied. When elec-
trodes 3 and 4 were stimulated alone
at this constant level, the average of
the subject's loudness estimates was
20 on the 0 to 100 scale. The interchan-
nel delay between stimulus pulses on
the two channels was held constant at
5 ms. The dashed line and circles
represent subject A's loudness esti-
mates for these two-channel stimuli
as a function of the stimulus ampli-
tude on electrodes 7 and 8. The solid

line and squares represent the sub-
ject's loudness estimates as a function
of stimulus amplitude for the stimula-
tion of electrodes 7 and 8 alone. Each
data point represents the average of
approximately 12 loudness scalings by
the subject.

At loudnesses below about 70, both
channels contribute to the loudness
percept when each of _the channels is
driven above its threshold level. This
assertion is made because the loud-
ness evoked by two-channel stimula-
tion is substantially greater than that
loudness evoked by either channel
individually. At stimulus levels that
evoke a loudness above about 70, elec-
trodes 3 and 4's contribution is not
apparent in subject A's loudness esti-
mates. The SEM was approximately
constant for loudnesses between 15
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and 80. Over this range, the SE was
approximately five loudness units. At
lower and higher loudnesses, the SEs
were substantially smaller. For exam-
ple, a SE of approximately 0.8 was
obtained for a mean loudness of 2.2.

In subject B, two-channel loudness
estimates were obtained over a lim-
ited loudness range of 0 to 40 on the 0
to 100 loudness scale. At loudnesses
greater than 40, subject B experienced
facial-nerve stimulation on some elec-
trode channels with these narrow-
pulse-width, low-repetition-rate stim-
uli. Over the measured 0 to 40 loud-
ness interval, subject B's responses
indicated that both channels contrib-
uted to her loudness estimates when
each channel was stimulated above its
threshold level.

With subject C, we studied these
two-channel responses as a function
of the distance between the two elec-
trode channels (Fig 9). The experi-
ment was nearly identical to that
described previously. For subject C, a
greater interchannel delay was intro-
duced to further reduce possible
short-term temporal summation of
the excitation generated by both
channels together. We increased the
interchannel delay from 5 ms to 10
ms, by reducing the pulse repetition
rate on each channel from 100 pps to
50 pps. (With single-channel stimula-
tion, loudness did not change substan-
tially when the repetition rate was
varied between 50 pps and 100 pps.)
The four graphs in Fig 9 represent 0-,
2-, 6-, and 14-mm interchannel sepa-
rations. Monopolar electrode 1 was
always stimulated at the same level
during the two-channel stimulation
sequences. When electrode 1 was
stimulated alone at this level, loud-
ness estimates of approximately 20
were elicited. The second electrode
channel was different for each graph:
monopolar 2 for the top left graph,
monopolar 3 for the top right graph,
monopolar 7 for the bottom right
graph, and monopolar 15 for the bot-
tom left graph. Monopolar 2 is at
approximately the same cochlear'
"place" (ie, on the longitudinal dimen-
sion of the cohlea) as monopolar 1. In
each graph, the solid line and squares
represent the subject's loudness esti-
mates for stimulation of the second
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/
channel alone. The dashed line and
circles represent the loudness esti-
mates for stimulation of both chan-
nels. Each data point represents the
average of four loudness scalings. For
loudness estimates between 15 and 60
units, SEMs were approximately 3 to 4
loudness units.

At the largest interchannel separa-
tion (ie, 14 mm), both channels mea-
surably contributed to the two-chan-
nel loudness estimates at all loud-
nesses when the second channel was
stimulated sufficiently above its
threshold level. Interestingly, at this
large interchannel separation, the
subject consistently and spontaneous-
ly reported hearing "two and some-
times three pitches or separate
sounds." Subject C never reported this
"separation of sensations" when the
interchannel separations were small
(ie, separations of 0 to 2 mm). For an
interchannel separation of 6 mm, both
channels might have contributed to
the loudness percept, but only over a
limited ioudness range (ie, approxi-
mately 30 to 55 on the 0 to 100 loud-
ness scale). Over this loudness range,
the difference in loudness between the
one- and two-channel conditions was
approximately equal to 2 SEs of the
mean loudness differences. At the 0-
and 2-mm interchannel separations,
there does not appear to be a region in
which both channels substantially
contributed to the loudness estimates.
For the 0- and 2-mm interchannel
separations, either the first channel
or the second channel "dominated"
the loudness estimates.

COMMENT

In this report, we have used a rela-
tively general definition of "inter-
channel interactions." We have opera-
tionally defined interchannel interac-
tions to be phenomena in which
response(s) are a function of the sepa-
ration of the stimulated channels. In
the following, we will consider some of
the mechanisms that may contribute
to these interactions. Further, we will
consider the impact of such interac-
tions on the design of multichannel
speech processors.

Interactions Involving
Simultaneous Stimuli

Interactions involving simulta-

neous stimuli could be due to electric-
field summation in the cochlea. If the
fields from each channel substantially
overlap, the magnitude of the poten-
tial distribution within the cochlea
will be notably altered when the stim-
ulus polarity (or phase in the case of
sinusoidal components) of one of the
channels is changed. As a conse-
quence, the quantity and locus of neu-
ral excitation can be substantially
altered by a change in stimulus polar-
ity. The results of two-channel
threshold experiments offer evidence
consistent with an electric-field sum-
mation mechanism. When two adja-
cent channels had the same stimulus
polarity, the current delivered to each
channel at threshold was as little as
one half that current required for
either channel alone. When two adja-
cent channels had opposite stimulus
polarities, two-channel thresholds in
some subjects were many times that
of either channel's threshold (eg, 4 to
6 times single-channel thresholds in
subject C). These results are consis-
tent with linear summation (and can-
cellation) of electric fields within the
cochlea. If the electric fields from
both channels exactly overlapped and
were of the same polarity, we would
expect two-channel thresholds to be
exactly half those for each channel
alone. If the electric fields from both
channels exactly overlapped but were
of opposite polarity, then theoretical-
ly we would never reach threshold.

A number of two-channel thresh-
olds were as much as 2 to 6 dB below
respective single-channel thresholds.
That this is a sizable change for such
stimuli can be seen by examining the
psychometric functions for single-
channel stimulation. Psychometric
functions were derived for single-
channel stimuli identical to those used
in these interaction experiments.
Stimulus levels, only 0.5 to 2 dB below
the levels required for a 70% correct
response rate, elicited virtually
chance detection rates. Without some
form of summation across the chan-
nels prior to the hypothetical noise
source, it seems unlikely that the CNS
could detect such low-amplitude stim-
ulation from two channels.

'At suprathreshold levels, central
mechanisms could be involved in the
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observed interactions involving simul-
taneous, two-channel stimuli. For
example, a change in stimulus polari-
ty could be signaled to the CNS by a
change in the timing of neural dis-
charges and/or by a change in the
distribution of excited fibers. Indeed,
changes in stimulus polarity might
substantially alter which fibers are
excited. However, with the stimuli
used in this study, detectable changes
in the timing of discharges with
changes in polarity are unlikely. All
stimuli used in these studies were
200-~s (100 ~s per phase) biphasic
pulses. These stimuli have a cycle
duration equivalent to a 5-kHz sinu-
soidal cycle. It is unlikely that the
nerve is capable of transmitting, with
sufficient accuracy, such fine-time
changes (as might occur with a polar-
ity reversal) at near-threshold levels.

Interactions Involving
Nonsimultaneous Stimuli

In single-channel and two-channel
experiments, subjects A and B exhib-
ited responses that were consistent
with a short-term temporal integra-
tion mechanism. With two or four
biphasic pulses, their single-channel
thresholds decreased as the pulse rate
was increased above 200 pps. In two-
channel experiments using nonsimul-
taneous biphasic pulses, the subject's
loudness estimates increased when
the interchannel delay was decreased
below 5 ms. Subject C did not exhibit
either of these response characteris-
tics. Subject C may lack such a hypo-
thetical short-term temporal integra-
tion mechanism.

For subjects A and B, a comparison
of single-pulse threshold with the
threshold for two or four biphasic
pulses spaced 1 ms apart shows an
improvement of 2 to 4 dB for the pulse
groups over the singles. That this is a
sizable change for such stimuli can be
seen by noting that if one derives the
complete psychometric function for
single 200-jls biphasic pulses (using a
2I-sAFC procedure) the level for 70%
correct is only 0.5 to 2 dB below the
level for chance detection.

Without some form of temporal
summation prior to the hypothetical
noise source, it seems unlikely that
the CNS could even detect the
pulses.
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HerndonB discovered that a sub-
ject's single-channel thresholds de-
creased substantially as the pulse rate
was increased above 200 pps in each of
two modiolar electrodes. However,
under the same stimulus conditions,
thresholds did not decrease when
using either of the other two modiolar
electrodes. The two groups of elec-
trodes might have excited functional-
ly different neural processes. Hern-
don used standard "square-shaped"
biphasic pulses, 250 ~s in duration.
When he used shorter, highly peaked
biphasic pulses, the thresholds of all
four electrodes remained essentially
constant as the pulse rate was
increased. It seems most probable
that the time-varying-nonlinear pe-
ripheral nerve process is responsible
for the difference in threshold
response when the stimulus waveform
was changed in this manner. Also,
these data indicate that some of the
simpler nonlinear models (eg, an
instantaneous nonlinearity ahead of a
"leaky" storage element) would not
accurately model this process. Howev-
er, such first-order models can be
useful in the conceptualization of any
temporal integration process.

In eighth-nerve recordings, Van den
Honert and Stypulkowski9 found evi-
dence for two distinct sites of electri-
cal excitation in auditory nerve pro-
cesses. Responses were highly depen-
dent on which site was excited. One
site exhibited lower thresholds, longer
response latencies, and substantially
longer chronaxies than the second
site. They have been able to eliminate
the lower threshold and longer chron-
axy responses by destroying the
eighth nerve dendrites and ganglion
cells while leaving the axons intact.

It is possible that subject C is large-
ly without those neural elements that
are normally near the stimulating
electrodes. Consistent with this inter-
pretation, subject C's bipolar thresh-
olds were higher than those of the
other two subjects. Also, subject C's

. relatively severe interchannel inter-
actions with simultaneous stimuli are
indicative of a relatively large separa-
tion between electrode and nerve. It is
possible that this hypothetical group
of distal neural elements (eg, den-
drites) is responsible for the short-

term temporal integration seen in
subjects A and B, but not in subject C.
Since it is likely that the cochlea is the
primary site of deterioration in these
subjects, it seems plausible that such
differences between the subjects are
due to differences within the
cochlea.

An observed property of peripheral
nerve processes may be responsible
for the short-term temporal integra-
tion observed in these patients}O
When the current from biphasic, zero-
net-charge stimulus pulses enters the
nerve cell membrane, "residual exci-
tation" due to. the initial pulses can
reduce the neuron's threshold such
that subsequent pulses can elicit an
action potential at normally sub-
threshold levels of current. In two-
channel stimulation, the current from
the first channel might reduce the
threshold of some neural processes so
that a normally subthreshold stimu-
lus from the second channel will be
sufficient to excite these neural pro-
cesses. In this interpretation, each of
the two electrode channels must
produce a substantial current density
at common nerve membrane loca-
tions. Presumably, as channel separa-
tion is increased, the number of fibers
that receive current from both chan-
nels will decrease.

Loudness Summation as a Function
of Interchannel Separation

What are the possible origins of the
behavior exhibited in Figs 8 and 97 In
the following interpretation, loudness
is assumed to be an increasing func-
tion of the number of excited fibers. In
those cases in which two-channel
stimulation does not give a greater
than single-channel stimulation, the
channels maybe stimulating com-
pletely overlapping fiber populations.
Essentially, the two channels may act
as one channel. If this is the case, the
two 50-pps stimuli would overlap to
form a 100-pps stimulus. (Loudness
changes little, if at all, when the pulse
rate on a single channel is increased
from 50 to 100 pps when using 2oo-}ls
biphasic pulses.) If this interpretation
is correct, it may not be possible to
excite nonoverlapping nerve sectors in
subject C at the higher loudness levels
with interchannel separations of 6
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mm or less. However, at a 14-mm
interchannel separation, it should not
be difficult to excite at least partially
nonoverlapping sectors at all loudness
levels. In subjects similar to C, it may
be useful to reduce the maximum
loudness that can be generated by
each channel. This technique could
reduce "interference" due to an over-
lap in excitation patterns. However,
the operating range of each channel
should not be reduced too much. In
such a case, the number of discrimin-
able intensity differences available
within each channel would be severely
compromised.

Implications for Processor Design

With a good understanding of chan-
nel interactions, it might be possible
to use simultaneous and nonsimulta-
neous interactions to expand and
improve the transmission of useful
information to the nervous system.
However, appropriate control of the
distribution of the electric fields
across the three dimensions of the
cochlea and modiolus may be difficult,
even to a first order.

In some multichannel processors,
the polarity, phase, or interchannel
delay relationships between electrode
channels can be quite different for
different tokens of the same speech
segment. With a substantial amount
of channel interaction, such interto-

L Merzenich MM, White MW: Cochlear
implant: The interface problem, in Resnick J,
Hambrecht T (eds): Functional Electrical Stimu-
lation. New York, Marcel Dekker Inc, 1977, pp
321-339.

2. White MW: De,,;gn Considerations of a
Prosthe,,;sfor the Profoundly Deaf, thesis. Uni-
versity of California, Berkeley, 1978.

3. Gardi IN, White MW, Merzenich MM:
Human brain stem and middle latency responses
to electrical stimulation: Preliminary observa-
tions, abstract. Program and abstracts of the
Sixth Midwinter Research Meeting for Research
in Otolaryngology, St Petersburg Beach, Fla, Jan
23-27, 1983.

4. Eddington OK, Dobelle WH, Mladefovsky
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ken stimulus variations can generate
large perceptual differences for the
same segment of speech.

One approach has been to avoid
channel interactions. Channel inter-
action that occurs at the peripheral
nerve should be a function of the
proximity of stimulating elements to
excitable neurons and the distance
between the channels. Such peripher-
al interactions can be expected to be
less of a problem in patients with
many surviving distal neural ele-
ments (eg, dendrites intact) since the
neural elements are relatively near
the stimulating electrodes. In some
subjects, relatively few stimulus con-
straints may be necessary to achieve a
relatively low level of channel interac-
tion (eg, subject B with bipolar stimu-
lation). Given poor nerve survival,
channel interaction will probably be
more substantial. In this latter case,
techniques designed to reduce channel
interactions should be useful.

There are several ways in which
channel interactions can be reduced:
(I) The distance between the electrode
channels may be increased to reduce
interactions, although such altera-
tions may rapidly become self-defeat-
ing in a multichannel prosthesis. (2)
Bipolar electrodes with closely spaced
contacts (0.5 to 1 mm) have been dem-
onstrated to be useful in limiting the
spread of excitation when compared
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