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1. lNTRODUCfION

and/or 'top down processing', in particular the effects of
deafness on phoneme and word recognition.
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CID open-set sentence scores for electric stimulation alone
for the FOIF2, FOIFIIF2, Multipeak, SPEAK strategies on
unselected patients at the Royal Victorian Eye and Ear
Hospital Cochlear Implant Clinic three months
postoperatively. f5/

A cochlear implant is a device which restores some hearing
in severely-to-profoundly deaf people when the organ of Corti
has no! developed or is destroyed by disease or injury to such
an extent no comparable hearing can be obtained with a
hearing aid. When the organ of Corti is severely
malfunctioning or absent, sound vibrations cannot be
transduced into temporo-spatial pallems 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 [11 emphasized there was an 'electro
neural' bottle-neck restricting the amount of speech and other
acoustic information thaI could be presented to the. nervous
system by electrical stimulation. The first speech processing
strategy, modelling the cochlea and auditory nerve function,
was unsatisfactory due to unpredictable variations in
loudness from the spread of current along the cochlea and the
resulting channel interactions [2]. In addition, the
psychophysical studies on the first patient demonstrated a
marked increase in the difference limens for stimulus rates
above 200-300 pulses/s, showing the significance of the
'bottle-neck' for rate information [3]. On the other hand,
single channel schemes had to deal not only with a 'bottle
neck'for rate information, but could provide no place
information.

Improvements in the processing of speech (Fig. I ), and its
transformation into a neural code have now resulted in a
mean performance level for postlinguistically deaf adults in
the case of the University of MelboumelNucieus speech
processing strategy SPEAK of 71 % to 76% for open-sets of
crn, CUNY and SIT sentences when using electrical
stimulation alone [4,5]. Good performances have also been
demonstrated for prelinguistically and postlinguistically deaf
children [61. A recent study in the Department of
Otolaryngology has shown the above scores in adults are
better on average than those obtained by severely-to
profoundly deaf people using an optimally fitted hearing aid,
and comparable to those for severely deaf people. There is,
however, considerable variation in results. In the case of the
University of MelboumelNucieus device this was from 5% to

100% for open-sets of CID sentences for electrical
stimulation alone [4]. This variation in results may be due to
difficulties with 'bottom up' processing, in particular the
residual spiral ganglion cell population or cochlear pathology,

2, COCHLEAR IMPLANT PRINCIPLES AND
DESIGN

The multiple-channel cochlear implant, shown ill Fig.2
consists of directional microphone (a); speech processor (c),
processing and decoding the sound; transmitting coil (d)
transmitting the coded signal as well as power through the
intact skin by radio waves to the implanted receiver
stimulator (e) embedded in the mastoid bone. The receiver
stimulator decodes the signal and produces a pattern of
electrical stimulus currents in an array of electrodes (f)
inserted around the basal turn of the cochlea. These
electrodes stimulate discrete groups of auditory nerve fibres
(g,h).
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Figure 2 Figure 3

A diagram of the University ofMelbournelNucieus (Cochlear
Umited) multiple-channel cochlear prosthesis. a
microphone; b - cable; c - speech processor; d - transmitler
coil; e - receiver stimulator; f - electrode array; g - cochlea;
h - auditory nerve {5, 7j.

A diagram of rhe University of MelbournelNucieus (Cochlear
Limited) speech processor implemented using either: a
standnrdjilter bank or; Fasr Fourier Transform (FFT)jilter
bank. ADC - analogue-to-digital converter; TX « RX 
rransmilting and receiving; RF - radio-frequency.

The microphone used with the speech processor has a
sensitivity which increases from 150Hz to approximately
5.0kHz at 6dB/octave, to emphasize the high frequencies of
speech as they are important for intelligibility but low in
intensity.

As shown in Fig.3 the energy of the component frequencies is
amplified in the front end of the speech processor, and can be
filtered by a bank of analogue filters e.g. in the Nucleus
Spectra-22 processor, or a Digital Signal Processor can be

. used to carry out a Fast Fourier Transform to provide the
.filtering e.g. in the Nucleus SP-5 processor. In the signal
processor, implemented on a Digital Signal Processor (DSP)
chip, the filter outputs and electrodes stimulated can then be
selected as required, and the voltages referred to a "map"
where the thresholds and comfortable loudness levels for
each electrode are recorded. The output voltages are
converted to current stimulus levels or pu Ise widths. In the
encoder a digital code for the stimulus is produced and
transmilled through the skin to an inductively coupled
receiver-stimulator. High transmission rates of 5MHz are
used to send as much information as possible through the
skin as the link is transcutaneous and not percutaneous. The
data tells the receiver-stimulator the electrode to stimulate,
the stimulus mode, the current and pulse width, and the rate
or timing of the stimulus. The receiver-stimulator decodes
the information, extracts power to operate, and provides
stimulus current pulses to the electrodes on the array in the
cochlea.

3. DEVELOPMENT OF THE NUCLEUS COCHLEAR
IMPLANT SPEECH PROCESSING STRATEGIES

3.1 Proroundly Dear Adults

reason, speech science assumed importance, as it became
necessary to pre-process speech and present the more
perceptually important speech cues through the 'bollie-neck'.

While undertaking psychophysical studies to beller
understand what the patient was perceiving, we discovered
that stimulating separate electrodes resulted in the perception
of vowels which corresponded quite well with those heard by
normal hearing people when presented with single formants.
It was also appreciated [8,9.10] that the second formant
conveyed considerable speech information. This then Jed to
the decision to manage the 'bottle-neck' by pre-processing
speech and extracting the second formant frequency (F2). A
stimulus current level proportional to the amplitude (A2) of
F2 was used to stimulate an appropriate electrode on a place
coding basis. In addition, voicing (FO) was coded as rate of
stimulation on each electrode at a rate proportional to the
voicing frequency. This FOIF2 strategy was incorporated in
the first Nucleus speech processor called WSPII.

Over the next 17 years we have increascd the amount of
useful information passing through the 'bottle-neck'. This
was done by firstly extracting the first formant frequency
(FI) as well as F2, and coding the two as place of
stimulation. Voicing again detemined the rate of stimulation
on each electrode. This was called the FOIFI1F2 strategy, and
the processor WSPIII.

When the information transmitted for vowels and consonants
with the FOIF2 and FOIFI1F2 strategies was determined it
was found that for vowels the FOIF IIF2 strategy transmitted
more Fl information as would be expected, and this was
renected in the better vowel scores. For consonants there was
improved transmission for most features. The additional
information resulted in improved consonant and open-set
word scores for electrical stimulation alone.

Multiple-channel cochlear implants derived their inspiration
from auditory physiology, but it was realized early on with
our initial speech processor based on cochlear and auditory
nerve function [I] that the coding of sound could not be
easily reproduced by electrical stimulation of the auditory
nerve, because of an' electroneural 'bottle-neck'. For this

The next advance in speech processing was to also extract the
outputs of filters in the three frequency bands 2.G-2.8kHz,
2.8-4.0kHz, and >4.0kHz, and present these as well as the
first two formants on a place coding basis. together with
voicing as rate of stimulation. The high frequency spectral
information was used (0 provide additional high frequency



cues to improve consonant perception, and the strategy was
called Multipeak and the processor MSP.

The infonnation lransmitted for vowels and consonants with
the FOIFIIF2 and Multipeak slrategies was compared in four
subjects. With vowels lhe infonnalion lransmitted for FI and
F2 increased with the Multipeak slrategy. and the
identification scores went from 80% to 88%. With
consonants the infonnation for consonants increased for
place. frication. nasality. and voicing. and the idenlification
scores went from 48% to 63%. The better scores were
probably due to both the additional high frequency spectral
infonnation. and improvements in the speech processing.
With the MSP processor for lhe Multipeak stralegy the rate
of stimulation for unvoiced sounds was increased from 130 to
260 pulses/s. the relative amplitudes (AI and A2) of FI and
F2 were made more nonnal. and a logarithmic conversion
made of 256 sound intensity levels to 32 electrical
stimulation levels instead of the linear conversion used with
WSPlIl.

In early 1989 while carrying out studies to compare the
FOIFIIF2-WSP ill and Multipeak-MSP systems. research
under an NIH contract NO I-DC-9-2400 'Speech Processors
for Auditory Prostheses' compared the FOIF I1F2-WSP m
system. and a strategy estimating three spectral peaks from
16 band pass filters presented non-simultaneously to three
electrodes on a place coding basis. Voicing was coded as rate
of stimulation and the strategy implemented on our Digital
Signal Processor (DSP56001). When this three peak-picking
filter-bank strategy was compared with the FOIFIIF2-WSP m
system on an initial subject it was found the infonnation
transmission for vowels was better for the filter bank
scheme(73%) versus FOIFI1F2 (63%), but it was the same
for consonant features overall (49% vs 48%). The CNC word
(35% vs 42%) and BKB sentence (43% vs 56%) results,
however. were poorer [II).

As initial results with the three peak-picking filter-bank
strategy were not as good as the FOIFIIF2-WSP ill scheme it
was decided to develop schemes which picked more peaks
(four and six). and another scheme which selected the six
maximal output voltages of the 16 band-pass filters. and
presented these at constant rates to electrodes on a place
coding basis. The latter slrategy was called the Spectral
Maxima Sound Processor (SMSP).

In 1989 [12) the FOIFIIF2·WSP rn system was compared
with a strategy where the four largest peaks were encoded as
place of stimulation, and FO coded as rate of stimulation with
random stimulation for unvoiced speech. The comparison
was made on two research subjects. The FOIFIIF2-WSP m
system was also compared with a strategy where the four
largest spectral peaks were encoded as place of stimulation
with the amplitudes of the filters setting the current levels of
four electrical pulses presented simultaneously at a constant
rate of 125 pulses/s. The infonnation transmission for vowels
and consonants was statistically significantly better for the
filter bank schemes compared to the FOIFIIF2-WSP m
system. With the consonants this applied to duration. nasality
and place. These improvements did not carry over to the
tracking of speech, and this could have been due to the short
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periods of use with the filter bank schemes.

In addition, in 1990 [13) a comparison was made between the
Multipeak-MSP system and a filter bank slrategy which
selected the four highest spectral peaks and coded these on a
place basis. Electrical stimulation occurred at a constant rate
of 166 pulsesls which was a higher rate than in the strategy
studied earlier, and' reported above. This strategy was also
implemented using the Motorola DSP56001 digital signal
processor. The results for vowels were as follows: patient
KM-MSP(80%). DSP(77%); patient BG-MSP(71 %).
DSP(91 %). The resulls for consonants were as follows:
patient KM-MSP(77%). DSP(81%); patient BG-MSP(54%),
DSP(81 %). The better results for consonants and vowels with
the DSP processor extracting four spectral peaks and
presenting the energy at a higher constant rate of stimulation
of 166 pulsesls instead of 125 pulses/s [12) suggested this
strategy, when further developed, would result in better
open-set speech results than for the Multipeak-MSP system.
To improve the strategy it was necessary to decide whether to
have a slrategy which presented six spectral peaks or six
spectral maxima. As preliminary investigations did not show
six peaks made a significant difference to the results it was
decided to proceed with a slrategy which exlracted six
spectral maxima instead. It was also decided to avoid the
complex timing problems and channel interactions of
presenting voicing as rate of stimulation on six electrodes by
continuing to use a constant rate of stimulation (166
pulses/s), and varying lhe current on the electrodes in
proportion to the voltage outputs from the filters.

A strategy which eXlracted six spectral maxima subsequently
called the Spectral Maxima Sound Processing (SMSP)
scheme was tested on an initial patient (PS) with an analogue
implementation of the strategy using an NEC filter bank chip
(D7763) [14). and found to give substantial benefit. For this
reason, in 1990. a pilot study was carried out on two other
patients comparing this SMSP strategy and analogue
processor with the FOIFIIF2-MSP system [15). The patients
alternated in the use of the SMSP and FOIFIIF2-MSP
schemes. The consonant scores for the two patients with the
FOIFIIF2-MSP system were 20% and 16%. and for the
SMSP system 43% and 39%. The open-set CNC word scores
(scored as words) were 9% and 1% for lhe FOIFIIF2-MSP
system. and 21 % and 16% for SMSP-system. The open-set
CfD sentence scores (scored as key words) were 53% and
56% for the FOIFIIF2-MSP system and 80% and 88% for the
SMSP-system. An initial evaluation of the the Multipeak
MSP system was also carried out on one of the patients. and
the results for electrical stimulation alone were: consonants
32%, CNC words 3%. and CfD sentences 41%. These were
not as good as those for lhe the SMSP system.

The initial good results obtained with the SMSP-system
referred to above needed to be verified on a larger group of
palients in a betterconlrolled study. This srudy [16] using the
analogue implementation of SMSP was undertaken on four
patients who had used the Multipeak-MSP system from three
to 16 months. An AlB design was used. The average scores
for vowels were: 76% Multipeak-MSP and 91 % SMSp·
Analogue. The average scores for consonants were: 59%
Multipeak·MSP and 75% SMSP-Analogue. The average
scores for open-sets of CNC words (scored as words) were:
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Spectrograph and electrotkJgramsfor the word 'choice' presented through the two speech processing systems
Multipealc-MSP and SPEAK-Spectra-22

40% Multipeak-MSP and 57% SMSP-Ana)ogue. The average
scores for open-sets of ClD sentences presented in quiet
(scored as key words) were 81 % Mullipeak-MSP and 92%
SMSP-Analogue. The average scores for open-sets of ClD
sentences presented at a signal-to-noise ratio of IOdB
(multitalker babble) were 50% Multipeak-MSP and 79%
SMSP-Analogue. The development of the SMSP system was
reviewed in more detail by Clark (17).

The SMSP strategy was developed industrially by Cochlear
Limited as SPEAK, and implemented (18) in a processor
referred to as Spectra-22. Spectra-22 differed from SMSP
and its analogue implementation in being able to select six
spectral maxima from 20 rather than 16 fillers. The stimulus
rate for the final version of SMSP was 250Hz, but with
SPEAK-Spectra-22 it jitters around on average of 250Hz. A
multicentre comparison of the SPEAK-Speclra·22 and
Multipeak-MSP systems was then undertaken to establish the
benefits of the SPEAK-Spectra-22 system (4). The field trial
was on 63 postlinguistically and profoundly deaf adults at a
total of eight centres in Australia, North America and the
UK. The patients all had some open-set speech recognition
with the Multipeak-MSP system, with scores from 5% and
above. A single subject AIB:AIB design was used. !=or the
medial vowel test 25% of subjects had higher scores for
SPEAK-Spectra-22 and 2% for Multipeak-MSP. The mean
score for vowels was 75% for SPEAK-Speclra-22 and 70%
for Multipeak-MSP and was statistically significant at the
0.0001 level. For the medial consonant test 56% of subjects
had higher scores for SPEAK-Speclra-22 and 0% for
Multipeak-MSP. The mean score for consonants was 69% for
SPEAK-Speclra-22 and 57% for Multipeak-MSP, and was
statistically significant at the 0.0001 level. For the CNC word
test 32% of subjects had higher scores for SPEAK-Spectra-22
and 2% for Multipeak-MSP. The mean score for words was
34% for SPEAK-Spectra-22 and 25% for Multipeak-MSP
and was statistically significant at the 0.0001 level. For the

CUNY and SIT sentence test in quiet 39% of subjecis had
higher scores for SPEAK-Spectra-22 and 3% for Multipeak
MSP. The mean score for words in sentences was 76% for
SPEAK-Speclra-22 and 67% for Multipeak-MSP and was
statistically significant at the 0.000 I level. For the 18
subjects who had the CUNY and SIT sentence test at a
signal-to-noise ratio of 5dB, 78% of subjects had higher
scores for SPEAK-Speclra-22 and 0% for Multipeak-MSP.
The mean score for words in sentences was 60% for SPEAK
and 32% for Multipeak-MSP, and was statistically significant
at the 0.0001 level. The SPEAK-Spectra-22 system had a
significantly better performance than Multipeak-MSP on all
speech tests when evaluated using a paired t-test (as a
parametric test) or the Wilcoxon signed rank test (non
parametric test). SPEAK-Spectra-22 was approved by the
FDA for postlinguistically deaf adults on 30 March, 1994.

The speech information received by patients using either the
Multipeak-MSP or SPEAK-Spectra-22 systems when
presented with closed sets of vowels and consonants has been
analyzed. The results (19) showed a significant improvemcnt
in the transmission of FI and F2 information for vowels, as
well as place and manner distinctions for consonants. It is not
clear what additional or a'ltcrnative information provided by
the SPEAK-Spectra-22 system best explains the above
differences in results. The differences in information
presented to the nervous system, however, can be seen in the
outputs to the electrodes from the two systems. These were
plotted as electrodograms and are illustrated for the word
'choice'in Fig.4. From this it can be seen there is beller
representation of transitions and more spectral information
presented on a place coding basis with the SPEAK-Spectra
22 system.



In addition • 51 unselecled palients. from the US and
Australia. starling with SPEAK for the first time have been
tested with crn sentences. two weeks to six months
postoperatively. A mean score of 71 % was obtained. and
reported to the US FDA in 1996.

3.2 Severely-la-Profoundly Hearing Impaired Adults

By 1988 it had been established that the Multipeak-MSP
system resulted in an average open-set crn sentence score
for electrical stimulation alone of 58% three months
postoperatively. This was better than results for severely-to
profoundly deaf people when using a hearing aid. For this
reason a multicentre study in the United States was
commenced in 1988 to extend the benefits of a cochlear
implant to severely-to-profoundly deaf peop'le.

The study [201 was undertaken on 58 subjects who were all
postlinguistically deaf adults. and had only marginal benefits
from hearing aids as defined by open-set sentence recognition
scores less than or equal to 30% in the best aided conditions.
They all had the operation carried out on the poorer hearing
ear.

The open-set crn sentence test scores for the electrically
stimulated implanted ear alone improved from 6%
preoperatively to 51 % three months postoperatively. and
when the implant was used in combination with the
contralateral hearing aid the scores increased from 19% to
59%. There was also considerable variation in results.
However, of the 58 subjects tested, 48 or 83% demonstrated
a statistically significant improvement in crn sentence
recognition scores in the implanted ear. Similar
improvements were also seen with the IOWA sentence test.
the North Western University of Monosyllabic word test and
the NU Monosyllabic Word test.

By 1994, research at the University of Melbourne had
resulted in the development of the Nucleus SPEAK-Spectra
22 speech processing system. and its approval by the US
FDA. In December 1994 a study was initiated to convert the
patients using Multipeak-MSP to SPEAK-Spectra-22. Forty
one of the 58 patients participated in the study. A comparison
was made between the two systems after long term usage of
Multipeak-MSP, and the trial of SPEAK-Spectra-22 for 30
days. When tested with crn sentences presented in quiet 19
of 38 patients (50%) did better with SPEAK-Spectra-22.
Only two patients performed bener with the Multipeak-MSP.
The group mean scores improved from 68% to 77%. Results
for CUNY sentences presented in background noise showed
open-set recognition improved significantly for 22 of the 34
subjects, from 39% with Multipeak-MSP to 58% with
SPEAK-Spectra-22.

In summary, this study on 41 patients showed that patients
can be selected for cochlear implantation with SPEAK
Spectra-22 if they have preoperative open-set sentence scores
of 30% or less.
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'4. OTHER MULTIPLE-CHANNEL COCHLEAR
IMPLANT SPEECH PROCESSING STRATEGIES

With other multiple-channel processors there has been less
pre-processing of speech carried out to help get useful
information through the 'bottle-neck'. This applies in
particular. to the Symbion or Inner Aid device which
presented the outputs of six fixed filters to the auditory nerve
by simultaneous monopolar stimulation. This device was
compared with the FOIFIfF2-WSP l/I and Multipeak-MSP
systems in a controlled study by Cohen et al. [21]. They
tested for prosody. phoneme, spondee and open-set speech
recognition and found a significant difference between' the
Multipeak-MSP and Symbion or Inner Aid systems,
particularly for the perception of open-set speech presented
by electrical stimulation alone. There was an increase in the
mean speech scores from approximately 42% with the
Symbion or Inner Aid system to approximately 75% with the
Multipeak-MSP system (an 80% increase). On the other
hand. there was no significant difference between the
FOIFIIF2-WSP ill and Symbion or Inner Aid systems. The
data suggest that. if one looks at the place coding of spectral
information alone. the pre-processing of speech into two
stimulus channels with the FOIF I1F2 strategy gives
comparable results to the presentation of the outputs from six
band pass filters with the Symbion or Inner Aid. The
advantage of undertaking appropriate pre-processing of
speech is al'so suggested from the comparison of the the
Mullipeak-MSP and Symbion or Inner Aid systems. Both
speech processing strategies presented information along
approximately the same number of channels (5 for Multipeak
and 6 for Inner Aid), but with Multipeak there were
significantly better results.

A more recent development in the use of fixed filters for
cochlear implant speech processing is a scheme called
Continuous Interleaved Sampler or CIS. This addresses the
'bottle-neck' by sampling the outputs of six or more filters at
a high rate. Although this provides better representation of
temporal variations in amplitude. it is still not clear up to
what rates the auditory nervous pathways can handle the
increased information. In addition. CIS addresses the place
'bottle-neck', by stimulating at a constant rate to reduce
channel interactions. The open-set CID sentence scores for
electrical stimulation alone six months postoperatively for the
CIS-Clarion system on 64 patients (22). and the SPEAK
Spectra-22 system on 51 unselected patients tested from two
weeks to six months after the start up time are shown in
Fig.5. The data for SPEAK-Spectra-22 were presented 10 the
FDA in January, 1996.
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associated with inadequate place pitch discrimination. It was
concluded that not only was signing, a ,possible detrimental
factor, but also the Joss of hearing before speech had been
developed, as well as the long period of time before
implantation.

S. COCHLEAR IMPLANT SPEECH PROCESSING
FOR CHILDREN

The mean open-set CID sentence score of 71% for the
SPEAK (University of MelbournUNucleus) strategy on 51
patients (data presented to the FDA January 1996) and 60%
for the CIS (Advanced Bionics) strategy on 64 patients (22).

To help answer these questions two prelinguistically deaf
adults were implanted in 1983 [23]. They were educated in
both signed English and sign language of the deaf. Their
speech perception performances, however. were poor when
using the FOIF2 speech processing strategy, and this was

The question of how well pre linguistically deaf children
could hear in comparison with postlinguistically deaf
children needed a large group for a definitive answer. This
was achieved when an FDA approved multicentre clinical
trial on children using the FOIFIIF2-WSP ill system
commenced in 1986. Results [26J were obtained from 142
children at 23 centres. At least one speech test was used in
the following speech perceptual categories: suprasegmental,
closed-set word identification, and open-set word
recognition.The tests were also appropriate for the
developmental stage of the child. The 12 months
postoperative results showed 51 % of the children had
significant open-set perfonnance 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. Perfonnance also improved over
time with significant increases in open-set and closed-set
speech perception between one and three years
postoperatively.

The above findings suggested it was important to examine
the questions further in children taught by auditory/oral
methods. Therefore the FOIF2-WSP n system was next
evaluated in 1985 on a 14 year old (PS), and then a 10 year
old (SS), followed in 1986 by a five year old (BD). All three
children went deaf from meningitis before developing
adequate language. The initial results in the first two
children showed increased scores for closed-set consonants
and open-set words and sentences when electrical
stimulation was combined with lipreading compared to
lipreading alone. For electrical stimulation alone the scores
for closed-sets of 12 consonants in the first child (Pre-3
[23,24]) were 7% (a chance score), and for six consonants in
the second child (Pre-5 (23,24)) 31 %. The third child (Pre-6
[23,24]); patient 2 (25J not only identified vowels,
consonants.and words in closed sets,but also recognised
significant numbers of words in open sets for electrical
stimulation alone.Although not completely answering the
first question the above resu Its suggested the younger the
child the better the speech perception results.

When the test results on 91 prelinguistically deaf children in
the study were examined separately it was found that
improvements were comparable with the postlinguistic
children in many areas, however, perfonnance was poorer on
the open-set tests for the prelinguistic children. The
FOIF11F2-WSP ill system was approved, by the FDA, for use
in children on 27 June, 1990.

The question of plasticity, and the concern that receiving one
strategy would preclude being able to adjust to a different
one was evaluated when a group of children using Multipeak
MSP were changed to the SPEAK-Spectra-22. A group of 12
children able to obtain an open-set score for CNC words
using electrical stimulation alone were assessed over a 36
week period using an AIB:AIB experimental design [27).
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Figure 5

The results are from recent published data from the two
groups. They show that speech perception was better for the
SPEAK-Spectra-22. However, it must always be remembered
that in comparing strategies the engineering implementation
is an important issue. Comparisons should also be carried in
the one clinic in a carefully controlled way on an adequate
number of subjects.

Both speech processing systems are similar in that six
stimulus channels were presented at a constant rate.
However, with SPEAK. the stimulus channels were from the
six spectral maxima, and with CIS from six fixed filters. As
it is assumed that the higher stimulus rate of CIS (up to 800
pulses/s), worics positively in its favour, then the selection of
spectral maxima is an important requirement for cochlear
implant speech processing. The relative importance of these
and other factors is not clear at the moment. and is being
studied in our research program.

The important questions that need to be answered when
applying the Nucleus multiple-channel implant to children
are firstly, will the speech processing strategies that have
been developed to provide infonnation to an auditory system
previously exposed to sound and with appropriate neural
connectivity, be applicable to people who have no such
exposure? Secondly, to what extent is the brain plastic and
able to use the information from electric stimulation for
speech understanding? Thirdly, how long does the phase of
plasticity and ability to understand speech last i.e. what is the
critical period for this?



Comparison of mean scores for the twelve children on open
set word and sentence scores showed a significant advantage
(p<O.05) for the SPEAK-Spectra-22 system compared with
MultipeaJc-MSP in both quiet and a +15dB signal-to-noise
ratio. These resulls suggest that children could in fact benefit
from increases in spectral and temporal information available
from SPEAK-Spectra-22.

The questions of plasticity and Ihe critical period have also
been srudied by comparing psychophysical findings with
speech perception resulls in implanted children [28.29). In a
group of 13 children their abilities to discriminate place and
rate pitch and loudness.and detect gaps between pulses and
pulse durations were detemlined. It was found that children
with gOod speech perception had the ability to rank
electrodes in tonotopic order. but not aJJ children with the
ability to rank electrodes had good speech perception. This
suggests that the critical period for ranking of electrodes is of
longer duration than for speech. and that this ability is
separate from speech perception.

Finally, the results for the children seen in our clinic were
analyzed to see what factors best predicted speech perception
scores [6). and to help answer the third question concerning
the extent of the critical period for the acquisition of speech
perception. The predisposing factors were found to vary
depending on whether the child was post linguistically or
prelinguistically deaf (prelinguistic deafness is defl1led as
occuring before language has developed al approximately
four years of age). The resulls showed that for both
post linguistically and prelinguistically deaf children speech
results correlated negatively with duration of deafness, which
is Ihe same as age for congenital deafness. With congenitally
deaf children age at operation was the important factor. and
these children did beller when they were young. Children
also got beller resulls if there was a progressive hearing loss,
some residual hearing. and they were in an oraVaural
education program.

The above results indicate there is a critical period for speech
perception with a cochlear implant, and within that period
results are beller the younger the child. The results suggest
thaI a critical period lasts till the early teenage years, but do
not quantify the relative importance of the child's age within
that period.

6. FUTURE RESEARCH DIRECTIONS

Our research to improve speech processing for cochlear
implants is proceeding along a number of lines. Firstly. the
research aims to beller defl1le perceptually important speech
information. Secondly, studies are being undertaken to
further optimize the transmission of information through the
'bollie-neck'. This includes transmilling information al
higher rates and developing neural networks that can be
trained to present the optimal speech code for each individual
patient. Thirdly. the charmel capacity is being increased or
the bollie-neck widened. This is being done by introducing
complementary information through a 'bollie-neck' on the
other side, and relying on central auditory processing of the
two signals. The additional information may be presented
from either a second implant or hearing aid. We have adapted
our DSP research speech processor to enable us to control the

signal passing to either two implants or implant and hearing
aid. Widening the 'bottle-neck' is also being done by
research to beller simulate the temporal coding of frequency.
and the place coding of frequency by improved electrode
arrays for more localised stimulation of the auditory nerve
fibres.
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