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Studies then indicated that three mechanisms produce
hearing when the cochlea is stimulated electrically [4–5].
First, the middle ear acts as a transducer, which obeys the
“square law,” and converts alterations in the strength of an
electrical field into the mechanical vibrations that produce
sound. The thought was that the tympanic membrane is
attracted to and from the medial wall of the middle ear
and that these vibrations are responsible for the hearing
sensation. Second, sound was heard when the middle ear
structures were absent. This finding suggests a second
type of transducer that is linear. It also indicates that elec-
trical energy converts into sound by a direct effect on the
basilar membrane that then vibrates maximally at a point
determined by the frequency, and these vibrations stimu-
late the hair cells (referred to as electrophonic hearing).
Third, a crude hearing sensation was produced in patients
with minimal or absent hearing that was due to direct
stimulation of the auditory nerve.

Preliminary Studies on Deaf Patients
An investigation was next performed on a deaf patient

[6]. The electrodes were placed on the auditory nerve that
was exposed during an operation for cholesteatoma. The
patient was able to detect differences in pitch in frequency
increments from 100 to 1,000 pps. He was also able to
distinguish certain words such as “papa,” “maman,” and
“allô” presented as a raw speech waveform.

Another study described the results of implanting six
electrodes into the modiolus of the cochlea in a patient
with complete perceptive deafness [7–8]. Single stimuli
produced a pitch sensation. This sensation varied accord-
ing to the stimulating electrode, although where the elec-
trode lay was not clear. The speech spectrum was
separated into frequency bands, and each band was stimu-
lated according to the characteristic “pitches” of the vari-
ous electrodes. However, this method failed to result in
speech understanding.

Personal Research Directions from 1967–1969
Because the results did not indicate that speech

understanding was possible with electrical stimulation of
the auditory nerve [7–8], I considered in 1969 that the
best chance of success was to answer a series of questions
elaborated in my doctor of philosophy dissertation, “Mid-
dle ear and neural mechanisms in hearing and the man-
agement of deafness” [9], and referenced in “Cochlear
implants” [1,10].

These publications stated the following:
(1) Electrical stimulation of the auditory nerve
could not be expected to produce hearing in
patients with damage to the higher auditory cen-
ters. Many children and some adults with percep-
tive deafness, however, have a lesion involving
the cochlea and not the higher centers, and could
be helped when their deafness is severe.
(2) It would also be desirable to have clinical
tests which enable patients to be selected into
those most likely to benefit from the operation.
Tests of speech intelligibility and the presence of
recruitment are satisfactory when some residual
hearing remains, but in the patients where severe
or total deafness is present these methods would
not be adequate. It is possible that an objective
test of hearing using preliminary electrical stimu-
lation of the cochlea could be devised.
(3) The type of electrodes used, and their method
of implantation will also have to receive careful
consideration as it was shown [11] that when
electrodes are chronically implanted their resis-
tance increases, and this could lead to unreliable
stimulation. It was also demonstrated that when
electrodes are chronically implanted in the scala
tympani of cats through an incision in the round
window, the surgical trauma need not cause per-
manent cochlear damage. The factors responsible
for degeneration of the organ of Corti and audi-
tory nerve fibers were unpredictable; however,
infection was found to consistently produce
widespread destruction of tissue.
(4) Not only do these technical problems require
solution, but a greater understanding of the encod-
ing of sound is desirable. As emphasized [12], the
terminal auditory nerve fibers are connected to the
hair cells in a complex manner, which could make
it difficult for electrical stimulation to simulate
sound. The relative importance of the volley and
place theories in frequency coding is also relevant
to the problem. If the volley theory is of great
importance in coding frequency, would it be pos-
sible for different nerve fibers, conducting the
same frequency information, to be stimulated in
such a way that they fired in phase at stimulus
rates greater than 1000 pulse/s. If this was possi-
ble, it would then have to be decided whether this
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could be done by stimulating the auditory nerve as
a whole, or whether local stimulation of different
groups of nerve fibers in the cochlea would be
sufficient. On the other hand, if the place theory is
of great importance in coding frequency, would it
matter whether the electrical stimulus caused
excitation of nerve fibers at the same rate as an
auditory stimulus, or could the nerve fibers pass-
ing to a particular portion of the basilar membrane
be stimulated without their need to fire in phase
with the stimulus?
(5) If the answers to these questions indicate that
stimulation of the auditory nerve fibers near their
terminations in the cochlea is important, then it
will be necessary to know more about the internal
resistances and lines of current flow in the
cochlea, and whether the electrical responses nor-
mally recorded are a reflection of the transduc-
tion of sound into nerve discharges, or directly
responsible for stimulating the nerve endings.
(6) The final criterion of success will be whether
the patient can hear, and understand speech. If
pure tone reproduction is not perfect, meaningful
speech may still be perceived if speech can be
analyzed into its important components, and these
used for electrical stimulation. More work is
required, however, to decide which signals are of
greatest importance in speech perception [9].

Basic Physiological Studies to Reproduce Coding of 
Sound with Electrical Stimulation of Auditory Nerve

I undertook basic physiological studies to help answer
some of these questions. In particular, I assumed first that
the temporal firing patterns of cells to auditory stimuli
would underlie an animal’s ability to perceive frequency.
Second, the extent to which electrical stimuli could repro-
duce the response patterns should show how well fre-
quency was perceived in implanted patients [9]. This,
however, did not mean that if electrical stimuli did not
reproduce the pattern, they would be unsatisfactory. Nev-
ertheless, without any other criteria, this comparison
would then be considered to provide a standard for mea-
suring the performance of electrical stimulation in coding
sound.

I undertook personal research in 1967 to answer the
question, Could electrical stimulation of the auditory
nerve reproduce the frequencies of speech through tem-
poral or place coding as well as the coding of intensity?

Temporal Coding of Frequency
The temporal code for sound frequency is illustrated in

Figure 1. Note the brain stem cells fire in phase with the
sine waves, but Figure 2(a) shows that although they fire
in phase, they do not always respond to each sine wave,
because some intervals are higher multiples of the period
of the sine wave. The phase-locking of the neurons can be
determined by one seeing how well the intervals between
nerve action potentials are synchronized to the sine wave

Figure 1.
Action potentials from brainstem cells (top) in superior olivary nucleus of
cat to (arrows) sound frequency of 500 Hz sine wave (bottom).
Illustration by author. Reprinted by permission of Springer
Science+Business Media, © 2003, from Clark GM. Cochlear implants:
fundamentals and applications. Berlin (Germany): Springer-Verlag; 2003.

Figure 2.
(a) Phase-locking of action potentials in group of nerve fibers.
(b) Interspike interval histogram of neural responses to acoustic
stimulus of 0.416 kHz. Illustration by author. Reproduced by
permission of Philosophical Transactions of Royal Society B from
Clark GM. The multiple-channel cochlear implant: the interface
between sound and the central nervous system for hearing, speech,
and language in deaf people—a personal perspective. Philos Trans R
Soc Lond B Biol Sci. 2006;361(1469):791–810. [PMID: 16627295]

http://www.ncbi.nlm.nih.gov/pubmed/16627295
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(Figure 2(b)). The phase-locking decreases for higher fre-
quencies when it becomes more probabilistic or stochastic
and ceases at 4.0 to 5.0 kHz [13–14].

If the temporal coding of speech frequencies was of
prime importance and could be mimicked with electrical
stimulation, only a single-channel implant might be
required. Single-channel implants have either transmitted
the amplitude variations of the speech wave [15–17] or
the voicing frequency [18] to a single electrode.

The research that I undertook in 1967 on the cat
brainstem determined the extent to which neurons could
follow the electrical stimulation rate of auditory nerve
fibers in the cochlea without being suppressed by inhibi-
tory mechanisms [19–20]. Recording at this level of the
brain was necessary because the frequency discrimina-
tion of acoustic stimuli in the behavioral experimental
animal had been shown to occur in the brainstem and not
in the auditory nerve [21]. The data revealed that for
brainstem neurons, electrical stimulation above 200 to
500 pps did not reproduce the same sustained firing rate
or response patterns as a tone of the same frequency; this
finding was most likely because electrical stimulation
produced strong inhibition that suppressed neural activ-
ity. Furthermore, the firing was deterministic (i.e.,
tightly phase-locked to the stimulus) [19–20].

The cell responses in this study were only a small
sample of the total population in the brainstem. On the
other hand, field potentials are the summed electrical
activity of many action potentials from a population of
cells. Consequently, the auditory nerve was stimulated
electrically and the field potentials recorded from elec-
trodes that were placed within the brainstem [19–20].
The field potentials were markedly suppressed at rates
from 100 to 300 pps (Figure 3) [9].

The field potential recordings from the brainstem thus
showed electrical stimulation that attempted to reproduce a
rate or time-period code would probably not convey ade-
quate frequency information for a cochlear implant to help
deaf patients understand the range of speech frequencies
required for speech understanding, which is up to 4,000 Hz.
Consequently, local stimulation of nerve endings along dif-
ferent parts of the basilar membrane according to the place
theory would be needed [19–20].

In addition, because 200 spikes/s was shown to be the
maximum rate for an acoustic stimulus, Moxon also
undertook research to determine the refractory period of
auditory nerve fibers using electrical stimulation [22]. Was
this limitation due to the refractoriness of the nerve fibers
or mechanisms within the cochlea? The absolute refractory
period of the auditory nerve fibers was found, by presenta-
tion of electrical stimuli pairs, to be only 0.5 ms for short
bursts of stimuli and 2.0 ms for longer durations [22].

To ensure the brain used no processes for the percep-
tion of stimulus rate other than those reflected in unit and
field potential responses, I led a series of behavioral stud-
ies on alert experimental animals from 1971 to 1975 [23–
25]. The research demonstrated that cats could only ade-
quately discriminate stimulus rates of 100 and 200 pps
for both electrodes at the basal (high-frequency) and api-
cal (low-frequency) ends of the cochlea [23,26]. The
upper limit on the rate that could be discriminated from
any electrode was found to be 600 to 800 pps [24–25].
This finding was consistent with the cell and field poten-
tial data. Also significant were the low rates of excitation
that could be discriminated at the high-frequency region
of the cochlea; this finding indicated that rate could be
coded independently from place of stimulation. In addi-
tion, studies on conditioned animals demonstrated that
the detection of electrical stimuli modulated at low fre-
quencies was the same as for glides of sound at identical
low frequencies [24]. But at high modulation rates, detec-
tion was much poorer for electrical than acoustic stimuli
[24]. This result indicated that rate of stimulation would
not reproduce the rapid-frequency glides that are impor-
tant for coding consonants and varying the place of stimu-
lation would be required [14].

This research indicated that single-channel stimula-
tion, which would need to rely on temporal coding,
would be inadequate for speech understanding. Further-
more, later results confirmed that patients with implants
were unable to discriminate differences in rate ≥200 to
700 Hz [7–8,27–29].

Figure 3.
Field potentials from superior olivary complex in auditory brainstem
of cat for 1 and 300 pps rates of simulation of auditory nerve in
cochlea. Illustration by author.
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Place Coding of Frequency
Thus it was important to know whether electrical cur-

rent could be adequately localized to separate groups of
auditory nerve fibers in the cochlea for place coding mid
to high frequencies of speech, because these are specially
relevant to understanding consonants. With place coding,
as illustrated in Figure 4, sound frequencies are filtered
by the basilar membrane, with the maximal displacement
for the high frequencies in the basal turn moving to the
apical turn for low frequencies. Place coding is preserved
throughout the auditory system as seen with an orderly
frequency scale for each cell’s frequency of best response
[30–31]. The pitch perceived should thus depend on the
site of excitation in the brain [32].

To achieve place coding, Merzenich et al. first focused
their research on inserting a molded electrode array in the
scala tympani to fill the space [33–34], thus limiting the
spread of current around it. They also showed that current

was best localized with bipolar stimulation of the peripheral
auditory nerve fibers in the cochlea, with current flowing in
a radial rather than longitudinal direction (Figure 5). The
conclusions from this research on cats with hearing, how-
ever, were not readily applicable to patients with cochlear
implants. Cochlear disease and anatomical variations made
the precise placement of the electrode difficult under the
basilar membrane for the required localized stimulation.
Furthermore, research later found that a high current level
was required to achieve threshold and that stimulation over
the dynamic range was not always possible, because the
stimulator would run out of voltage compliance [35].

On the other hand, Black and Clark’s research first
aimed to determine where the electrodes should be placed
within the cochlea to provide the best localization of the cur-
rent [36–38]. A model of tissue resistances within the
cochlea [39–40] demonstrated that a current passing through
the organ of Corti (which would excite peripheral auditory
nerve fibers) would be localized for monopolar stimulation
(Figures 5–7) [36–38,41]. As shown in Figure 7, for stimu-
lation of the peripheral auditory nerve, the spread of current
through the organ of Corti fibers falls off rapidly with dis-
tance and is thus well localized for monopolar stimulation.

The model findings were then evaluated in the experi-
mental animal with comparisons of current distributions in
the terminal auditory nerve fibers for monopolar as well as
bipolar stimulation in the scala tympani (Figure 5) and
between electrodes placed in the scala tympani and the scala

Figure 4.
Connections from regions of best frequency response in cochlea to
neurons in primary auditory cortex, demonstrating how frequency
scale is preserved (tonotopic organization). Intermediate centers are
not shown for sake of simplicity, but tonotopic scale is preserved in
each one. Illustration by author. Adapted from Clark GM. Electrical
stimulation of the auditory nerve: the coding of frequency, the
perception of pitch and the development of cochlear implant speech
processing strategies for profoundly deaf people. Clin Exp Pharmacol
Physiol. 1996;23(9):766–76. [PMID: 8911712]

Figure 5.
Voltage (V) fields for bipolar and monopolar stimulation. Illustration
by author. Adapted from Clark GM. Cochlear implants: Fundamentals
and applications. Berlin (Germany): Springer-Verlag; 2003.
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vestibuli. As with the mathematical model at a point 14 mm
from the round window, where the cross-sectional area of the
cochlea is reduced, the length constant (a measure of current
spread) became smaller, showing that current was localized
for monopolar stimulation. The localization of the current
with monopolar stimulation was later demonstrated to be
effective in persons with implants, provided the electrodes in
the scala tympani lay close to the auditory nerve fibers [41].

Coding of Intensity
The coding of sound intensity over the normal 120 dB

intensity range may, in part, be due to the mean rate of unit
firing of cochlear nerve fibers and the population of neurons
excited. The dynamic ranges for fiber discharge rates were
observed to be approximately 4 dB from threshold to maxi-
mum firing. This range is very narrow when compared with
the 20 to 50 dB range in firing rate for sound [42–44].

Electroneural Bottleneck
These studies just mentioned, outlined in more detail by

Clark [1,14], have demonstrated that even with multichan-
nel stimulation, an electroneural “bottleneck” (Figure 8)
was displayed at the interface between sound and the audi-

tory pathways, limiting the rate and place coding of fre-
quency and intensity. Thus only certain acoustic signals
could pass through for brain processing and perception.
Therefore, I decided to direct research to determine which
speech signals to extract and how to transmit them through
the bottleneck [1,14].

Figure 6.
Two-dimensional component of three-dimensional resistance model of
cochlea. SV = scala vestibuli, ST = scala tympani, OC = organ of Corti,
iOC = current through OC, ig = current to ground, R = resistances 1–6b,
V = voltage. Adapted from diagram by author from Black RC, Clark
GM. Differential electrical excitation of the auditory nerve. J Acoust
Soc Am. 1980;67(3):868–74. [PMID: 6892642]

Figure 7.
Resistance model of cochlea for spread of current and voltage. iOC =
current through organ of Corti, ig = ground current. Adapted from
diagram by author from Black RC, Clark GM. Differential electrical
excitation of the auditory nerve. J Acoust Soc Am. 1980;67(3):868–74.
[PMID: 6892642]

Figure 8.
Electroneural “bottleneck” with electrical stimulation of auditory
nerve between sound and auditory pathways.

http://www.ncbi.nlm.nih.gov/pubmed/6892642
http://www.ncbi.nlm.nih.gov/pubmed/6892642
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Safe Implantation of Multiple-Electrode Array into 
Cochlea

The discoveries just given, however, demonstrated that
before speech studies in patients, the place as well as tem-
poral coding of frequency for electrical stimulation would
need to be clarified. Place coding, in particular, required
multichannel stimulation and was best achieved with elec-
trodes placed inside the cochlea [38]. But was this safe?

Surgical Trauma
The first safety question was, Could multiple elec-

trodes be placed safely within the scala tympani of the
cochlea [36–38] without significant damage to its delicate
structures and especially the auditory nerve fibers? Having
commenced stapes surgery for otosclerosis in 1962, I was,
as were most of my ear, nose, and throat colleagues, aware
of how sensitive the cochlea was to trauma.

My research on biological safety began in 1972 [45],
and it demonstrated that when multiple electrodes were
inserted into the scala tympani of the cochlea through a
number of holes drilled in the overlying bone, marked
damage of all structures and associated loss of the audi-
tory nerve fibers were found (Figure 9) [45]. However,
further research discovered that a free-fitting electrode
carrier could be passed through the round window and
upward around the scala tympani with only mild histo-
pathologic changes (Figure 9) [45–46]. An opening
could also be drilled into the apical turn of the cochlea
and the electrode passed downward toward the base with
some but no major damage [46].

Electrode Mechanical Properties
The second question was, What were the right mechani-

cal properties required for an electrode bundle to pass

upward far enough without trauma around the scala tym-
pani and lie opposite the auditory nerves and transmit
speech frequencies on a place coding basis?

The studies on the stiffness and extensibility of the
materials required to achieve an adequate insertion depth
were undertaken in 1975 on human temporal bones and
molds of the cochlea (Figure 10) [47]. The electrode car-
riers were found to pass only 10 to 15 mm upward into
the tightening spiral of scala tympani of the basal turn.
But, as with the experimental animal, they passed down-
ward easily into the widening spiral of the cochlea.
Research also demonstrated that an electrode bundle
inserted upward along the scala tympani would lie at the
periphery of the spiral but its upward progress in the
basal turn was impeded through frictional forces against
the outer wall (Figure 10) [47]. The electrodes needed to
be smooth to minimize the friction for easy and effective
insertion and reinsertion without trauma.

However, I discovered in 1977 that by inserting
blades of grass into a turban shell (Figure 11), a large-
scale replica of the cochlea, I could achieve an appropri-
ate insertion depth if the electrode bundle was flexible at
the tip and became increasingly stiff toward its proximal
end [1]. This satisfactory insertion depth was made possi-
ble by the incremental addition of electrode wires that

Figure 9.
(a) Cat cochlea after inserting electrodes through openings drilled in
overlying bone and (b) cochlea after electrode bundle had been inserted
along scala tympani by way of incision in round window membrane.

Figure 10.
Teflon-coated electrode bundle passed around (white arrow) mold of
human cochlea to maximum distance of 15 mm. Adapted from
illustration by author from Clark GM, Hallworth RJ, Zdanius K. A
cochlear implant electrode. J Laryngol Otol. 1975;89(8):787–92.
[PMID: 1185061]

http://www.ncbi.nlm.nih.gov/pubmed/1185061
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progressively stiffened the array from the tip to the base
(Figure 12). This electrode with increasing stiffness
could be passed around the basal turn to lie opposite the
speech frequency region (Figure 13).

In 1978, circumferential electrodes were found to have
the required smooth surface for minimizing friction and
allowing the electrodes to pass around the basal turn [48].
With the circumferential electrodes, the array tolerated lat-
eral displacement or rotation with the insertion. Insertions
of the tapered, free-fitting array with graded stiffness

and banded electrodes were performed with minimal
trauma on fresh human temporal bones [49]. Trauma
could occur 7 to 13 mm from the round window, where the
outer cochlear wall is splayed, and this directed the array at
the basilar membrane. Investigations demonstrated that
rotating the electrode brought the tip downward away from
the membrane [50], and this procedure ensured this injury
did not happen. Furthermore, research in the experimental
animal indicated that the banded electrode array was not
held tightly by a fibrous tissue sheath and could be
removed easily and another one reinserted at a later stage,
if replacement was required [51].

The mechanical properties of free-fitting arrays and
their propensity to cause trauma were later studied using
finite element modeling for predicting the stress-strain
response of bodies for different external forces [52–53]. The
model allowed contact stresses during insertion into the
human cochlea to be calculated (Figure 14). The dynamics

Figure 11.
Turban shell (Ninella torquata) and grass blade with graded stiffness
passing around first to second turn of cochlea.

Figure 12.
Banded electrode array with incremental addition of wires to provide
variable stiffness. Adapted from illustration by author from Clark
GM, Blamey PJ, Brown AM, Gusby PA, Dowell RC, Franz, BKH,
Pyman BC, Shepherd RK, Tong YC, Webb RL, Hirshorn MS, Kuzma
J, Mecklenburg DJ, Money DK, Patrick JF, Seligman PM. The
University of Melbourne—Nucleus multi-electrode cochlear implant.
New York (NY): Karger; 1987. p. 38.

Figure 13.
Banded, free-fitting, smooth, and tapered electrode array with graded
stiffness that had been passed into scala tympani of basal turn of human
cochlea (BT). RW = round window (entry point to BT), M = modiolus
in which lie spiral or auditory ganglion cells. Reprinted by permission
of Springer Science+Business Media, © 2003, from Clark GM.
Cochlear implants: Fundamentals and applications. Berlin (Germany):
Springer-Verlag; 2003.
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of the movement of the electrode array could also be
visualized. The contact pressure and its distribution along
the portions of the array in apposition with the cochlea
wall were predicted (Figure 15) and provided a quantita-
tive measure of the degree of trauma that could occur
during insertion. Of particular interest were the contact
pressures at the tip of the array and at segments during
and after insertion. The buckling stresses were high for
all points along an array with uniform stiffness (design
A), they were low for the electrode with graded stiffness
(design B), and a marked increase was seen in the buck-
ling stresses toward the outer end of the array with the
soft tip and uniform stiffness (design C) (Figure 15).
This study used a two-dimensional model and supported
the free-fitting banded flexible array with graded stiff-
ness as a good design [53]. It was later upheld with a
three-dimensional model [52].

A perimodiolar precurved array was developed next
to hug the modiolus and allow more localized stimulation
of auditory ganglion cells and stimulation at lower thresh-
olds. This development first began at the University of
Melbourne’s Australian Research Council’s (ARC’s)
Human Communication Research Centre in 1989 and
was improved by two Cooperative Research Centers
(Figure 16) [1]. A stylet was found to be required to hold
the precurved array straight during the insertion, but this
increased the stiffness of the array and the risk of trauma
[1,52,54–55]. Less trauma occurred if the array was

inserted 8.5 mm and then advanced off the stylet [56].
Having an array with a bent [50] or soft tip [57] was an
added benefit.

Figure 14.
Deformation of electrode array with graded stiffness when inserted
into scala tympani: (a) uniform stiffness, (b) graded stiffness, and
(c) uniform stiffness and soft tip. Adapted from graphic by author
from Chen BK, Clark GM, Jones R. Evaluation of trajectories and
contact pressures for the straight nucleus cochlear implant electrode
array—a two-dimensional application of finite element analysis. Med
Eng Phys. 2003;25(2):141–47. [PMID: 12538068]

Figure 15.
(a) Contact pressures at tips of arrays. (b) Contact pressure distribution
along array after insertion. Three electrode arrays: design A: uniform
stiffness, design B: graded stiffness, and design C: uniform stiffness and
soft tip. Adapted from graphic by author from Chen BK, Clark GM, Jones
R. Evaluation of trajectories and contact pressures for the straight nucleus
cochlear implant electrode array—a two-dimensional application of finite
element analysis. Med Eng Phys. 2003;25(2):141–47. [PMID: 12538068]

http://www.ncbi.nlm.nih.gov/pubmed/125380681
http://www.ncbi.nlm.nih.gov/pubmed/12538068
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Biocompatibility
The third question was, Would candidate materials for

the multiple-electrode bundle be toxic to the inner ear and
auditory nerve? The late 1970s revealed a scarcity of data
on the biocompatibility of materials for the electrode array
and receiver-stimulator package [58–59]. The procedures
used in the studies were appropriate modifications of those
outlined in the U.S. Pharmacopoeia (1980): Rats were used
instead of rabbits, materials were inserted under vision into
the subcutaneous tissue and muscle rather than blindly
through the skin, materials were left in place for 14 rather
than 7 days for more clearly distinguishing between healing
and inflammation, reactive and nonreactive controls were
used, four to six animals were studied rather than the rec-
ommended two, and responses were graded microscopi-
cally rather than macroscopically and only when an implant
pocket could be seen. An initial report [58] and a more
detailed study [59] established that Silastic MDX-4-4210
(NuSil Technology; Carpinteria, California), Silastic medi-
cal adhesive type A, and platinum were biocompatible and
produced little fibrous tissue reaction in the subcutaneous
and muscle tissue in the rat and cat. Silastic MDX-4-4210
and fluoroethylene propylene produced little reaction in the
cat cochlea. Candidate materials were further tested for
cytopathic effects against embryonic cells, for systemic

toxicity by intravenous and intraperitoneal injection in mice
and intracutaneous irritation in rabbits, and for tissue reac-
tions to subcutaneous and intramuscular implantation after
90 days. Our research group evaluated the assembled units
by implanting them intramuscularly for 4 weeks and
examining the tissue response, because the manufacturing
process and working of materials could change their bio-
compatibility.

Electrical Safety
The fourth question was, Could the electrical currents

and charges be presented at levels to minimize damage to
the cochlea and auditory nerves? Charge density, charge
per phase, total charge, and DC lead to neuronal damage
through their effects on the capability of cellular metabo-
lism to maintain homeostasis [60]. Electrical current can
also produce an electrolytic reaction at the electrode-tissue
interface with the release of toxic platinum ions [61].

Current levels and charge densities at the top of the
range required to produce maximum loudness in the first
patients were shown to be safe in the long-term. The
charge per phase of the biphasic pulses was balanced so
no residual charge produced a buildup of damaging DC.

With stimulus rates of 500 pps and the stimulus cur-
rents within a 0.5 to 0.9 mA range [62], no significant
effect was found on spiral ganglion cell densities. Results
showed that charge densities less than 32 μC cm–2 geomet-
ric/phase had no adverse effects on neurons in the cochlea
and did not produce new bone growth when stimulation
was performed continuously for up to 2,000 hours [63].
This density level became the upper allowable charge den-
sity for use in patients.

The response of the human cochlea and brainstem to
implantation and electrical stimulation with the banded
array was subsequently studied [64]. This analysis enabled
the response of the cochlea to be compared with that of the
experimental animal. Stimulation for 10,000 hours in the
human did not lead to any observed effect on the auditory
spiral ganglion cells in the cochlea or the higher brain
centers.

Because high stimulus rates (800–2,000 pps) could
improve speech processing, their effect on neuronal sur-
vival was subsequently examined in the experimental
animal. Long-term stimulation at rates above 2,000 pps
and DC levels below 0.3 μA produced no significant loss
of auditory ganglion cells. Thus high rates of stimula-
tion were safe if these parameters were used.

Figure 16.
Phase-contrast X-ray image of perimodiolar banded precurved array
(Contour). Courtesy of Xu J and adapted from photograph Xu J,
Stevenson AW, Gao D, Tykocinski M, Lawrence D, Wilkins SW,
Clark GM, Saunders E, Cowan RS. The role of radiographic phase-
contrast imaging in the development of intracochlear electrode arrays.
Otol Neurotol. 2001;22(6):862–68. [PMID: 11698810]

http://www.ncbi.nlm.nih.gov/pubmed/11698810
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Prevention of Inner Ear Infection
The fifth question was, Would middle ear infection

extend to the cochlea, especially around the electrode, and
lead to cochlear infection and meningitis, and could this
infection be prevented? Initially, in 1973–75 in the experi-
mental animal [45–46,63], my colleagues and I showed that
spontaneous middle ear infection could spread around the
electrode at its entry to the cochlea and cause severe infec-
tion with marked loss of auditory neurons (spiral ganglion
cells) with the risk of device-related meningitis. With these
electrode insertions, no attempt to facilitate a seal occurred.
Consequently, in 1977, further studies were commenced to
determine how to seal the entry point [65].

First, my colleagues and I glued foreign material as
disks or sleeves around the electrode to be placed at the
opening into the cochlea to encourage the ingrowth of
fibrous tissue into the material and so increase the path
length for bacteria [65]. The materials, with and without
overlying fascia and muscle autografts, were tested in the
presence of experimentally induced Staphylococcus aureus
and Streptococcus pyogenes infections of the middle ear. A
muscle or fascia autograft around the electrode or a
Teflon® felt disk was found to prevent a Staphylococcus
aureus or Streptococcus pyogenes infection in the middle
ear, extending to the cochlea (Figure 17) [66–67]. On the
other hand, Dacron® mesh with an overlying fascial graft
was associated with a strong inflammatory response and a
high incidence of virulent inner ear infection. The bacteria
found a home in the larger spaces in the Dacron® mesh in
which to multiply, and the infection extended to the basal
turn of the cochlea and along the cochlear aqueduct toward
the meninges, as shown in Figure 18. It was thus not rec-
ommended as a round window seal for patients. Care was
needed in the selection and design of foreign material
inserted into the cochlea so that creation of a “dead space”
not accessible to antibacterial agents could be avoided. On
the other hand, a graft of fascia around the electrode at its
entry effectively reduced the entry of infection.

To further understand how to prevent the entry of infec-
tion, other researchers and I undertook studies to determine
how tissue around the electrode entry healed. Research on
the penetration of horseradish peroxidase showed an
increased permeability of the surrounding tissue and round
window membrane over an approximately 2-week period
after implantation [68]. Thereafter, the round window
membrane barrier returned to normal in an additional
2 weeks. The healing time period could be vulnerable to the
spread of infection from the middle ear and the develop-
ment of meningitis.

With middle ear infection, the round window mem-
brane showed a marked proliferation of the connective
tissue and formed protuberances of the mucous mem-
brane and mucous cell proliferation around the electrode.

Figure 17.
Photomicrograph showing implanted cat cochlea. Fibrous tissue sheath
has formed around electrode array at entry and inside scala tympani that
has prevented middle ear infection extending to inner ear, thus avoiding
risk of meningitis. Infection does not extend to cochlea. M = middle ear
infection with proliferation of mucous membrane. R = thickened round
window extending into well-formed electrode sheath. Copyright
reverted to author from Clark G, Tong YC, Patrick JF. Cochlear
prostheses. Edinburgh (Scotland): Churchill Livingstone; 1990.

Figure 18.
Electrode seal of Dacron® mesh showing spread of Streptococcus
pyogenes infection to basal turn of cochlea and extension along cochlear
aqueduct that communicates with subarachnoid space and meninges.
ST = scala tympani. Adapted from photograph by author from Clark G.
Cochlear implants in children: safety as well as speech and language. Int J
Pediatr Orthinolaryngol. 2003;67 Suppl 1:S7–20. [PMID: 14662167]

http://www.ncbi.nlm.nih.gov/pubmed/14662167
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This response of the mucous membrane was part of the
body’s first line of defense against bacteria, because the
mucus is bacteriostatic and the cilia in the mucous mem-
brane could sweep the bacteria away from the cochlea. In
addition, studies showed that a fibrous tissue graft around
the electrode bundle helped form a sheath. With the for-
mation of a sheath, capillaries could bring phagocytic
white cells to the tissue surrounding the electrode and the
space between the electrode and sheath to engulf the bac-
teria (second line of defense). The sheath also allowed
lymphocytes to penetrate the tissue and space next to the
electrode and provide antibodies against the invading
organisms (third line of defense) [69].

Later, when cochlear implants were discovered to be
best implanted in children <2 years of age, research was
undertaken to ensure that middle ear infections with Strep-
tococcus pneumoniae, very common in this age group,
could be prevented from extending to the inner ear and
leading to meningitis.

Because a preliminary study indicated that sealing to
prevent the ingress of pneumococcal infection would be
important [70], research was undertaken on 21 kittens to
compare different sealing techniques in their response to
pneumococcal otitis media [71]. The ears were divided
into those implanted with fascia or Gelfoam® seals, no
seal, and unimplanted controls. Inflammation of the inner
ear (labyrinthitis) was present in 44 percent of the unim-
planted controls, 50 percent of the implanted ungrafted
cochleas, and 6 percent of the implanted grafted (fascia
and Gelfoam) cochleas. No statistically significant differ-
ence was found between the unimplanted control and the
implanted cochleas. A difference, however, was seen
between the implanted ungrafted and the implanted grafted
cochleas but not between the use of fascia and Gelfoam.
These data therefore indicated that cochlear implantation
did not increase the risk of labyrinthitis following pneumo-
coccal otitis media in normal cochleas, but incidence of
infection was reduced when the entry point was grafted.
Therefore, for safety, placing a fascial graft around the
electrode where it enters the cochlea is important.

Further evidence for the importance of a well-
developed electrode sheath was seen by Imani who exam-
ined its response 24 hours after a middle ear infection [72].
The findings were similar to those previously described
[65]. In addition, bacteria were seen in the lymph and
blood vessels of the sheath and were surrounded by poly-
morphonuclear and mononuclear leucocytes. This finding
supported the view that the sheath reacted in a dynamic
way to limit the entry of bacteria into the cochlea.

A rat model of the pathogenesis and prevention of
meningitis from pneumococcal pneumoniae was next
evaluated [73]. Wei et al. found that the threshold concen-
tration of bacteria was lowest when inoculated into the
cochlea compared with the middle ear and peritoneal
cavity (hematogenous spread) [74]. In another study, a
ciprofloxacin-coated array protected rats from meningitis
by way of the hematogenous spread but only delayed the
onset following middle or inner ear inoculation [75]. Finally,
severe trauma to the osseous spiral lamina and modiolus due
to insertion increased the risk of meningitis [76].

Clark et al. studied the response of the human cochlea
to implantation and a fascial graft [64]. The entry through
the round window where the electrode passed had a well-
developed fibrous tissue sheath, which would have been
effective against the spread of infection from the middle
ear. A similar sheath was also seen in the temporal bones
of 14 other people who had the cochlear implant [77].

The experimental results just mentioned apply only to
a one-component free-fitting array, not to a two-component
array. A space between two components is a conduit for
infection, a home to allow pathogens to multiply, and a
site to increase the pathogenicity of the organisms and
reduce the ingress of antibodies and antibiotics [1].

Head Growth
The sixth question was, Would head growth in an

infant cause the electrode to be withdrawn from the
cochlea and would drilling a package bed affect head
growth? Dahm et al. analyzed the growth of different
parts of human temporal bones from birth to adulthood to
determine growth changes [78]. Key findings were—
1. The distance between the sinodural angle (the site for

the implant) and the round window (near the site for
the electrode insertion into the cochlea) increased on
average 12 mm from birth to adulthood, with a 5 mm
standard deviation. Therefore, a pediatric cochlear
implant should allow up to 25 mm of lead wire length-
ening. This finding was consistent with the conclu-
sions from radiographic studies [79].

2. The distance between the round window and the fossa
incudis (floor of the mastoid antrum) did not increase
with age; this result indicated that fixation of the lead
wire to the fossa would be desirable. Any growth
changes would be transmitted to this point rather than
pulling the electrode from the round window [78].

3. Studies also showed that a redundant loop for the lead
wires could lengthen even if surrounded with fibrous
tissue, and furthermore, it would not need a protective
sleeve [80].
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The bed for the receiver-stimulator needed to be drilled
in the mastoid and anterior segment of the occipital and
parietal bones near the junction of the sutures between the
mastoid, parietal, and occipital bones (asterion). In young
children, this procedure was a concern because it might
lead to early closure of the sutures and a skull deformity.
For this reason, a study radiologically examined the head
growth in the Macaque monkey after a bed for an implant
was drilled in the asterion region. No effect on head growth
was found over a 3- to 4-year period. The effect of drilling
the sutures was also examined histologically [80]. No evi-
dence of closure of the sutures was seen [81].

Development of Fully Implantable Receiver-Stimulator
Research to determine how to code speech could only

be effectively undertaken on deaf persons. But as the
behavioral studies on the experimental animal had demon-
strated [82], a connection to the body should not be made
with a plug and socket because of a significant risk of infec-
tion. The surgically preferred option was to transmit signals
through intact skin to an implanted receiver-stimulator that
would then route the stimuli to the electrodes in the cochlea
(Figure 19). The receiver-stimulator was developed from
1974 to 1978 [83], with physiological design specifications
provided from animal studies [84].

A number of questions needed to be answered in
developing the receiver-stimulator:
1. Should information be transmitted through the skin to

the implant by infrared light shining through the ear-
drum, ultrasonic vibrations to the scalp, or radio waves
through the overlying tissues? Studies established that
an electromagnetic link was the most efficient method
of data transfer [83–84].

2. Should the implant have its own batteries or receive
power from outside? Because batteries would increase
the size of the implant and have to be replaced periodi-
cally, radio signals were the better alternative.

3. Where should the implant be sited? It was considered
best placed in the mastoid bone behind the ear, so a
short lead would run to the electrodes in the cochlea
and be more easily fixed in place for minimizing frac-
tures from body movements. This placement also
meant that a directional microphone could be more
conveniently located above the ear to enable the per-
son to receive a maximal speech signal while also lip-
reading a person face-to-face.

4. What would be the design of the receiver-stimulator
electronics to allow suitable stimulus patterns to be
tested? Because the stimulus data had to be transmitted
through the intact skin as coded pulses on a radio
wave, the choice of test stimuli had less flexibility than
with a percutaneous plug and socket. Physiological,
biophysical, and biological data helped set the design
limits.

5. How should the electronics be packaged? The body is
a very corrosive environment, and salts and enzymes
could move through very fine cracks and cause elec-
tronic failure. This failure was especially likely where
the wires exit the package to join the electrode bundle
passing to the inner ear. A titanium/ceramic seal, as
was pioneered by the pacemaker firm Telectronics in
Sydney, was found to be necessary [14,59].

6. What were the optimal dimensions of the package?
These dimensions were established on the basis of ana-
tomical dissections.

7. If the implant electronics failed and another package
had to be reattached to the electrodes in the inner ear,
would it need a connector and how should it be
designed? A connector was used initially but was later
found to be unnecessary if a failure occurred, because
the banded electrode array could easily be slipped out
and another inserted [59].

Figure 19.
University of Melbourne’s multichannel receiver-stimulator implanted
in first patient on August 1, 1978. Kovar container for electronics with
overlying receiver coils for data and power is left; connector is right. It
was removed on July 26, 1983, and replaced with Nucleus clinical trial
device. Photograph by author.
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The principles underlying the electronic design of the
Melbourne receiver-stimulator were elaborated in an arti-
cle in 1977 [85] and a provisional patent filed in 1976 [83].
The amplitude, rate, and timing of biphasic pulses on each
of 10 to 15 channels were independently controlled to
stimulate an electrode array passed around the basal turn of
the cochlea. The receiver-stimulator enabled frequencies to
stimulate appropriate electrodes to provide 10 to 15 chan-
nels of stimulation for the place coding of frequency.

Clinical Procedures
The preoperative selection criteria were developed in

1975 and included electrical stimulation of the auditory
nerve with an electrode placed in the middle ear. If pitch
was perceived, the auditory nerve was considered intact
[85]. A protocol was established for minimizing any risk of
introducing infection during surgery [86]. The surgical pro-
cedures were created [87], as well as instruments for
implanting the multichannel cochlear implant, such as the
microclaw to steer the electrode bundle into and along the
cochlea. The University of Melbourne’s prototype receiver-
stimulator and electrode array were first implanted in 1978
in an adult who had had hearing before going deaf [27].

Psychophysical Studies on Perception of Electrical 
Stimuli of Cochlear Nerve

Once implanted, the patient underwent a series of
perceptual (psychophysical) studies for determining the
relation between the stimulus parameters and the sensa-
tion. Knowing what parameters could be best used for
speech processing strategies was important. Another con-
cern was learning if the physiological and behavioral pre-
dictions in the experimental animal applied to the human.
In particular, I had a keen interest to see the relative
importance of the place coding of frequency.

Rate Pitch
Rate of stimulation was perceived as a true pitch sen-

sation for both apical and basal electrodes. Pitch at low
rates of 50 pps corresponded to the acoustic sensation.
However, at rates above approximately 200 pps, the cor-
respondence deteriorated dramatically up to 1,000 Hz
when it ceased [27–28]. Patients’ poor ability to discrimi-
nate stimulus rates >200 pps was consistent with the acute
physiological and behavioral animal experimental data of
studies just described [19,24–26,88] and confirmed the
need for multichannel stimulation to convey the important
mid to high frequencies of speech. The perception of a

low pitch when a high-frequency site was stimulated at
low rates was also consistent with the animal data, sug-
gesting that temporal pitch and place pitch were pro-
cessed and perceived separately [14].

Place Pitch
The timbre of sound rather than the pitch was discov-

ered to vary according to the stimulation site [27–28].
Timbre is the auditory sensation that enables a listener to
judge that two sounds presented with the same loudness
and pitch are dissimilar, e.g., different instruments or
voices. The quality of the sound varied systematically
from sharp at the high-frequency end to dull at the low-
frequency region of the cochlea. Even adjacent electrodes
could be ranked correctly according to whether they were
sharper or duller. At least 10 perceptually distinct chan-
nels for the place coding of speech frequencies were
found.

Loudness
The 5 to 10 dB operating range for electrical stimula-

tion of the auditory nerve with the banded electrodes was
smaller than the 30 to 40 dB range for speech and the
120 dB range for sound, generally [27–28]. This diffi-
culty was partly overcome, because the discriminable
steps in intensity were smaller for electrical than acoustic
stimulation. Thus more discriminable steps were over the
narrower dynamic range for electrical stimulation.

Speech Processing for Postlinguistic Deaf People
The perception of these stimulus parameters formed

the basis of speech processing strategies for speech
understanding with the use of electrical stimulation. This
research was first undertaken on postlinguistically deaf-
ened people (i.e., had hearing before going deaf) because
they would be better able to compare sensations with those
previously heard.

Physiologically Based Speech Processor
From 1977–1978, a physiologically based coding

strategy [91] was developed and evaluated for determining
if it was an effective method of transmitting information
through the bottleneck [59]. In this case, the speech pro-
cessing strategy had 10 filters because 10 stimulus chan-
nels were needed for effective communication systems
[90]. The filter bandwidths were similar to the frequency
response characteristics of the cochlear basilar membrane.
The strategy also introduced the time delays required for
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each frequency to reach its site of maximum vibration
along the basilar membrane, and it produced jitter in the
stimuli that mirrored the stochastic responses of brain cells
to sound. This strategy only provided very limited speech
understanding because the electrical currents representing
the sound energy in each frequency band overlapped, pro-
ducing unpredictable variations in loudness. This discovery
led to the important principle for all speech processing
strategies: only nonsimultaneous stimulation should be
used [59], and it was thus one of the constraints for trans-
mitting speech information. Separating the stimuli on each
channel by a short interval in time avoided the interaction
of the electrical fields on each electrode, but neural integra-
tion over time could still take place.

Second Formant Speech Processor
The limitations in coding speech using the physiologi-

cal model, especially through channel interaction, indi-
cated that an alternative, more effective strategy was
needed [14]. The idea of coding speech information con-
veying the greatest intelligibility on one or a number of
electrodes, which I had previously foreshadowed, was then
considered [9–10]. This idea was reinforced when the first
implanted patient not only referred to the sensation on each
electrode as timbre but also as a vowel. As a consequence,
my research group and I then realized the vowel corre-
sponded with the one that a person with hearing would per-
ceive, if a similar frequency region in the inner ear were
excited by a speech single formant [27–28,92]. Formant
frequencies are the result of resonances in the vocal tract
that amplify particular speech frequencies. Also noted was
that the vowel heard could be changed with increasing or
shortening the duration of the stimulus, as seen for vowels
presented to subjects with hearing [27–28]. Furthermore, if
pairs of electrodes were stimulated together at a constant
stimulus rate, the vowel perceived would be different from
that of a single electrode stimulus but depend on the rela-
tive amplitude of the two, suggesting that the central ner-
vous system was using an averaging process for the two
neural populations excited. In addition, formants are impor-
tant for recognizing consonants, as illustrated in Figure 20.
As shown in this figure, the direction of the frequency shifts
in the second formant frequencies (F2s) is important for the
intelligibility of the plosive consonants /b/, /d/, and /g/. The
frequency of the burst of noise at the release of the plosive
is also critical.

The ideas [27–28,92] just described led to the devel-
opment of a formant extraction speech-processing strategy

for electrical stimulation. F2 (range 700–2,300 Hz) was
coded as place of stimulation, because rate of stimulation
could not be discriminated at these higher frequencies. On
the other hand, the fundamental (or voicing) frequency
(F0), which is also very important for speech understand-
ing (for example, in distinguishing between /b/, which is
voiced, and /p/, which is unvoiced), was coded as rate of
simulation proportional to F0. This coding was appropri-
ate because voicing is low in frequency (120–225 Hz), and
as discovered, electrical stimuli could not be discriminated
at higher rates [92–96]. With unvoiced sounds, a random-
ized pulse rate was used; this stimulus was identified by
the patient as noiselike. Rate of stimulation was retained
across each of the electrodes stimulated with F2 and was
consistent with the experimental animal behavioral studies
[24,26], which demonstrated that temporal and place cod-
ing information was processed separately. The implemen-
tation of this strategy in a hard-wired speech processor is
outlined in the patent lodged in 1979 [96].

This F0/F2 strategy was first evaluated in 1978 as a
software-based system on the first patient who was post-
linguistically deafened. The patient’s score for a closed set
of six vowels was 77 percent and for eight consonants
37 percent [93,97–98]. The poorer consonant score was
consistent with the fact that acoustic features other than
formants are required for their recognition and needed to
be transmitted. Most importantly, however, in 1979–1980,
the subject improved markedly in understanding running
speech when electrical stimulation was used with lipread-
ing, compared with lipreading alone, and he was also

Figure 20.
First formant frequency (F1) and second formant frequency (F2) for
plosives /b/, /d/, and /g/ and burst of noise produced when sound is
released after vocal tract has been closed. VOT = voice onset time
(one of voicing cues). Reproduced by permission of Philosophical
Transactions of Royal Society B from Clark GM. The multiple-
channel cochlear implant: the interface between sound and the central
nervous system for hearing, speech, and language in deaf people—a
personal perspective. Philos Trans R Soc Lond B Biol Sci. 2006;
361(1469):791–810. [PMID: 16627295]

http://www.ncbi.nlm.nih.gov/pubmed/16627295
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able to understand some running speech with electrical
stimulation alone.

These sets of results [93–95], obtained under stan-
dardized conditions, were the first clear and important
demonstrations that the multichannel cochlear implant
could significantly help persons with severe-to-profound
deafness understand running speech and communicate in
everyday situations. Furthermore, people retained their
memory for speech sounds over many years and could be
retrained in its use [94–95].

The F0/F2 strategy was implemented by industry
(Cochlear Pty Ltd; Lane Cove, New South Wales) as a
smaller speech processor. The engineering improved the
sampling time of the signal. It was tested at nine centers
in the United States, Germany, and Australia for the Food
and Drug Administration (FDA). Its approval by the FDA
established that the original data from the University of
Melbourne conservatively assessed the performance of
this strategy [99]. The data indicated that a number of
patients were reaching a level of speech perception that
allowed effective use of the device without lipreading.
With the completion of the clinical trial in 1985 and fol-
lowed by FDA approval of the F0/F2 strategy for multi-
channel stimulation, the cochlear implant was established
as the first to safely restore speech understanding for adults
who were postlinguistically deafened.

Fixed-Filter Speech Processor
An alternative strategy was a fixed-filter speech pro-

cessor, which was investigated in 1978 at the University
of Utah [100]. It had four fixed filters, and the outputs
provided simultaneous monopolar analog stimulation
between the electrodes in the cochlea and a remote refer-
ence on a place coding basis. Channel interaction was
avoided because the electrodes were well separated spa-
tially, limiting the number of electrodes that could be
used to provide speech information. This fixed-filter
strategy transmitted temporal information across the four
spatial channels, but it had no voicing decision. The
amplitude variations in speech were brought within the
dynamic range for electrical stimulation with a compres-
sion gain amplifier. With this strategy, some vowels and
consonants could be recognized. Research later reported
that the same strategy provided an understanding of con-
nected speech [101].

Another fixed-filter system was developed at the
University of San Francisco and used bipolar pulsatile
stimulation [102]. This type of system allowed more con-

trolled excitation of nerves. The electrodes were embed-
ded in a molded array and placed near the peripheral
processes of the cochlear nerve fibers in the cochlea.
Some open-set speech understanding was obtained.

Psychophysical Studies on Perception of Complex 
Electrical Stimuli of Auditory Nerve

Research was next undertaken to discover how the
brain processed speech information and other complex
sounds with electrical stimulation and how this knowl-
edge could improve speech understanding. Speech per-
ception with the F0/F2 strategy occurred through the
integration of information along and across both temporal
and spatial processing systems [98,103–111]. Further-
more, an acoustic model of multichannel electrical stimu-
lation accurately predicted the psychophysical results and
speech perception scores for formant-based speech pro-
cessing strategies [104,110–111].

A varying stimulus rate was found to only discriminate
over the longer duration required to convey prosody (the
stress, tempo, rhythm, and intonation of speech) rather
than the shorter durations of consonants, as illustrated in
Figure 21. Thus using stimulation rate to differentiate
between, for example, questions and statements was appro-
priate. Furthermore, stimulation rate was not only per-
ceived as pitch, but in a speech context, it was also
recognized as voicing [105] not only on apical low-
frequency electrodes but also on the more basal high-
frequency ones. On the other hand, a change in stimulation
site could be recognized over the shorter durations of con-
sonants [105] and was thus appropriate for transmitting the
frequency shifts seen in the consonants characterized as
plosives (/b/, /d/, /g/, /p/, /t/, /k/) and nasals (/m/, /n/, /ng/).
Furthermore, questions and statements were still recog-
nized when variations in stimulation rate were superim-
posed across stimulus electrodes that transmitted shifts in
formant frequencies. In addition, steady state stimuli differ-
ing in electrode position and repetition rate were character-
ized by two pitch components [106,112–113].

This research showed that the central auditory ner-
vous system processed timing and spatial excitation over
separate channels and that different time courses existed
for the processing of the information. Our research also
demonstrated that information presented to both channels
could be integrated into a single perceived speech sound
but with individual pitch components [106,112–113].
This capacity enabled voicing to be transmitted as a tem-
poral code separately from speech formants or spectral
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frequencies, as would be the case with the F0/F2 speech
processing strategy.

Furthermore, research showed that if two electrodes
were stimulated nonsimultaneously at two separate sites
along the cochlea, a sensation was experienced with two
components [107–108] that was equivalent to the first
formant frequency (F1) and F2 in vowels. This finding
supported the development of a speech processing strat-
egy that presented the F1 and F2 as sites of stimulation,
while still coding the voicing (F0) as rate of stimulation.
Although two pitch components could be distinguished,
the stimulus nevertheless had only the one speechlike
quality, as just discussed [28,113].

Finally, our psychophysical studies with electrical
stimuli have helped show that loudness is related to the
intensity of the stimulus [106] and thus the amount of
electrical charge passing through the nerve membrane and
the population of neurons excited. The relation between
loudness and the electrical stimulus parameters is com-
plex, but it includes the charge per pulse and the neural
response rate [106].

Acoustic Model of Electrical Stimulation in Subjects with 
Hearing

Before the F0/F1/F2 multichannel strategy was evalu-
ated, it was modeled and tested using sounds to reproduce
electrical stimulation in subjects with hearing. The model
used seven bands of pseudorandom white noise with cen-
ter frequencies corresponding to the stimulation site to
represent different speech frequencies. With bands of
noise, the sine waves for each frequency were removed,
and voicing was simply the amplitude modulation of the
noise burst at the voicing frequency.

The F0/F1/F2 strategy was first evaluated for basic per-
ceptual tasks. The research also assessed the recognition of
voicing to determine whether electrical stimulation pro-
vided fine and coarse temporal frequency information.
Because the results for voicing with the acoustic model (the
sine waves were removed) were comparable with the
results of electrical stimulation [110], this finding suggested
that electrical stimulation was only transmitting coarse tem-
poral information but not the fine temporospatial patterns
for good quality sound (Figure 22). Fine temporospatial
information requires the transmission of the phase differ-
ences between the responses in individual neighboring neu-
rons [1,32].

Figure 21.
(a) Top: changes in rate. (b) Top: place discrimination versus duration
(D). Percentage judgments called “different” for changes in pulse rate and
electrode place were compared with standard stimulus and shown for
pulse rate and stimulus place trajectories. These trajectories were 25, 50,
and 100 ms (in legend) in D. (a) Bottom: Initial pulse rates of trajectory
varied from 240, 210, 180, and 150 to 150 pps. (b) Bottom: Initial
electrodes of trajectory varied from electrodes 4, 3, and 2 to baseline 1.
Adapted from Tong YC, Clark GM, Blamey PJ, Busby PA, Dowell RC.
Psychophysical studies for two multiple-channel cochlear implant
patients. J Acoust Soc Am. 1982;71(1):153–60. [PMID: 6895638]

Figure 22.
Diagram of processing of frequency information and perception of
pitch through central auditory spatial, temporal, and temporospatial
perceptual systems. Reproduced by permission of Philosophical
Transactions of Royal Society B from Clark GM. The multiple-
channel cochlear implant: the interface between sound and the central
nervous system for hearing, speech, and language in deaf people—a
personal perspective. Philos Trans R Soc Lond B Biol Sci. 2006;
361(1469):791–810. [PMID: 16627295]

http://www.ncbi.nlm.nih.gov/pubmed/16627295
http://www.ncbi.nlm.nih.gov/pubmed/6895638
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The acoustic model proved quite effective in repro-
ducing speech results obtained with the F0/F2 speech pro-
cessing strategy on patients with implants. The acoustic
model also predicted improved speech perception with a
strategy that presented F1 as well as F2, with F0 as rate of
stimulation across the stimulated electrodes (F0/F1/F2).

First and Second Formant Speech Processor
As discussed, the inaugural F0/F2 strategy gave patients

with previous hearing the ability to communicate, including
conversations on the telephone. However, speech perception
in quiet and especially in noise was still not as good for
patients with implants as it was for people with hearing. The
findings on the perception of complex electrical signals
[105–108] and acoustic models of electrical stimulation
described earlier were important in showing that improved
speech processing should be achieved by presenting addi-
tional frequency information along spatial processing chan-
nels while still retaining the temporal information across the
spatial channels [110–111].

The next strategy to be investigated presented F1 and
F2, along spatial processing channels, with voicing as rate
of stimulation across the spatial channels (F0/F1/F2)
(Figure 23). F1 was selected because speech studies on
individuals with hearing had shown that both F1 and F2
were important for vowel recognition and that F1 transi-
tions were required for voicing and identifying certain
consonants. This strategy was supported by the psycho-
physical research that stimuli presented to two electrodes
could be perceived as a two-component sensation [106–
108]. Furthermore, information transmission analysis for
the F0/F2 and F0/F1/F2 strategies using the acoustic
model [111] demonstrated improved speech perception
scores with the addition of the F1 information. To over-
come the problems of channel interaction, first demon-
strated in the University of Melbourne’s physiological
speech processing strategy in 1978 [91], my research
group began the policy of using nonsimultaneous (pulse
separation of 0.7 ms) sequential pulsatile stimulation at
two different sites within the cochlea to provide F1 and
F2 information. F0 was coded as rate of stimulation as
with the inaugural F0/F2 strategy.

The mean open-set Central Institute of the Deaf word-
in-sentence scores rose from 16 (n = 13) (F0/F2) to 35 per-
cent (n = 9) (F0/F1/F2) [114]. When the two-speech
processing strategies were compared in background noise,
the F0/F1/F2 speech processor was significantly better at a
signal-to-noise ratio (SNR) of 10 dB [115]. Because the
speech perception results and the transmission of informa-

tion with vowels and consonants for electrical stimulation
using the F0/F1/F2 processor were similar to those obtained
for the acoustic model, the similarity confirmed the predic-
tive value of the model. The U.S. FDA approved the F0/F1/
F2 speech processor in May 1986 for postlinguistically
deafened adults, and a number of studies confirmed that
speech perception was significantly better than for the F0/
F2 strategy [1].

Hybrid Formant/Fixed-Filter Speech Processor
(MULTIPEAK)

Both the formant-based and fixed-filter strategies just
described had limitations [92–95,101–102,111,114], espe-
cially for consonant recognition and hearing speech in noise.
Consonants that carry much of the high-frequency informa-
tion, for example, fricatives such as /s/ and / / [59], were
noted to have lower scores, and because of their importance
for speech understanding, a second modification of the for-
mant strategy was developed that presented the energy from
high-frequency fixed bands in the third formant fre-
quency region (2.0–2.8, 2.8–4.0, and ≥4.0 kHz), as well
as F1 and F2, as a stimulation site (Figure 23). Voicing
was transmitted as rate of stimulation across the spatial pro-
cessing channels. It was therefore a hybrid formant/fixed-
filter (MULTIPEAK) selection strategy.

When the F0/F1/F2 and hybrid formant/fixed-filter
strategies were compared [116], a significant improve-
ment was seen with open-set word in sentences for the

Figure 23.
First (F1) and second (F2) formant and hybrid formant/fixed-filter
strategies to test speech perception (2.0–2.8, 2.8–4.0, and ≥4.0 kHz).
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hybrid strategy both in quiet and background noise [116].
Furthermore, a randomized prospective study by Cohen et
al. [117] showed speech perception scores were greatly
improved for the hybrid formant/fixed-filter strategy than
for a six-fixed-filter strategy developed commercially as
Ineraid (Richards Medical Company; Memphis, Tennessee)
[117–118]. The hybrid formant/fixed-filter system was
approved by the FDA on October 11, 1989, for speech
understanding in deaf adults who previously had hearing.

Fixed-Filter Speech Processor: Constant High Stimulus 
Rate

An alternative fixed-filter system was developed in
which the outputs from a number of bandpass filters were
presented to electrodes nonsimultaneously as interleaved
pulses to reduce channel interaction [119]. A fixed-filter
scheme then evolved (continuous interleaved sampling
[CIS]) that used constant rate of stimulation for avoiding
channel interaction and at a higher rate than previous strate-
gies for representing voicing better [120]. Voicing was
transmitted as amplitude variations in the speech wave
across the channels. This strategy improved open-set
speech scores compared with the other fixed-filter schemes.

Fixed-Filter Maxima Speech Processor: Constant Low 
Stimulus Rate

An improvement in speech processing was found
with a strategy that selected the six maximal outputs from
a bank of 16 and later 20 fixed filters [121], rather than
formant energy peaks, and presented this information to
the brain along spatial processing channels (Figure 24)
[122]. The pattern of speech frequencies was well repre-
sented for those in the F1 region (Figure 25), and the fre-
quencies were easier to extract than formant peaks in the
presence of noise. Furthermore, the outputs of each filter
were presented to the electrodes at a constant rate,
because the study by Tong et al. had shown that, with a
constant stimulus rate, the amplitude variations in speech
could transmit the coarse temporal information required
for voicing across the spatial channels [123–124].

This maximal filter output strategy gave better open-set
word results in quiet and in noise than the hybrid formant/
fixed-filter strategy [125–126]. This strategy developed by
industry had 20 filters and stimulated at a constant rate of
approximately 180 to 300 pps per channel and was referred
to as “SPEAK” [125–126].

The results for SPEAK [127] were the same or better
than CIS [128] for comparable groups of patients. This find-
ing was interesting because again it suggested the impor-

tance of a spectral pattern of frequencies similar to that of
speech (well represented with this strategy).

Fixed-Filter Maxima Speech Processor: High Stimulus 
Rate

Because high stimulus rates could better sample voic-
ing and reproduce noisy signals more accurately, the
fixed-filter maxima strategy was used at high rates of 800
to 1,600 pps and referred to as the Advanced Combination
Encoder (ACE) (Cochlear Pty Ltd; Lane Cove, New
South Wales). But before high stimulation rates were
used, a series of studies on the experimental animal was
undertaken to ensure that these rates would be safe [129–
130]. An improvement in speech perception was seen for
some patients when high rates (i.e., 800–1,600 pps rather
than 250 pps) were used [131] (Figure 26). This finding
suggested that differences in performance may be due to
the responsiveness of neurons to temporal information.
Therefore, one strategy is not appropriate for all. 

Differential Rate Speech Processor
Because the fixed-filter maxima strategy at high stimu-

lus rates (Cochlear Pty Ltd-ACE) showed variable results,
with some people performing best at a low rate of 250 pps
and others at 800 pps, together with David Grayden, I

Figure 24.
Fixed-filter maxima strategy showing six spectral maxima from
20 bandpass filters. Adapted from Clark GM. Cochlear implants.
Diseases of the ear. 6th ed. Ludman H, Wright T, editors. London:
Edward Arnold; 1998. p. 149–163.
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performed research to understand why this variance
occurred and how it could lead to a more advanced strategy.
First, research was undertaken to determine how rate
affected the recognition of phonemes [132–134]. An infor-
mation transmission analysis showed a trend for manner of
articulation to be better perceived for high rates and place of
articulation for low rates. Better manner of articulation
could be expected for sibilants at high stimulation rates
because they cause the nerves to fire in a random fashion
(Figure 27) like noisy acoustic signals. With the other man-
ner features (nasal, continuants, and voicing), higher stimu-
lation rates more accurately represent the speech envelope.

Place of articulation, however, was better perceived
with a low stimulation rate. Studies suggest that at a high
rate, the response patterns at the edge of a population of
excited fibers would transmit poorer place information,
because of a less clear-cut distinction between excited
and nonexcited fibers [135].

A differential rate speech processor (DRSP), a speech
processing strategy that provides manner of articulation at
high stimulation rates and place of articulation at low
rates, was developed and is illustrated in Figure 27 [134].
This DRSP selects place information that is usually

Figure 25.
(a) Spectrogram plot of frequency versus time for word “choice” with
intensity at each frequency indicated by brightness. (b) MULTIPEAK:
electrode representations (electrodograms) for “choice” using first and
second formants and high-frequency fixed filter. (c) SPEAK: fixed-
filter maxima strategy. (Note these are spatial representations of
speech signal and do not show temporal processing.) Reproduced by
permission of Philosophical Transactions of Royal Society B from
Clark GM. The multiple-channel cochlear implant: the interface
between sound and the central nervous system for hearing, speech,
and language in deaf people—a personal perspective. Philos Trans R
Soc Lond B Biol Sci. 2006;361(1469):791–810. [PMID: 16627295]

Figure 26.
Open-set word and sentence scores for extraction of first (F1) and
second (F2) formants (F0/F1/F2 processor), addition of high fixed-filter
outputs (MULTIPEAK), and then finally six to eight maximal filter
outputs at low rates (SPEAK) and high rates (Advanced Combination
Encoder [ACE]). All frequencies were coded on place basis. F0 =
fundamental (voicing) frequency. Reproduced by permission of
Philosophical Transactions of Royal Society B from Clark GM. The
multiple-channel cochlear implant: the interface between sound and the
central nervous system for hearing, speech, and language in deaf
people—a personal perspective. Philos Trans R Soc Lond B Biol Sci.
2006;361(1469):791–810. [PMID: 16627295]


