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Current Distribution Measurements Within 
the Human Cochlea 
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Abstract -The magnitudes of tile currents returncd through each 
ground electrode line of a multiple-electrode cochlear implant array 
were determined during surgical implantations on two patients. These 
were often found to be distributed widely to points far from the stimu
lus electrode site. Furthcr measurements made in in vitro solutions 
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demonstrated that the distributions were due largely to the ground 
electrode interface impedances being significantly larger than the fluid
path impedances, and demonstrated that distributions could be changed 
by modification of the ground electrode interface impedances. 

INTRODUCTION 

Electrical stimulation of the auditory nerve is now being ac
tively investigated as a means of treating profoundly or totally 
deaf patients in whom there are residual auditory nerve fiber 
populations. Furthermore, the auditory nerve is extremely 
homogeneous in terms of its single fiber discharge characteris
tics, in contradistinction to higher auditory centers, and also 
exhibits a very simple tonotopic organization around the coch
lear spiral. Therefore, excitation of the auditory nerve from 
an electrode array placed within the cochlea presents the possi
bility of exciting fiber populations of different frequency 
bands, but which are otherwise functionally homogeneous [1] . 
Implants incorporating such arrays have provided significant 
speech intelligibility scores for two implanted patients [2] , [3] . 

This paper addresses the issue of localizing the stimulus cur
rents to individual electrode sites as this is of primary impor
tance to the successful functioning of the multiple-channel 
cochlear prosthesis. If excitation is truly tonotopic, with 
unique fiber populations excited by each active electrode, a 
much greater transfer of information to the auditory nerve 
would be possible than with single-channel stimulation. 

The electrode array used in the investigation reported here is 
a modified version of the one described elsewhere [4], and is 
shown in Fig. 1. It consists of ten active electrodes interleaved 
with ten ground electrodes that are shorted together to form a 
common ground. Physiological studies have shown that arrays 
incorporating intracochlear ground electrodes result in current 
distributions that are significantly more localized to the active 
electrode than occurs for ex tra-cochlear ground electrodes 
[5], [1]. The current distributions for an interleaved ground 
system used in the present array, however, have not previously 
been investigated. 

Measurements were made with this array during cochlear im
plant operations on two patients. The ground current distribu
tions along the length of the array were determined by mea
suring the magnitude of the current in each ground electrode 
lead wire. Subsequently, human cochlear electrical impedances 
were studied using saline-filled tu bes to provide an in vitro 
model. 

METHODS 

In carrying out cochlear implant operations [6], our pro
cedure has involved inserting a dummy electrode array along 
the scala tympani to help select an implantable device with an 
array of the correct length. In the presen t study, the dummy 
array was used to measure ground current distributions in the 
cochleas of two patients, and as the investigations were carried 
out in 10-15 min, they did not significantly disadvantage 
them. 

The dummy array used for the present measurements is 
shown in Fig. 1, and was similar to the normal array except 
that a number of active electrodes were removed. It consisted 
of two sections: a uniform silicon rubber tube of outside di
ameter 0.64 mm, and a tapered section at the tip which varied 
from 0.64 to 0.35 mm over a distance of 5.25 mm. Three ac
tive electrodes (A 1, A 2, and A 3) and five common electrodes 
(CI-C5) were situated on the uniform section;A4 and C6-C9 
were situated on the taper. Each electrode consisted of a band 
of pure platinum foil (99.5 percent Pt, Goodfellows Metals) 
0.3 mm wide and 0.0075 mm thick, tightly welded around 
the tube. A single Teflon-coated wire (Pt-IO percent Ir) of 
outside diameter 0.025 mm was welded to each electrode and 
passed back through the tube to the connector. 

The magnitude of the ground currents in each ground elec
trode line was determined by switching a current sensor 
(Zin < 1 Q) into each line. A current source with amplitude 
0.5 rnA, 0.2 ms pulse Width, and repetition rate 100 pulses/s 
stirnulated the active electrodes. 

RESULTS 

Results for the two patients were similar. Ground currents 
for one patient when stimulating electrodes A 1, A3, and A4 
are shown in Fig. 2. 

The main features to be noted from these plots and from 
other measurements are the following. 

1) There was considerable propagation of the ground cur
rents along the length of the array Which, in most cases, did 
not decrease monotonically with distance from the stimulus 
site. 

2) The propagation was greatest in the basal direction (i.e., 
in the direction of Cl). This was most clearly seen when 
stimulating the apical active electrode A 4 where the ground 
current in C8, which was a common electrode adjacent to A4, 
was approximately the same as the ground current in Cl, the 
basal-most ground electrode. Conversely, stimulating the 
basal electrode A 1 resulted in ground currents which were 
relatively well localized to the stimulus site. 

3) Measurements made for two positions of the electrode in 
the cochlea, viz. insertion depths of 18.5 and 14.5 mm from 
the round window, yielded similar current distributions. 

4) Ground currents summed linearly for coincident stimula
tion of two electrodes. 

It is, of course, not possible to deduce the total current dis
tribution from the results above. The total current distribu
tion must be considered to arise from the total source current 
at the active electrode, which propagates through the cochlear 
fluids to be returned to the ground electrodes. The results of 
Fig. 2 contain only the discrete values of the total sink cur
rents returned to each ground electrode. Although the ground 
currents were distributed in some cases almost uniformly along 
the length of the array, discrete neural excitation was never
theless presumably possible since psychoacoustic tests per
formed with this patient (and with one other patient on which 
electrode characteristics were not measured) revealed that a 
unique spectral color percept was achieved when stimulating 
each electrode [2], [3]. This percept was generally graded 
along the length of the array in a manner related to the nurmal 
tonotopical organization of the cochlea. Since the total cur
rent was sourced at the active electrode, the current density in 
the tissues would have been largest adjacent to the active elec
trode, and the ground currents would presumably have been 
mainly subthreshold. However, in some cases it is possible 
that ground currents may become excitatory. The stimulus 
thresholds in these two patients were in the range 200-500 J,J.A. 
Because the electrode array was somewhat smaller than the 
scala tympani, the greater part of this range was most likely 
due to different distances between the active electrodes and 
the terminal nerve fibers. It is therefore conceivable that 
ground electrodes adjacent to active electrodes which exhibit 
low stimulus thresholds will lie close to the nerve fibers. 
Therefore, if stimulation from other active electrodes with 
higher thresholds results in large ground currents being in
duced in such ground electrodes, they may conceivably be
come excitatory. In addition, the ground currents may become 
suprathreshold for coincident stimulation from more than one 
active electrode since they will sum linearly, in which case 
they will result in rapid recruitment of stimulated nerve fibers 
due to their large spatial distributions. It is therefore neces
sary to reduce the magnitude of these ground currents. 

The gross distribution and nonmonotonic nature of the 
ground currents suggest that they are largely determined by 
the ground electrode interface impedances. The amount of 
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Fig. 2. Ground currents arising from stimulation of A I, A3, and A4 in 
a single patient. Positions of actives are indicated by the correspond
ing symbols on the abscissa. 

current returned to a given ground electrode will be deter
mined by both the t1uid-path impedance from the active to 
the ground electrode and the impedance of the tissue-t1uid 
interface for that ground electrode. Hence, if the interface 
impedances arc significantly larger than the f1uid-path im
pedances, the ground current distribution will be large in ex
tent since the impedance paths to each ground electrode will 
be similar. Furthermore, small variations in shape and size of 
ground electrodes will be ret1ected in variable interface im
pedances and concommitant ground current variations as 
observed. 

Further evidence for this is found in the results of Fig. 3 in 
which the ground currents are plotted for stimulating A 3 when 
the electrode was placed in saline-filled tubes of diameters 5, 
3.5, and 1.5 mm, and in a saline-filled beaker. The results for 
stimulation in the beaker show nonmonotic features identical 
to those measured in the human cochlea, although the ground 
currents were more widely spread. Measurements made in the 
5 and 3.5 mm tubes were almost identical to those made in 
patient I, and the current distributions for the 1.5 mm tube 
were significantly more localized to the stimulus site and es
sentially monotonic. All of these results are consistent with 
the hypothesis that in the human cochlea, the ground current 

Fig. 1. Cochlear implant test electrode showing ground current measurement scheme. A current monitor is successively 
switched into each ground electrode line during stimulation of active electrodes A I-A4. 
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Fig. 3. Ground currents for stimulation of A 3 when measured in the 

human cochlea, saline-filled tubes of diameters 5, 3.5, and 1.5 mm, 
and in a saline-filled beaker. C9 was open circuit when measurements 
were made in saline beaker and 5 and 1.5 mm saline tubes. 

distributions for the present array are determined mainly by 
the interface impedances. For example, t1uid-path impedances 
in the saline beaker will be very low due to the large saline 
volume. Since the ground current distribution in this case ex
hibits characteristics similar to those for measurement in the 
human cochlea, it follows that the interface impedances must 
be significantly higher than the fluid-path impedances in both 
cases. However, in the 1.5 mm diameter tube, the t1uid im
pedances will be relatively more significant, and the overall 
ground current distribution will depend less on the interface 
impedances as seen in the essentially monotonic decrease of 
ground current with distance from the stimulus site. It would 
appear that saline-filled tubes of diameters 3.5 and 5.0 mm 
represent good in vitro models of the human cochlear elec
troanatomy for the investigation of the properties of this 
electrode. 

Other experiments performed with arrays containing elec
trodes of different shapes and surface areas indicated that in
dividual variations in impedances of the ground electrodes for 
the present array were almost entirely due to differences in 
the surface areas and the degree of tightness to which the elec
trode was welded around the silicon rubber tube. Large elec
trode surface areas and loosely fitting electrodes resulted in 
large ground current sinking. This phenomenon explains the 
basal propagation of the ground currents where the electrode 
surface areas were greatest due to the larger diameters in this 
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Fig. 4. Ground currents measured in a 5 mm diameter saline-filled tube 
for a uniform diameter (0.64 mm) electrode array with smooth plati
num ground electrodes, and with subsequent platinization of the 
ground electrodes. 

position. From measurements made on single electrode pairs, 
the interface impedances of the ground electrodes are 1-2 k[2 
for the range of ground currents measured. However, a 3.5 
mm diameter saline-filled tube, which is an adequate model of 
the electrical environment of the human cochlea for investi 
gating the properties of the array, exhibits a longitudinal im
pedance of 20 [2/mm (or 30 [2 between ground electrodes). 

It follows that in order to reduce ground current spread, one 
method is to reduce the ground electrode interface impedance. 
Fig. 4 presents results made on a uniform diameter (0.64 mm) 
electrode array where ground currents were measured in the 
usual way and then again after the ground electrodes were 
plated with a layer of platinum-platinum black to reduce the 
interface impedances. There was clearly a greater attenua
tion of the ground current in the latter case. While platinum
platinum black is not necessarily suitable as a long-term im
plant material, some form of mechanically roughened platinum 
surface [7] may suffice in lowering the interface impedance. 
Alternatively, the problem may be solved electronically where 
switching circuits can be used to "open circuit" all ground 
electrodes apart from the ground electrode adjacent to the 
active electrode to provide a true bipolar stimulus. 

DISCUSSION 

The measurements presented expose some potential prob
lems should it prove necessary to use coincident stimulation 
from two or more electrodes. If discrete bipolar stimulation 
is attempted using ground electrode switching, which makes 
common the ground electrode adjacent to each·'at;tive elec
trode and open circuits the remainder, large stimulus interac

tions would be expected with coincident stimUlation because 
of the high interface impedances of these ground electrodes. 
However, coincident stimulation, when performed with an 
array which has a ground electrode with a low interface im
pedance, will produce ground currents which are reasonably 
well localized to the site of each active electrode, with the 
possibility that the stimulus currents will also be localized to 
the stimulus sites. 

Another possible method of red ucing such interactions 
would be to use an electrode which displaces a greater volume 
of perilymph than the present electrode, thus increasing the 
tissue impedances. However, from the data presented, this is 
unlikely to occur. The electrical properties of the present elec
trode are quite accurately modeled by saline-filled tubes of 
diameters 3.5-5.0 mm. The average cross-sectional area of the 
human scala tympani is 1.5 mm2 [II], which is equivalent to 
a circular tube of diameter 1.4 mm. Since the resistivity of 
perilymph is almost identical to that of saline, and the tube di
mensions are much larger than the human scala tympani, it 
appears that other cochlear structures also determine the elec
trode load impedance. These :;tructures could conceivably dis
perse the ground currents, even if the electrode system were 
designed to completely displace all the perilymph from the 
scala tympani. Thus, while electrode arrays have been de
signed with moulded Silastic carriers which fit the scala tym
pani [8], [9], and which exhibit well-localized currents for 
single electrode stimulation [10], electrode interactions could 
be expecteJ with coincident stimuli. This is all the more so 
since the interface impedances are presumably much higher 
than for the present electrode because of the smaller electrode 
surface areas employed. 

ACKNOWLEDGMENT 

The authors wish to acknowledge the surgical assistance of 
Dr. Q. Bailey, Dr. B. Pyman, and Dr. R. Webb, the assistance 
of the theatre staff of the Royal Victorian Eye and Ear Hos
pital, and the technical assistance of L. Cole and G. Cook. 

REFERENCES 

[1]	 R. C. Black and G. M. Clark, "Differential electrical stimulation 
and the auditory nerve," 1. Acoust. Soc. Amer., vol. 67, Mar. 
1980. 

[2]	 Y. C. Tong, R. C. Black, G. M. Clark, 1. C. Forster, 1. B. Millar, 
B. J. O'Loughlin, and J. f. Patrick, "A preliminary report on a 
multiple-channel cochlear implant operation," 1. Laryngol. Otol., 
vol. 93, pp. 168-174, July 1979. 

[3]	 Y. C. Tong, 1. B. Millar, G. M. Clark, L. F. Martin, P. A. Busby, 
and J. F. Patrick, "Psychophysical and speech perception studies 
on two multiple channel cochlear implant patients," 1. Laryngol. 
Orol., vol. 94, pp. 1241-1256, 1980. 

[4J	 G. M. Clark, 1. f. Patrick, and Q. R. Bailey, "A cochlear implant 
round window array," 1. Laryngol. Otol., vol. 93, pp. 107-109, 
Feb. 1979. 

[5]	 R. A. Schindlcr, M. M. Merzenich, 1. White, and B. Bjorkroth, 
"Multielectrode intracochlear implants," Arch. Oto-Laryngol.. 
vol. 103, pp. 691-699,1977. 

[6J	 G. M. Clark, B. C. Pyman, and Q. R. Bailey, "The surgcry for 
multiple-electrode cochlear implantations," 1. Laryngol. Otol., 
vol. 93, pp. 215-223, Mar. 1979. 

[7J	 S. B. Brummer and J. McHardy, "Current problems in electrode 
development," in Functional Electrical Stimulation. New York: 
Dekker, 1977. pp. 499-514. 

[8J	 R. A. Schindler and M. M. Merzenich, "Chronic intracochlear 
electrode pathology and acoustic nerve survival," Ann. Otol., 
vol. 83, pp. 202-215, 1974. 

[9J	 R. P. Michelson, E. Schubert, S. Walsh, and M. White, "Protocol 
for determining the auditory percepts of electrical stimulation of 
the cochlea," Laryngoscope, vol. 89, pp. 748-751,1979. 

[10]	 R. A. Schindler, M. M. Merzenich, M. W. White, and B. Bjorkroth, 
"Multielectrode intracochlear implants," Arch. Otol., vol. 103, 
pp. 691-699, 1977. 



72S 
IEEE TRANSACTIONS ON BIOMEDICAL ENGINeERING, VOL. BME-28, NO. 10, OCTOBER 1981 

[11] M. Igarashi, M. Takahashi, and B. R. Alford, "Cross-sectional 
area of scala tympani in human and cat," Arch. Oto-Laryngol.,
 
vol. 102, pp. 428-433, 1976
 



Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Black, Raymond C.;Clark, Graeme M.;Patrick, James F.

Title:
Current distribution measurements within the human cochlea

Date:
1981

Citation:
Black, R. C., Clark, G. M., & Patrick, J. F. (1981). Current distribution measurements within
the human cochlea. IEEE Transactions on Biomedical Engineering, October, BME-28(10),
721-725.

Persistent Link:
http://hdl.handle.net/11343/28734

http://hdl.handle.net/11343/28734

	Text1: Copyright © 1981 IEEE.   Reprinted from IEEE Transactions on Biomedical Engineering.This material is posted here with permission of the IEEE. Such permission of the IEEE does not in any way imply IEEE endorsement of any of The University of Melbourne's products or services.  Internal or personal use of this material is permitted.  However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution must be obtained from the IEEE by writing to pubs-permissions@ieee.org.By choosing to view this document, you agree to all provisions of the copyright laws protecting it.


