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Introduction

The ultimate objective of cochlear implant research
is to develop an electrical stimulation prothesis
that provides a level of appropriate information to
the central nervous system that is necessary and
sufficient to encode speech as intelligible. The
UCSF cochlear implant res~arch group has directed
much of its basic research effort toward resolving
questions related to the interfacing of multi-
electrode arrays with the auditory nerve array.
Two of the fundamental interface questions addressed
by the research group will be considered. First,
what stimulating elements of multichannel stimu-
lating arrays might provide information necessary
and sufficient for the encoding of intelligible
speech? Second, ,what is safe to do, i.e., can
"ideal" multielectrode arrays be safely applied in
deaf patients? Substantial progress has been made
in answering these two fundamental, multifaceted
questions. They indicate, on a first level, that
appropriate stimulation can probably be effected
with appropriate multielectrode arrays, and that
stimulation Io'iththese "ideal" arrays could provide
significant speech iqtelligibility; and that, with
reservations, such multielectrode arrays can be
applied without their implantation or long t.erm
stimulation resulting in further loss of surviving
auditory nerve fibers in i~planted patients.

Excitation Patterns for Implanted Intracochlear
Electrodes Defined in Inferior Colliculus Electrode
Happing Studies

Two basic experimental strategies have been used to
define cochlear excitation patterns evoked by
various intracochlear electrodes (with different
contact surface areas and geometries, different
interelectrode separations, different locations).
In one long experimental series, multielectrode
arrays'were implanted chronically into the cochleas
of prior-normal or neomycin-deafened cats. A few
to many months later, an acute electrophysiologieal
experiment was conducted to define excitation
patterns evoked by stimulation with different
electrodes of these long-implanted intracochlear
electrode arrays. Excitation patterns were deter-
mined in mapping experiments conducted in the
binaural excitatory-excitatory region of the
central nucleus inferior colliculus. In this
eochleotopically organized region, neurons are
excited maximally with input derived from corre-
sponding locations in the two cochleas. The
cochlear site from which a given-inferior co11i-,
culus neuron derives its input from both ears can
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be defined by simply determining tbe "best frequen-
cy" (the frequency at which the neuron is driven at
lowest threshold) for stimulati~n of either ear.
That is, in a 'normal cat, the best frequency for
any given excitatory-excitatory neuron in the
central nucleus is approximately the same, for
stimulation of either ear. In mapping excitation
patterns evoked by electrical stimulation with
given elements of different intra cochlear multi-
electrode arrays, the best frequency of a neuron to
stimulation in the ipsilateral normal cochlea was
defined, and then the threshold response to elec-
trical stimulation of that neuron (deriving its
input from the same position in the contralateral,
implanted ear) was defined. Given the systematic
spatial representation of cochlear place (sound
frequency) within the central nucleus, it was
possible to ~ the electrical response threshold
for any given electrode as a function of location
across the spiraling auditory nerve array in the
cochlea, by determining ipsilateral best frequency
an,d contralateral threshold for electrical stimu-
lation for a large series of neurons spanning the
entire frequency range,. The results of these
experiments, again, were maps of cochlear excita-
tion (i.e., a definition of electrical stimulation
threshold as a function of cochlear place) for
given chronically implanted intracoehlear elec-
trodes.

The results of some of these experiments have been
reported in detail (Merzenich, 1975; Merzenich &
White, 1977; Schindler, et al., 1977; White, 1978).
Among other results were the following: 1) Dis-
crete, restricted, relatively low threshold
stimulation of the auditory nerve array can be
~ffected with stimulation with an appropriately
positioned bipolar electrode with an interelectrode
separation of about 0.5 to about 1.5 mm (Figure 1).
With broader interelectrode separations, excitation
regions grow more and more rapidly in extent as a
fUnction of I. In this experimental series, with
well-positioned electrodes with interelectrode
separations of 0.5-1.5 mm, the mean change of
threshold as a function of distance across the
auditory nerve array was about 12.4 dB/octave in
the cat, (i. e., 12,4 dB/3mm) ,,'which 'would translate
to about 20.5 dB/octave in man (see Figure 1). 2)
Discrete excitation could ndt be effected with
"monopolar" intracochlear li'lectrodes(i.e., with
stimulation between a cochiear electrode and an
external electrode) of any size or in any location.
This is an apparent consequence of the fact that
the lowest impedance path is through the body of
the, auditory nerve. (Further, Rushton demonstrated
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made,use of'simultaneous inferior colliculus map-
ping (described earlier) to define spread of
excitationacro.ss the nerve array as a function of
current level, with recording of BSERs at the same
levels of I. (It has subsequently been confirmed
by a second independent electrode mapping technique
developed by White, et al., 1978). Thus, the slope
of a BSER i~tensity function defining the amplitude
of the l~SER as a function of I is a 'simple expres-
sion of the rate of spread of excitation across the

-auditory nerve array as a function of I.

studied cats were judged to be totally deaf for a
period of a few weeks to about two years when the
acute neurophysiological experiment was conducted.
In other experiments, cats were deafened just-prior
t9the acute neurophysiological experimen,t by ,
intracochl~ar injection of neomycin (via the round
window). In both ~xperimental paradigms, ,hearing
losses, were track~d by recording acoustic brain
stem evoked responses '(BSERs) in the period follow-
ing t~e injection of neomycin.

Thes'e prepared deaf cats were anesthetized, and the
basal 10-11 mID of the scala tympani opened surgi-
cally. Excitation patterns were then defined for a
variety of electrodes introduced into different
locations re the surfaces of the scala. The elec-
trode mapping procedures employed in these experi-
ments made use of recording of BSER intensity func.
tions. Earlier expe,r,iments (Merzenich & White,
1977; White, 1918; Merzenich, et al., 1978) had
revealed that the amplitudes of BSER responses were
a simple (nearly linear) function of spread of
excitation across the auditory nerve array. This

.observation was initially made in experiments that
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Figure 1. Spatial excitation patterns derived by 'use of the
inferior colliculus electrode mapping technique for repre-
sentative s-cala tympani electrodes. Stimuli were 100

~sec/Ph~se biphasic pulses. Curves in A and B were derived
with excitation between two electrode pairs, both separated
by interelectrode distances of about 2.0 mID. Curve C was
derived with excitation between one of these contact sur-
faces and a distant (middle ear) "ground" (a "monopolar"
configuration). Curve D was derived with stimulation of a
well-pOSitioned bipolar scala tympani electrode with an
interelectrode separation of 0.5 mm. '
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many years ago that if the path of current paral- ,
leIs the axis of nerve fibers, lowest threshold
excitation results.) 10 any event, excitation ..
patterns for monopolar electrodes introduced at
different cochlear locations (or of different
'sizes) were invariably broad and varied little.
The entire auditory nerve was always stimulated
with monopolar electrodes at levels 10-15 dB above
threshold. 3) Discrete excitation could also not '
be effected with use of any tested intracochlear
common-grounding scheme. This was an apparent
consequence of the fact that the surface ~mpedance
of small .lntracochlear elect'rodes was high relative
to the tissue impedance between electrodes. 4) On
the basis of the form of strength duration curves,
it was concluded that excitation at threshold was
of myelinated nerve, 'i.e., of surviving dendrites
or surviving myelinated ganglion cells'. Consider-'
ing excitation pa'tterns in "misplaced" electrode
pairs and simple equipotential field models (White,
1978) it was concluded that the excitation pattern
evoked by bipolar pairs is a simple function of tile
proximity of electrode contact surfaces from mye-
linated dendrites or soma.

Brain Stem Evoked Response ,Electrode Mapping
Studies

These experiments have been amplified and extended
in recent studies of excitation patterns in dis-
sected cochleas in acute neurophYSiological experi-
ments. These experiments have been conducted in-
neomycin deafened cats. In some prepa'rations, the
cats were deafened by intramuscular injection of
neomycin over a period of 7-10 days. Differeo,t'
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The pract~c81 use of BSER mapping procedures is
I illustrated in Figures 2-4. A typical BSER

intensity seri'es is illustrated in Figure 2. This
series illustrates the growt~ of BSER ampli~ude as
a function of 1 for a favorably positioned bipolar
electrode with an inter~lectrode separation of

, about 1.2 11II1. Therms amplihde of this BSER
intensity series is represented by curveB in
Figure 3. The response threshold was 105-106 dB
(113 dB = ImA). The relatively gradual growth of
response magnitude reflects 'the relatively slow

_ spread of excitation across the al,lditoryIierve 8,r-
ray as a function of I, for this relatively dis-
cretely exciting electrode. Curve A was derived
with a second bipolar electrode in the same re-
gion (and with the same orientation) in the same
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experiment, but with an interelectrode separation
of 2.7 11II1. The relatively rapid growth of the
magnitude of the response reflects the more, rapid
spread of excitation across the auditory nerve
array as'a function of T, for this less discretely
~xciting electrode. Given these elementary experi-
mental techniques, excitation patterns can be
rapidly estimated, for electrodes of any shape or
type introduced at any intracochlear location. We
have conducted extensive experiments, for example,
in which excitation patterns have been defined as a
function of intracochlear location; as a function
of the size of contact surfaces; and as a function
of interelectrode separation of bipolar electrodes
introduced into the scala tympani.
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Figure 2. Cat BSERs (N = 1000) recorded from ipsilateral
electrodes (C - AI) as a function of stimulus current level
(113 dB = 1 ~). Biphasic electrical pulses (100 micr9-
seconds e~ch phase) were presented at, a rate of 20/sec.
Responses were derived for bipolar stimulation using longi-
tudinally arrayed electrodes (open circles in Figure SA)
with an interelectrode separatio~ 0'£ about 1.2 mm.
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Figure 3 . Relative rIDS 8Plplitudesof cat BSERs (N=lOOO)as
a function of a stimulus current level; for two different
bipolar electrodes separated longitudinally along the
medial edge of the bony spiral lamina_ (the optimum medio-
lateral location for stimulation in this "dendriteless"
cochlea). The'interel'ectrode separation for curve "B" was
about 1.2 ~; for curve "A," it was about .2.7 rom. The
intensity series for curve B is illustrated in Figure 2.
Note that the thresholds for auditory nerve stimulation for
these two bipolar electrodes were nearly identical.
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Figure 4. Relative rms amplitudes of, cat BSERs (N': 1000)
as a iunet,ion of stimulus, cur,rent level and electrode-
placement. Ipsilateral BSERs were retorded during bipbasic
electrical stimulation. Stimulating electrodes were posi-
tioned parallel to the long axis of the basilar membrane in
locations illustrated in Figure SA. Interelectrode distance
was systematically increased, from a minimum of about 0.3 mm
(curve 1) to a maximum oi about 9.2 mm (curVe 8).' One elec-
trode in each bipolar ,pai~ was maintained in a constant re·
ference position ("R" in Figure 5A); the positions of the
second electrodei"of each pair is markFd in Figure SA by
the number 'corresponding to ~he curves.
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One example of a parametric c9chlear mapping ex-
periment of this kind is illustrated in Figure 4.
These nine intensity series were derived for eight
different interelectrode separations, with elec-
trodes arrayed longitudinally along the medial edge

of· the bony spiral lamina (Figure SA) in a long
term neomycin deafened Cat. The'electrode ·separa-
tion was a systematic function of interelectrode
separation (Figure 6), i.e., as bipolar electrodes
were separated. the rate of excitation thanged
systematically.

Figure 5. (A) Dissected cochlea from a cat studied I year
and 7 months after injection of 50 mg/kg/gay of neomycin
sulfate for 10 days. A higher magnification of the region
about 10 mm from the cochlear base is illustrated at the
lower left (B). A corresponding section from 3 no~al
cochlea is shown at the lower right eC), The level of the
habenula (where auditory nerve fibers lose their myelin and
enter the organ of Corti) is indicated in B and in C by
arrows. Outer hair ·cells (OHC) and inner hair cells (IHe)
were completely absent in this long surviving.neomycin
deafened cat. J;ew or no dendrites (N) wer-e present in the
basal cochlea, where mapping experiments were conducted in
this cat. The numbers !lnd symbols represe,nt positions of
stimulating electrodes in this cochlea for the experiments
illustrated in Figures 2-4 (see text for details).
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Figure 6. (A) Magnitude of BSER's derived with ·stimula-
tion of bipolar electrodes, as a function. of lnterelectrode
separat.ion for 200 micron contact. surfaces separated by
distances varying from about 0.44 mm to about 9.6 mID.
Functions are shown at 5 levels of I.

Figure 6. (B) Estimated cochlea excitation maps for two of
the electrodes (indicated by numb.ers) whose intensity fUnc-
tions are illustrated in Figure 4. These functions were
derived with reference to the nearly linear relationship
between BSER amplitude and. spread of excitation within the
auditory nerve array recorded with electrlcal .stimulation
(see text). .
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Given other direct mappirig data, it was'possible to
translate the spr'ead of excitation as"a fUnction of
I for intensity series s~ch as those 9how~ in
Figure 4 directly into excitation maps (see Fig-
ure 6). 'Thus, for example, with an interelectrode

,separation of 0.8 mm (curve 2) the excitation
'spread approximately 1.4mm at a stimulus le~el
10 dB above threshold., (Referenced to a normal cat
cochlea, this translates to a slope of about 20
dB/octave.) With an interelectrode separa'tion of
about 2.4 mm (curve 4), excitation had'spread near·
ly 7 mm at a level 10 dB above threshold. (Re-
ferenced to a normal cat cochlea, this translates
toa slope ofahout 4.3 dB/octave.) With the two
largest illustrated separations (about 7 and 9.6
rom), the majority of auditory nerve ,fibers were'
engaged at stim~lus levels 10 dB above threshold.
Note that the response threshold changes relative-
ly little, until very wide interelectrode separa-
tions are reached.
These experiments have been conducted with elec-
trodes in a variety of locations within the scala

'tympani. (Some of 'these results have been reported
by Merzenich, et al., 1978.) Exper~ments 'have been
conductl!!din cochleas in which nerve fiber 'destruc-
tion is severe (as in the case illustrated in Fi-
Figure 4 and 5); and in cochlells inewhich nerve
fiber distinction is not extensive, but hair cell
loss is complete or nearly complete. These experi-
ments, taken together, have revealed sODie of the '
characteristics of the "ide,al" intracochlear elec-
trode.
On a first level of understanding, these electrode
mapping experiments indicate t'hat the "idea I" elec-
trode elements are longitudinally or transversely
oriented bipolar electrodes, with electrode se-

~arations of the order of a millimeter. Elec~
trodesshould qe positioned over the bony spiral
lamina in a relatively medial position to insure
that ganglion ceLls in "dendriteless" regions of
the cochleas are excited at low current levels.
Electrodes must be positioned as near t'o these
surfaces of the scala as is possible. Consider-
ations of size and geometry ar~ complex, but it is
evident that the physical size of electrode contact
surfaces is not a critical determinant of electrode
excitation patterns until inter-contact (edge to
edge) distances become less than about 0.5 mm (with
shorter inter-contact distances, threshold for
electrical stimulation is sometimes elevated).
Similarly, when the diameter, of balled electrodes
exceed~ about 300 microns, threshold becomes signifi~
cantly elevated.
In what sense are t.hese scala tympani bipolar
electrodes ideal? The definition of an electrode
as "ideal" is based upon a simulation .model of a
,cochlear implant prosthesis. That is, an "ideal"
electrode'effects sufficiently restricted excita-
tion as a function of I to allow for'translation of
excitation into the spatial equivalent of normal
cochlear exc'itation patte'rns generated by simple
tones. There are several basic factors to con-
sider, in effecting this simulation. First, exci-
tation need only be relatively discrete, ,so'that
with appropriate nonlinear amplification a simula-
tion of the spread of excitation as a function of

sound stimulus level can be approximated. On the
other hand, ,excitation must not be too discrete, or
effective higher level stimulation cannot be,ef-
fected at acceptable current levels. The bipolar
electrode elements described above would allow for
operation of a simulation mod~l with about a 15-
20 dB dynamic range. This range is clearly ade-

, quate for ,fine 'grained control of the spread of
excitation as a fun~tion of sound intensity, with
appropriate amplification. As recorded below,
required highest stimulus levels ~re well below
what are jud,ged to be "s,afe" upper limits of intra-
cochl~ar electrical stimulation with these elec-
trodes.
Electrode Excitation Patterns and Intracochlear
Impedances
From, ,consideration of electrode mapping studies
conducted in cochleas of deaf animals with large
regions with few or no su,rviving dendrites compared
with electrode mapping studies conducted in each·
leas in deaf animals in which most dendrites have
survived the deafness pathology, it is evident that
(as concluded earlier on the basis of strength-
duration curves) it is myelinated nerve that is
excited at thr~shold, and that the primary
d~terminant_of response threshold is the distance
from exciting electrodes to nearest surviving
myelinated structures. In cats with few or no
dendrites, threshold for electrical stimulation is
lowest directly over ,Rosenthal's canal, wbere a
small percentage of ganglion cells s'till survive.
In cats with many dendrites, threshold is low all
across the bony spiral lamina. Thresholds are
elevated over the organ of Corti itself. In any
preparation, thresholds increase rapidly as elec-
trodes are moved into the scala, i.e., away from its
upper su~faces. These results are all consistent
with the view that the bone of the spiral lamina
provides little impedance barrier to electrical

'stimulation. This migtlt be a c,onsequence of
observed openings intercommunicating between the
channels through wbich the nerve is passing and the
scala tympani and/or a simple consequence of a low
resistivity of spiral lamina bone to these rela-
tively brief (lOO~sec/phase) electrical stimuli.
Whatever the explanation, excitation patterns can be
approximated by simple equipotential field models
for stimulation with bipolar electrodes in a homo-
geneous medium. In a practical sense, then, there
is no need to develop complex models of the impe-
dance structure of the cochlea in order to appro-
ximate the excitation maps generated by different
irttracochlear electrodes.
Progress in Studies Designed to Evaluate Safety of
Implantatio~ and Stimulation
Can these multielectrode arrays be safely im-
planted? Can tbey be stimulated at levels of I
required for operation of these devices? The UCSF
cochlear implant research group has been investi-
gating the answers to those questions in experi-
ments conductea over several years (Schindler &
Merzen'ich, 1974; Schindler, et ai., 1977; Herzenich,
et al., 1978). Among other results, these studies
have revealed: 1) Long intracochlear arrays have
been implanted into the scala tympani for periods
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of many months to several years in prior-normal or
neomycin deafened cats without these arrays induc-
ing significant loss of auditory nerve fibers,
except in the extreme cochlear base. Surgical
damage of the bony cochlea leads to new bone for-
mation, and can result in restricted destruction of
auditory nerve fibers. Any surgically induced
perforation' of the basilar membrane 'results in
nerve fiber loss 'in the region of the perforation.
Occasionally observed surgical trauma never re-
sulted in total destruction of auditory nerve
fibers. Testing in human cadaver material suggests
that long (22-23 mm) intracochlear arrays can
probably be implanted in human temporal bones with
an acceptably low probability of surgical trauma.
2) Damage has been induced with long term; heavy
electrical stimulation at current levels of about
4 mA and higher. With very heavy stimulation, bone
growth is induced within the cochlea. Stimulation
levels at which damage is induced are well above
levels required for acceptable operation of these
devices (about 1.5-2.0 mAl. However, all hazards
of high-ra·te multichannel stimulation have not been
thoroughly investigated. For example, there are
undoubtedly practical limits on the stimulus rates
that can be employed in such devices (because of
problems of beat dissipation), even at relatively
low current levels.

Suinma ry

These studies have revealed, to this time, many of
the required features of reliable discretely
exciting elements.of multielectrode arrays. They
have been discouraging, with respect to the appli-
cation of "monopol'ar" or "c·ommon-ground" electrode
arrays. With such electrodes, discrete excitation
of, restricted sectors of the auditory nerve array
has not been effected. However, with closely
spaced bipolar electrodes arrayed longitudinally or
crossing the "dendrites" of the cochlea at an
angle, very predictable andaC'ceptably discrete
excitation has been achi~ved. To effect discrete
excitation with bipolar electrodes at low current
levels, interelectrode separation must be small
(0.5-1.5 mm) and the electrode contacts must neces-
sarily be mounted on a carrier to assure that they
are positioned near the upper surface of the scala.
Surviving ganglion cells in dendriteless regions
of pathological cochleas can be effectively (and
discretely) excited, and elements of electrode
arrays should be positioned to assure that such

,surviving ganglion cells are excited at relatively
low current levels. The closest myelinated nerves
or ganglion soma appear to be excited at threshold.

Implantation with long multielectrode arrays into
the scala tympani does not itself necessarily lead
to further destruction of auditory nerve fibers.
On the other hand, there are .several clearly
defined surgical hazards of intracochlear implan-
tation of these electrodes. Drilling or fracture
of bone can result in new bone formation that can
compromise electrode performance. This is of
special concern because any charge assYmetry in
electrical stimulation will accelerate new bone
formation. Similarly, damage of the fragile
reticular lamina of the organ of Corti will lead
to further nerve loss in the region of damage.

(~urprisingly, tests in cadaver material of long
arrays that have been designed for implantation 22-
23 mID into the scala tympani in man have revealed
that tbese models of prosthesis electrodes designed
to effect multichannel stimulation appropriate for
re-est~blishing a significant level of speech
discrimination can be safely implanted in man.)
Finally, stimulation-induced damage is a major
consideration to the application of these devices.
While studies on stimulus-induced damage are still
incomplete, it now appears that damage is incurred
only at stimulus levels well above those required
for practical operation of multichannel electrical
stimulation prosthetic devices. On the basis of
some of these studies, 8-channel bipolar electrode
arrays have been fabricated and have been implanted
in two profoundly deaf patients. These patients
are now the subject of intensive testing by the
UCSF cochlear implant research group.
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