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Abstract
This paper investigates the spatial resolution of electrical intracochlear stimulation in order to enable further refinement of
cochlear implants. For this purpose electrical potential distributions around a conventional human intracochlear electrode
(NUCLEUS-22) were measured in a tank, in cat cadaver cochleae and in living cat cochleae. Potential gradients were calculated
where of importance. The values were compared to spatial tuning curves from cat primary auditory afferents in electrical mono-, bi-,
and various tripolar stimulation modes. Finally, a lumped element model was developed to elucidate the single fiber data. Tank
potential measurements show the principal features of the different stimulation modes but are not sufficient to explain all the features
of experimental data from single fibers. Intracochlear potential measurements indicate an increase in spatial resolution in an apical
direction. The single fiber data also confirm that a tripolar stimulus configuration provides significantly better spatial resolution than
any other stimulation mode presently in use. z 1998 Elsevier Science B.V. All rights reserved.
Key words: Cochlear implant; Electrical stimulation; Auditory single ¢ber; Spatial resolution; Lateral inhibition

1. Introduction
Main goals in present cochlear implant research are
re¢nement of coding strategies and improvement of
spatial resolution. In patients with good preservation
of the auditory nerve, the latter should lead to a restriction in the number of nerve ¢bers excited by one electrode channel and thus to a more natural perception.
To improve spatial resolution of electrical intracochlear stimulation the following approaches have been
taken by di¡erent authors: Electrodes have been shaped
as rings placed on a silastic carrier as available in the
NUCLEUS-22 device (Clark et al., 1984; Patrick and
Clark, 1991). Knob electrodes have been placed in a
1
longitudinal-transversal arrangement (Loeb et al.,
1983) intending main currents in the direction towards
the modiolus. A similar approach is taken in MedEl
electrodes (Hochmair-Desoyer et al., 1983). The dis* Corresponding author. Tel.: +49 (69) 6301 6976;
Fax: +49 (69) 6301 6987; E-mail: klinke@em.uni-frankfurt.de

tance from the ganglion cells has been reduced by using
a spiral array in the CLARION implant (Schindler and
Kessler, 1993). For experimental purposes, the number
of active electrodes in a longitudinal-transversal arrangement has been increased by techniques of laseretching (Loeb et al., 1997).
The spatial relationship between the implant used in
the present study and the primary a¡erent ¢bers (assumed to be present) is illustrated in Fig. 1. A¡erent
¢bers which innervate inner hair cells originate from
1
In the present paper the term `longitudinal' represents the basalapical direction in the cochlea and along the axis of the tank electrode. The term `transversal' is used in tank measurements (see Fig. 1)
for measurements perpendicular to the axis of the electrode. The term
transversal is further used in the cochlea for the direction from the
organ of Corti to the modiolus. It thus replaces here the commonly
used term `radial'. We use the term `radial' for currents leaving a ring
electrode perpendicular to its surface. In the model, the x-axis corresponds to longitudinal and the y- and z-axes are summarized in the
two-dimensional model to the values termed transversal in the cochlea.
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type I ganglion cells (Spoendlin, 1988). They are myelinated up to the habenula and then lose their myelin
sheath. The ¢bers take a transverse course from the
bodies of the ganglion cells to the hair cells.
The thresholds for electrical stimulation depend on
the exact orientation of the ¢bers concerned within the
electrical ¢eld. As the type I a¡erents run in a transverse direction, their orientation is perpendicular to the
main current component of longitudinally arranged
electrode devices (Mortazavi, 1995). Orientation for
electrical stimulation is therefore not optimal. Transversally oriented knob electrodes, on the other hand,
would provide a more favourable ¢eld (v.d. Honert
and Stypulkowski, 1987), but can only be placed with
considerable e¡ort. However, in longitudinal electrode
arrays current components which £ow in the transverse
direction are also present. These are mainly close to the
electrode rings.
Unfortunately, the exact positions of the nerve membranes which are excited by a cochlear implant are not
yet known. As myelinated ¢bers have a lower threshold
for electrical stimulation than unmyelinated ones
(Ranck, 1975), it is likely that the electrical stimulus
becomes e¡ective at the habenula perforata or centrally
to it.
The e¤cacy of a stimulus in suprathreshold activation of a neuron depends on the stimulation mode (monopolar, bipolar etc.). The thresholds for electrical stimulation by electrodes in di¡erent intracochlear positions
can be determined for individual neurons. As will be
shown in the present paper, electrically induced spatial
tuning curves can be constructed for the neurons. The
slope of these tuning curves is a measure of the spatial
resolution of the stimulus. Acoustically induced tuning
curves, the slopes of which are normally given in dB/
octave, can be recalculated in dB/mm using a tonotopic
map of the cochlea (e.g. Liberman, 1982). The electrical
tuning curves can be compared to such spatial tuning
curves. Note that these tuning curves are determined by
a very simple criterion, namely the threshold for a de¢ned activation of nerve ¢bers. A similar criterion can
also be used for electrical stimulation of nerve ¢bers. It
turns out that acoustic tuning curves are much sharper
than electrically determined spatial tuning curves (Hartmann and Klinke, 1990b, see also Section 4).
To improve the sharpness of electrical tuning (spatial
resolution), bipolar stimulation modes have been used
instead of monopolar stimulation. There are, however,
problems with bipolar stimulation: (1) Bipolar electrodes require higher currents for suprathreshold stimulation because of current shunt from electrode to electrode. (2) High potentials and high current densities
form around each of the two electrodes and suprathreshold excitation is possible near both the source
and the sink electrodes (Black et al., 1981).
Consequently, bipolar stimulation is not optimal.

Proposals for improving spatial resolution by tripolar,
quadrupolar or multipolar stimulation modes, i.e. by an
introduction of `lateral inhibitory currents' have been
put forward (Ifukube and White, 1987a; Hartmann
and Klinke, 1990b; Jolly et al., 1996).
The aim of this paper is to describe the determinants
for spatial resolution in electrical cochlear stimulation.
As current densities cannot be measured close to the
excitable neurons without tissue damage, the potential
¢elds generated by di¡erent electrode con¢gurations
were measured in a saline tank. Measurements of potential distributions were also performed in cadaver as
well as in living cochleae. A lumped element model of
the cochlea was elaborated to explain the results. Recordings from single auditory nerve ¢bers, stimulated
by mono-, bi-, and various tripolar con¢gurations
were made to directly compare the di¡erences in spatial
resolution of the di¡erent stimulation modes.
2. Materials and methods
2.1. Electrical stimulation and data collection
Electrical stimulation was performed by home-made
optically isolated current sources driven by sinusoids
(ROCKLAND synthesizer). The potentials measured
were ampli¢ed by a TEKTRONIX 5A22N di¡erential
ampli¢er. Signals were sampled by an AD-converter
(12 bit) and stored by a MAC II computer.
2.2. Tank measurements
A human NUCLEUS-22 cochlear implant was
placed in a 500-ml bath ¢lled with Ringer's solution.
The electrodes of the implant were connected to the
current sources (128 Hz sinusoidal, 100 WA rms). Monopolar, monopolar vs. common ground (all other electrodes form a common indi¡erent electrode), bipolar
and tripolar electrode con¢gurations were tested. Tripolar con¢gurations were used in two di¡erent modes
(see Fig. 2b) : without indi¡erent electrode, where the
sum of the lateral currents equals the central current ;
with indi¡erent electrode, where part of the current
£ows from the central electrode to the extracochlear
remote electrode, and part to the lateral electrodes.
This allows variability in the lateral currents.
The potential distribution was measured with a glassinsulated Ag-electrode (tip diameter 100 Wm) ¢xed in an
ORIEL 18011 X-Y-Z positioning device (precision
1 Wm) controlled by the computer. The indi¡erent electrode was a remote silver grid. The measurements
were performed on a horizontal plane 200 Wm from
the implant and on a vertical plane through the
central line of the horizontal plane (Fig. 1). These
planes, 4U4 mm in size, were centered at the active

HEARES 3027 29-6-98

A. Kral et al. / Hearing Research 121 (1998) 11^28

electrodes, measurements were performed with 100-Wm
steps.
To quantify the lateral spread of the potential distribution, a measure of sharpness W10 (`Width 10 dB',
measuring the diameter of the area where the measured
potential reaches or exceeds 310 dB of the maximum)
was used. Similarly W3 (`Width 3 dB') was de¢ned for
cases, where W10 could not be calculated because of
lateral peaks. In addition, the ratio between the maximum amplitude of the potential measured above the
central electrode and the maximum potential measured
above the lateral electrodes was used for characterization.
2.3. Cadaver measurements
Adult cat skulls ¢xed in 4% formalin were used for
the scala tympani measurements. The petrous bones
were extirpated and the formalin was washed out with
0.1 M phosphate bu¡er in saline. The bulla was opened.
The petrous bone was ¢xed in a positioning device with
the round window upwards. A reference Ag electrode
was ¢xed in the remaining section of the bulla. The
round window membrane was removed with a sharp
hook. One ml of Ringer's solution was very slowly introduced into the scala tympani under microscopic control. A te£on insulated gold wire (diameter 125 Wm,
thickness of insulation 16 Wm) with an open tip was
inserted into the scala tympani as deeply as possible.
The impedance of the measuring electrode was 15 k6
at 128 Hz. A NUCLEUS-22 cochlear implant was then
also introduced into the scala tympani. To maintain a
constant £uid level in the scala tympani, a continuous
£ow of Ringer's solution was provided.
A 128-Hz, 100-WA rms sinusoidal current from an
optically isolated current source was fed to two neighbouring electrodes. This bipolar stimulation was chosen
not to in£uence the values measured by the location of
a remote indi¡erent electrode. The voltage (rms) was
measured with the tip of the gold wire using a FLUKE
75 multimeter vs. the reference electrode. For further
measurements, the gold wire was carefully retracted
from the cochlea in 200-Wm steps using a microscrew
under visual control. If the NUCLEUS electrode
moved the experiment was discarded. The potentials
were measured at each step for each pair of active electrodes. Using this procedure, a portion of scala tympani
(almost 6 mm long) could be studied.
2.4. In vivo measurements
Five adult cats were used. The animals were premedicated with 0.25 mg atropine and anaesthetized
with pentobarbital (32 mg/kg i.p.), supplementary doses
were given if necessary. A femoral vein was cannulated
for infusion of modi¢ed Ringer's solution and supple-
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mentary doses of anaesthetic. End-tidal CO2 was monitored and the animals were ventilated through a tracheal cannula if CO2 exceeded 3.9%. Body temperature
was maintained at 37³C with a homeothermic blanket.
Both pinnae were removed and the bullae opened. The
auditory nerve was exposed by a posterior fossa approach. Glass microelectrodes (impedance s 20 M6)
were inserted under visual control into the region of
the internal auditory meatus for recording from
primary auditory ¢bers (see Hartmann et al., 1984).
Using acoustic stimuli, frequency tuning curves were
measured. These initial recordings provided information on the position of di¡erent characteristic frequencies (CFs) within one electrode track through the auditory nerve.
When ¢bers with CFs between 7 kHz and 20 kHz
were encountered, the ear was deafened with an intrascalar infusion of 2.5% neomycin sulphate (Upjohn).
Then a NUCLEUS-22 electrode was inserted deeply
into the scala tympani through the round window. In
general, 11^12 rings of the human electrode could be
inserted into a cat cochlea. According to Liberman
(1982)'s data rings 1/2 come to lie in the 8-kHz region
and rings 7/8 correspond to about 20 kHz. The thresholds of single units in the track characterized by the
above described acoustic stimulation were then determined under electrical stimulation with di¡erent electrode rings. Spatial tuning curves were thus measured.
The electrical stimuli consisted of sinusoids of 128 Hz
or 100 Ws/phase biphasic charged-balanced pulses, repetition rate 128/s. The electrode rings of the NUCLEUS-22 electrode which were not used for actual
stimulation served as recording electrodes for measuring the local potential produced by the stimulus (bipolar stimulation). The indi¡erent electrode was placed in
the temporalis muscle.
The care and use of these animals were approved by
Hessian State Government.
2.5. Model
An electrical model of the cochlear duct and a NUCLEUS-22 array implanted into the scala tympani was
elaborated. This model assumes a coaxial con¢guration
of the following elements: A silastic electrode carrier,
platinum electrode rings, perilymphatic £uid of the scala tympani, basilar membrane and bone, a ganglion cell
and an a¡erent nerve ¢ber layer, surrounding tissue up
to the remote indi¡erent electrode (Fig. 1). Because of
the concentric con¢guration the 3-dimensions can be
modelled by 2-dimensional lumped elements. The impedances of the di¡erent structures were represented by a
resistor network (Fig. 11a) neglecting frequency dependent elements. Therefore calculations were performed with one single frequency (128 Hz) only. The
x-direction (longitudinal, see Footnote 1) is represented
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Fig. 1. Schematic illustration of an implanted cochlea. The direction from the organ of Corti to the spiral ganglion is termed `transversal'. Below, a schematic illustration of the positions of the planes in which the potential distribution was measured in the saline tank and the de¢nition
of the axes in the cochlea model. X corresponds to longitudinal (i.e. basal to apical).

by 63 resistors ra , 63 resistors rc and 63 resistors re . The
spatial resolution allows two nodes for the NUCLEUS22 electrode spacing of 0.75 mm. The entire model covers 23.63 mm in the longitudinal direction thus exceeding the length of a NUCLEUS-22 array. The y-direction (radial) is represented by 64 resistors rb and 64
resistors rd (see Fig. 11a).
The di¡erent layers were represented by: silastic electrode carrier with no conductivity; the platinum rings
as short-circuits ; the perilymph of the scala tympani as
the current shunts by the resistors rc (x) depending on
the £uid space between electrode array and scala tympani wall; the pathway through the basilar membrane
and the bony spiral lamina (resistors rb ); the pathway
through the ganglion cells and the a¡erent nerve ¢bers
in the longitudinal direction (resistors ra ); the remaining pathway to the remote indi¡erent electrode through

the surrounding bones, muscles, etc. (resistors rd and
re ).
The current distribution for a given input current for
mono-, bi- and multipolar con¢gurations was calculated using Kirchho¡'s laws with a Borland PASCAL
v. 7.0 program. The model assumes that the neural excitation occurs in either the spiral lamina (along the rb
pathway) or within Rosenthal's canal (along the ra
pathway). Whether neurons are excited depends on
the strength and direction of the local electrical ¢eld
close to the excitable neuronal membranes. To compare
electrical threshold functions gained from single auditory nerve ¢bers with model threshold functions, a current trigger level for neural excitation is set by the program. This allows adjustment of the model spatial
threshold curves to the single ¢ber thresholds measured
in vivo.
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3. Results
3.1. Tank measurements
Fig. 2 illustrates potentials measured in the longitudinal direction at a distance of 200 Wm above the electrode array, for several electrode con¢gurations. Values
are given in mV rms. In Fig. 2a the values are normalized. The monopolar and monopolar with common
ground con¢gurations have the least sharp potential
distribution. Common ground o¡ers the advantage of
a smaller W10 (see Table 1). In bipolar con¢guration the

Fig. 3. a: Width 10 dB vs. attenuation of lateral currents with tripolar stimulation. A local minimum of the function is at 9 dB attenuation. Stimulation 128 Hz, 100 WA rms, distance from implant 200
Wm. b: Relationship between central and lateral potential amplitudes for the tripolar con¢guration for di¡erent lateral currents.
The maximum of the curve is at 10 dB. Stimulation 128 Hz, 100
WA rms, distance from implant 200 Wm.

Fig. 2. a: Comparison of the potential distributions for di¡erent
electrode con¢gurations in the saline tank. The potentials are normalized to the maximum. Bipolar and tripolar 310-dB con¢gurations show the largest potential gradients. The bipolar con¢guration
has the disadvantage of a second peak. The stimulation was always
128 Hz 100 WA rms, distance from implant 200 Wm. cgnd = common
ground. b: Potential distributions for di¡erent tripolar con¢gurations (with or without indi¡erent electrode) measured in the central
line de¢ned in Fig. 1. Reduction of the lateral current from 34 dB
re central current to 310 dB re central current leads to an increase
of the central maximum potential amplitude, the side maxima disappear. No substantial change in the potential gradients around the
central peak is discernible. Stimulation always 128 Hz 100 WA rms,
distance from implant 200 Wm. The circuit diagram of the tripolar
con¢guration is shown in the inset. The generator signal is fed to
the electrodes via optically isolated current sources; current to the
lateral electrodes can be attenuated (Att.).

potential gradients are larger between the two active
electrodes than lateral to the electrodes.
The results obtained with a tripolar con¢guration are
shown in Fig. 2b. In the con¢guration without an indi¡erent electrode (6 dB attenuation of lateral currents)
the central electrode acts as a source and the lateral
electrodes act as sinks. Again, values were measured
200 Wm above the electrode set and are given in mV
rms. As can be seen, 3 maxima are formed and the
lateral maxima are only 6.46 dB below the central maximum. The introduction of an additional indi¡erent
electrode in£uences the lateral maxima. Fig. 2b shows
that with lateral current attenuation of 4 dB the lateral
potential maxima become as large as the central maximum. In this situation, the lateral currents carry more
current than is sourced by the central electrode. The
remote electrode becomes a source in phase with the
central electrode. However, with lateral current attenuation of 6, 10 and 12 dB the lateral potential maxima
are reduced so that the residual value was extremely
low. Fig. 2b does not show the 312 dB case. W10 as
a function of attenuation of lateral currents is shown in
Fig. 3a. It can be seen that W10 shows a local minimum
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Fig. 5. Comparison of the potential distribution measured in the cadaver cochlea using the gold wire and the inactive electrode rings of
the NUCLEUS-array. The good ¢t between the two measurements
can be seen. With the NUCLEUS-array the potential at the active
electrodes (full circles on the abscissa) cannot be measured. Stimulation 128 Hz, 100 WA rms, distance from implant 200 Wm.

Fig. 4. Comparison of monopolar and tripolar con¢gurations (tripolar+gnd, 10 dB lateral current attenuation) in the far ¢eld. Stimulation 128 Hz, 100 WA rms, distance from implant 200 Wm. a:
Changes of potential maximum amplitude with distance from the
implant: comparison monopolar vs. tripolar. Bipolar data lie in between monopolar and tripolar data. b: Width 3 dB in relation to
distance from the implant (radial direction, see Footnote 1) for monopolar and tripolar con¢gurations.

at 9 dB attenuation of the lateral currents. However, if
the ratio between central and lateral maxima is considered, there is an optimum at 10 dB attenuation (Fig.
3b).
The results obtained at greater distances than 200
Wm are given below. The potentials measured in a plane
perpendicular to the plane represented in the previous
¢gures show an exponential decay of the maximum potential for monopolar con¢gurations as well as for tripolar 310 dB con¢gurations. Again the maximum amplitudes of the potentials measured in the central line
are depicted for comparison (Fig. 4a). The decay of the

potential is steepest for the tripolar con¢guration. In
addition, the width of the potential distribution 3 dB
below maximum was measured at di¡erent distances
from the implant (radial direction, Fig. 4b). It can be
seen that the tripolar con¢guration is even more e¡ective in sharpening the distribution of potential with increasing distance. The length constants, V (which is de¢ned by the equation y = AWe3x=V ), are 0.54 mm for
monopolar and 0.43 mm for tripolar con¢gurations,
assuming an exponential decay within a distance of
0.4^1.0 mm from the active electrode.
The potential distributions measured 200 Wm and
300 Wm above the electrode array with monopolar con¢guration were used to calculate potential gradients in a
radial direction (see Footnote 1). The results show that
the maximum radial potential gradients are larger than
the maximum longitudinal ones by a factor of 2.16.
With bipolar stimulation, radial components occur
mainly in the vicinity of the platinum rings. Strong
longitudinal components are established between the
rings (see Figs. 2 and 13). In the bipolar stimulus con¢gurations the ratio of the maximum potential gradient
in the radial vs. longitudinal direction is 0.657 determined 200 Wm above the implant.
3.2. Cadaver measurements
The NUCLEUS-22 electrode set was implanted 10

Table 1
W10 and W3 values for monopolar vs. bipolar and tripolar electrode con¢gurations
Monopolar

Monopolar cgnd

W10

3.6 mm

1.9 mm

W3

0.8 mm

0.6 mm

21.48 mV

18.15 mV

Maximum

Bipolar
1.3 mm
2.6 mm*
0.4 mm
1.3 mm*
12.87 mV

Tripolar 310 dB
1.1 mm
0.52 mm
15.07 mV

For the bipolar con¢guration the values for 1 single peak and both peaks (*) together are given. cgnd = common ground.
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This procedure is necessary, as electrode sets can never
be introduced in exactly the same way. For each pair of
active electrodes there is a speci¢c zero transition. These
zero transitions were determined for all pairs of active
electrodes. For each pair of electrodes, the measured
values were shifted separately longitudinally so that
the zero transitions matched. This procedure results in
7 sets of data (corresponding to 7 NUCLEUS electrode
pairs) separated by roughly the distance of an electrode
pair. The most basal and most apical pair of active
electrodes were excluded because of boundary problems
so that 5 data sets remain. This procedure allows the
measured data to be averaged. The results are presented
in Fig. 6. The mean values and the maximum and the
minimum potentials are shown. As can be seen from
Fig. 6, the potentials are larger the deeper the active
electrode pair is inserted (factor 3.18 between the upper
and lower panels in Fig. 6). This is further illustrated in
Fig. 7a, where the maximum and mean values are plotted against cochlear position. The gradient Ex of the
decay of the potential in the apical direction was also
calculated, whereby Ex = vB/vx. The distance vx was
taken as 400 Wm. Fig. 7b shows that the gradient is
larger in the more apical electrode pairs. Ex changes
from 1 mV/400 Wm for the position 2 mm from the
round window to 17 mV/400 Wm determined 3 mm
more apically. The corresponding W3 values are listed
in Table 2 and show that apically the W3 values are
smaller.
Fig. 6. Potential distributions in the cadaver cochlea for bipolar
con¢guration with di¡erent positions of the active electrodes (full
circles on the abscissa) a^e. The upper track in each panel shows
the maximum potential measured at a given position for the given
location of the active electrodes, middle track the mean potential
with standard deviation, lower track the minimum potential measured. The peak of the potential distribution in the apical direction
is always the higher one (see text). The more apically the active
electrodes are located, the larger the potentials measured. Stimulation 128 Hz, 100 WA rms, distance from implant 200 Wm.

times into 3 cadaver petrous bones subsequent to the
placement of the gold wire. In four cases, the gold wire
could be retracted smoothly so that measurements
could be taken every 200 Wm. To further support the
data obtained with the gold wire, the inactive electrodes
of the NUCLEUS implant were also used for measurements of potentials. Basically, the gold wire data agree
with the NUCLEUS data. A typical result is shown in
Fig. 5. The potentials are again expressed as rms-values,
giving two peaks in the data obtained from the gold
wire. Unfortunately active electrodes are not suitable
for potential measurements.
For further evaluation the following `normalization'
was performed. The values measured were shifted along
the abscissa so that the zero transitions were in register.

3.3. In vivo measurements
Attempts to use the gold wire technique in the living
animal were not successful. Access to the round window
is impeded by tissue and a longer gold wire is too pliable and cannot be safely introduced (the wire bends and
causes bleeding in the cochlea etc). Measurements using
the inactive rings of the NUCLEUS implant were therefore made and compared to those of the cadaver measurements. The potential distribution thus observed has
essentially the same shape as in the cadaver measurements. Data from 6 in vivo and 4 in vitro experiments
are compared in Fig. 8. Quantitatively, the in vivo
measurements resulted in smaller potentials (non-significant di¡erences ; two-sided t-test at K = 5%) in the apTable 2
W3 values computed for maximum curves of Fig. 6
Position (Wm)

W3 (Wm)

1800
2600
3400
4000
4800

874
600
580
444
500

Position column designates the position of the apical active ring in the
scala tympani.
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Fig. 8. Comparison of the potential distribution in the cadaver and
in the living cochlea as measured by inactive electrodes of the NUCLEUS device. Electrodes 3 and 4 were active. Stimulation 128 Hz,
100 WA rms, distance from implant 200 Wm. Full circles represent
active electrodes.

Fig. 7. a: Maximum potential (taken from maximum and mean
curves of Fig. 6) in the cadaver cochlea vs. position of the corresponding active electrode. The maximum amplitude increases in the
apical direction. b: Potential gradient Ex (400 Wm step) measured
from the maximum potential in the apical direction (for the mean
and maximum curves). The gradient increases in the apical direction, particularly for the maximum curve.

ical electrodes. The potential gradient in the apical direction was 8.75 mV/750 Wm in vitro and 5.88 mV/750
Wm in vivo. In the basal direction the potential gradient
was 3.5 mV/750 Wm in vitro and 4.17 mV/750 Wm in
vivo. Because of di¡erences in the spatial resolution of
the gold-wire measurements and the measurements with
the NUCLEUS electrode and the fact that the peak
values above the active electrodes cannot be measured
with the inactive rings, a direct comparison of the respective data is unfortunately not possible.
Finally, single unit thresholds with electrical stimulation in cats implanted with a NUCLEUS electrode were
determined. Eighty single units were thus evaluated in

5 cats. Fig. 9 compares examples of electrically evoked
spatial tuning curves with a tuning curve determined
acoustically. Normal tuning curves in the 8-kHz region
are very sharp, having slopes up to 300 dB/octave
(Evans, 1975), corresponding to up to 100 dB/mm recalculated for cochlear place. In comparison, the spatial
tuning curves determined by electrical stimulation (sinusoids, 128 Hz) are much less sharp. In Fig. 9, electrical tuning curves are shown for monopolar, bipolar,
tripolar 36-dB and tripolar 310-dB con¢gurations. As
can be seen, the lowest threshold occurs with monopolar stimulation followed by tripolar 310-dB and tripolar 36-dB stimulation. Bipolar stimulation needs the
highest currents. As far as sharpness of spatial tuning is
concerned tripolar 36 dB has the largest slopes, monopolar the smallest (see Table 3). The di¡erences in
slopes were signi¢cant for all con¢gurations except for
bipolar vs. tripolar 310 dB (two-sided t-test, K = 1%).
This fact is further illustrated in Fig. 10. There examples of spatial tuning curves obtained with monopolar,
bipolar, tripolar 36 dB and tripolar 310 dB are given.
The neurons shown in Fig. 10 were selected for the
similarity of position of their threshold minima.

Table 3
Statistics on the slopes of the spatial tuning curves calculated at the tip

Monopolar
Bipolar
Tripolar 36 dB
Tripolar 310 dB

Mean slope near tip
(dB/mm)

S.D.
(dB/mm)

Maximum slope near tip
(dB/mm)

3.12
8.47
20.79
9.77

2.51
4.49
5.22
3.90

10.67
21.33
31.12
16.00

The mean slope, its standard deviation and the maximal slope measured are given for each stimulation con¢guration.
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rd y  100 constant
re x  0:001 constant:
The resistors rc are assumed to be variable because of
the changing cross-sectional area of the scala tympani
(Ast ) along the cochlea (see Table 4). The Ast values
were calculated from Hatsushika et al. (1990). Based
on the results of measurements in cadaver cochleae
and in vivo it was assumed that the resistor layer
rc (x) is proportional to A1 /(Ast (x)-Ael ), whereby A1 is
the cross-sectional area of the scala tympani at the apical end of the implanted electrode and Ael the crosssectional area of the electrode array used. The formula
applied was
A1
rc x  rc1 W
Ast x3Aee
whereby rc1  1.
To model the cadaver implantation of 9 rings of a
NUCLEUS-22 array in a cat scala tympani (Fig. 6) the
longitudinal and radial current distributions for a bipoFig. 9. Comparison of electrically evoked spatial tuning curves (monopolar, bipolar and tripolar 36 dB and 310 dB stimulation) and
a sample frequency tuning curve evoked acoustically. The abscissa
is given in microns from the round window. So the acoustical tuning curve is mirrored. For comparison the Liberman (1982) map is
added. All electrical (spatial) tuning curves illustrated were measured in the same ¢ber (P109MN12). For electrodes where threshold
current exceeded 1 mA rms measurements were impossible because
of muscle twitches. Thus a distant (high) threshold is assumed (ordinates are broken above 35 dB).

3.4. Model
Fig. 11a gives the general concept of the network.
Certain suprathreshold currents in the layers rb (y) and
ra (x) were assumed to trigger action potentials. The
model allows a comparison between the potentials
measured in the scala tympani in vitro or in vivo and
the potentials B(x) computed from the potential di¡erences in the resistor layer rc (x).
The conductivities of the cochlear structures used in
the model were taken from v. Bekesy (1960), Strelio¡
(1973), Asukuma et al. (1978), Finley et al. (1990),
Suesserman (1992) and Frijns et al. (1995). The model
was optimized using multiples of the resistivity of Ringer's solution with 62.25 6Wm as follows:
ra x  1:1 constant
rb y  10 constant
rc x  variable

Table 4
Cross-sectional areas of the cat scala tympani along the cochlear
duct as computed from Hatsushika et al. (1990)
Depth (Wm)

Width (Wm)

Height (Wm)

Ast (mm2 )

0
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000
6500
7000
7500
8000
8500
9000
9500
10 000
10 500
11 000
11 500
12 000
12 500
13 000
13 500
14 000
14 500
15 000

3048
3124
3200
2933
2895
2743
2457
2229
2000
1752
1638
1543
1448
1371
1219
1181
1143
1086
1010
952
952
914
838
781
781
762
762
762
724
724
724

2362
2438
2571
2229
2057
1867
1714
1600
1448
1295
1181
1067
1010
933
838
781
743
705
686
667
648
610
571
552
533
533
514
495
495
495
495

5.654
5.982
6.461
5.135
4.677
4.022
3.307
2.800
2.274
1.782
1.519
1.293
1.149
1.005
0.802
0.724
0.667
0.601
0.544
0.499
0.484
0.438
0.376
0.339
0.327
0.319
0.308
0.296
0.281
0.281
0.281
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Fig. 10. Representative sample of spatial tuning curves for ¢bers with approximately the same position of local threshold minimum. The abscissa represents the distance from round window in the apical direction. For broken ordinate see Fig. 9. Curves marked with an asterisk were
gained with charge-balanced biphasic pulses 100 Ws/phase, thresholds matched to sinusoids according to identical peak-to-peak values of current.

lar stimulation with electrodes 5/6 were calculated (Fig.
11b). The current through the ganglion cell layer shows
a maximum near the active electrode rings 5/6 whereas
the radial current (for de¢nition see Footnote 1) shows
a negative and a positive extreme. Fig. 11c compares
potentials calculated in layer c (corresponding to scala

tympani) with potentials measured in the cadaver scala
tympani. The decay is asymmetrical in both cases (see
Section 4). The potentials are given as rms values in
order to compare the results of the cadaver measurements with the model predictions. The current is given
in % of the input current. (N.B.: the model gives nor-
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Fig. 11. a: Lumped element model of the electrical properties of the scala tympani. The model represents the resistivities of the perilymph in
the scala tympani, the bone and the ganglion cell layer (rc , rb , ra ). The corresponding currents are termed ic , ib and ia . (N.B.: the model gives
normalized current values with sign.) The resistors rd and re represent the surrounding tissue to allow return currents to the indi¡erent electrode in monopolar and tripolar 310-dB con¢gurations. b: Longitudinal (ia ) and radial (ib ) currents in the ganglion cell layer relative to the input. The longitudinal current shows a single maximum, giving rise to `single-tip' spatial tuning curves. The radial current shows two extremes,
giving rise to tip-split spatial tuning curves. c: Comparison of the potential distribution (mV rms) in the scala tympani computed by the model
and measured in the cochlea (see Fig. 6).

malized current values with sign to demonstrate not
only the current amplitudes but also the direction of
the current £ow.)
Using the example of bipolar stimulation Fig. 12
compares electrically evoked cat spatial tuning curves
with model tuning curves obtained by setting a neuro-

nal excitation threshold. The threshold currents were set
to 24 WA rms for Fig. 12a and 56 WA rms for Fig. 12b.
This leads to a calculated neuronal threshold of 2 WA
rms in both cases. The above model values were chosen
for goodness of ¢t with the neuronal data illustrated.
Suprathreshold longitudinal currents, ia , ¢t the neuro-
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Fig. 12. a: Single unit spatial tuning curves for bipolar stimulation measured in the cat auditory nerve and model tuning curves computed according to the longitudinal current (thick line). The model shows good correspondence with animal experiments with regard to the shape and
the steepness of the slopes. The threshold of the model tuning curve can be shifted arbitrarily by setting the model threshold. b: Single unit
tuning curves for bipolar stimulation measured in the cat auditory nerve and model tuning curves computed according to the radial current
(thick line). The model explains the tip-split tuning curves (see also a). For explanation of asterisks see Fig. 10.

nal tuning curves with one single tip (Fig. 12a). If the
radial currents govern the thresholds, then threshold
curves with double tips result (Fig. 12b). These are in
fact seen in 31% of electrical tuning curves using bipolar stimulation. The mean depth of this notch (calculated from the higher-threshold border, i.e. the smaller
values) was 5.1 dB, the maximum depth found was s 17
dB. (N.B.: The entire dynamic range of a neuron stimulated electrically with sinusoids is at most 20 dB with
low frequencies and decreases to as little as 3 dB with
high frequencies; Hartmann et al., 1984; Hartmann
and Klinke, 1990a. With pulsatile stimulation, full synchronization of action potentials is reached within 3 dB
above threshold!)
The model further allows the study of longitudinal
and radial currents with di¡erent electrode con¢gurations. Monopolar as well as bipolar and tripolar con¢gurations can be calculated. The results are presented
in Fig. 13. In the monopolar case (Fig. 13a), a well
de¢ned peak is formed in the radial direction, the longitudinal currents, however, extend over a long distance. In Fig. 13b, the bipolar case is illustrated. A
negative and a positive extreme are seen in the radial
direction, as already mentioned in Fig. 11b. The longitudinal currents are restricted and only one positive
peak can be seen. In the tripolar con¢guration (Fig.

13c,d), 36-dB and 310-dB cases are illustrated. In the
36-dB case, the radial peak is smaller than in the 310dB situation, but the longitudinal currents are small
and extend over a short distance only. In the 310-dB
case the radial peak is larger and there are smaller lateral minima than in the 36-dB case. The longitudinal
currents are, however, much larger than in the 36-dB
case due to the current components £owing to the remote indi¡erent electrode.
4. Discussion
To date, measurements of potential distribution or
electrical ¢elds in the cochlea of humans (Black et al.,
1981 ; Kasper et al., 1991) have been limited to a small
number of measuring points for technical or ethical
reasons. During cochlear implantation in humans only
a few minutes of measuring time are available.
Detailed measurements with high resolution are only
possible in saline tanks, in cadavers or in animal experiments. A further approach is the calculation of potential ¢elds in electrical models of the cochlea. Di¡erent
cochlear structures are represented by lumped elements
out of isotropic media (Spelman et al., 1982 ; Finley et
al., 1990 ; Suesserman and Spelman, 1993).
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Fig. 13. a: Longitudinal (ia , dotted line) and radial (ib , solid line) currents in the ganglion cell layer as computed from model for monopolar
con¢guration. The radial current is well localized, the longitudinal current shows a broad distribution and large amplitudes. Due to these large
amplitudes, excitation thresholds may also be exceeded with longitudinal currents. b: Currents computed for bipolar con¢guration. Radial as
well as longitudinal currents are well localized, but the radial current shows a positive and a negative extreme. c: Currents computed for tripolar con¢guration with 6-dB lateral current attenuation. Radial as well as longitudinal currents are well localized. The longitudinal current shows
two extremes. d: Currents computed for tripolar con¢guration (10-dB lateral current attenuation, with indi¡erent electrode). The radial current
is well localized, but the longitudinal current shows a broader distribution than in c.

4.1. Tank measurements
Tank measurements have been performed by
Hochmair-Desoyer et al. (1983), Ifukube and White
(1987b), Suesserman et al. (1991), Ruddy and Loeb
(1995) and Jolly et al. (1996). In general, these studies
were undertaken to determine the properties of the
authors' own electrode systems which were developed
for human or experimental use. In the present study,
the properties of the most widely used human electrode, the NUCLEUS-22 electrode array, were investigated.
In considering potential distributions, it has to be
kept in mind that it is not the amplitude of the potential
which stimulates the neurons but the spatial gradient
within the tissue. The measurement of this gradient,
however, is extremely di¤cult as all three components
in 3-dimensional space have to be determined. Nevertheless, Ifukube and White (1987b) used a double probe
to measure voltage di¡erences in a tank.

The potential distribution measured above the NUCLEUS-22 electrode in longitudinal and transversal directions allows the comparison between di¡erent stimulation modes, monopolar, bipolar and multipolar. In
the case of monopolar stimulation, the potential distribution shows one single peak, which can be approximately described by a point source in an isotropic medium.
In bipolar stimulation two peaks result. The gradients of the potential function are steeper than in the
monopolar case. The distance of the two peaks depends
on the actual distance of the active electrodes. This has
to be taken into account when stimulating patients bipolarly with greater distances (bipolar +1; bipolar +2).
In principle, the current density vector close to the active electrode is directed radially under monopolar stimulation with a remote indi¡erent electrode. Remember,
calculations from the tank measurements for monopolar con¢guration also show that the radial potential
gradient is larger than the longitudinal one. With bipo-
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lar stimulation, radial components occur mainly in the
vicinity of the platinum rings. Strong longitudinal components are present between the rings.
`Lateral inhibition' (i.e. tripolar stimulation) leads to
a sharpening of the potential peak (beam forming) in
the longitudinal direction which in turn leads to an
optimal spatial resolution of the NUCLEUS-22 electrode (see Fig. 2a). If the sharpness measure W10 of
the di¡erent potential distributions is compared, a clear
advantage of the tripolar con¢guration with additional
indi¡erent electrode can be seen. The optimal value
found in the tank is with lateral currents 310 dB (see
Fig. 3) i.e. roughly one third of the current of the central electrode £ows to both of the lateral electrodes, the
resulting ¢nal current £ows to the indi¡erent electrode.
For in vivo recording of single ¢bers, 36 dB proves to
be superior, however.
The length constant for monopolar stimulation is
1.43 mm, whereas with the tripolar 310-dB situation
the length constant dropped to about half this value,
i.e. 0.75 mm. The 36-dB situation in Fig. 2b corresponds to the `quadrupolar' mode of Jolly et al.
(1996). This latter con¢guration, however, leads to
side maxima (or minima, respectively) which are only
about 6 dB less than the main peak (see, however, Fig.
10 and later for discussion).
It is assumed that the tank measurements in the isotropic Ringer's solution show potential distributions as
would occur in the basal region of a real human cochlea. According to Hatsushika et al. (1990), the largest
diameter of the human scala tympani is about 3 mm.
With an electrode diameter of 0.6 mm, a relatively large
gap in the perilymphatic space is left open, certainly
larger than our measuring distance in the tank of 0.2
mm. Thus potential values gained in the tank may apply for the basal scala tympani. However, the complicated structures of the cochlea are not taken into account in a tank model.
Ifukube and White (1987b) have studied the in£uence of bony cochlear walls on potential distribution
by adding bone with and without pores to their tank
and have imitated tunnel-e¡ects by glass tubes. In fact,
di¡erences were found in this simple model. To gain a
more complete insight into the situation in a cochlea
(which in man narrows down from 3 mm to 0.8 mm)
potentials in a real cochlea were measured and compared to neuronal data.
4.2. Cadaver measurements
In order to obtain su¤cient data for the determination of the electrical ¢eld within a real cochlea a great
number of measuring points are needed. However, the
realization of this would damage even a cadaver cochlea to such an extent that the values measured would
not be representative for an intact inner ear. The intro-

duction of a single measuring probe in the form of an
insulated gold wire and the measurement of potential
values sequentially at di¡erent locations appears to be
an acceptable compromise. Unfortunately, the position
of the tip of the gold wire cannot be controlled with
precision. Although the longitudinal position of the tip
is known fairly accurately (it is retracted stepwise), the
radial position is unknown and is likely to vary. It is
reasonable to conclude that the highest potential values
measured are the most reliable ones, as these were probably taken nearest to the platinum rings. Cochleae from
cat cadavers were used for the measurements instead of
human petrous bones as the cat data obtained can be
easily compared with the data from electrical stimulation of primary a¡erent nerve ¢bers in living cats. The
cat is particularly suitable for these measurements as
the cat cochlea is embedded within the petrous bone
as is a human cochlea. In guinea-pig measurements
(Jolly et al., 1996) there is the risk that currents £ow
along di¡erent pathways, as the narrow guinea-pig
cochlea stands freely in the air-¢lled bulla. Of course
human and cat cochleae di¡er in dimensions. In the
cat, the basal part is wider than in man, the apical parts
are narrower (Hatsushika et al., 1990). Cat and
human cross sectional areas are equal about 4 mm
from the round window. A further source of limitation
and possible error is the use of cadaver cochleae. The
currents might take a quite di¡erent course in the living
cochlea (see, however, Fig. 8 and later for further discussion).
The data from the basal part of the cochlea comply
with the data from tank measurements. Furthermore,
all data obtained with the gold wire are in agreement
with measurements made with the inactive rings of the
NUCLEUS-22 implant (see Fig. 5). As far as the measurements of potentials in the more apical scala tympani
are concerned, the values are larger than in the tank.
This is probably due to the narrower diameter of the
more apical parts of the cochlear ducts. The position of
the reference electrode for measurements might have
in£uenced the o¡set in the potential distribution. This
may in£uence the peak symmetry in the potential rms
plots.
Simmons and Glattke (1972) and O'Leary et al.
(1985) suggested that the longitudinal decay of the potentials is exponential. With this assumption, a length
constant of about 0.5 mm towards the base can be
calculated. However, as calculations have shown the
decay does not follow an exponential pattern in the
apical direction. Potential gradients also become steeper
in apical regions, which is particularly clear for the
maximum values illustrated in Fig. 7b. All these considerations lead to the conclusion that the spatial
resolution becomes better towards the apex of the
cochlea. This may be of major clinical interest as
better spatial resolution of intracochlear stimuli is
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important for patients. In fact, ¢rst results obtained by
Gstoëttner et al. (personal communication) with the introduction of intracochlear implants up to the very
apex support this view. In addition the thresholds for
excitation of nerve ¢bers should decrease in apical ¢bers.
4.3. In vivo studies
Measurements of ground currents in human cochlear
implants (Black et al., 1981) cannot be directly compared with potential measurements. However, the paper
by Kasper et al. (1991) would allow direct comparison
with our data. Unfortunately, this paper is con¢ned to
monopolar stimulation with an Ineraid electrode and
the graphs are on an arbitrary scale, so that no reliable
calculations for comparisons can be made.
For living animals, data are available from the cat
(O'Leary et al., 1985) and guinea pig (Jolly et al., 1996).
The cat data have been obtained with an indirect method using a masking paradigm and combined electrical/
acoustical stimulation for the estimation of length constants. The authors assume an exponential decay which
generates length constants of 3^4 mm for the cat basal
turn and bipolar electrical stimulation (0.75 mm distance). This is approximately a factor of 7 higher
than our intracochlear data and may possibly be due
to methodological di¡erences.
Direct measurements of potential distributions in the
guinea pig cochlea have been published by Jolly et al.
(1996). As already argued, the free standing guinea pig
cochlea may have di¡erent electrical properties than a
cochlea embedded in petrous bone. Nevertheless, their
data were collected with high resolution using a probe
wire which was retracted in steps from the cochlea.
Their data compare qualitatively well with our measurements as far as mono- and bipolar con¢gurations
are concerned. Their quadrupolar stimulation mode is
identical to our tripolar 36-dB situation. Other magnitudes of lateral current using additional indi¡erent electrodes were not tested by these authors. Quantitative
comparisons are again di¤cult as no quantitative data
on the sharpness of potential distributions are given
and the electrode distances were di¡erent (0.5 mm compared to 0.75 mm NUCLEUS-22 electrode). Also single
¢ber data were not provided in their paper.
The consequence of electrical ¢elds in the living
cochlea is the excitation of primary a¡erent nerve ¢bers.
In humans, only a few reports on recordings of single
primary a¡erents are available. Simmons (1966) gave a
report on the electrical stimulation of a¡erent ¢bers
during a surgical intervention. The patient reported
auditory sensations when presented with a sinusoidal
0.5 WApp monopolar stimulus.
In contrast, a number of publications deal with the
activation of single units by electrical stimulation in
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animals. The ¢rst reports were on units in the inferior
colliculus (Merzenich and White, 1977; Black and
Clark, 1980). The authors provided ¢rst data on the
spatial resolution of an intracochlear electrical stimulation. These papers made use of the fact that neurons in
the inferior colliculus can be driven from both ears.
This feature was exploited for the estimation of resolution of intracochlear electrical stimulation. However,
more direct information was available through investigators recording from primary auditory a¡erents (Hartmann et al., 1984 ; v.d. Honert and Stypulkowski, 1984;
v.d. Honert and Stypulkowski, 1987; Parkins and Colombo, 1987; Hartmann and Klinke, 1990a). In the
context of the present paper, only intracochlear stimulations are relevant. In these papers, thresholds for electrical stimulations were determined and used for the
calculation of the spatial resolution of the electrical
stimulus. The thresholds were dependent on the site
of the intracochlear stimulation electrodes relative to
the excited neuron. The mean slopes for spatial resolution were of the order of 3 dB/mm with monopolar
sinusoidal stimulation and 7.4 dB/mm for bipolar stimulation (Hartmann and Klinke, 1990b), values considerably lower than those for the resolution of acoustic
stimuli in a healthy cochlea.
Whether it is appropriate to compare acoustically
and electrically generated tuning curves is open to discussion. One might argue that the dynamic range of the
a¡erent ¢ber is much higher with acoustic stimuli than
with electrical stimuli. The dynamic range should, however, not in£uence the `threshold', i.e. the minimum
stimulus necessary to activate a ¢ber. Determination
of threshold, if the `real' threshold can ever be found,
also introduces the least error. `Normalization' of the
tuning curves based on the dynamic range of the ¢ber
concerned would introduce new uncertainties, as the
rate-intensity functions of ¢bers stimulated electrically
develop di¡erent plateaux of activity (Hartmann et al.,
1984). These plateaux depend on stimulus frequency
and intensity. Such a normalization may therefore introduce a new type of artifact. We have therefore decided to compare threshold curves.
The data on slopes for spatial resolution have been
extended in the present paper. The mean slope for monopolar con¢guration is similar in these two data-sets
(3 dB/mm, Hartmann and Klinke, 1990b, vs. 3.1 dB/
mm in the present paper). In bipolar stimulation the
mean slopes were slightly steeper in neurons evaluated
for the present paper (7.4 dB/mm vs. 8.5 dB/mm).
The present publication also provides the ¢rst single
¢ber data for di¡erent types of tripolar stimulation. It
turns out that the tripolar 36-dB con¢guration produces the sharpest spatial tuning curves, with a mean
slope of 20.8 dB/mm. This is 6.7 times higher than
with monopolar and 2.5 times higher than with bipolar
stimulation. In contrast to an initial interpretation of
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the in vitro measurements, the tripolar 310-dB con¢guration resulted in mean slopes of 9.8 dB/mm in the
spatial single ¢ber tuning curves. Thus, the slopes of
this latter con¢guration are no better than the bipolar
case. The tripolar 310-dB con¢guration appeared to be
the best localized in the tank measurements. Nevertheless, in the single ¢ber experiment, the 36-dB con¢guration was shown to be superior. The apparent discrepancies can be resolved by a more detailed analysis
of the results using the lumped element model. In this
model, radial and longitudinal currents can be considered separately. In the tripolar 36-dB situation
both radial and longitudinal currents are quite well
localized, whereas the longitudinal currents are widely
spread in the 310-dB case, as can be seen from Fig.
13c.
As a result of the construction of the NUCLEUS
electrode, radial currents leaving the electrode surfaces
will have transverse components in the cochlea (see
Footnote 1 for terminology). According to the considerations on the excitability of neurons by Ranck (1975)
and the actual single ¢ber measurements by v.d. Honert
and Stypulkowski (1987), the transversally oriented currents are more e¡ective in exciting primary a¡erent
nerve ¢bers in the cochlea. Nevertheless, the longitudinal currents play an important role (as can be seen
from model calculations of the poor spatial resolution
of monopolar stimulation). It is most likely that the
high amplitude longitudinal current causes the £at
spatial tuning curves with monopolar stimulation
(Fig. 13a). The tripolar 310-dB con¢guration may be
looked upon as a combination of a monopolar and a
tripolar situation, as a part of the current (4 dB) £ows
to the remote indi¡erent electrode. This may reduce the
advantages of a tripolar con¢guration in the 310-dB
case.
These considerations further indicate that measurements of potential distributions, a technique widely
used by numerous authors for optimizing electrode
shapes and con¢gurations (Hochmair-Desoyer et al.,
1983 ; Ifukube and White, 1987b; Suesserman et al.,
1991 ; Mortazavi, 1995; Ruddy and Loeb, 1995 ; Jolly
et al., 1996), and our own tank measurements do not
provide su¤cient information on spatial resolution. Potential gradients in tissue cause currents. These currents
are responsible for neural excitation. According to
Ranck (1975), the excitability depends on the relationship between the direction of myelinated nerve ¢bers
and the stimulation current. Currents perpendicular to
the nerve ¢ber are less e¡ective than currents parallel to
the ¢bers. Currents therefore need to be considered in
relation to their paths. This factor is included in our
model. Of course the excitability of the ¢bers may also
depend on current in a more complex way (e.g. activation function, Rattay, 1989). However, it appears to be
the longitudinal current component, that is responsible

for the di¡erences between the tank measurements and
the single unit recordings.
Another interesting result is the tip splitting observed
in electrically evoked spatial tuning curves. With bipolar stimulation the spatial tuning curves frequently display two minima with a central maximum in between.
The di¡erences between this maximum and the two
adjacent minima is of the order of 5 dB. This does
not appear signi¢cant. However, this value must be
considered within the context of the whole dynamic
range of an electrically stimulated a¡erent ¢ber. This
dynamic range depends on stimulation pattern. It is
20 dB at most with sinusoids of low frequencies and
decreases to as low as 3 dB with high frequencies or
pulsatile stimuli (Hartmann et al., 1984, Hartmann and
Klinke, 1990a). The mean di¡erences between the two
tips and the intercalated maximum is therefore of the
order of the neuron's dynamic range !
This tip splitting can be observed in 31% of ¢bers
stimulated with bipolar electrodes. It is apparently the
¢ne geometry of the location of the ¢ber relative to the
position of the stimulating electrodes that is responsible
for the structure of the spatial tuning curve. If the ¢ber
runs exactly between the two electrode rings, the radial
current (ib in Fig. 13b) will be zero. In this case, the
neuron can only be activated by the longitudinal current ia and tip splitting in the spatial tuning curve does
not arise. If, however, the ¢ber is located closer to one
of the electrode rings, both radial and longitudinal currents may contribute to the excitation of the ¢ber and
tip splitting may result.
Whatever the exact reason for tip splitting may be, it
does occur in a large proportion of a¡erent ¢bers when
stimulated bipolarly. It is possible that this feature also
contributes to the arti¢cial character of the perceptions
evoked by cochlear implants.
4.4. Model
Although the model presented here is a simpli¢cation
it does provide an explanation of the single ¢ber data.
In a real cochlea, currents will take various paths because of the di¡erent impedances of the tissues concerned. More elaborate models exist (e.g. Frijns et al.,
1995), but the present model is merely intended to represent currents which can be expected near the excitable
membranes. The model provides a close ¢t with our
experimental condition. As the calculations are performed using one single stimulation frequency, the
neglect of capacitances also appears to be acceptable.
The non-zero asymptote of the potentials (Fig. 11c) is
a boundary e¡ect caused by the ¢nite length of the
chain.
Limitations of the present model are: It does not
allow the investigation of time-frequency e¡ects and it
is only intended to clarify spatial resolution. It is limited
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to two dimensions and ignores the spiral con¢guration
of the cochlea. It simpli¢es the structure of the scala
tympani in assuming a straight tube. It is assumed that
the excitability of neurons in layers close to the electrodes is represented properly. With strong currents, the
spiral shape of the cochlea might lead to activation of
remote structures (e.g. in the modiolus), a feature that
cannot be shown by the model.
5. Conclusions
Although the present data were obtained with a NUCLEUS electrode array, the results are assumed to be
qualitatively applicable to other electrode systems. The
following may be postulated : (a) The introduction of a
tripolar 36-dB con¢guration should substantially improve the spatial resolution of cochlear implants. (b)
From the increase of potentials and improvement of
spatial resolution in the cadaver measurements and
from model calculations, it can be concluded that ¢lling
up the scala tympani with electrically insulating material may prevent current shunts and thus also improve
thresholds and spatial resolution. (c) Introducing electrode arrays up to the helicotrema would not only stimulate apical ¢bers but also serve to improve of spatial
resolution in humans and restore natural cochleotopic
representation.
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