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Effect of electrical pulse shape on AVCN unit responses
to cochlear stimulation

James A. Wiler, Ben M. Clopton, and Michael A. Mikhail

Kresge Hearing Research Institute, The University of Michigan, Ann Arbor, Michigan, U.S.A.
(Received 14 September 1988; accepted 20 December 1988)

Electrical stimulation of the cochlea with a multiple-electrode array is best accomplished using pulsatile instead of continuous
stimulation. The optimum shapes of electrical pulses for this purpose are still uncertain due to a lack of knowledge about their
stimulation efficiency and requirements of the encoding strategy. We presented an extensive set of charge-balanced, rectangular pulse
shapes to the guinea pig cochlea. Durations per phase for these constant-current pulses ranged from 20 ps to 900 ps with initially
positive and initially negative polarities. Spike counts from single units in the anteroventral cochlear nucleus differed significantly for
different pulse shapes, as did their initial latencies. Implications for stimulation efficiency and encoding strategies are discussed.
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Introduction

Implanted cochlear prosthetic devices have been
used for two decades to partially restore the sensa-
tion of hearing to profoundly deaf patients with
intact VIIIth nerves. Waveforms used for electri-
cal stimulation in clinical and experimental appli-
cations have ranged from relatively unprocessed
versions of ambient sounds through sinusoids and
pulses. The present strategy for improving pro-
sthesis effectiveness is to restrict the spatial spread
of excitation, creating as many independent ‘chan-
nels’ as possible, and to maximize the rate of
information transfer for each channel. Monopolar
stimulation results in widespread excitation (van
den Honert and Stypulkowski, 1987a); the most
discrete stimulation is obtained with closely spaced
bipolar electrodes placed on the surface of the
bony spiral lamina (Merzenich et al., 1979; van
den Honert and Stypulkowski, 1987a). If brief,
biphasic pulses are delivered to arrays of bipolar
electrodes properly situated in the cochlea, the
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potential exists for providing information at high
rates. Pulses with a wide range of phase durations
have been observed to be effective psychophysi-
cally (Shannon, 1981) and neurophysiologically
(Hartmann et al., 1984; Parkins and Colombo,
1987; Parkins, 1987; Javel et al., 1987).

In addition to maximizing the rate of informa-
tion transmission, minimizing the potential for
damage is an important waveform criterion (Clop-
ton et al., 1983). Due to electrochemical consider-
ations (Brummer and Robblee, 1983), damage
mechanisms are assumed to be proportional to
charge density, the charge delivered across a fixed
electrode surface. Neural and behavioral response
measures for electrical stimulation have usually
been expressed in terms of current (Pfingst, 1984;
Clopton et al.,, 1983; Javel et al., 1987). When
charge delivery for pulses and sinusoids is equated
by taking the integral of current over their phase
duration, i.e., the product of the RMS current and
half period for sinusoids, it is apparent that
thresholds are roughly proportional to the charge
delivered per phase for short durations (Parkins
and Colombo, 1987; Clopton and Bosma, 1982;
Javel et al., 1987). Phase durations in excess of a
few hundred ps require increasing amounts of
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charge to reach threshold, at least for neural data
(Parkins and Colombo, 1987; Clopton and Bosma,
1982). Behavioral thresholds indicate another
range of minima for charge at threshold of 2-5 ms
(Shannon, 1985), possibly attributable to central
processing (Parkins and Colombo, 1987).

QOur aim in this study was to examine the
efficiency of different electrical pulse shapes de-
livered to the cochlea for evoking neural responses
in the cochlear nucleus. The anteroventral cochlear
nucleus (AVCN) was chosen as a recording site
because its responses are comparable to axons of
the VIIith nerve, but electrical artifact was re-
duced and single neurons could be observed stably
for longer periods as compared to the nerve. Since,
at short pulse durations, neural activation appears
to involve an integration of charge delivered (Sim-
mons, 1966; Parkins and Colombo, 1987; Clopton
and Bosma, 1982; Shannon, 1985), charge delivery
during one phase of a pulse was kept constant,
and only the shapes and initial polarities of pulses
varied for a set of stimuli.

Methods

Physiological preparation

Thirteen pigmented guinea pigs weighing be-
tween 200 and 350 g were used for these observa-
tions. They were initially anesthetized with keta-
mine hydrochloride (Vetalar, 100 mg/kg) and
xylazine (Rompun, 5 mg/kg) delivered intramusc-
ularly and supplemented regularly to maintain
appropriate levels of anesthesia. The skull was
fixed with a high degree of stability to a rigid bar
with a bolt embedded in dental acrylic surround-
ing stainless steel screws threaded into the dorsal
cranium, In the initial experiments the external
meatus was excised, and the bulla opened to allow
an approach to the cochlea; the tympanic ring was
broken, the tympanic membrane was removed,
and the ossicles were disarticulated. Two holes
approximately 0.2 mm apart were drilled in the
second turn of the cochlea using a hand-rotated
burr for placement of two teflon-coated, plati-
num-iridium (90/10% alloy), bipolar stimulating
wires (Medwire, bare diameter of 0.005 inches).
The stimulating wires were stabilized to the defect
edge of the bulla with Durelon dental cement.
Placements in later experiments were sometimes

separated by greater distances, but stimulation
was always bipolar with both electrodes within the
cochlea. The electrode in phase with the stimula-
tion waveform was designated the active one; the
other electrode was the reference.

The posterior cranium was opened, and the
cerebellum overlying the cochlear nucleus complex
was aspirated to allow direct visual placement of
the recording electrode on the dorsal surface. The
entry point was on the rostral edge of the dorsal
cochlear nucleus (DCN), angled rostrally towards
the AVCN. To minimize the electrical artifact, a
silver differential recording wire was placed on the
dorsal surface of the brainstem near the recording
electrode and stabilized to the cranial defect with
Durelon. The animal was placed on a DC-powered
heating pad, which maintained core body temper-
ature at 37.5°C using feedback from a tempera-
ture probe. For several preparations, the hair cells
were destroyed using a drop of concentrated
neomycin sulfate solution infused into the round
window while the scalar perilymph was aspirated.
This causes a rapid disappearance of the cochlear
microphonics in guinea pigs (Clopton and Bosma,
1982); thus, responses to electrical stimulation are
the result of stimulation of neural elements and
not those of hair cells (Clopton and Glass, 1984).

For some of the later preparations, the bulla
was opened minimally, maintaining the integrity
of the ossicles and tympanic membrane; this al-
lowed for acoustical as well as electrical stimula-
tion of the cochlea. The bipolar stimulating elec-
trodes were placed in the cochlea at the level of
the third turn, one in scala media and the other in
scala vestibuli. The characteristic frequency (CF)
of each unit was determined by presenting a 40 ms
tone burst or a log-frequency sweep to the animal
using a Beyer DT-48 earphone, enclosed in an
aluminum coupler, and placed in direct contact
with the external auditory meatus to form a closed
system.

Stimuli

As shown in Fig. 1, the stimuli consisted of
biphasic, rectangular pulses which were charge
balanced; that is, the products of the phase dura-
tion and amplitude for both the positive and
negative phases were equal. The parameters that
were varied were the initial phase polarity (posi-
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Fig. 1. Parameters for electrical pulses were specified in terms
of currents 7;, durations ?;,, and polarities for the first and
second phases (i =1, 2). Specific pulse shapes are indicated by
[+ #;, F¢;], phase durations in psec and the polarities shown
by the sign. The initial polarity (positive illustrated) was active
relative to the reference electrode. Durations of the first and
second phases satisfied charge balance (/,1, + I,¢, = 0) within
a pulse, constant absolute charge/phase transfer C over a set
of pulses (C = |I1;| = |I,t;]), a discrete time increment At

(t;,=n;At, n; an integer), and a maximum duration T,

(1y+1t,<T,,,) For a given set k=1, 2, 3, these parameters

defined N, distinct pulse shapes, the product of two initial

polarities and the number of allowable combinations of ¢, and
t, as summarized in Table 1.

tive or negative), the duration of each phase, and
the overall magnitude of the pulses (the total
absolute charge transfer). Specific pulse shapes
will be referred to in terms of phase polarity and
duration as explained in Fig. 1. The waveforms for
the pulses were digitally synthesized with a 50 kHz
sample rate over a total of 8192 samples so that
the pulses were contained within a total stimulus
period of 163.84 ms. This stimulus sequence was
presented repeatedly over 200 cycles and a peri-
stimulus-time histogram (PSTH) of the same dura-
tion was collected to summarize unit spike pat-
terns, as discussed below.

Three different sets of pulses were synthesized
to cover a wide range of pulse durations. Each set
consisted of a group of stimulus files; in turn,
each stimulus file consisted of eight different pulses
in sequence over the period of 164 ms with 20 ms
separation between pulses. The parameters defi-
ning the sets are shown in Fig. 1 and listed in
Table 1. The pulses in a stimulus file were drawn
randomly from the entire set of N, possible pulse
shapes (k =1, 2, 3) so as to have different pulse
durations, T,,,, presented in any given file, with
the restriction that the initial phase of pulses in a
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given stimulus file was alternated between pulses
and between each pulse file.

The first pulse set consisted of 90 different
pulses ranging from 100 to 900 ps per phase, in
100 ps intervals, with a maximum total pulse
duration of T, =1 ms. These were arranged in
13 stimulus files with some redundancy to check
on replication, specifically, the initial pulse in each
file had a duration of 100 us per phase alternating
between a positive or negative first phase. The
second pulse set consisted of 162 pulses and was
an extension of the first. The durations of the
phases were the same as before, but the maximum
total duration of a pulse was unrestricted and thus
ranged from 0.2-1.8 ms. This added 72 pulses to
the total number of pulses. The third pulse set
consisted of 72 pulses ranging from 20 to 640 us
per phase, in logarithmic intervals, as summarized
in Table 1. The initial pulse in each file had equal
phase durations of 20 us, and phase polarities
alternated as described above.

All pulse stimuli were presented through an
isolated constant-current stimulator built in-house.
The stimulator had a voltage-to-current transfor-
mation ratio of 0.67 pA/mV. Current was con-
trolled by adjustment of the input voltage from
the D-A converter to the stimulator with a manual
attenuator. As shown in Fig. 1, the charge transfer
during each phase of a pulse was constant for a
stimulus presentation and given in nanocoulombs
(nC) per phase. The peak current for either phase
in pA is I,=10°C,/t, where C, is the
charge /phase in nC and ¢, is in us.

Electrophysiological recording

Glass micropipettes, 1 mm in diameter, were
pulled, filled with 2 M K-citrate, and beveled to
give an impedance of 8-10 M for AVCN single
unit recordings. The brain tissue was covered with
warm 2% agar-agar in physiologic saline to pre-

TABLE I
PULSE PARAMETERS DEFINING PULSE SETS

Set At Trax n; N,

1 100ps 1000ps 1,2,3,....9 (2X(9+9%X9)/2=90
2 100ps 1800ps 1,23,....9  2X9x9=162
3 20ps 1280ps 12481632 2x6X6=72
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vent dessication and reduce brain pulsations. The
electrode was advanced from outside a double-
walled sound booth with a Trent Wells hydraulic
microdrive until unit spikes were isolated which
were larger than the stimulus artifact. Spike wave-
forms were discriminated in amplitude with a level
comparator set to obtain maximum superimposi-
tion of triggered spike waveforms. The observed
entry point on the dorsal surface, depth from
micromanipulator readings and angle of penetra-
tion, were used to estimate electrode position
within the nucleus.

Units were isolated using spontaneous activity
if the cochlea was intact, but presentation of pulses
was useful after the administration of neomycin,
because spontaneous activity in the nucleus was
reduced, although not necessarily eliminated, after
this procedure. Following acquisition of a spike
judged likely to exceed the electrical artifact dur-
ing data collection, attenuation of the electrical
pulses was reduced so that for the most effective
pulses in the set, driving level was suprathreshold.
Because minimization of the artifact was neces-
sary, the stimulus level did not exceed the esti-
mated threshold level by more than 5 dB. Spike
waveforms were monitored for artifact; if present,
the trigger, stimulus level, or microdrive settings
were adjusted in order to eliminate this con-
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tamination, or the search for another unit was
started.

Data collection and analysis

An AT-class 80286 processor with a Modular
Instruments Incorporated laboratory interface was
used for stimulus presentation and data collection.
Each stimulus file was periodically presented as
described above. PSTHs for 200 periods of each of
the stimulus files were collected. Spike-event times
were recorded with a clock accuracy of 10 ps and
summed in bins of 160 us for the displays and
analyses in this study.

Each pulse set can be represented by a matrix
of (9+9x9)/2 (set 1), 9 X9 (set 2), or 6 X 6 (set
3) combinations of phase durations for both the
positive and negative phases. Data are displayed
in terms of these matrices, each representing data
taken at one level of total charge.

Unit responses occurred stochastically with rel-
atively short latencies following a pulse. An exam-
ple of a PSTH to a sequence of 8 pulses compris-
ing one stimulus file is shown in Fig. 2A. As
illustrated in Fig. 2B, clusters of spike counts were
seen after pulse onset with 2 minimum latency of
about 1.4 ms. Such measures of initial latency and
total spike counts in the cluster make up the data
reported here.
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Fig. 2. A peristimulus-time histogram (PSTH) showing changes in spike rate evoked by different shapes. A) PSTH for a sequence of 8

different pulses, occurring at 20 ms intervals. The histogram is based on 200 periods of this stimulus file, a subgroup of stimulus set 1.

B) Enlargement of (A) to show the detail of the response to a single pulse from which spike count (total contributing to the major
peak) and latency (time from pulse to initial bin of the response cluster) were estimated.



The data are displayed as contour plots on the
two-dimensional matrix for phase durations. The
contours are parabolic interpolations of the data
values obtained, as displayed by ISOX, a Fortran
graphics program. The phase duration for the
initial phase is on the ordinate, and that for the
secondary phase on the abscissa. Spike counts are
shown directly, but the reciprocal of latency (ms)
is used so that larger values correspond to shorter
latencies. Contour maxima can thus be viewed as
indicating short-latency, high-probability spike oc-
currences.

Results

Fig. 2A shows an example of a PSTH collected
in response to the first stimulus file of the first
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stimulus set and suggests the disparities in ef-
fectiveness for different pulse shapes. It was ob-
served that the spike counts for unit responses in
the AVCN differed greatly for different pulse
shapes. While the effectiveness of each pulse shape
also differed among units, similarities were seen
across the stimulus sets for the most effective
pulse shapes.

Spike-count and reciprocal-latency data con-
tours were obtained for a total of 34 single units,
where the recordings were judged to be free of
artifact. Surface entry points, depth from surface,
and, in some cases, acoustic driving agreed with
unit sampling in the AVCN. We could not dif-
ferentiate functional types within that division.

In general, maximal spike counts and minimal
latencies were associated with durations of less
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Fig. 3. Spike-count and reciprocal-latency contours for one unit in the AVCN driven by the first pulse set. Asterisks are used to mark

maxima in this and following figures. Spike-count contours for a negative (A) first phase indicate selectivity for a cathodal phase of

300 ps followed by a brief anodal phase of 100 us. For a positive (B) first phase the optimal duration of the anodal phase is 900 ps

followed by a brief cathodal phase of 100 ps. Corresponding inverse-latency contours for the negative (C) and positive (D) first-phase

conditions show that rapid spike occurrence tends to follow first phases of 100 gs duration independent of polarity. Electrodes in the
second turn of the right cochlea, the reference electrode more apical. Charge transfer was 0.266 nC/phase.
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than a few hundred ps for one or both phases.
While most pulse shapes evoked some spikes over
200 presentations, the ratio of spikes evoked by
the most effective shapes to those evoked by the
least effective was often 50:1 or greater. For
example, many pulses evoked only one spike over
200 presentations while a few usually evoked in
excess of 50, corresponding to a probability of
spike generation of 0.05 and 0.25, respectively. In
some cases the most effective shapes evoked spikes
with a probability in excess of 0.9 (180 spikes for
200 presentations) as opposed to an almost com-
plete lack of responses to pulses with longer dura-
tions for both phases. Latencies for the onset of
responses after a pulse were sometimes as little as
1.4 ms, while other pulse shapes evoked responses
with delays of 10 ms or more.

Initially Negative
A Spike Counts

AL e R e A S

800 ===t HE St it Rt
g 00 -y R i s Bl
2 600 Hooo-d oo
L 1 ] 1 ] 1 ] 1
d KOS SO S R
= N 1 ]
& H : ' '
7 et jmee
= dot :
[ , 1 '

1
T s S T T IS L er T

100 200 300 400 500 600 700 80C 900

Inverse Latency

— First Phase (usec)

300 400 500 GO0 700 800 900
+ Second Phase (psec)

100 200

Another commonality was the relatively low
charge transfer per phase needed to obtain driv-
ing. As shown in the following examples, pulse-
specific driving was often obtained with less than
1.0 nC/phase, although in some cases the required
driving levels were higher (see Fig. 4). For the
brief phase durations used in this study, the cur-
rents corresponding to these charge transfers were
small, often less than 10 p A peak.

For the first pulse set, shorter phase durations
for one or both phases were most effective with
few exceptions. Fig. 3 shows spike-count and re-
ciprocal-latency contours for one unit in AVCN.
As Fig. 3A illustrates, a shape of [—300, +100]
was much more effective in evoking spikes than
other pulse shapes. When the first phase was
positive (Fig. 3B), the [+900, —100] shape was
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Fig. 4. Spike-count and reciprocal-latency contours for a unit in the AVCN of another preparation. As in Fig. 3, the first stimulus set

was used. Conditions for the panels in this figure and those following correspond to those in the previous figure. These contours,

although differing in detail from the previously described results, are very similar in their major features. The optimal pulse shape for

an initially negative phase pulse was [— 200, +100] (A) and the optimal pulse shape for an initially positive phase pulse was [+ 900,
—100] (B). Short initial phases are associated with the most rapid spike responses. Charge transfer was 59.6 nC/phase.



most effective in evoking spikes. In contrast, the
inverse-latency contours of Figs. 3C and 3D show
that a brief initial phase with duration of 100 us
was associated with minimal latencies of 1.4-1.5
ms for many, although not all, values of positive
phase duration. In short, the rapid delivery of
charge associated with the initial phase condition
evoked many spikes with least delay, regardless of
the duration of the second phase. Notably, condi-
tions for evoking the maximal spike count and
minimal latency differed. A disassociation of shape
parameters for maximal spike counts and minimal
latencies was common over all units, but for both
the spike and latency measures, phase durations
falling below 100-200 ps for the initial phase were
most effective. It should be noted that the 1.0-spike
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contour in panels A and B and the 0.1 /ms con-
tour in panels C and D for this and the next figure
correspond to a lack of sample points above the
negative diagonal of these matrices. Stimulus set 1
did not include these points.

Fig. 4 illustrates another variation in the re-
sponse pattern observed to the first stimulus set.
The charge transfer required to evoke a response
was much larger than the previous figure, but
again the initially negative pulse was most effec-
tive, the [—200, +100] shape evoking spikes with
a probability greater than 0.9, as shown in panel
A. For initially positive pulses, the [+ 900, —100]
shape evoked the most spikes (panel B), although
it was less than for the best initially negative
shape. In panels C and D the shortest initial phase
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Fig. 5. Spike-count and reciprocal-latency contours for a unit in the AVCN driven by the second pulse set. For the initially negative:
phase condition (panels A and C), the shapes of [ 400 to 600, -+100] were optimal for spike count, but [ —100, +100] and [— 200,
+700] evoked the most rapid spike occurrences after a pulse. The initially positive phase condition was less effective in generating
spike counts (B), and durations of 100 s for both phases were optimal under some conditions. In panei, D, —r, =100 us was
associated with short-latency responses. In general, the longer total pulse durations of set 2 did not indicate any novel effectiveness
for the added shapes. Electrodes in second turn of left cochlea, reference electrode most basal. Charge transfer was 0.531 nC/phase.
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is, as in Fig. 3, highly associated with minimal
latencies.

Fig. 5 contains comparable data from another
unit in a subsequent preparation, using the second
pulse set (identical to the first pulse set, but without
a limit on total duration). It should first be noted
that contours for the second pulse set confirmed
that pulses having total durations greater than 1.0
ms are relatively ineffective in evoking spikes; ie.,
the restriction on set 1 did not eliminate effective
pulse shapes. Some differences from the patterns
of Figs. 3 and 4 are present. Panel A with its
optimal [—500, +100] pulse is comparable to
those in Figs. 3 and 4, but a number of the
initially positive pulses of panel B are relatively
effective, all having either a negative or positive
phase duration of 100 ps durations. Initially nega-
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tive pulses were most effective, producing larger
spike counts with the maximum probability of
firing being almost 0.9 as opposed to 0.5 for the
best initially positive pulse. The inverse latencies
of panels C and D, as in the previous examples,
indicate minimal latencies for brief initial phases
of either polarity.

Examples of responses to the third set of stimuli
are shown in Fig. 6. These logarithmically spaced
matrices are in agreement with those from sets 1
and 2 but extend the observations to shorter phase
durations. In panel 6A the highest spike counts
correspond to [—160, +20] and [—80, +160],
whereas the initially positive phases of panel 6B
are most effective at [+ 640, —20]. These patterns
are comparable to the previous ones. The latencies
of panels C and D are also in agreement with
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Fig. 6. Spike-count and reciprocal-latency contours for 2 unit in the AVCN driven by the third pulse set. Two shapes, | — 80, +160}
and [~160, +20], evoked high spike counts in the initially negative condition (A) while [+ 640, —20] was most effective for the
initially positive condition (B). Brief initial phases ( <160 ps) were associated with rapid spike occurrences under both polarity
conditions (C and D). Electrode in left cochlea, active on the round window, reference in third turn. Cochlea was acoustically
stimulated; unit CF was 655 Hz and had a primary-like, phase-locked PSTH to tone bursts. Charge transfer was 0.267 nC/phase.



previous figures in that they are minimal for ini-
tial-phase durations of less than 160 ps.

These examples were representative of all of the
units observed and illustrate some of the com-
monly observed variations. Preparations with in-
tact tympanic membranes had similar responses to
the electrical stimulation as the previous prepara-
tions. The characteristic frequencies of the units
ranged from 650 to 740 Hz and PSTHs tended to
be primary-like in shape. Electrode placements for
these units tended to be more apical, so lower
characteristic frequencies for electrically activated
units would be expected. No differences in re-
sponse profiles were seen between the prepara-
tions in which the hair cells were destroyed with
neomycin sulfate and those with intact hair cells.

Discussion

These observations bear on two considerations
critical to the operation of a cochlear prosthesis;
conveyance of information to the auditory system
by electrical stimulation and minimization of tis-
sue damage. The results indicate that there is an
optimal shape of charge-balanced pulses for driv-
ing units in the cochlear nucleus that depends on
the polarity of the initial phase. It is accepted that
electrical activation of the cochlea is achieved by
depolarization of neural membranes (Clopton and
Bosma, 1982; Colombo and Parkins, 1987; van
den Honert and Stypulkowski, 1987a; van den
Honert and Stypulkowski, 1987b; Javel et al.,
1987). It is also apparent that both cathodal and
anodal pulses can evoke responses but that
cathodal pulses depolarize membranes locally and
thereby more efficiently. Electrode orientation is
also important (van den Honert and Stypulkow-
ski, 1987a). Given previous work, it is apparent
that polarity should be referenced to the electrode
nearest the site of stimulation, except for roughly
equidistant bipolar pairs where polarity effects
become highly dependent on the electrical field
and neuronal geometries (Ranck, 1975). In stud-
ies, such as this, where identification of the effec-
tive cathode is not possible due to closely spaced
electrodes and an unknown site of membrane
activation, we assume that a cathodal phase pre-
ceding an anodal phase is the more effective
stimulus (van den Honert and Stypulkowski,

259

1987a,b). From this study, an initially cathodal
phase of 200-300 us followed by an anodal phase
of 100 us or less was the more effective pulse
shape. If the anodal phase preceded the cathodal,
a very long anodal phase, 800-900 us, was most
effective provided that the duration of the second
phase was brief, 100 us or less.

Variations on this pattern (e.g., Figs. 5 and 6)
did occur and were probably influenced by two
important factors; electrode placement relative to
the site of afferent stimulation and the determi-
nants of unit response in AVCN. Some variants of
the response patterns were those to be expected
from an interchange of the effective initial-phase
cathode and anode, a predictable result from a
sampling of units in the AVCN which are driven
by varied spatial sites in the cochlea relative to the
electrodes. Other variations are more difficult to
interpret and may have arisen because of the
nature of afferent connectivity on neurons of the
AVCN. Panel B of Fig. 5 and panel A of Fig. 6
show examples of more than one pulse shape
evoking more spikes than the immediately sur-
rounding shapes. Multiple afferents with different
relationships to the stimulating electrodes or dis-
parate selectivities for pulse parameters might un-
derlie these patterns. Records from primary affer-
ents could resolve this question, although prob-
lems with electrical artifact and duration of the
stimulus profile would complicate data collection
(Parkins and Colombo, 1987).

Asymmetries in the rate of charge transfer be-
tween pulse phases have not been investigated in
the auditory system, but previous work on electri-
cal stimulation of neural elements suggests that
this is a parameter influencing stimulation ef-
ficiency (Lilly, 1961; Ranck, 1975; Loeb et al,
1983). In this study, pulses with specific asymme-
tries were observed to clearly evoke more unit
spikes for a given charge transfer than any other
waveform shape in the class of rectangular pulses.
Current density, pA/cm?, is greater for shorter
pulse durations, but damage mechanisms have
been related to charge density, uC/cm?, based on
electrochemical considerations. Specifically, Fara--
dic reactions have been shown to occur after the
breakdown of a double-layer capacitance at the
electrode-electrolyte interface when the charge
density exceeds more than a few puC/cm’
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{(Brummer and Robblee, 1983). Estimates of
damaging densities for Pt electrodes run as high as
300-400 uC/cm?, but biological observations
(Duckert and Miller, 1982; Leake-Jones et al,
1980) suggest the possibility of damage in the
10-100 xC/cm’ range for phase durations of
200-500 us.

Charge transfer per phase at threshold for mea-
sures of neural response has varied but tends to
fall in the range of 4-150 nC/phase for brief,
biphasic pulses and high-frequency sinusoids
(Clopton and Bosma, 1982; Clopton et al., 1983;
Hartmann et al., 1984; Parkins and Colombo,
1987; Javel et al., 1987). Radial placements for
bipolar electrodes by van den Honert and
Stypulkowski (1987a) indicate, in some cases,
charge transfers at threshold of significantly less
than 1 nC/phase for 100 ps cathodal monophasic
pulses. Behavioral measures tend to be associated
with somewhat lower values than most neural
measures (Simmons, 1966; Shannon, 1985), some
falling below the 1 nC/phase level (Pfingst et al.,
1979). The optimal pulse shapes suggested by this
study were effective at charge densites of less than
0.5 nC/phase. At 0.5 nC/phase, a half-spherical
intracochlear electrode of 100 pm diameter, such
as is commonly obtained by flaming Pt-Ir wire,
would have a charge density per phase of 1.59
pC/cm? based on geometric surface area. Since
the real surface area would be 30-40% greater
(Brummer and Robblee, 1983), the actual charge
density would be even less. Optimization of pulse
shape may provide significant protection against
tissue damage due to high charge densities.

Utilization of pulse shape to vary stimulation
efficiency offers some flexibility in how informa-
tion delivery is approached. While parameter con-
trol is usually directed at obtaining the highest
probability of neural spike generation, it could
also provide a more stochastic spike generation.
The second strategy would use pulse shape to span
a range of pulse efficiencies. While it is intuitive to
choose the most effective shape on the basis of the
greatest spike count evoked, increasing the sto-
chasticity of electrical driving, that is, evoking
spikes with a lower probability per pulse, might
have some advantage, since this more closely re-
sembles the normal representation of acoustic sig-
nals (Dobie and Dillier, 1985).

Pulse parameters affect encoding strategies by
limiting the rate of stimulation and possibilities
for pulse interaction both in time and across an
array of electrodes. The general goal is a sequence
of phase durations and intensities that, while
maintaining charge balance, result in spatially sep-
arate and functionally independent spike genera-
tion in VIIth nerve fibers. For low rates of pulse
delivery, an initially cathodal phase with a dura-
tion of 200-300 us followed by a brief anodal
phase of 100 ps or less is the most efficient pulse
shape on average. For higher rates of pulse gen-
eration on a single electrode, anodal phases must
immediately precede cathodal phases if the inter-
pulse interval is less than 1 ms. The results of this
study suggest that the effective cathodal phase
should be kept brief, 100 us or less, and the
anodal phase lengthened to 500 us, or more, if
possible.
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