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What is a cochlear implant? 

Acochlear implant is a device to restore some hearing in severely-to-profoundly or profoundly deaf 

people when their organ of Corti has not developed or is destroyed by disease or injury to such an 

extent no useful hearing can be obtained with a hearing aid When the organ of Corti is absent, sound 

vibrations cannot be transduced into temporo-spatial patterns of action potentials along the auditory 

nerve for the coding of frequency and intensity, and a hearing aid which amplifies sound is of little or no 

use. A cochlear implant should reproduce the patterns of action potentials required for the coding of 

sound to such an extent that speech and environmental sounds can be recognised and understood. 

Cochlear implants have had single or multiple electrodes to excite auditory nerves. Single-electrode 

implants are simpler and cheaper to construct, but should no longer be used as speech perception 

results are inferior to those obtained with multiple-electrode implants. Multiple-electrode arrays have 

been implanted either on the surface or within the cochlea. Although surface arrays will produce less 

trauma to the membranous structures of the cochlea, they are not very effective in providing multiple-

channel stimulation, because the high impedance of bone restricts the delivery of current to the auditory 
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nerves, and their distance from the spiral ganglion cells prevents localised stimulation of groups of 

neurones. On the other hand, with care, intracochlear electrodes can be inserted along the scala tympani 

of the basal turn of the cochlea without significant damage or loss of neurones, to provide the necessary 

multiple-channel stimulation. 

The information transmitted to the electrode array may be sent percutaneously or transcutaneously. 

Percutaneous transmission requires a plug and socket, and although there have been improvements in 

the biocompatability of the materials used, there is still a risk of infection around the plug, it can be 

fractured, it is not practicable for children, and it is not aesthetically pleasing. Transcutaneous 

transmission through the intact skin is preferable and is most effectively achieved by transmitting signals 

electromagnetically using an inductive transmitting coil externally and receiving coil internally. 

The Nucleus (Cochlear Limited) cochlear implant (Fig. 1) consists firstly of a directional microphone 

worn above the ear which transforms sound into a voltage waveform. This voltage is applied via a small 

cable to a speech processor, worn in a pocket. The speech processor filters this waveform into 

frequency bands. The output of the filters are referred to a map of the patient's electric current 

thresholds and comfortable listening levels for the individual electrodes. A code is produced for the 

stimulus parameters (electrode site, and current level) to represent the speech signal at each instant in 

time. This code, together with power, is transmitted inductively via a cii-cular aerial through the intact 

skin to the receiver-stimulator. This receiver-stimulator directs current pulses to the appropriate 

electrodes on an array lying close to the auditory nerve fibres within the basal tum of the cochlea. The 

current pulses excite populations of auditory nerve fibres to simulate the pattern of auditory nerve 

.......
 



3 

activity in response to sound, and provide a meaningful representation of speech and environmental 

sounds. 

How was the present cochlear implant and speech processor developed? 

Initial operative studies on profoundly deaf patients, to see if speech perception could be achieved using 

electric stimulation, were carried out in the 1950s and 1960s, e.g., Simmons et al.(1964). In these 

studies although the patients could recognize some stimuli as speech like, they were basically not able 

to understand what was said. 

Although the above attempts to help deaf people understand speech were unsuccessful, they led to the 

hope that eventually this would be possible. However, anticipated dlfficulties were firstly, that as the 

innervation patterns of the dendrites (peripheral processes) in the cochlea were complex, and as it was 

assumed that the discrimination of frequency and intensity depended on the these innervation patterns, 

it would be difficult for electric stimulation on a small number of electrodes to simulate tbe patterns of 

auditory nerve activity generated in response to sound. Secondly, it was thought that if most hair cells 

were absent in a profound hearing loss this would result in the degeneration of a large number of spiral 

ganglion cells and auditory nerve fibres, and there would be insufficient numbers for transmitting speech 

infonnation. Furthermore, it was considered that placing an electrode into the inner ear could lead to 

the loss of the remaining ganglion cells. 

Basic research was needed to help answer these questions before further clinical studies were 

undertaken. Research to compare unit responses in the brain stem for acoustic and electric stimulation 

was undertaken to see how well electric stimulation could simulate a rate (time/period) code for the 
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coding of frequency (Clark, 1969a,b). If rate of electric stimulation could code speech frequencies then 

a simpler single-channel device would have been possible. It could also have been placed extra

cochlearly without the possible loss of neurones from an intra-cochlear electrode insertion. The results, 

however, showed that the patterns of sustained firing seen with sound did not occur for electric 

stimulation above 500 pulses/so Behavioural studies in the experimental animal (Clark et al.,1972,1973) 

also showed the limitations of using electric stimulation to convey frequency as a rate code above 

approximately 600 pulses/so This research therefore indicated that place coding of frequency would be 

required to convey the higher frequencies (up to 4000 Hz) needed for adequate speech comprehension. 

Place coding depends on stimulating discrete groups of nerve fibres at appropriate sites in the cochlea 

where they are arranged tonotopically (the auditory nerve fibres in the cochlea are arranged so that a 

frequency scale occurs from high to low progressing from the basal to apical turns). Research was 

required to detennine how best to localize the electric current to discrete groups of nerve fibres so that Ithe place coding of frequency could take place. This research (Merzenich, 1974; Black and Clark, 
I 

1977) showed that, for electrodes placed in the scala tympani of the basal turn, both bipolar and 

common ground stimulation would provide adequate current localization. With bipolar stimulation the 

current passes between neighbouring electrodes and with common ground stimulation between an 

active electrode and the others on the cochlear array connected electronically together. Intracochlear 

electrode insertions also required histopathological studies to ensure that implantation did not lead to 

the loss of the residual auditory neurones or other adverse tissue effects (Clark, 1973). Towards the end 

of the 1970s sufficient basic research and engineering developments had been undertaken to justify 

multiple-electrode intracochlear implants being carried out on patients. 

Our first prototype multiple-channel implant was inserted in 1978 in a profoundly deaf adult who had 

no demonstrable hearing. Postoperatively after establishing that he had limited pitch perception for rate 
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of electric stimulation, but adequate place pitch perception we preceded to evaluate possible speech 

processing strategies. The fIrst was a physiological-based one which used fIxed fJlters to extract speech 

frequencies for place coding. The speech perception results, however, were 'unsatisfactory because 

simultaneous electric stimulation at different sites in the cochlea led to unpredictable variations in 

loudness. As a result non-simultaneous stimulation, where the stimuli were separated in time down to 

0.025 ms, became a requirement of speech processing. It was also discovered that stimulating separate 

electrodes resulted in the patient hearing vowels that were the same as the single-formant vowels 

experienced by normal hearing people when corresponding areas of the cochlea were excited. This led 

to our formant-based speech processing strategies. The inaugural strategy extracted the second formant 

frequency (F2), and presented this to an appropriate electrode in the cochlea on a place coding basis 

(F2 is a concentration of energy in the mid speech frequency range which on average is from750 Hz to 

2300 Hz). The voicing or fundamental frequency (FO) was presented to each electrode being stimulated 

as a rate code. FO is low in frequency, and on average 120 Hz for men, and 225 Hz for women. It 

distinguishes voiced from unvoiced phonemes as well as questions from statements. The amplitude of 

the sound energy of F2 was used to set the current level of the stimulating electrode. In 1978 and 1979 

when this strategy, described by Clark et al., (1978) and Tong et al., (1979), was evaluated using 

standard audiological tests it was found to give the patient considerable help when used in combination 

with lipreading. It also gave some open-set speech understanding for electric stimulation alone when the 

patient was tested with open-sets of monosyllabic words and CID sentences (Clark et al., 1981a,b). 

Studies also took place in other Centres to see whether speech perception could be achieved with a 

multiple-electrode cochlear implant. Primarily fIxed fIlter rather than speech feature extraction schemes 

were explored at Stanford, Salt Lake City, San Francisco, and Paris. Except for one patient at San 

Francisco no open-set speech understanding was reported for these fIxed fJlter strategies. While the 
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above multiple-electrode studies were being undertaken research was also carried out in Los Angeles, 

London, and Vienna, to see if it was possible to use single-electrode systems to provide closed or even 

open-set speech understanding. In these studies some closed-set but no open-set speech perception was 

reported for electrical stimulation alone. A more detailed review of the results of the above systems is 

provided by Millar et al.,(1984). 

One difficulty with preprocessing speech and selecting a single formant for place encoding was that 

the preprocessing required a decision to be made by the electronic circuitry to detect the speech signal 

from background noise. It was found, however, that as more formant information (in particular the 

first formant FI) was extracted and coded on a place basis, (FO/FI/F2 speech processor) not only did 

speech perception improve in quiet (Fig.2), but especially in noise. A further improvement in speech 

perception both in quiet and in noise occurred when the spectral energy in the frequency bands 2.0

2.8kHz; 2.8 - 4.0kHz; and 4.0 - 6.0kHz was extracted, and for voiced sounds the energy in the first 

two bands together with FI and F2 was used to stimulate four electrodes sequentially on a place coding 

basis. For unvoiced sounds the energy in the above frequency bands together with only F2 were used 

to stimulate the cochlea on a place coding basis. FI was not used as energy in this region is minimal 

with unvoiced sounds. This speech processing strategy called MUltipeak, was implemented in a speech 

processor called MSP (miniature speech processor). The improvement in speech perception in quiet is 

shown in Fig.2. 

Further research to improve speech processing by extracting more freqency information and coding it 

on a place basis was limited by channel interaction due to the spread of current along the cochlea. To 

overcome this difficulty two strategies, viz, the Spectral Maxima Sound Processor (McKay et 
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al.,1991) (SPEAK) and the Continuous Interleaved Sampler (CIS) (Wilson et aI., 1991) used constant 

rate of stimulation on all electrodes and provided timing infonnation by allowing the amplitude 

variation on each filter output to produce changes in the current on the corresponding electrodes. In 

this way there is only an interaction in current level, but not pulse rate. The difference between these 

two strategies is that SPEAK has roving filters and selects the six maximal outputs from a bank of 20 

filters, and CIS has six fixed filters. These differences are reflected in the patterns of electrodes 

stimulated (electrodograms) for acoustic stimuli, and are illustrated in Fig.3 for the word 'choice'. 

The SPEAK strategy has shown better results than Multipeak: both in quiet and in noise, and the 

comparative results in quiet from patients at our clinic are shown in Fig.2. The Multipeak: strategy and 

MSP processor was compared with the SPEAK strategy and Spectra-22 processor in a field trial on 63 

postlinguistically deaf adults at eight centres world wide (Skinner et aI., 1994). The mean score for 

vowels was 75% for SPEAK and 70% for Multipeak:, for consonants 69% for SPEAK and 57% for 

Multipeak, for words 34% for SPEAK and 25% for Multipeak:, for words in sentences 76% for 

SPEAK and 67% for Multipeak: (Fig. 4). For the 18 subjects who had the CUNY and SIT sentence test 

at a signal-to-noise ratio of 5dB the mean score for words in sentences was 60% for SPEAK and 32% 

for Multipeak. The above results were all statistically significant at the 0.0001 level. 

The mean open-set sentence score of 76% for 63 profoundly deaf adults using the SPEAK strategy 

(Skinner et al., 1994) is very similar to that obtained for a group of 40 severely to profoundly deaf 

people also using SPEAK. This latter data was presented to the FDA on 30 June, 1995. 
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The mean open-set sentence score for the CIS strategy on 68 patients with the Clarion speech 

processor was reported by Kessler et al., 1995 to be 60%. This data was also presented by the 

Advanced Bionics Corporation to the FDA on 21 July, 1995. The differences are shown in Fig. 4. The 

data (Kessler et al., 1995) also shows that with the CIS strategy and Clarion speech processor there is 

a bimodal distribution of results with at least a quarter of patients having scores poorer than 20%. This 

high proportion of patients with poor scores for the CIS strategy is not seen for SPEAK (Skinner et 

al., 1994), and may be due to the high rates of stimulation (800 pulses/s) used with CIS. The nervous 

system of some patients may not be able to adequately code information at this high rate. 

The above studies were carried out on postlinguistically deaf adults. In the early 1980s, the Los 

Angeles/3M single-electrode implant was inserted in their fIrst child. Subsequently, the results for the 

single-channel device on 49 children, ranging in age from two to 17 years, were reported (Luxford et 

al., 1987). The results showed the children could discriminate syllable patterns, but only two could 

obtain any open-set speech understanding. The MelboumelNucleus multiple-electrode implant was 

fIrst implanted in children in 1985 (Clark, Blarney et al., 1987, Clark, Busby et al., 1987) after the US 

Food and Drug Administration (FDA) trial on postlinguistically deaf adults had been completed, and 

the device approved for use in postlinguistically deaf adults. The FO/Fl/F2 speech processing strategy 

was evaluated on 142 children for the FDA, and approved on 27 June 1990. The results showed that 

51% of the children had significant open-set performance with their cochlear prosthesis compared 

with 6% preoperatively. In addition 68% of the children could perceive some spectral cues for speech 

perception with their cochlear prosthesis compared with 23% preoperatively. Performance also 

improved over time with signifIcant increases in open-set and closed-set speech perception between 

one and three years postoperatively. When the test results on 91 prelinguistically deaf children in the 

study were examined separately it was found that improvements were comparable with the 
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postlinguistic group in many areas, however, performance was poorer on the open-set measures for 

the prelinguistic group.(Clark et al., 1996). 

The latest Nucleus speech processing strategy SPEAK has been compared with Multipeak on 12 

children from centres in Melbourne and Sydney. The children in the trial all had more than one years 

experience with Multipeak-MSP, and had some open-set speech understanding for electrical stimulation 

alone. The results of the study (Cowan et al.,1995) showed that in quiet their mean open-set sentence 

scores for electric stimulation alone were 60% for SPEAK and 53% for Multipeak. At a 15 dB signal-

to-noise ratio the scores were 58% SPEAK and 48% Multipeak. These results indicate that childrens' 

central auditory nervous systems are adaptable or plastic enough to process new patterns of stimulation. 

It is also important to note that the new SPEAK strategy provides better speech comprehension in the 

presence of background noise as this ability is needed in everyday situations, including the classroom. 

How does the cochlear implant system work? 

The external section of the Nucleus (Cochlear Limited) multiple-channel cochlear prosthesis, shown in 

Fig.l and illustrated diagramatically in Fig.5, has a directional microphone placed above the pinna to 

help select the sounds coming from in front of the patient, particularly in, noisy conditions. The 

sensitivity of the microphone increases from 150Hz to approximately 5.0kHz at 6dB/octave before 

dropping off, to emphasize the high frequencies of speech which are important for intelligibility bilt low 

in intensity. The energy of the component frequencies in the speech signal or environmental sound is 

amplified with a pre-amplifier, low pass filtered to remove any high frequency energy that would 

interfere with the conversion of the analogue signal to a digital one by an A-to-D converter. With the 

SPEAK-Spectra-22 system the signal is ftltered by a bank of 20 analogue ftlters, and with the SPEAK
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SP 5 system a Digital Signal Processor (DSP) enables a Fast Fourier Transform (FFf) to provide the 

filtering. The output voltages from the filter bank and FFT are selected. These are referred to a "map" 

where the thresholds and comfortable loudness levels for each electrode selected are recorded, and they 

are converted to stimulus levels. An appropriate digital code for the stimulus is produced and 

transmitted through the skin by electromagnetic waves from a transmitter coil worn behind the ear. The 

transmitter coil is linked inductively to a receiver coil that is part of the implanted receiver-stimulator. 

The transmitting and receiving coils are aligned through magnets incorporated in the centres of both 

coils. The transmitted code is made up of a digital data stream representing the sound at each instant in I 

time, and is transmitted by pulsing the radiofrequency (RF) carrier. The receiver-stimulator decodes the ~ 
I 

information into instructions for the selection of the electrode, mode of stim·ulation (i.e. bipolar, 

common ground, or monopolar) current level, and pulse width, through controlling the opening and 

closing of gates or switches. The stimulus current level is controlled via a digital-to-analog converter. 

Power to operate the receiver-stimulator is also transmitted by the radio frequency carrier. 

Is the multiple-electrode intracochlear implant safe? 

Our studies on implantating the cochlea in the experimental animal have demonstrated there is no 

significant loss of ganglion cells if an electrode is inserted without tearing the basilar membrane or 

producing a fracture of the spiral lamina (Clark, 1977). This is illustrated in Fig.6 which is a monkey 

cochlea implanted for 24 months (Shepherd et aI., 1995). However,a fracture or even abrasion of the 

endosteal lining may also lead to increased new bone formation. Insertions without trauma to the basilar 

membrane or spiral lamina result in hair cells being preserved distal to the electrode array, but the hair 

cell population opposite the array is usually depleted or absent The loss of inner hair cells correlates 

with the number of remaining peripheral processes (dendrites). The Nucleus banded array is very 

flexible, and can be inserted along the scala tympani with minimal trauma. If the Nucleus smooth, free
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fitting, banded, electrode array needs to be removed and a similar array inserted, this can also be done 

with minimal damage to the cochlea or loss of spiral ganglion cells (Shepherd et aI., 1995). 

If infection invades all scalae and turns of the cochlea there will be early and extensive loss of hair cells 

and spiral ganglion cells (Clark 1977). New bone formation can be seen forming as early as two weeks 

following the onset of the infection (Clark & Shepherd, 1984). This is relevant to the timing of a 

cochlear implant for patients with a profound sensorineural hearing loss following labyrinthitis. Animal 

experimental studies (Clark & Shepherd, 1984) have shown that acute labyrinthitis is more likely to 

develop soon after implantation, before there has been time for a fibrous tissue sheath to have fonned 

around both the electrode and electrode entry point. Our studies have also shown that if an otitis media 

due to Staphylococcus aureus, Streptococcus pyogenes, and Streptococcus pneumoniae occurs wheQ 

an electrode sheath has had time to fonn, there is no significant risk of labyrinthitis (Dahm et aI., 1995). 

Afascial graft around the electrode entry point may facilitate the development of a sheath and protect 

the cochlea. Care mus,t always be taken to ensure that the operation is not carried out when an otitis 

media is developing. In addition, the surgery should be covered with systemic and topical antibiotics, 

and a postoperative course given as well. It should also be noted there is a risk of infection developing 

even if the operation is carried out six or more months after a chronically infected ear has been made 

'clean' by surgery. 

Not only may trauma and infection damage spiral ganglion cells, but choosing inappropriate stimulus 

parameters, for example those which have a high charge density or are not charge-balanced, may do the 

same. Our chronic electric stimulation studies on cats have shown that charge-balanced biphasic stimuli 

up to 500 pulses/s with charge densities up to 52pC cm-2 geom.per phase were safe (Shepherd et aI., 



12 

1983; Ni et aI., 1992). Although the safe upper limit for charge density has not been established it 

should be kept as low as possible, and below52pC cm-2 geom.per phase. Using electrodes like the 

Nucleus banded array will keep the charge density low as they have a large surface area, but can still 

stimulate discrete groups of auditory nerve fibres for the place coding of speech frequencies. The 

electric stimuli should not only have a low charge density, but be charge-balanced biphasic pulses. The 

Nucleus mini receiver-stimulator produces biphasic pulses which are charge-balanced to less than 0.1 % 

asymmetry. The stimulator is also shorted between pulses to ensure that there is no significant charge 

imbalance. If the two phases of the pulse are not adequately balanced, a damaging DC current will 

occur. A DC current of 0.8J1A has been shown to produce a marked reduction in the spiral ganglion cell 

population, and extensive new bone fonnation (Shepherd et aI.,1991). Although the safe upper limit for 

a DC current "has not been established it is desirable to keep it below O.lpA, the level known to be safe 

from our chronic stimulation studies. High rates of stimulation (l000-2000 pulses/s) can also produce 

loss of neural function independent of charge imbalance. The damage from high stimulus rates can be 

due to a direct effect on the cell biochemistry, and principally occurs at high current levels (Tykocinski 

et al.,1995). However, with current levels in the nonnal operating range our chronic studies at rates of 

1000 and 2000 pulses/s in the experimental animal with the Nucleus receiver-stimulator have shown no 

loss of neuron function or damage (Xu et al., 1995). This is shown in Fig.7. 

Who will benefit? 

Originally the multiple-channel cochlear implant was only recommended for people who were 

postlinguistically deaf with a profound-to-total hearing loss, and did not obtain any useful hearing with 

a well fitting hearing aid. That meant they had an average pure tone air threshold in the better ear for 

500,1000 and 2000Hz of 90dB SPL or greater, and zero speech perception for hearing alone for open

•
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sets of monosyllabic words and words in sentences. In addition, they had no significant improvements in 

word and sentence scores when using hearing combined with lipreading compared to lipreading alone. 

As the perception of speech as well as environmental sounds by profoundly deaf adults has continued to 

improve with the development of speech processing strategies (Clark et al., 1996; Skinner et al.,1995), 

as seen in Fig.2, patients can now be considered for a cochlear implant if they have some residual 

hearing (ie if they are severely-to-profoundly deaf). The average results from profoundly deaf people 

for open-sets of cm sentences (scored as words correctly identified) for electrical stimulation alone 

using the most recent speech processing strategy for the Nucleus (Cochlear) multiple-channel implant 

(SPEAK) is76%. 

As a result it is recommended that the Nucleus (Cochlear Limited) cochlear implant can be used in 

patients 18 years and older who have bilateral, postlinguistic, sensorineural hearing impainnent and 

obtain limited benefit from appropriate binaural hearing aids. Limited benefit from amplification is 

defined by test scores of 30% correct or less in the best listening condition for open-sets of tape 

recorded words in sentence tests. 

The factors that indicate which postlinguistically deaf adults will benefit most from an implant have 

been assessed in a number of studies. The findings have varied., and were reviewed by Blamey for the 

Nffi consensus meeting in Washington D.C. May, 1995. Duration of deafness was most consistently 

correlated negatively with speech scores. Age at implantation also correlated negatively with speech 

scores for durations of deafness less than 10 years, but not for longer durations when the effect of 

I
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duration was accounted for. Increased implant usage gave better results due to learning. The study by 

Blarney et al., (1992) also showed that speech perception scores were better if there was good gap 

detection and frequency discrimination for preoperative promonotory testing, and larger numbers of 

electrodes in use (indicating the need for an adequate depth of insertion). 

Deciding whether a child will benefit from an implant is more difficult than for an adult Firstly, it is 

necessary to use speech tests that are language appropriate to assess her/his speech perception ability. 

For example, the perception of speech in a young child is tested by a picture vocabulary test, and in an 

older child using PBK(Kindergarten) words. It is also important to remember that a deaf child's 

language will be below that of their peer group at the same chronological age. The results for age and 

language appropriate tests need to be interpreted in the light of the unaided and aided pure tone 

thresholds, as well as the child's ability to use her/his hearing in communication tasks. It is then a matter I 
of clinical judgement whether the child has too much useful hearing for a cochlear implant operation. I 

Factors which may predispose to good speech perception also need to be considered before advising 

surgery. These factors vary whether the child is postlinguistically or congenitally deaf. Analysis of 

results in our clinic (Dowell et al., 1995) has shown that for both postlinguistically and congenitally deaf 

children speech results correlate negatively with duration of deafness. However, congenitally deaf 

children do better when they are young at the time of operation, but age at operation per se is not a 

factor for postlinguistically deaf children. Children also get better results if there is a progressive 

hearing loss, some residual hearing, and in an oraVaural education program. 
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How are patients selected preoperatively? 

Children and adults should be assessed at a clinic which specializes in cochlear implants. When they are 

diagnosed as having a severe-to-profound hearing loss they also need to be reviewed to see whether a 

hearing aid or cochlear implant is preferable. The clinic should be led by an otologist with a good 

knowledge of both audiology and the development of speech and language in children, as the cochlear 

implant is an invasive procedure, and the otologist is ultimately responsible for its success. The other 

members of the clinic need to be professionals in audiology, speech pathology and education of the 

hearing impaired. Ideally, however, the field requires a human communication specialist with expertise 

in hearing, speech and language. 

When the patient presents for the rust time he/she should have an initial otological consultation to 

determine: the cause of the hearing loss; the extent of the disablity; previous medical, surgical or 

hearing aid assistance; and previous or intercurrent ear, nose, and throat disease or general medical 

conditions that may be relevant to her/his management. The expectations of the patient or parents with 

regard to a cochlear implant are also important. For suitable patients an audiological assessment should 

follow and include a complete history of the onset, severity, and nature of the hearing disability. 

Particular attention must be given to the type and fitting of any hearing aids. An initial audiological 

examination includes pure tone air and bone thresholds and speech perception scores, both aided and 

unaided; as well as impedance audiometry. With children they will require behavioural testing with an 

age appropriate procedure. At this stage it is best if the person's further management is reviewed by the 

cochlear implant team in the light of the initial otological and audiological consultations as they may 

have too much hearing, other clinical contraindications, unreasonable expectations, or not wish to 

proceed. 

--------------------------'--------" . 
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If a decison is made with the patient or parents to further assess suitablity for a cochlear implant this 

will require plain X-rays of the temporal bones, and cr scans of the cochleas. This will indicate 

whether there are any congenital deformities, or mastoid and middle ear disease, and the condition of 

both cochleas. If the results do not clearly show which ear could receive a multiple-electrode array 

because of ossification then a 3D reconstruction of a standard or helical cr scan may be required to 

give a better overall view. If there is any doubt about the presence of fibrous tissue in the scalae then an 

MRI will also be needed. When the cr is required in a child an anaesthetic is given, and at the same I 
time an objective assessment of hearing such as steady state evoked potential (SSEP) (Rickards & I 
Clark, 1984) or ECoG can be made. With adults it is also necessary to electrically stimulate the 

promontory of the cochlea to determine the perceptual response to global electrical stimulation of the 

auditory nerve. The test involves determining thresholds and comfortable levels, whether the patient can 

perceive pitch or only loudness, and whether pitch varies with stimulus rate. A single-channel speech 

processor extracting voicing is then connected to assess closed-set syllable identification. 

If an adult or child has some usable hearing and not been optimally fitted with a hearing aid, this will 

need to be done, and the aid trialled for at least three months in an adult, and longer in a child. With 

children it is also very important to assess· their speech production, receptive and expressive language 

and general communication skills. Sociological issues need careful examination to ensure that there is 

good support from the family as rehabilitation in the home and at work is just as important as the 

training sessions provided at the clinic or school. With children their educational management is critical, 

and it is essential for those of school age for the clinic staff to have close contact with their teachers of 

the hearing impaired before proceeding with surgery. 

-
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How is the surgery performed and what are the complications? 

The cochlear implant surgery should be carried with -care to prevent infection. This requires good 

aseptic procedures and theatre routine. When implanting a foreign body there is an increased risk of 

postoperative infection and with cochlear implants this has been 1.2 % in adults and 0.73% in children 

(Hoffman and Cohen, 1995). This has been a factor in flap necrosis, where the rate has been 0.84% for 

adults and 0.37% for children. Postoperative infection is a largely preventable complication that can be 

reduced to a minimum with preoperative skin swabs to exclude any pathogens, attention to the details 

of asepsis, and haemostasis. 

The hair should be shaved Scm beyond the proposed skin incision to avoid compromising sterility when 

the drapes are applied. An inverted J incision is recommended. The inverted J incision commences at 

the junction of the middle and upper thirds of the postauricular sulcus, and then sweeps in a curve 

upwards and backwards to a point which is Scm above and behind the external auditory meatus. It is 

preferable to take the incision even higher and further back than have it lie over the edge of the package 

when there is a greater chance of a wound breakdown. A modification of the inverted J incision is one 

which commences as an endaural incision, and then extends above and behind the ear canal. The C 

incision has been abandoned in favour of the the inverted J incision as the latter has good dependent 

venous drainage, and does not cut the branches of the occipital artery. The posterior branches of the 

superficial temporal artery are at risk, however, and when maximum blood supply is needed the 

combined endaural approach should be considered. 
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The skin and superficial fascia are elevated together as an inferiorly-based flap. The deep fascia and 

periosteum are then both dissected forward as an anteriorly based flap. Some surgeons raise all the 

tissue together, but we prefer to create two flaps so that the deeper one can if necessary be rotated to 

prevent the incision lying directly over an exposed package. The deep layer can also be useful for 

suturing over the package to hold it in place. 

Sufficient mastoid air cells need to be drilled away to provide access for the posterior tympanotomy 

(Fig. 8). Before undertaking the posterior tympanotomy identify the landmarks for the vertical segment 

of the facial nerve so that it can be identified and not injured when carrying out the procedure. The 

landmarks of importance are: the short process of the incus, the fossa incudis and the lateral 

semicircular canal. The largest convenient diamond paste burr must be used to expose the facial nerve, 

but leave a thin layer of bone over it to further reduce the chance of damaging it during the posterior 

tympanotomy. An accompanying artery and the pink colour of the nerve will help with its identification. 

The position of the facial nerve is not always predictable, and it is important not to assume that the fIrst 

nerve encountered is the facial because if it is the chorda tympani the drill will soon enter the ear canal. 

Only when the posterior surface of the vertical segment of the facial nerve has been exposed should the 

bone leading into the middle ear be drilled away. The posterior tympanotomy is facilitated when there 

are sentinel cells beneath the floor of the antrum as they can be followed to the middle ear. However, 

the tympanotomy can be difficult when there is solid .bone in the region, in which case the chorda 

tympani and the postero-superior margin of the annulus of the tympanic membrane need to be identifIed 

and preserved. This will then defme the limits of the approach. Occasionally ~ especially in children and 

when there is an anteriorly placed lateral venous sinus the access for a posterior tympanotomy is very 

restricted. In this situation the posterior wall of the osseous ear canal should be thinned, and the view 
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. through the microscope changed to be more medial. Rarely will it be necessary to drill away the 

posterior canal wall or approach the middle ear down the ear canal. 

Having entered the middle ear (Fig. 8) it is important to identify the round window niche and 

membrane. Locating the round window helps in correctly siting a cochleostomy which should lie close 

to the antero-inferior margin of the round window niche. The round window can be difficult to see, in 

which case drill away bone anterior to the vertical section of the facial nerve. Sometimes the 

infracochlear air cell looks like the round window niche, and on occasions the electrode array has been 

inserted into it. It can only be distinguished if the surgeon is very familiar with the anatomy of the first 

part of the scala tympani of the basal turn of the cochlea. The scala tympani has a distinctive infero

lateral curvature which distingu,ishes it from an air cell. Occasionally the round window is absent, 

especially with otosclerosis and labyrinthitis ossificans, when the centre of its superior margin can be 

estimated as 2.7mm inferior to the centre of the inferior margin of the oval window or foot plate of the 

stapes. Originally, most electrode placements were made through the round window membrane. Now it 

is preferable to create a cochleostomy, as this allows a better view along the scala tympani. This enables 

the Nucleus free-fitting banded electrode to be more easily directed along the scala tympani resulting in 

adeeper and less traumatic insertion. 

Once access has been obtained for a cochleostomy the next stage of the operation is to create a bed in 

the mastoid for the receiver-stimulator package. The Nucleus mini receiver-stimulator (Fig. 8) should 

be placed so that its anterior edge lies 35 mm behind the ear canal. This will prevent the microphone 

case or arm of spectacles pressing on the anterior edge of the receiver-stimulator causing discomfort or 

even skin erosion. In fashioning the bed for the mini receiver-stimulator a template will help to make it 
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the correct size, and it should have vertical sides. Ifnecessary in thin skulls and especially in children the 

bone overlying dura can be drilled away, and the dura-depressed 1-2mm by the device. 

Having made the bed for the package the next step is to place a platinum wire around the floor of the 

mastoid antrum for tying the lead wire down once the electrode is inserted into the cochlea. Then create 

the cochleostomy. This is best done by drilling from below upwards so that the scala tympani can be 

entered away from the spiral lamina to minimize any risk of damage to this structure. If possible the 

endosteal lining should be preserved during the drilling to protect the inner ear structures, and then an 

opening made with a fine needle. If the scala is being entered through the round window membrane this 

should be incised antero-inferiorly to avoid damage to the spiral lamina. In this case, to achieve a good 

exposure along the scala, the crista fenestra should also be reduced. If there is new bone or fibrous 

tissue in the initial part of the scala tympani this will need to be dissected away to provide adequate 

access to the more distal section of the scala if shown on X-ray to be patent. Drilling along the scala 

should not be carried out for more than 8 mm otherwise the internal carotid may be pierced. 

Commencing the drilling close to the round window will help ensure the correct orientation so the scala 

tympani is entered, and a channel not made tangential to the scala. If a patent scala is not present or 

cannot be easily created an attempt should be made to enter the scala vestibuli as it can be patent, but 

not clearly seen on the cr scans. This will involve drilling into the scala vestibuli 1.5 mm antero-inferior 

to the inferior mar~in of the oval window. A variant of this procedure is having drilled along the basal 

sections of the scala tympani and vestibuli separately, the two channels are joined up preserving 

overlying bone to hold the electrode array in place. Finally. if the cr scans and MRIs show the distal 

part of the basal turn is obliterated it will be necessary to drill out the bone overlying the basal tum. 

This will require a permeatal approach to the middle ear with the elevation of an endomeatal flap. In 
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drilling the bone over the scala tympani care will be required to avoid damaging the spiral lamina, the 

horizontal section of the facial nerve, and the internal carotid artery. 

In the uncomplicated case the electrode array can usually be inserted for a distance of 21 nun on 

average. The range is 15 nun to 27 nun. A deeper insertion has been reported if the electrode array is 

coated with Healon, which reduces the friction between the array and the outer wall of the scala. The 

surgery for children is basically the same as for adults. The incision will appear relatively larger because 

of the reduced head size, but must not be reduced in extent. 

What is the postoperative management and auditory training of patients? 

The patient is normally discharged three days postoperatively. The wound should be inspected daily, 

and a tight bandage maintained to avoid a haematoma. If this develops it may need aspiration. An 

aerocele arising when air is forced up the Eustachian tube will also normally resolve with a compression 

bandage. Wound infection will require further systemic antibiotics according to the sensitivity of the 

organism, as well as topical antiseptics. In a proportion the wound will require exploration especially if 

there is exposure of the receiver-stimulator. In some cases debridement of tissue and long term 

antibiotics (three months) will avoid having to remove the device. If infection is extensive the package 

will have to be removed. 

In most cases the surgical outcome is uneventful and the receiver..;stimulator can be 'fIred up 'when the 

scalp is healed three weeks postoperatively. The fust task then is to establish thresholds and maximum 

comfortable levels for each electrode pair for bipolar stimulation, and each electrode for common 
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ground and monopolar stimulation. Thresholds are obtained by an ascending technique. The maximum 

comfortable level is arrived at by fIrstly reaching the minimum discomfort level and reducing the 

stimulus current a small amount. The stimuli are then swept across groups of electrodes to ensure that 

they are of equal loudness, and that the levels have been correctly set When it has been established that 

they are of equal loudness the stimuli should then be swept across all the electrodes to determine 

whether there is adequate pitch scaling for the place coding of frequency or pitch information. The 

thresholds and maximum comfortable levels are programmed into the map of the patient's speech 

processor. 

Auditory training exercises involve listening to speech and repeating what is heard The speech material 

may be sentences, words or vowels and consonants. The exercises allow the audiologist to assess the 

performance of the patient and at the same ,time provide training. The task must not be too difficult or 

the patient will be discouraged. The patient is also counselled on how to use the device, for example 

what to expect if the batteries become flat. Later, training is given in the use of the telephone, and this 

may vary from the use of a code when the patient has limited speech perception ability, to interactive 

conversations for the best performers. 

Auditory training for children will not only concentrate on improving their ability to perceive and 

understand speech and environmental sounds, but also their speech production, receptive and 

expressive language and communication. The speech material used for the training will need to be age 

appropriate. The training should be integrated into the child's educational program which will be at 

either a pre-school or school level. They will need to be taught by auditory-oral or auditory-verbal 

methods to take advantage of the new auditory infonnation they are receiving. In certain situations the 

use of total communication where signed English is combined with an auditory stimulus will be 

required. Sign language for the deaf should not be used as it does not have the grammatical structure 
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, required for communicating with normally hearing people and is not appropriately combined with a 

cocWear implant 

,---------------------------------~ 
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Figure Legends 

Figure 1 

A diagram of the Nucleus (Cochlear Limited) multiple-channel cochlear prosthesis. a - microphone; b

cable; c - speech processor; d - transmitter coil; e - receiver stimulator; f - electrode array; g - cochlea; 

h - auditory nerve (Clark 1995). 

Figure 2 

crn open-~et sentence scores for electric stimulation alone for the FO/F2, FO/Fl/F2, Multipeak, 

SPEAK strategies on unselected patients at the Royal Victorian Eye and Ear Hospital Cochlear Implant 

Clinic three months postoperatively. The speech processor which presents the strategies is shown 

following the strategy (Clark et al., 1996). 

Figure 3 

Spectrogram for the word 'choice'and the electrode representations (electrodograms) for this word 

using the Multipeak, CIS and SPEAK strategies. 

Figure 4 

Top: The mean open-set sentence score of 76% for the SPEAK (Nucleus) strategy on 63 patients 

(Skinner et al., 1994),67% for the Multipeak (Nucleus) strategy on 63 patients, and 60% for the CIS 

(Advanced Bionics) strategy on 68 patients (Kessler et al., 1995). Test Materials used were: Nucleus

crn, CUNY Iowa sentences; Clarion-Crn sentences. 
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Bottom: The proportion of patients obtaining different levels of open-set sentence scores for electric 

stimulation alone for the Nucleus (SPEAK) (Skinner et aI., 1994) and Clarion (CIS) (Kessler et al., 

1995) speech strategies and processors. 

Figure 5 

Adiagram of the Nucleus (Cochlear Limited) speech processor implemented using either: (A) a 

standard fIlter bank: or; Fast Fourier Transform (FFT) filter bank:. The front end sends the signal to a 

signal processor chip via a filter bank: or to a Digital Signal Processor (DSP) chip which carries out an 

FFT and signal processing. The signal processor selects the fIlter bank: channels and the stimulus 

electrodes and amplitudes, and maps these to the patient's requirements. An encoder section converts 

the stimulus parameters to a code for transmitting to the receiver-stimulator on a radio-frequency (RF) 

signal together with power to operate the device. 

Figure 6 

Aphotomicrograph of the upper basal and upper middle turns of the cochlea of the Macaque after a 

free-fitting banded array had been implanted for 24 months. The minimal tissue response evoked by the 

electrode is indicated by the arrows. Hair cells were absent adjacent to the array but present 

apicalwards (Shepherd et aI, 1995). 

Figure 7 

The mean ganglion cell populations and their standard errors in 13 cats after up to 2100 hours of 

bipolar and monopolar continuous stimulation at 2000 pulses/s compared to controls. The ganglion cell 

populations were plotted for corresponding distances along the length of the basilar membrane. (Xu et 

al, 1995) 
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Figure 8 

A drawing of the surgical implantation of the Nucleus (Cochlear Limited) mini receiver-stimulator 

showing the mastoid exenteration, posterior tympanotomy, bed for receiver-stimulator, electrode array 

inserted, and receiver-stimulator package about to be placed in its bed. Insert shows the posterior 

tympanotomy exposing the head of stapes, round window niche and promontory with a cochleostomy 

created Imm anteroinferior to the round window niche. 
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