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An improved sound processor for a mUltiple-channel cochlear implant hearing prosthesis has been developed. The spectral maxima
sound processor (8M8P) extracts the six largest frequency components of speech and presents stimuli at a rate of 250 Hz to electrodes
at positions selected on the basis of the spectral frequencies. It was designed for use initially with the advanced cochlear implant
recently developed at the University of Melbourne, which is capable of high rate and quasi-simultaneous stimulation. The present
study, however, was carried out with two subjects who have the more widely used 22-electrode implant produced commercially
by Cochlear Pty Limited (formerly Nucleus Limited). Preliminary results comparing the performance of the 8MSP with that of
previous speech processing techniques (FO/FI/F2 strategy) are presented. The results indicate that the SMSP is capable of providing
implantees with significantly greater information about speech.

A number of studies have shown that multiple-channel,
multiple-electrode stimulation with a cochlear implant
generally gives profoundly-to-totally deaf people more
speech information than single channel stimulation (Gantz
et al 1987).

In our laboratory, multiple-channel, multiple-electrode
stimulation was implemented first by extracting the second
formant frequency from speech and presenting it by
activating one of ten electrodes located at a site in the
cochlea appropriate for that frequency. The technique was
developed subsequently to enable stimulation on up to 21
bipolar pairs of electrodes. The second formant of speech
(F2) is characterized, in general, by a concentration of
energy in the frequency range 800 to 2300 Hz,
approximately. Initially it was considered desirable to
extract this feature because studies in acoustics had shown
that it is particularly important for speech intelligibility.
This approach, which simplified and reduced the amount
of speech information presented by electrical stimulation,
was adopted partly to limit the degree of electrical
interaction that could occur between active electrodes. At
that stage in the development of the prosthesis it was shown
that such channel interaction could result in unpredictable
variations in loudness.

In addition to extracting the second formant frequency
and presenting it by selecting the place of stimulation, the
fundamental frequency of voiced speech (FO; in the range
50 to 300 Hz, approximately) was also extracted and used
to control the rate of stimulation on the electrode conveying
the second formant information. The current levels of the
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pulses used to stimulate the implantee's residual auditory
neurons were related to the instantaneous amplitudes of
the second formant.

Our psychophysical studies showed that the first
implantees were able to identify two distinct aspects of
pitch, one depending on the rate and the other on the place
of stimulation. This was evident also with the first speech
processing strategy outlined above, as the patients could
recognize vowels, consonants and words according to the
amount of voicing and second formant information they
received.

A prototype speech processor based on the first strategy
enabled the implantees to obtain significant improvements
in their ability to understand words, sentences and running
speech when using the speech processor combined with
lipreading, in comparison with their performance when
dependent only on lipreading (Tong et al 1980).
Furthermore, a number of implantees were able to obtain
significant speech comprehension scores for electrical
stimulation alone, without any help from lipreading. The
level of performance of about one third to one half of the
patient population enabled them to have useful
conversation over the telephone (Brown et a11985; Dowell
et al 1986).

Following the development of the prototype speech
processor, known as the FO/F2 processor, research was
carried out to see if more speech information could be
presented to implantees if the first formant (FI; frequency
range 300 to 800 Hz, approximately) was also processed.
Electrical stimuli representing the first and second formants
were presented non-simultaneously at two appropriate sites
in the cochlea by means of two current pulses separated
in time by 0.8 ms. The stimuli were presented non
simultaneously to reduce electrical channel interactions and
hence to minimize the likelihood of undesirable loudness
variations. As in the first strategy, the rate of stimulation
was made equal to the estimated fundamental frequency
of speech.
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This improved speech processor, which presented 
estimates of the frequencies and amplitudes of the first and 
second formants, was designated the FO/FI/F2 (or WSP3) 
processor. When it was implemented and tested with 
implantees, it was found that they generally obtained better 
vowel and consonant recognition scores and were better 
able to understand speech without lipreading (Blamey et 
al 1987). 

Furthermore, the addition of information about the first 
formant improved their hearing performance in the 
presence of background noise (Dowell et al 1987). 

Subsequently a smaller, more reliable speech processor 
implementing the FO/FlIF2 strategy was designed by 
Cochlear Pty Limited (formerly Nucleus Limited). This 
processor, known as the MSP-prototype (FO/FIIF2), was 
conveniently pocket-sized and incorporated digital signal 
processing techniques to improve the accuracy with which 
speech feature parameters were estimated. However, the 
MSP-prototype (FO/FIIF2) was not widely used with 
implantees, as further improvements were implemented. 
The results of the speech perception studies outlined above 
suggested that if additional components could be extracted 
from speech and presented by electrical stimulation then 
performance should be improved further. It was also hoped 
that if more high-frequency components could be 
presented, consonant perception would be enhanced. This 
was especially important because, in running speech, 
consonants convey more information than vowels and 
improving consonant recognition should be the most 
effective way of obtaining better overall speech 
comprehension. Consequently, a speech processing strategy 
was developed where, in addition to the FO/FlIF2 
information, the amplitudes of the speech signal in three 
high-frequency spectral regions (approximate ranges 2000 .1 

l' to 2800 Hz, 2800 to 4000 Hz, and greater than 4000 Hz) 
! were determined. There were also some minor 

improvements in the way the amplitudes of the formants II 
were processed and presented. This new speech processor, 
designated the MSP (for multi-spectral-peak processor), 
is being manufactured by Cochlear Pty Limited currently. 
Recently it was evaluated and compared with the previous 
FO/FlIF2 processor and shown to give better open-set 
speech perception results, particularly for tests administered 
in the presence of competing noise (Whitford et al 1990). 

To further improve the performance of the multiple
channel, multiple-electrode hearing prosthesis, we are now 
researching the use of a bank of sixteen bandpass filters I! 
to estimate the running spectrum of incoming acoustic 
signals. The outputs of the six filters having the largest 
amplitudes are used to generate electrical stimuli which are 
delivered non-simultaneously at a constant rate to the 
electrodes. The new processor is known as the spectral 
maxima sound processor (SMSP). One basic difference 
between this strategy and that of the MSP is that 
information about six, rather than five, spectral 
components is conveyed to the implantee. Furthermore, the 
rate of electrical stimulation is constant, unlike the MSP 
which is designed to stimulate at a rate equal to the 
fundamental frequency when the input signal is judged to 
contain voiced speech. For most implantees who are 
evaluating the SMSP processor, the period of stimulation 
is approximately 4ms for the six pulses representing the six 
spectral maxima. Some preliminary speech results obtained 
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by a small number of cochlear implantees who have been 
using the new processor are presented later in this report. 
The operation of the SMSP processor is described briefly 
below. 

Operation of the SMSP Processor 

A block diagram showing the major functional modules 
of the spectral maxima sound processor appears in Figure 
1. Sound signals picked up by a miniature ear-level 
microphone are amplified and, at high amplitudes, are 
compressed to match the dynamic range of the subsequent 
parts of the processor. A 16-channel filterbank, which is 
contained on a single silicon chip, performs a spectral 
analysis by subdividing the signal into contiguous frequency 
bands. Each channel of the filterbank includes a bandpass 
filter, a full-wave rectifier and a low-pass filter. The centre 
frequencies of the bandpass filters cover the range of from 
250 to 5400 Hz. The filters' frequency spacing is linear up 
to 1650 Hz and logarithmic beyond. The rectifiers and low
pass filters (with a cutoff frequency of 200 Hz) provide 
estimates of the amplitudes of the 16 spectral components 
which are converted into digital form for further processing. 

To approximately simulate the way the sensitivity of 
normal hearing varies with frequency, the amplitudes of 
the 16 components are modified by a microprocessor. This 
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FIG. I. Block diagram oj the spectral maxima sound processor. 
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produces a slight increase in system sensitivity at around 
400 Hz, a reduction at higher frequencies, and subsequently 
a gradual increase to a broad peak in sensitivity at 
approximately 4 kHz. The microprocessor sorts the 
modified amplitude estimates every 4 ms, typically, and 
selects the six largest. Note that these do not usually 
represent six distinct spectral peaks; several channels may 
share energy contributed by a single spectral peak. The 
selected amplitudes are then converted into stimulus current 
levels. As with the MSP, the current levels may range from 
the audible threshold to the maximum comfortable level 
determined individually for each implantee's electrodes. For 
each stimulus pulse, the active electrode pair is chosen by 
the SMSP processor according to the selected filterbank 
channel. Normally the implantee's 16 most-apical electrode 
pairs are allocated in tonotopic order to the 16 channels 
of the filterbank. The channel selection technique ensures 
that the maximum rate of stimulation on any electrode is 
limited to 250 Hz. 

Four portable units implementing the SMSP strategy 
have thus far been constructed for research. The dimensions 
of each unit are 131 x 72 x 36 mm, and the weight is 300 
g. They contain 3 AA-size alkaline cells which provide 
sufficient power for a full day's (at least 16 h) use. Each 
unit has a microphone sensitivity control on the front panel 
which does not normally require frequent adjustment. 
There is also a loudness control, which most implantees 
have found convenient to use. The loudness control adjusts 
the range of stimulus current levels onto which the spectral 
amplitude estimates are mapped, without affecting the 
sensitivity of the microphone. At settings below maximum 
loudness, the currents produced will vary from a point 
below the threshold of stimulation awareness to a 
maximum level which is below the maximum comfortable 
level. Under no conditions can currents higher than the 
comfortable level be produced. One important reason for 
originally providing the loudness control was to allow 
implantees to compensate for any stimulus interactions, 
such as loudness summation, that may result from the high 
overall stimulus pulse rate and varying locations of the 
active electrode pairs. 

Methods 

The first prototype of the SMSP processor was evaluated 
on a patient in a pilot study to evaluate the effectiveness 
of the advanced multiple-channel cochlear implant recently 
developed by the University of Melbourne, known as Cl2 
(McDermott 1989). This patient, PS, was first implanted 
on the other side with the new CI2 device. Before changing 
to binaural eiectrical stimulation, he was given 
approximately 6 months using the Cl2 device alone, within 
which time the pilot study described below was carried out. 
This study showed that PS obtained substantial benefit 
from the SMSP processor, and, as a result, two CII 
implantees who currently used the MSP-prototype 
(FO/FIIF2) were given the SMSP so that a more rigorous 
comparison of their performance using the MSP-prototype 
(FO/FlIF2) with that of the SMSP could be obtained. 

(a) The Pilot Study 
PS, the subject who participated in the pilot study, first 
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had the FO/F2 strategy when he was initially implanted with 
the CII device, and this was changed to the FO/FlIF2 
strategy (using the WSP3 processor) in 1985. Subsequent 
to the second implant, he used the CI2 device exclusively 
for 24 weeks, in which time he had take-home experience 
of three processors in the following sequence: 

Processor Period of Use 
MSP-PROTOTYPE (FO/FlIF2) 3 weeks 
SMSP 5 weeks 
MSP-PROTOTYPE (FO/FIIF2) 3 weeks 
SMSP 3 weeks 
MSP-PROTOTYPE (FO/FlIF2) 3 weeks 
MSP (MULTIPEAK) 3 weeks 
SMSP 4 weeks 

He thus had 12 of the 24 weeks with the SMSP processor, 
and the other half of the time with the MSP or its 
prototype. At the time this study was started, the MSP
prototype (FO/FlIF2) was the best available commercially 
produced processor, but toward the end of the pilot study 
the improved multi peak strategy MSP became available and 
was therefore included in the comparison. His performance 
on speech tests was monitored weekly throughout this time. 

Speech tests used included vowel and consonant 
confusion tests in quiet, and sentence tests in quiet and in 
background noise. All test results described were obtained 
with electrical stimulation only (i.e. without visual cues). 
The vowel confusion test consisted of a closed-set task with 
II steady vowels in a IhVdl format. The consonant 
confusion test was a 12 item closed-set task utilising the 
set of consonants Ip, t, f, m, n, k, v, g, s, b, d, zl in an 
laCal format. Both these tests were delivered live voice 
(male speaker), with items in randomised order, such that 
each vowel or consonant was presented four times. The 
sentence test consisted of BKB sentences (Bench and 
Bamford 1979), which have 50 key words that are scored 
in each set. Multi-talker babble was used for the noise 
conditions, with signal-to-noise ratios of + 20, + 15 and 
+10 dB. Both the sentences and noise were taped and 
delivered via a loudspeaker in a sound-treated room. 

(b) The MSP-prototype (FOIFlIF2) I SMSP Comparison 
Study 
Two CII implantees (FK and BE) were selected for this 
study. Both of these subjects experienced a progressive 
hearing loss over 40 years since early adulthood; BE due 
to otosclerosis, and FK from unknown causes. Subject FK 
was implanted in 1984, and wore the WSP3 (FO/FIIF2) 
processor until 1989, when he was given an MSP-prototype 
(FO/FIIF2). He wore this for 8 months after which time 
he was given the SMSP processor for 12 weeks. From the 
time he received the MSP-prototype (FO/FIIF2), his 
performance on speech tests was monitored monthly for 
the first 5 months, and with the SMSP fortnightly until 
the time he withdrew from the study due to health reasons. 

Subject BE was implanted in 1986, and also wore the 
WSP3 processor until 1989, when he was given an MSP
prototype (FO/FlIF2). He wore this for 5 months, and was 
then changed over to the multipeak MSP for 14 weeks. 
After this, he wore the SMSP processor for a further 14 
weeks. His performance on speech tests was monitored 
monthly during the period with the MSP-prototype 
(FO/FIIF2) and fortnightly with the SMSP, but only two 
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VOWELS CONSONANTS BKB SENTENCES 

Q +20 + 15 +10 
MSP-Prototype 63 56 48 32 42 10 
MSP (Multipeak) 65 50 50 41 44 30 
SMP 88 60 78 54 44 32 

Table 1. Percent correct scores for the pilot study on the vowel and consonant confusion tests and the BKB sentence tests. The sentences 
were presented in quiet (Q) and in the presence of background noise at three signal-to-noise ratios (+ 20 dB, + 15 dB and + 10 dB). 

Subject MSP-Prototype (FO/FIIF2) SMSP 	 P 

N MEAN SD N MEAN SD 
VOWELS FK 12 49.2 10.9 16 76.1 3.7 .005 

BE 12 58.3 7.5 24 76.1 7.5 .01 
CONSONANTS FK 12 23.6 2.0 16 41.2 7.0 .005 

BE 12 35.4 2.9 24 58.3 7.9 .005 

Table 2. Percent correct scores for subjects FK and BE on the vowel confusion test, and consonant confusion test. N refers to the total number 
of presentations of each vowel. P refers to the significance level obtained on a two sample t-test. 

testing sessions were possible with the multipeak MSP as 
a holiday period intervened. This subject subsequently 
alternated the use of the SMSP and the multi peak MSP; 
the outcome of this study is the subject of a further paper 
in preparation. In the present paper, the results up to the 
end of the first SMSP period are discussed, and a 
comparison made between his performance with the MSP
prototype (FO/FI/F2) and with the SMSP. 

Both of these subjects had extensive experience with the 
FO/FlIF2 strategy prior to the study. Consequently, the 
results of speech tests with the MSP-prototype (FO/FIIF2) 
did not show any learning effect over the period of time 
with this processor. For this reason, a test protocol where 
the strategies were alternated was not used; instead the 
MSP-prototype (FO/FI/F2) data was deemed to be from 
the plateau of performance with this processor, and the 
intention was then to give each subject sufficient time to 
reach a plateau of performance with the SMSP also. This 

I~ 	 experimental design would be expected to favour the MSP
prototype (FO/FIIF2) in the event that there was a strong 
learning effect with the SMSP, and a plateau of 
performance was not reached. 

Speech tests used in this study were vowel and consonant 
confusion tests, BKB sentence tests, and CNC word tests 
(Peterson and Lehiste 1962). The confusion tests were the 
same as described above for the pilot study, with the 
exception that the items of the test were recorded and 
presented via a loudspeaker. The material was spoken by 
the same person who had previously presented the live voice 
tests for the pilot study. The BKB sentence test was 
presented live voice, with lipreading, by a female speaker. 
The CNC word test consisted of lists of 50 consonant
vowel-consonant words. There were 10 lists, each list having 
the same phonemic balance. They were recorded by a male 
speaker and presented via a loudspeaker. All speech 
material was presented at a 70 dBSPL level. 
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Results 

(a) The Pilot Study 
The final results of the pilot study with subject PS are 
summarized in Table 1. The results shown are those 
obtained for the last test session with each processor, and 
represent the subject's performance after he had obtained 
the maximum experience with each processor for the 
duration of the study. The results indicate that the 
multi peak version of the MSP processor provided similar 
performance for the vowel and consonant confusion tests, 
and appeared to provide more speech information in the 
presence of background noise (e.g: at a signal-to-noise ratio 
of +10 dB) when compared with the MSP-prototype 
(FO/F1/F2). As PS had relatively little experience with the 
multi peak MSP processor in this study, it is possible that 
these results understate its potential. The SMSP provided 
scores equal to or higher than those obtained with either 
version of the MSP for all speech tests. In particular, the 
results for the vowel confusion test and for the BKB 
sentences, when presented in quiet and in moderate levels 
of competing noise (at a SNR of +20 dB), are substantially 
greater. Furthermore. PS reported a strong preference for 
the SMSP processor on the basis of its sound quality and 
its performance in everyday conditions away from the 
laboratory. This positive outcome of the pilot study led to 
the more formal comparison of processors with two 
additional implantees, the results of which are presented 
below. 

(b) The MSP-prototype (FOIFlIF2) I SMSP Comparison 

(i) The Vowel and Consonant Confusion Tests 
Table 2 lists the mean percentage correct responses on the 
vowel confusion test and consonant confusion test for each 
subject and each processor. Also shown in this table is the 
total number of presentations of each vowel or consonant 
over all tests performed with each processor. For both 
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Subject MSP-Prototype (FO/FI/F2) SMSP P 

N MEAN SO N MEAN SO 
VOWElS FK 3 8.7 3.8 4 21.0 1.9 .005 

BE 3 1.3 0.9 6 16.3 4.5 <.0005 
PHONEMES FK 26.0 1.4 45.2 0.2 <.0005 

BE 21.1 2.6 42.9 1.9 <.0005 
VOWELS FK 37.3 1.9 49.5 2.2 <.0005 

BE 32.0 3.3 51.3 4.6 <.0005 
CONSONANTS FK 

BE 
20.3 
15.7 

1.2 
4.5 

43.0 
38.7 

1.4 
1.7 

~.0005 

<.0005 I 
Table 3. Percent correct scores for subjects FK and BE on the CNC word test. The results are presenled as a word score and as a phoneme 
score, and in addition, the phoneme score is subdivided into vowels and consonanls. N refers to the number of lists used in calculating the 
mean. P refers to the significance level obtained on a two sample t-test. 

Subject MSP-Prototype (FO/FI/F2) SMSP P 

N MEAN SO N MEAN SO 
KEY WORDS FK 3 53.3 6.6 4 80.0 6.8 .005 

BE 3 56.0 14.5 3 88.0 5.9 .025 

Table 4. Percent correct scores for subjects FK and BE on the BKB sentence test. N refers to the number of lists used in calculating the mean. 
P refers to the significance level obtained on a two sample t-test. 

subjects, the first 3 weeks after each processor changeover 
was considered a learning period, during which time data 
was collected but not used in the statistical comparison. 
The results show a highly significant improvement of vowel 
and consonant perception with the SMSP processor for 
both subjects. 

(ii) The CNC Word Test 
Table 3 shows the results of the CNC word test. The results 
are presented as mean percentage correct of whole words, 
and percentage correct of phonemes. These scores are 
further divided into a vowel score and a consonant score. 
Both subjects had highly significantly better scores with 
their SMSP processor for every aspect of their CNC word 
list scores, approximately doubling their phoneme scores, 
and more than doubling their consonant scores. These 
results are consistent with the improvement seen above with 
closed set speech discrimination. 

(iii) The EKB Sentence Test 
The percentage of key words correct on BKB sentences for 
each subject is given in Table 4. This test was done with 
visual cues in addition to electrical stimulation as, at the 
start of the test period, both subjects were not confident 
enough to guess at sentences with electrical stimulation 
only. This situation is reflected in their low word scores on 
the CNC word test as noted above. As neither of them were 
excellent lipreaders. doing the test with lipreading did not 
produce scores which were high enough to cause a "ceiling 
effect" and so mask differences in speech perception. Once 
again, both subjects did significantly better with the SMSP 
processor. Subject BE was changed to doing sentence tests 
without visual cues in the second half of his 14 weeks with 

the SMSP processor. CID everyday sentences (Davis and 
Silverman 1970; Tonnison 1974) were used to prevent 
familiarity with the test material affecting the results. A 
strong learning effect was noted over the 3 test sessions in 
which this test was done, as he gained confidence in the 
task. On the third test with ClD sentences (in the 14th week 
with the SMSP), he achieved a score of 84070 correct with 
electrical stimulation alone. For this subject, this was a 
remarkable leap in speech perception ability, which was 
reflected in his obvious improvement in communication 
skills and confidence. 

Discussion 

The results of the pilot study and the further MSP
prototype (FO/FlIF2) I SMSP comparison study with two 
subjects have shown that, at least for the subjects in this 
study, a remarkable improvement in speech discrimination 
can be achieved with the SMSP processor over their usual 
performance with the MSP-prototype (FO/F1/F2) 
processor. This was particularly pleasing for the two 
subjects in the comparison study as they were both 
performing at a below average level with their old 
processors, getting very little open-set speech information 
without lipreading. Their improvement in communication 
skills and confidence with the SMSP was very evident to 
their families. Subject BE successfully used the telephone 
for the first time with the SMSP. 

Analysis of the results shows that both vowel and 
consonant discrimination were improved with the SMSP 
processor, and this was reflected in the improvement in 
perception of open set words and sentences. There is some 

1. OTOLARYNG. SOC. AUSTRAL., JANUARY 1991, 6, No.5 



~~--~~ 

~ 
-~I'·~------------------------------------------------~------------

\' 
\ 

McKAY, c., McDERMOTT, H., VANDAll, A. and CLARK, G. 359 

CONFUSION TESTS CNC WORD TESTS BKB SENTENCE TEST 
VOWELS CONSONANTS WORDS PHONEMES VOWELS CONSONANTS 

70.4 32.3 3.0 29.3 46.0 21.0 41.0 
(9.05 (1.0) (1,0) (1.4) (4.0) (4.0) (3.0) 

Table 5. Mean percentage correct scores for subject BE with the multipeak MSP processor (standard deviations are given in brackets). 

evidence also, from the pilot study, that the SMSP allows 
better perception of speech in background noise. This 
aspect of SMSP function is currently being evaluated and 
will be discussed in a later paper. Subjects BE and FK both 
reported that they felt that they could hear better in noise 
with the SMSP, and could understand some conversation 
on the radio, whereas they could not do this with their 
previous processors. 

As stated in the Methods section, subject BE had 14 
weeks' experience with the multipeak MSP in between the 
two periods of testing with the MSP-prototype (FO/FIIF2) 
and the SMSP, in which only two testing sessions were 
possible (3rd and 14th weeks). If this processor was giving 
much better speech information than the prototype, it is 
conceivable that learned discrimination skills might carry 
over into the SMSP period, invalidating the MSP-prototype 
(FO/FIIF2) I MSP comparison. Table 5 contains the mean 
scores for his two test sessions with the multi peak MSP. 
A comparison between these scores and those obtained with 
the MSP-prototype (FO/FI/F2) shows only small 
differences. The muJtipeak MSP provided significantly 

I· 	 better results (at P = 0.025) only for the phoneme and 
vowel scores in the CNC word tests. It is thus unlikely that 
the overall improvement with the SMSP owed a significant 
contribution to this subject's experience with the multipeak 
MSP. 

Conclusion 

The speech perception results presented in this paper show 
that, at least for the two subjects studied, the spectral 
maxima sound processor (SMSP) is capable of providing 
implantees with more information about speech than 
previous speech processor designs. Further studiesIII l. comparing the performance of the SMSP with that of the 
multi-spectral-peak (MSP) processor, which is supplied 
currently by Cochlear Pty Limited for use with their 
22-electrode cochlear implant, are in progress. Full results 
will be published when these more recent studies are 
complete. 
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