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During the last decade there has been great progress in the clinical management of profound, 
postlinguistically deafened adults through the use of multichannel cochlear implants. The de
vice developed by The University of Melbourne in association with Cochlear Pty Ltd, electri
cally stimulates selective regions of the auditory nerve using an array of 22 platinum (Pt) 
electrodes located in the scala tympani. Its development followed basic experimental studies 
and the development and evaluation of a prototype device in the 1970's 1,2. Following safety 
studies 3-6 and a successful clinical triaP·8, the Melbourne/Cochlear multichannel implant was 
approved for use in adults by the United States Food and Drug Administration (FDA) in 1985. 
More than 3000 patients throughout the world have since been implanted with this device, 
many being able to understand a significant amount of unfamiliar, connected speech without 
lipreading9 . Following miniaturization of the implant, it became suitable for use with children. 
In 1990, after additional biological safety and clinical investigations, the FDA approved the 

traliause of the Melbourne/Cochlear multichannel implant for profoundly deaf children above the 
age of two years. And in 1991, the device received the medical device implantation approval 
certificate from the Japanese Government. (the olivo

The present paper presents an overview of our recent biological safety studies and clinical Hi zation 
experience in children, and discusses the likely future development of these devices. at OCB-

the effects 
r tbeDevice overview 
mply he a 

The Melbourne/Cochlear multichannel cochlear implant consists of an externally worn s ",ere 
speech processor and headset, and an implantable receiver-stimulator!O (Fig. I). The Miniature ar damagE>
Speech Processor (MSP) uses a custom designed digital signal processing (DSP) chip to esti n the cat 
mate the frequency of the voice pitch (FO) and the frequency and amplitude of the first and nstrate!>, in
second formants (FI and F2 respectively). An additional custom designed analogue chip pro

e of avides estimates of the frequency at maximum amplitude in three higher frequency bands (2.0
higller2.8, 2.8-4.0 and >4.0 kHz). With the addition of this high frequency information clinical trials 

using the MSP have shown an improvement in open set speech discrimination - particularly exposures. 
in the presence of competing noise - compared with the earlier FO, FI, F2 strategy provided r.B suh
by the WSPIII speech processor!!. the middle 

The output of the MSP is controlled by a programmable encoder. The encoder contains 
information about the patients' electrodes including the stimulus currents required to evoke 
threshold and maximum comfortable loudness for each electrode pair. The encoder "maps" the 
speech features estimated by the DSP and the additional high frequency filters, and converts 
them to suitable electrode positions and current levels 10. This information is transmitted to the 
receiver-stimulator via a radio-frequency (RF) link. 
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Fig. 1. (a) Photograph of the wearable speech processor model MSP and headset. (Reproduced with 
permission Cochlear Pty Ltd 1o). (b) Photograph of the receiver stimulator model CI22M. (Reproduced 
with permission Cochlear Pty Ltd). 

The headset (Fig. Ia) consists of a directional microphone designed to be mounted behind 
the ear, a magnetic transmitter coil which is held in place by the attractive force of a second 
magnet located within the receiver-stimulator, and a headset cable which carries the micro
phone signal to the MSP and the data signal from the MSP to the transmitter coil. 

The final component is the receiver-stimulator (Fig. Ib). The CI22M model has a maximum 
thickness of 6.5 mm which is suitable for implantation in children. The receiver-stimulator 
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Fig. 2. Scanning electron micrograph of the most apical 12 electrodes on a Melbourne/Cochlear scala tympani mply be a 
electrode array. This array had been implanted in a patient for approximately three years. Bar = I mm. s were 

ar danlagf>
electronics are sealed within a titanium (Ti) hermetic capsule. These electronics make electrical n the cat 
connection with both the receiver coil and the 22 Pt electrodes via hermetic Pt-ceramic feed nstratefi, inthroughs 10. A rare-earth magnet, which is also sealed within a Ti capsule, is located within the 

e of aPt receiver coil. The entire receiver-stimulator assembly is encapsulated in Silastic. A lead wire
 
assembly connects the receiver-stimulator to the scala tympani electrode array. The array con higller

sists of 22 Pt band electrodes on a Silastic carrier (Fig. 2). An additional 10 Pt bands have been exposures.
 
added to optimize the mechanical properties of the array during insertion. Each Pt electrode is r.B suh
0.3 mm wide, and is welded to a 25 J.lm diameter insulated platinum/iridium (90/10) leadwire. the middle 
The electrode array tapers from a diameter of 0.6 mm, 15 mm from the tip, to a tip diameter of 
0.4 mm. Manufactured using injection moulding techniques, the array has a smooth transition 
between the Pt and Silastic surfaces and minimal amounts of Silastic covering the electrode 
surface 12 . Electrode insertion trials in human temporal bones have shown that insertion of this 
type of electrode array results in minimum trauma to cochlear structures provided the insertion 
is stopped at the point of first resistances. Finally, chronic implantation studies have shown 
that the receiver-stimulator and the electrode array evoke minimal inflammatory responses and 
are biocompatible 13 • 

Biological safety studies 

There are a number of safety considerations unique to cochlear implants in children. During 
the past four years we have undertaken a series of safety investigations funded by the United 
States National Institutes of Health. In this section we summarize our research findings and 
discuss their implications for cochlear implants in children. 129 
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Fig. 3. Distance from the round window to fossa incudis as a function of age. 

Temporal bone growth 

Knowledge of the extent and nature of growth of the human temporal bone is essential for 
the safe development of cochlear implants in chi Idren. Such knowledge will allow us to refine 
both electrode fixation sites and the optimum routing of the electrode leadwire. The distance 
from the round window to the oval window, lateral semicircular canal and the promontory 
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Fig. 4. Distance from the round window to the sinodural angle (the site of the receiver-stimulator) as a 
function of age. 
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Fig. 5. Photograph of V-shaped leadwire within a thin Silastic bag following a period of 380 days of 
implantation. There is no evidence offibrous tissue adhesions. Forclarity, the Silastic bag has been opened 
to show the residual leadwire. Bar = 10 mm. (the olivo

itization 
showed no evidence of post-natal growth of the otic capsule and supports previous studies at OCB-
indicating that the cochlea is fully grown at birth l4 • The distance between the round window the effects 
and the fossa incudis also remains essentially unchanged throughout life (Fig. 3). Based on r the
these results, multistranded Pt wire passed around the floor of the antrum, is now used to fix 

mply be athe electrode leadwire in the region of the fossa incudis. Fixation of the leadwire at this site 
should ensure that the electrode array is not withdrawn from the cochlea during growth. The s ",ere 
efficacy of this fixation technique is currently being assessed in monkeys. ar dafilagf' 

Growth between the round window and the site of the receiver-stimulator exhibits a rapid n the cat 
growth period within the first 12 to 18 post-natal months, followed by more gradual growth to nstrates, in 
maturity (Fig. 4). Growth changes in the order of 15 to 20 mm can be expected between these e of a 
sites indicating that some form of expandable leadwire system may be required if very young hi gtler
children «2 years old) are to be implanted. Growth from the round window to the mastoid tip exposures.was also measured, indicating growth in the cranio-caudal direction. Growth between these 

r.B suhlatter anatomical sites exhibited a bimodal function with significant growth occurring in the 
first six years of life and a second growth period during adolescence. The total growth measured the middle 
between these points was approximately 25 mm. The significant growth observed in this region 
of the temporal bone indicates that the mastoid tip should not be used as a leadwire routing or 
fixation site in either young or older children. 

Expandable leadwire system 

The analysis of growth of the human temporal bone has indicated the need for an expandable 
leadwire system if children below the age of two years are to be implanted. The mastoid cavity, 
in which any residual lead wire would be placed, could be associated with a tissue response 
likely to bind the leadwire in fibrous tissue thereby restricting its ability to expand in response 
to growth. We have evaluated a number of leadwire designs following long-term implantation 
in cats l5 . Our studies have shown that helical shaped leadwires are unsatisfactory as they read
ily get bound down in fibrous tissue which impairs their expansion. In contrast, residual V- or 
Z-shaped leadwires - protected from fibrous tissue adhesions using a thin Silastic bag - exhibit 
minimal tissue ingrowth and readily expand in response to growth (Fig. 5). These expandable 129 
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AGE OF MONKEY (months) 
Fig. 6. Skull symmetry determined by comparing the width of the skull on the operated side (Wr) with 
the unoperated side (WI). Each monkey was implanted with a cochlear implant at six months of age and 
has now been monitored for nearly two years. Only small variations in skull symmetry ( mm) have been 
observed during the animal's growth. These differences are not statistically significant. 

leadwires may form an important addition in cochlear implants designed to be used in children 
below the age of two years. 

Effects on skull growth 

In young children, the receiver-stimulator is likely to be placed in a drilled well over the 
asterion - the point at which the lambdoid, parieto-mastoid and occipito-mastoid sutures meet. 
In the young child it is almost invariable that the well will need to be drilled down to the level 
of the dura. In order to ensure that such a surgical procedure does not affect skull growth, due 
to the premature closure of skull sutures, we have used radiographic techniques to monitor 
skull growth in young macaque monkeys following cochlear implantation. These monkeys 
were implanted at six months of age and have now been monitored for periods of up to two 
years (Fig. 6). Our results to date obtained from five animals show no evidence of asymmetrical 
skull growth apart from a localized flattening of the inner table immediately beneath the re
ceiver-stimulator. At this stage the results indicate that the effect of implantation will not affect 
skull growth. Subsequent histological studies will examine the skull sutures and bone surround
ing the drilled well and the cortex immediately below it to ensure that long-term implantation 
of a receiver-stimulator directly on the dura does not adversely affect underlying neural tissue. 

Effect of chronic electrical stimulation 

Our previous electrical stimulation studies have shown that the use of charge balanced bi
phasic current pulses - the stimulus waveform used in the Melbourne/Cochlear multichannel 
cochlear implant - is safe following long-term stimulation in adult cats3,13. Additional studies 
have since been performed to confirm that this stimulus is safe in children. Both normal and 
aminoglycoside deafened kittens were electrically stimulated for periods of up to 1600 hours 
using a feline version of the Melbourne/Cochlear scala tympani electrode array I6.17. Electri
cally evoked auditory brainstem responses were periodically recorded to monitor the status of 
the auditory nerves. These responses showed no evidence of increased threshold or reduction 
in amplitude with stimulation time, indicating that the stimulus did not adversely affect the 
auditory nerve population. This finding was confirmed following histological examination of 
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Fig. 7. Photomicrograph of the upper basal (b) and upper middle (m) turns of a normal hearing kitten cochlea the middle 
following 1000 hours of electrical stimulation. Both hair cells and auditory nerve fibers adjacent to the 
electrode array appeared normaL A very fine electrode tissue capsule (arrow) is evident. Bar = 100 ~m. 

the cochleas, which showed no evidence of a stimulus induced loss of spiral ganglion cells or 
auditory nerve fibers compared with implanted controls (Fig. 7). Furthermore, there was a 
generally mild tissue reaction in response to the scala tympani electrode array, although the 
deafened stimulated cochleas evoked a slightly more extensive tissue reaction Chan observed 
in the normal hearing cochleas. Overall, these results indicate that, provided the cochlea is free 
of infection and insertion trauma, long-term implantation and electrical stimulation using 
charge balanced biphasic current pulses does not adversely affect the cochlea or auditory nerve 
population in young animals. 

Otitis media 

The development of an effective seal between the middle ear and the implanted cochlea is 
an important requirement, particularly in the case of children who are prone to recurrent middle 129 
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Fig. 8. Speech perception results for four representative children and adolescents using the Mel
bourne/Cochlear multichannel cochlear implant. Scores for the five closed-set tests have been normalized 
so that 0% represents chance performance. The age of the child at implantation, and the age at onset and 
the cause of profound deafness are indicated. (Reproduced with permission24). 
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ear infections. The failure of a seal could result in microorganisms or their toxic products 
entering the cochlea, not only resulting in an additional loss of auditory nerve fibers, but also 
leading to potentially life threatening diseases such as meningitis. A further concern is the 
potential difficulty of the clinical management of otitis media in the presence of a foreign body. 
Despite these concerns, clinical experience 18,19 has shown no increase in the incidence of otitis 
media in children who have been implanted with a scala tympani electrode array. In addition, 
in cases where these children have developed otitis media, no implant related complications 
have been reported 19 Experimental studies in which microorganisms are placed in the middle 
ears of implanted animals, have shown that the tissue response developed at the electrode entry 
point and the electrode tissue capsule within the scala tympani provide an effective barrier to 
the spread of infection from the middle ear4·20 •21 . Significantly, however, these studies indicate 
that this barrier only becomes effective approximately three weeks following surgery20. It is 
therefore important to absolutely minimize the risk of infection during surgery and to consider 
the use of antibiotics prophylactically during the postoperative healing process. 

Alternati ve sealing techniques are also being investigated. It is envisaged that these seals 
would not only provide an effective barrier to microorganisms responsible for otitis media, but 
also provide an effective electrode fixation point at the cochlea to further reduce the risks of 
an electrode being withdrawn during growth. One such seal, using Ti, is currently being evalu
ated22 . It is envisaged that the Ti would osseointegrate with the surrounding otic capsule thereby 
forming a very effective seal. 

Clinical results 

The development of speech and language in normal hearing children takes several years. We 
can expect this developmental period to be significantly longer in children implanted with a 
cochlear implant23 . The children's habilitation program, developed at The University of Mel
bourne over a period of five years, emphasizes the development of meaningful auditory ex
periences through the use of the cochlear implant in all aspects of the child's life23 ,24. The clinic 
staff, including audiologists, speech-pathologists and surgeons, place particular emphasis on 
informing and encouraging both parents and teachers to take a significant role in the habilitation 
process and to ensure that careful attention is given to correct programming and maintenance 
of the speech processor. The preoperative evaluation program usually requires a period of six 
months, during which time the child's residual hearing and aided potential are evaluated and 
their speech and language development assessed. The postoperative habilitation program may 
last for periods of three years or more. 

Thirty profoundly/totally deafened children from two to 18 years of age have now been 
implanted with the Melbourne/Cochlear multichannel cochlear implant in our clinic. Speech 
perception, speech production and language development have been monitored for these child
ren both pre- and postoperatively. Results have shown improvements for all children in speech 
perception postoperatively. Four representative examples are illustrated in Fig. 8. The younger 
congenitally deafened children (12 years old) and those with an acquired (postlinguistic) pro
found hearing loss, have demonstrated open-set speech recognition without visual cues at levels 
consistent with the performance of postlinguistically deafened adults 24 (e.g., Fig. 8a, b). In 
general, older children with a congenital or prelinguistic profound hearing loss have not at
tained this level of performance (e.g., Fig. 8c, d). Improvements in speech production and 
language have also been demonstrated and tend to occur faster in younger children. It is im
portant to emphasize that a number of congenitally deaf young children have shown significant 
improvements in speech perception, speech production and language development (e.g., Fig. 8b). 

Significantly, the results from children in our clinic are consistent with the findings pooled 
from clinics around the world using the same implant and representing data from 142 child
ren 25 . This study showed that the statistically significant predictive factors for children to ob
tain open-set speech discrimination were age at onset of deafness, length of device use and the 
number of stimulating electrodes in use. These findings support the use of multichannel coch
lear implants and the implantation of relatively young children. 
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Future developments 

Just as we have seen significant improvements in habilitation programs, implant hardware 
and speech processing strategies over the past decade, we can expect further significant advan
ces during the next 10 years. 

Refinement of habilitation programs for both adults and children will continue to result in 
improved performance and quality of life for implant patients. This is particularly so in children 
where it has been important to work closely with parents and teachers in order to reinforce the 
information provided by the implant in their everyday environment24 . 

Continued technological advances in the electronics industry will result in the production of 
smaller, more comfortable and versatile speech processors and receiver-stimulators. More ver
satile speech processing strategies will allow implants to deliver additional usable information 
to the patient. These technological refinements will also result in a reduction in power con
sumption. In order to complement the improvements in speech processor and receiver-stimu
lator electronics, we will also see an improvement in the design of electrode arrays that will 
lie closer to the modiolus, and provide patients with a greater number of perceptually discri 
minable electrodes. In addition, because of their proximity to the residual auditory nerve fibers, 
these electrodes will operate at lower current levels26 . Improvements in manufacturing tech
niques using photolithographic methods will enable a large number of accurately positioned 
electrode contacts to be fabricated. With the use of very small electrodes, materials such as 
activated iridium may be used to safely increase the electrodes' charge carrying capacity. With 
more localized electrodes evoking small populations of neurones using low currents, controlled 
simultaneous electrical stimulation at several sites within the cochlea may be possible, further 
increasing the transfer of speech information to the patient. 

More effective methods of fixing the electrode array to the cochlea will be developed. It is 
likely that such fixation techniques will also provide effective seals between the middle ear 
and the cochlea, further minimizing the risk of labyrinthitis. In addition, expandable leadwire 
systems that are not prone to fibrous tissue adhesions will ensure safe and effective leadwire 
expansion in cochlear implants in very young children. 

Finally, a major area of improvement is the continued evolution of speech processing 
strategies. It is clear that the presentation of additional speech information can be used to aid 
speech perception especially in the presence of competing noise. For example, a new speech 
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Fig. 9. Comparison of averaged results from two adult subjects using the MSP and SMSP speech proces
sors. For each subject, higher scores were obtained with the SMSP in each test category. These differences 
were statistically significant in every case except the vowel scores from the CNC word test results of one 
patient. 
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Fig. 10. Open-set speech perception (BKB or SPIN sentences) in quiet and in competing noise (4 talker 
babble) for four adult subjects using the multichannel cochlear prosthesis with the MSP and SMSP speech 
processing strategies. In general, the SMSP strategy resulted in higher speech perception scores than the 
MSP strategy, especially at low signal-to-noise ratios. 

processor, developed at The University of Melbourne, for use with the Melbourne/Cochlear 
multichannel cochlear implant27 , is providing postlinguistically deafened adult implantees with 
statistically significant increases in speech perception scores when compared with their results 
using the MSP speech processor28 . Called the Spectral Maxima Sound Processor (SMSP), its 
design is based on a bank of 16 bandpass filters which continuously estimate the spectral 
content of signals picked up by the ear level microphone. The filters cover the frequency range 
200 Hz to 6 kHz with linear spacing up to 1.65 kHz and logarithmic spacing beyond. Each 
channel of the filter bank is allocated, in tonotopic order, to one of the 16 most apical electrodes 
on the electrode array. The six spectral estimates with the largest amplitudes are selected for 
stimulation. This cycle is repeated in equally spaced periods of typically 4 ms. Current levels 
and pulse widths are determined from the ampli tudes of the selected spectral estimates and the 
psychophysical characteristics of each electrode pair. 

While the SMSP has only been evaluated in a small number of patients, it is clear that the 
strategy is providing them with additional auditory cues important for speech perception (Fig. 
9). The performance of the SMSP appears to be of particular benefit to users in the perception 
of speech in the presence of competing background noise (Fig. 10). 

Conclusion 

This paper summarizes ongoing biological safety and clinical studies associated with coch
lear implantation in young children. The biological studies indicate that the Melbourne/Coch
lear multichannel cochlear implant is safe for use in children. Examination of the human tem
poral bone indicates that a residual 15 to 20 mm of leadwire would be required to accommodate 
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