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A cochlear implant is a device which restores some hearing in severelY-lo-profoundly 
deaf people. when the organ of Corti has not developed or is destroyed by disease or 
injury to such an extent no comparable hearing can be obtained' with a heari,ng aid. 
When the organ of Corti is severely malfunctioning or absent, sound ,;ibrations cannot 
be transduced into temporo-spatial patterns of action potentials along the auditory 
nerve for the coding of frequency and intensity. As a result, a hearing aid which 
amplifies sound is of little or no use. 

Our early research (Clark. 1969) emphasized that with electrical stimulation there was 
an electro-neural "bollie-neck" restricting the amount of speech and other acoustic 
information that could be presented to the nervous system. It also showed Ihe need to 
use muhiple-channe[ stimulation presented non-simultaneously. to minimize channel 
interaction (Clark, 1987). 

SPECTRAL PEAK STRATEGIES 

To overcome the electro-neural "bottle-neck" our approach has been to control the 
information passing to the central auditory ner\'ou~ system so that information of the 

irnm"lnance for speech understanding is transmitted. Initially in 1978 we 
second formant frequency, which is very important for speech 

!Jllelligibility, and stimulated an appropriate electrode On a place coding basis, using a 
current proportion to the amplitude of the second formant. Voicing was 
rate of stimulation on each electrode. This strategy (FOIF2) was incorporated 

first Nucleus speech processor called WSP II. It was shown to provide 
!Uistically deaf adults with considerable improvements in speech perception 

used in combination with lip reading. eo~pared with lip reading alone. It also 
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SYDNEY '97 \ gave some open-set speech understanding for electrical stimulation alone. and was 
~~:,:~d01 approved by the US Food and Drug Administration (FDA) in October 1985. as safe 

OIOrhinoiaryngology and effecuve. 
Head and Over the following 12 years we have increased the amount of essentiui information 

passing through the "bottle-neck". We did this next by extracting the first (FI) as well 
as the second formant frequencies, and coded the two as place of stimulation. Voicing 
again detennined the rate of stimulation on each electrode. TIlis was called the 
FOJFIIF2 strategy. and was implemented in the speech processor WSP m. This 
strategy resulted in better speech perccption (Fig. I). and the system was approved by 
the FDA in May. 1986. TIle nel't improvement in speech processing was to ruso 
Cl'tract the outputs of filters in the three frequency bands 2.0-2.8kHz. 2.8-4.0kHz and 
greater than 4.0 till. and present these as weIl as the first two formants on a place 
coding basis. together with voicing as rate of stimulation. The high frequency spectral 
information was to provide additional high frequency cues for improving consonant 
perception. The strategy was called Multipeak and the processor MSP. This system 
resulted in higher speech perception scores (Fig. I). and was by the FDA in 

NecK Surgery . 

Sydney. 
2-7 March 

Lo 

October. 1989. 

Speech Processing Results 
Mean Open-Set Scores - Electrical Stimulation Alone 
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Figure 1Open-set ClD sentence. and phoneticruly.balaneed monosyllabic word score~ for 
FO/F2, FO/FIIF2. Multipeok. SPEAK slrlllegies for electrical stimulation alone on 

unse1ected patients at the Cochlear Implant Clinic of the Royal Victorian Eye & Ear 
Hospital. The speech processor implementing each su:ategy is shown in addition to 
the strategy. The year the speech processing system was approved by the FDA is also 

shown. 

SPECTRAL MAXIMA STRATEGY 

To further develop cochlear implant speech processing we first undertook a series 
10 compare the formant extraction FO/FIIF2 scheme with others which 

three. four and six peaks in energy from the outputs of fixed filters. and 
these on a place coding basis. With the peak picking strategies either rate 

-i 
r 

stimulation was proporiioniI to the voicing frequency or a COnstant stimulus rate was 
used. and voicing conveyed by variations in amplitude (CJnrI;: et al.. 1996). As the 
results for the peak picking schemes were not significantly better than the FOIFIIF2
WSP ill strategy a decision was made to compare FOIFIIF2·WSp ill with one that 
selected the six maximal outputs from a bank of 16 band-pass filters. and presented 
the voltage levels to electrodes at a constant rate. This strategy was referred to as the 
Spectral Maxima Sound Processor (SMSP). and gave better speech perception when 
compared with both the FOIFIIF2-WSP ill and Multipeak-MSp systems in a small 
cohort of patients (McKay et al .• 1991). With further testing in a larger group of 
patients a significant difference was seen when it was compared with the Multipeak
MSP system (McKay et al .• 1992). 

'The SMSP strategy was developed commercially by Cochlear Limited as SPEAK. 
SPEAK differs from SMSP in extracting up to eight spectral maxima from 20 band-
pass filters. When the SPEAK-Spectra 22 and Multipeak-MSP were 
compared in a multi-centre international study the results established advantages 
for the SPEAK strategy. The improvement with SPEAK over the Multipeak strategy 
is shown in Fig. I, and was probably due to better spectral and temporal coding. 
rmproved spectral coding for SPEAK - Spectra 22 compared to Multipeak _ MSP is 
shown in the clectrodograms seen in Fig. 2 for the word "choice". In this figure notice 
there is better representation of the consonant transitions from the affricate [tIl to the 
diphthong [oil with SPEAK rather than Multipeak. The SPEAK strate!!v was 
approved by the FDA as effective for postlinguistically deaf adults in March 
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for the word "choice". and the electrode rep!' sentation (electrodograms) 
word with tbe Multipeak and SPEAK strategies (C'drk, in press). 
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The advances seen in speech perception with the University of Melbourne's speech 
processing strategies presenting more selected infonnation through the "hotde-neck" 
are summarized in Fig. 1. It can be seen that there has been a steady improvement in 
the mean scores. With the present SPEAK strategy unselected patients, presenting to 
tbe Royal Victorian Eye and Ear Hospital Clinic and tested three to six months 
postoperatively, obtained a mean score of 86% for open-sets of sentences scored as 

words correctly identified. 

ADAPTIVE BEAMFORMER - SIGNAL.IN-NOISE 

Furthennore, a two-microphone adaptive beamfonner has been used as the front end 

to a SPEAK strategy to improve speech perception in the presence of background 

noise. The study on four patients (van Hoesel and Clark, 1995) showed a mean open

set sentence test score of 43% for the beamfonner and 9% for the control at a very 

difficult (OdB) signal-to-noise ratio (Fig. 3). All four of the patients showed 

significant benefits. Further development is now required to make this beamformer 


more robust in multiple speaker and reverberant conditions. 

Adaptive Beamforming vs Simple summation 

_ Binaural Microphones 


( Average for 4 Cochlear Implant Patients) 
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Figure 3 
Average open-set sentence test results for the adaptive Griffiths Jim beamfonner 

(ABF) and a simple summation (SUM) control for four cochlear implant users in quiet 


and in noise at a signal-to· noise ratio of OdS. (Van Hoesel, & Clark. 1995) 


FIXED FILTER STRATEGIES 

Alternative multiple-channel speech processing strategies have been evaluated by 

other groups over the last ten or more years. These include a compressed analogue 

strategy (CA) which presents the output of four to eight fixed filters on a place coding 


, 	basis. and more recently the continuous interleaved sampler (CIS) which presents the 

outputs of six or more filters on a plaoe coding basis at high stimulus rates (usually 

800 pulsesls). The CA strategy has previously been compared with the l'O/FIIF2 and 

Multipeak strategies. and found to give poorer results than Multipeak but comparative 


\ 
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results to that of FOIF11F2 (Cohen et al., 1993). It has also been of value to compare 
the results for SPEAK. and those for CIS. CIS addresses the "holde-neck" like 
SPEAK by stimulating at a constant rate to reduce channel interaction. It differs from 
SPEAK by sampling the outputs of six or more fixed filters rather than the spectral 
nw:ima from 20 band· pass filters. It also stimulates at a rate of approximately 800 
pulsesls rather than 250 pUlsesis which is the case with SPEAK. The open-set CID 
sentence scores for electrical stimulation alone six months postoperatively with a CIS. 
Clarion system, and from one to six months postoperatively for the SPEAK Sp-..<:tra
22 system, are shown in Fig 4. The results for a clinical trial of 60 patients on CIS 
(Kessler et aI., 1994) show a mean open-set ClD sentence score of 60%, and the 
results for SPEAK, presented to the FDA by Cochlear Limited on 51 patients. was 
71 %. These data suggest that the extraction of spectral maxima is imponant for 
speech processing. 

CIO Open-Set Sentences 

Electrical Stimulation Alone 
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The mean open-set cm sentence score of 71% for the SPEAK (The University of 
Melhourne/Nucleus) strategy on 51 patients (data presented to the US FDA January 
1996), and 60% for the CIS strategy (Advanced Bionics) on 64 patients (Kessler et al., 

Cochlear implant speech processing for prelinguistically and postlinguistically deaf 
f!!hildren needs to be studied separately from that of adults as the preoperati"e sl""cch 
and language skills are not as good and still developing. The FOIFIIF2-WSP m 

was eValuated first on children in a clinical trial for the FDA. The results were 
npresented to the FDA. and in June 1990 the FOIFIIF2 strategy was ~pp:o\"ed for 

two 10 18 years of age. The results showed that 51 % of the children had 
open-set speech l""rception perfonnance with their cochleu prosthesis 

with 6% preol""ratively. Perfonnance also improved over lime with 
increases in open-sel and closed-set speech perception between one and 
postoperatively. When the test results on 91 prelinguistica1ly coa!' children 

were examined separately it was found that improvement; were 
with the postlinguistic group in many are~. however, perfO:111"-~ce was 

the open-set measures for the prelinguistic group (Clark et al.• 1996). 
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We recently assessed speech perception in 202 children impl:mled from the age of 14 
months to 18 years from Melbourne and Sydney who all used the SPEAK strategy. 
They were assessed with age appropriate tests, and their speech perception abilities 
were classified into seven categories. The categories were defined as perception 
abilities up to the following levels: sound detection; sound discrimination; closed-set 

vowel identification; closed-set consonant identification; open·set word recognition 

from" 10-20%; open-set word recognition from 20·50%; and open-set word recognition 

above 50%. The results showed that 62% had varying degrees of open-set speech 

perception for electrical stimulation alone. Funhermore, analysis of the data indicated 

that better speech perception is more likely to occur with a shoner duration of 

deafness, an auditory/oral education, and when some residual hearing is present. 

Better speech perception is' also likely the younger the child in those who are 

congenitally deaf (Clark. 1997). 

NUCLEUS 24 SYSTEM 

To explore new speech processing strategies in adults and children, :md to make it 
possible to implant infants, Cochlear Limited in cooperation with The Cooperative 
Research Centre for Cochlear Implant Speech and Hearing Research has developed a 
more advanced receiver.stimulator called CI-24M (Patrick et aI., 1997). TIle CI-24M 
is shown in Fig. 5. It allows more stimulus channels to be used, and at higher 

~, 


Figure 5 The CI-24M receiver-stimulator and SP-5 and SP-7 speech processors for infants, 
children and adults. Top left: the body worn SP-5 specch processor. Top right: the 
"behind the car" SP.? speech processor. Bottom: the Cl-24M receiver-stimulator 

(Clark, 1997; Patricketal., 1997). 

stimulus rates than with the present CI-22M receiver-stimulator. This new receiver
stimulator has telemetry so that electrode impedanees and auditory nerve compound 
action potentials (CAPs) can be recorded. This facility and a flat profile makes it 
suitable for implantation in infants. This receiver-stimulator can be interfaced with a 
body worn speech processor (SP-5) which can be programmed with a number of new 
coding strategies, or it can be used with a "behind the ear" speech processor (SP-7) 
which presents SPEAK or CIS strategies. As illustrated in Fig. 5, these speech 
processors are part of the Nucleus-24 Cochlear implant system. 
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