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New Speech Coding Strategy for 
Cochlear Implants 

Abstract 
In a multicentric study involving 4 European cochlear implant 
centers, the speech perception abilities of 20 native German-
speaking individuals implanted with the Nucleus 22 Channel 
Cochlear Implant System when using a new spectral peak 
(SPEAK) speech coding strategy were investigated. This strat-
egy continuously analyzes the speech signal using 20 digital 
programmable bandpass Filters and presents up to 10 spectral 
maxima to the 22 implanted electrodes. Each subject's perfor-
mance an a variety of auditory perceptual tasks was evaluated 
with the experimental encoder (SPEAK), relative to his or her 
performance in a reference condition. An ABAB experimental 
design was used whereby each strategy was reversed and repli-
cated. The reference levels of auditory performance were 
established using the multipeak (MPEAK) speech-processing 
strategy of the Nucleus speech processor. Only subjects who 
achieved open-set monosyllable word recognition in the refer-
ence condition were included in this study. Significant differ-
ences in group mean scores for most speech recognition sub-
tests were obtained for the SPEAK versus the MPEAK strate-
gy. The largest overall improvements were observed for the 
sentence tests under noisy conditions. 

Introduction 

Cochlear implant coding and processing 
strategies are designed to overcome the lim-
ited channel capacity of the artificially stimu- 
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pitch perception while avoiding electrode in-
teraction and current summation effects. 

Early attempts to transmit speech informa-
tion via cochlear implants had used only one 
[1, 2] or maximally four active electrodes [3, 
4], stimulated with analog waveforms which 
were filtered and amplified replicas of the 
original speech sounds. The first multichan-
nel device with explicit coding of the most 
important speech features F0 (the fundamen-
tal voice frequency) and F2 (the second for-
mant frequency which distinguishes most 
spoken vowels) used a pulsatile stimulation 
pattern on 10 bipolar electrode pairs [5]. 

Subsequent improvements of this system 
resulted in the currently most widely used 
device, the Nucleus 22 Channel Cochlear Im-
plant System [6], which can be programmed 
for a variety of different stimulus conditions 
and processing strategies [7-10]. The use of 
pulsatile stimulation schemes for multichan-
nel cochlear implants has now gained wide 
acceptance due to remarkable improvements 
in speech recognition for high-rate pulsatile 
excitation as compared to analog stimulation 
[11-13]. 

Two different coding strategies for the Nu-
cleus 22 Channel Cochlear Implant System 
were considered in this investigation: the mul-
tipeak (MPEAK) strategy, which was intro-
duced in 1989 with the Nucleus miniature 
speech processor (MSP) [14], determines the 
frequency and amplitude of the first two for-
mants as well as the energy in two higher fre-
quency bands and generates biphasic stimula-
tion pulses on up to 4 out of 22 possible elec-
trodes at a repetition rate dependent on the 
voice fundamental frequency. The frequency 
to electrode mapping for the second formant 
overlaps the mapping of the higher frequency 
bands. 

The spectral peak (SPEAK) strategy, which 
is based on the Spectral Maxima Sound Pro-
cessor (SMSP) strategy [15], divides the audio  

spectrum into 20 frequency bands and contin-
uously selects up to 10 prominent spectral 
components which generate interleaved stim-
ulation pulses on up to 10 different electrodes 
within each analysis interval. The rates of 
stimulation on each channel vary between ap-
proximately 180 and 300 Hz depending upon 
the spectral composition, the sound intensity 
and the individual's speech processor pro-
gram. The frequency to electrode mapping 
follows the normal tonotopic order in the 
cochlea. Note that this strategy avoids explicit 
extraction and coding of speech features such 
as voice fundamental frequency or formant 
frequencies. 

The MPEAK and SPEAK coding strategies 
were evaluated in a multisite field study in-
volving 8 cochlear implantation centers in En-
glish-speaking countries [16] and 8 centers in 
non-English-speaking countries. The results 
for 20 subjects from 4 German-speaking coch-
lear implantation centers are presented in this 
report. 

Methods 

Subjects 
The selection criteria for participation in this field 

trial were as follows. Only adult postlingually deafened 
German-speaking users of the Nucleus Mini-22 Coch-
lear Implant system were considered as candidates. 
They should have at least 16 active electrode channels 
and have had 9 months or more of experience with the 
MPEAK processing strategy. They should also have 
used their speech processor on a regular basis of 12 h or 
more per day, and have reached a monosyllabic word 
recognition with their MSP of 10% or above. These 
criteria were established in order to ensure that all tests 
could be performed by all subjects and that the postim-
plantation learning curve had already reached a pla-
teau. 

The 4 implantation centers, located at the universi-
ty hospitals of Aachen, Hannover, Kiel and Zürich, 
agreed upon the same experimental protocol and se-
lected a total of 20 subjects (4, 5, 7 and 4 subjects, 
respectively). Preliminary results for 16 of the 20 sub-
jects have been reported earlier [17, 18]. Subjects had 
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to sign an informed consent form and were reimbursed 
for travel expenses. They were also given a small hono-
rarium for the test sessions at the end of the study. 

Test Material 
Prerecorded vowel, consonant and monosyllabic 

word tests [19] as well as two different sentence tests 
(Innsbruck [20] and Göttingen [21] sentence lists) in 
quiet and noise were presented from digital audiotape 
or directly from computer-disk (vowel and consonant 
tests in Aachen and Kiel, monosyllabic word test in 
Aachen, Kiel and Zürich) in a sound-treated room via 
a loudspeaker. The sequence of test lists to be used for 
each subject was assigned before the start of the experi-
ment. No speechreading tests were included, firstly 
because the purpose of this study was the comparative 
evaluation of the auditory performance of the two 
strategies and secondly because standardized recorded 
audiovisual test material was not available in Ger-
man. 

The vowel and consonant logatome test comprised 
3 randomized repetitions of 8 vowels (/a, o, u, e, i, ä, ö, 
11/) in /dV/ context (denoted as V08) and 3 random-
ized repetitions of 12 consonants (/p, t, k, b, d, g, m, n, 
1, r, s, f/) in /aCa/ context (denoted as C12), respective-
ly, spoken by a male voice. The Freiburg monosyllable 
word test (denoted as 1-Syl) contains 20 lists of 20 Ger-
man words each and is available on compact disc 
recording. As mentioned above, some clinics used 
computerized versions of this test sampled with 16-bit 
resolution at 22 kHz. Two lists (a total of 40 words) 
were used for each session. A few lists which were 
known to produce somewhat unbalanced responses 
were not used for testing but only as practice lists dur-
ing the short familiarization after processor switching. 
Correctly repeated words were scored as percent cor-
rect. 

The Innsbruck sentence test consists of 10 lists of 
10 short sentences with an average number of 5 words 
per sentence spoken by a female voice. The Göttingen 
sentence test consists of 20 lists of 10 short sentences 
with an average number of 5 words per sentence spok-
en by a male voice. Two lists (about 100 words) were 
used per condition for both the Innsbruck and the Göt-
tingen sentence test and the number of correctly recog-
nized words were scored as percent correct. All sen-
tences were presented only once without repetition 
during a test session. As 3 conditions had to be tested 
in 4 sessions, it was inevitable that some lists had to be 
repeated during the course of the trial. Although a larg-
er number of sentence lists would have been highly 
desirable, it was decided to use the existing material 
which had been evaluated in previous studies instead  

of creating new lists or rerecord a whole new sentence 
test. The preassignment of lists to subjects, sessions 
and conditions was therefore carefully done in order to 
maximize the time interval between repeated lists. The 
first test condition was speech without noise (denoted 
as In-Q and Gö-Q, respectively), the second condition 
speech and noise at 10 dB Signal-to-noise ratio (SNR) 
(In-10 and Gö-10, respectively). The third test condi-
tion was dependent on the subject's results with the 
MPEAK strategy in the second condition (at 10 dB 
SNR) of the first session (Al). If the score was above 
50%, then a SNR of 5 dB was selected for the third 
condition in all experimental sessions. Otherwise, a 
SNR of 15 dB was selected for the third condition. As 
will be shown in more detail in the Results section, 
many of the subjects (12 out of 20) could be tested at 5 
dB SNR with the Innsbruck sentences whereas with 
the Göttingen sentences, the proportion was approxi-
mately reversed (6 out of 20). An acoustic analysis of 
the test material showed that the Innsbruck sentences 
were spoken rather slowly, at about 121 syllables per 
minute, whereas the Göttingen sentences were spoken 
more than twice as fast, with an average speed of 279 
syllables per minute [22]. The Innsbruck lists con-
tained simple context-rich everyday sentences whereas 
the Göttingen lists were constructed as more complex 
sentences with less contextual information. 

Within each experimental session, subjects were 
also asked to rate the musical quality of short pieces of 
music (60 s duration) and to identify musical instru-
ments. These tests were added to the protocol because 
it was hypothesized that the SPEAK strategy which 
was not designed specifically for speech recognition 
would provide a more natural reproduction of non-
speech signals than the MPEAK strategy which explic-
itely attempts to extract speech features such as the 
voice fundamental and formant frequencies. The first 
of the 12 recorded pieces (Glenn Miller orchestra) was 
used for setting the listening volume as well as for prac-
tice. The next 5 pieces played were mostly instrumen-
tal solos (trumpet, piano, violin, guitar, clarinet), and 
the last 6 pieces consisted of songs, chorales, sym-
phonic music and instrumentals. The musical quality 
of all 11 test pieces was to be judged on a subjective 
scale from 1 (very unnatural) to 7 (very natural). The 
identification of instruments was requested only for 
the 5 pieces with instrumental solos. Responses in the 
same instrument category were counted as correct (for 
instance, violoncello instead of violin or trombone 
instead of trumpet). 

The presentation level was 70 dB SPL for all 
recorded speech (sound level meter set to linear fast 
peak) and music (sound level meter set to linear fast 
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Table 1. Schedule of audiological evaluations 

Session Week Experimental Evaluation 
No. 	condition 

Al 	1 	MPEAK 	speech and music 
tests, performance 
and tinnitus 
evaluation 

BI 	7 	SPEAK 
	

speech and music 
tests, performance 
evaluation 

A2 	9 	MPEAK 
	

speech and music 
tests 

B2 	11 	SPEAK 	speech and music 
tests, performance 
and tinnitus 
evaluation 

RMS) material. The Input sensitivity control of the 
subject's speech processor was kept unchanged at the 
standard everyday listening position during the experi-
ments. For speech tests in noise, the level of the speech 
signal was constant and the noise level was varied. Two 
different noise recordings were used for the two differ-
ent sentence tests. For the Innsbruck sentences, a stan-
dardized speech spectrum shaped noise was used [23] 
which was obtained from a commercial audiometry 
compact disc recording. The noise for the Göttingen 
sentence test had been generated by statistically aver-
aging all test items of monosyllable test spoken by the 
male speaker who had spoken the Göttingen sentences. 
Thus, the long-term spectrum of the masking noise 
should perfectly match the Jong-term spectrum of the 
sentences for the Göttingen test, whereas for the Inns-
bruck sentences which were spoken by a female voice, 
the match would not be perfect. 

Experimental Protocol 
Each subject's performance with the experimental 

encoder (SPEAK) was evaluated relative to his or her 
perfonnance in a reference condition, on a variety of 
auditory perceptual tasks. The reference levels of audi-
tory performance were established using the MPEAK 
speech processing strategy of the MSP. 

The electronic circuitry for the new encoder was 
embedded in a body-wom processor case identical to 
that of the MPS. The experimental processor was  

labelled MSP+ on the underside of the case and given 
to the subjects during the trial phases with the SPEAK 
strategy. Although the MSP+ could have been pro-
grammed for the MPEAK as well as the SPEAK strate-
gy, the subjects always used their own MSP during the 
reference phases. The subject's headset (microphone 
and transmitter coil) was identical for both the 
MPEAK and the SPEAK processors. Before the first 
evaluation session, the T- and C- levels (threshold and 
comfortable loudness levels) of the MSP map were ver-
ified by loudness balancing and adjusted if necessary. 
The same map was subsequently used to program the 
SPEAK strategy with default parameters as suggested 
by the fitting software. Only minor adjustments were 
made after the initial setup of the SPEAK strategy. The 
new strategy was often characterized as providing dif-
ferent but more complete sound impressions. Some 
subjects complained about too muck high-frequency 
emphasis and unnaturally high voice pitch. By lower-
ing the stimulus levels of some basal electrodes, these 
problems could usually be solved in a short time. 

As table 1 indicates, all subjects received both the 
reference (MPEAK, sessions Al and A2) and experi-
mental (SPEAK, sessions BI and B2) conditions twice, 
in a ABAB paradigm, over an I 1-week period. Switch-
ing from the MPEAK to the SPEAK processor took 
place after the test sessions  Al and A2, switching back 
from SPEAK to MPEAK after sessions BI and B2. Ini-
tial readjustment to SPEAK, if required at all, was car-
ried out in an intermediate session between Al and BI 
in week 2. Thus, the subjects had been using the 
SPEAK processor for 6 weeks before the first trial ses-
sions (B1) and again two weeks before the second trial 
session (B2). No formal training sessions were con-
ducted. Some subjects were given the opportunity to 
keep the MSP+ after the end of the trial in order to 
collect more data on possible long-term learning ef-
fects. Resuits of these further investigations are not 
part of this study and will be reported later. 

Questionnaires were used to assess effects on tinni-
tus (at sessions Al and B2) and subjective performance 
rating (at sessions A1, BI and B2). 

Statistical Evaluation 
It could be expected that the data would contain a 

lot of variance due to many subject variables which 
could not be controlled. Thus, a simple factorial analy-
sis of variance was conducted for all subtests to identi-
fy the significance of the 3 main factors: (i) Clinic 
(Aachen, Hannover, Kiel, Zürich), (ii) Strategy/Proces-
sor Type (MPEAK or SPEAK), (iii) Phase or Session 
(Al and B1 versus A2 and B2). The raw percentage 
scores were arcsine-square-root transformed to nor- 
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malize the variances [24]. Average values over ses-
sions, clinics and subjects were all calculated from the 
transformed values and then inversely transformed to 
percentage scores for display purposes. Paired samples 
t-tests were used for group comparisons of the proces-
sor effect. Aggregated data were generated for the 4 
clinics as well as for the whole set of subjects for all 
subtests. The rating scales were evaluated using nonpa-
rametric statistics (Wilcoxon matched pairs signed 
rank test). The SPSS for Windows software was used to 
perform these analyses [25]. 

Results 

Figure 1 Shows individual speech test re-
sults with MPEAK and SPEAK processors for 
3 subjects for all 4 sessions. Subject S6 
(fig. 1 a) was the top performer in the mono-
syllable word test and achieved an average 
score of 85% using the SPEAK strategy (ses-
sions B 1 and B2). Subjects S20 (medium per-
former, fig. lb) and S17 (bottom performer, 
fig. 1c) obtained 52.5% and 22.5%, respec-
tively, in the monosyllable word test. Note 
that S6 was given the 5 dB SNR test condition 
for both sentence tests as he had obtained 
greater than 50% correct in session Al at 10 
dB SNR whereas S20 took the Innsbruck sen-
tences at 10 and 5 dB SNR and the Göttingen 
sentences at 15 and 10 dB SNR. S17, on the 
other hand, took both sentence tests at 15 and 
10 dB SNR. The data for these 3 subjects indi-
cate that there exists a large variation of 
response patterns which can hardly be inter-
preted on a subject-by-subject basis. S6, for 
example, showed poorer performance at the 
second MPEAK session (A2) than at the first 
session (Al) while S20 showed both poorer 
(In-Q, In-10, Gö-Q) as well as improved (In-5) 
performances, and S17 showed mostly im-
proved performance. The performance with 
SPEAK, however, seems to be either equal to 
or better than the performance with MPEAK 
for all subjects. Ceiling effects are also clearly 
apparent. 

In order to determine the main sources of 
variance and the significane of these factors, 
an analysis of variance (simple factor 3-way 
ANOVA) was performed using the arcsine-
transformed scores. It can be seen (table 2) 
that the factor Clinic accounted for a signifi-
cant amount of the variance in all but the Göt-
tingen test at 5 dB SNR. The Processor factor 
accounted for significant amounts of the vari-
ance for all but the vowel test (V08) whereas 
the Session effect seemed to be negligible 
except for the Innsbruck test in quiet [note 
that this value was not significant any more 
after the data for subject S11 were tentatively 
excluded from the analysis. This subject had 
improved his score by 38% from session Al 
(42%) to A2 (80%) which was the largest 
observed difference among all subjects]. None 
of the factor interactions were significant ex-
cept for the vowel test, which showed a signifi-
cant combined effect of Clinic with Proces-
sor. 

The Einding that the Session effect was not 
relevant for the observed variance can be tak-
en as an indication that none or only negligi-
ble learning between the two repeated proces-
sor conditions had taken place. Another inter-
pretation which is suggested by the individual 
data of 3 subjects presented in figure 1 is also 
possible, namely that the performance with 
MPEAK had decreased from Al to A2 and 
the performance with SPEAK increased from 
B1 to B2, thereby resulting in an overall insig-
nifcant effect of the Session factor. Examples 
which would support this interpretation can 
be found in figure 1 a, b while other results of 
figure 1 suggest that there is no effect at all. To 
test this hypothesis, separate paired-sample t 
tests were executed for the two processor 
types for all speech subtests. While none of the 
mean differences between session Al and A2 
were significantly different from zero for the 
MPEAK strategy, it was found that some dif-
ferences between session BI and B2 (SPEAK) 
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C12 1-Syl In-Q In-15 In-10 In-5 Gö-Q Gö-15 Gö-10 Gö-5 

V08 C12 1-Syl In-Q In-15 In-10 In-5 Gö-Q Gö-15 Gö-10 Gö-5 

C12 1-Syl In-Q In-15 In-10 In-5 Gö-Q Gö-15 Gö-10 Gö-5 
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Table 2. Simple-factor 3-way ANOVA for all speech subtests 

Subtest Clinic Processor Session Clinic* Processor 

VO8 0.000 *** 0.804 (n.s.) 0.146 (n.s.) 0.000 *** 
C12 0.000 *** 0.038 * 0.232 (n.s.) 0.776 (n.s.) 
1-SYL 0.000 *** 0.037 * 0.242 (n.s.) 0.730 (n.s.) 

In-Q 0.012 * 0.000 *** 0.040 * 0.727 (n.s.) 
In-10 0.000 *** 0.000 *** 0.472 (n.s.) 0.054 (n.s.) 
In-5 0.001 *** 0.000 *** 0.615 (n.s.) 0.195 (n.s.) 

Gö-Q 0.000 *** 0.047 * 0.969 (n.s.) 0.682 (n.s.) 
Gö-15 0.000 *** 0.014 * 0.765 (n.s.) 0.055 (n.s.) 
Gö-10 0.000 *** 0.008 ** 0.558 (n.s.) 0.234 (n.s.) 
Gö-5 0.116 (n.s.) 0.022 * 0.212 (n.s.) 0.080 (n.s.) 

F values for the primary factors Clinic, Processor and Session and the interaction of the 
factors Clinic and Processor. Significance of F: n.s.: >0.05, * <0.05, ** <0.01, *** <0.005. 

were indeed significant at a level of 5% (V08, 
C12, 1-SYL and Gö-10) or even 0.5% (In-Q). 
This means that the performance with the 
MPEAK strategy did not change significantly 
over the time of the study whereas the perfor-
mance with the SPEAK strategy was im-
proved over time and demonstrated a learn-
ing effect. 

For the remaining analysis, the data for the 
two sessions will be aggregated in order to 
emphasize the main factors of variance. Fig-
ure 2 shows scatter plots for all 11 subtests 
and all 20 subjects. The data cover a wide 
range of values which is well reflected in the 
range for the monosyllable word test (20-74% 

Fig. 1. Individual speech test results with MPEAK 
and SPEAK processors for 3 subjects. a Results for 
subject S6 (top performer in monosyllabic word test). 
b Results for subject S20 (medium performer in mono-
syllabic word test). c Results for subject S17 (bottom 
performer in monosyllabic word test). 

for MPEAK and 22.5-85% for SPEAK) or the 
Innsbruck sentence test in 10 dB SNR (4-
96% for MPEAK and 46-100% for SPEAK). 
Figure 3 displays the results for the two sen-
tence tests at 10 dB SNR, ordered according 
to the average score with the SPEAK proces-
sor. The numbers 1-20 an the abscissa are the 
subject identifications. It can be seen that 
most subjects reached 80% or above with the 
SPEAK strategy, with differences between 
processors being as large as 60%. The largest 
difference in the Göttingen sentence test was 
45%. Note that all differences, with one or 
two minor exceptions, were positive towards 
the SPEAK strategy. 

Table 3 lists group mean differences with 
two-tailed statistical significances of a paired-
sample t test and the number of subjects with 
improved, unchanged and decreased perfor-
mance for the 11 subtests. Differences of less 
than 5% were arbitrarily counted as un-
changed performance in table 3. Note that 
ceiling effects were responsible for some of the 
small differences found. The mean values 
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with asterisks indicating statistically signifi-
cant differences are shown in figure 4. Note 
that all differences were positive, i.e. the mean 
results with SPEAK were all higher than with 
MPEAK. The largest differences were ob-
served for the Innsbruck sentence test (34, 32 
and 34% mean difference for a signal-to-noise 
ratio of 15, 10 and 5 dB, respectively, and 
10% for the quiet condition). Mean differ-
ences above 10% were also observed for the 
Göttingen sentences presented in noise (19, 
18, 28% for SNR of 15, 10 and 5 dB, respec-
tively) whereas the difference for speech with-
out noise was 10%. All differences between 
the MPEAK and SPEAK conditions were sig-
nificant at a level of 0.05 or better (paired-
sample t test) with the exception of the vowel 
test (V08). It should be noted at this point 
that the MPEAK results for the vowel test are 
already remarkable, which may be explained 
by the explicit formant extraction of this strat-
egy which allows near-perfect identification of 
the 8 long vowels used in this study. 

A second reason for the lack of significant 
benefit of the SPEAK strategy for vowel iden-
tification may be found in the interaction 
with the Clinic factor as revealed in the 
ANOVA (table 2). The mean differences have 
therefore been calculated separately for the 4 
clinics. Figure 5 shows mean results of the 4 
evaluation centers for 4 subtests. Significant 
differences as determined by a Wilcoxon 
matched-pairs signed rank test are indicated 
by asterisks. The only 2 cases with a negative 
difference between SPEAK and MPEAK 
were the vowel tests for centers C 1 and C4 
(fig. 5a). The difference for center C3, an the 

Fig. 2. Scatter plots of speech test results with 
SPEAK vs. MPEAK strategy for 20 subjects and 11 
subtests. For the abbreviations refer to text. a Word 
and logatome tests. b Innsbruck sentence test in quiet 
and noise. c Göttingen sentence test in quiet and noise. 
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Fig. 3. Sentence tests in noise 
(10 dB SNR). Numbers 1-20 
are the subject identifications. 
Pairs of data bars are sorted by 
SPEAK results from low to high. 
a Innsbruck sentences. b Göttingen 
sentences. 
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other hand, was significant for the vowel test 
as well as for all other tests. The sentence test 
results for the 10 dB SNR condition were also 
significantly different for center C2 whereas 
the other differences were not statistically dif-
ferent. Note that the mean values for C3 were 
calculated for 7 subjects whereas only 5 (C2) 
or 4 (C1 and C4) subjects were aggregated for 
the other centers. It should be noted that the 
response pattern across centers varied de- 

pending on the test. Subjects at C4 for exam-
ple performed quite well on the Innsbruck test 
while their performance with the Göttingen 
sentences was rather poor. Subjects at C3, on 
the other hand, did less well with the Inns-
bruck sentences but scored much better on the 
Göttingen sentences. These differences corre-
spond well with subjective comments ad-
dressing geographical and dialectic speaker 
and listener idiosyncrasies. 
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Hg. 4. Group mean results with MPEAK and SPEAK for 20 subjects and 11 subtests. 
Significant differences are indicated by asterisks. 

Table 3. Group mean comparison for all speech subtests 

Subtests SPEAK-MPEAK (paired differences) (+) (0) (—) 

0/0 diff. t value d.f. 2-tail sign. 

VO8 4.3 0.90 19 0.378 (n.s.) 8 6 6 
C12 8.8 4.13 19 0.001 *** 13 6 1 
1-SYL 8.4 3.15 19 0.005 ** 14 2 4 

In-Q 10.2 5.11 19 0.000 *** 12 8 0 
In-15 34.1 5.20 8 0.001 *** 7 1 0 
In-10 32.5 8.21 19 0.000 *** 17 3 0 
In-5 34.3 5.49 10 0.000 *** 10 2 0 
Gö-Q 10.0 2.95 19 0.008 ** 12 4 4 
Gö-15 18.7 3.09 13 0.009 ** 10 2 2 
Gö-10 17.5 4.72 19 0.000 *** 13 6 1 
Gö-5 28.2 3.20 5 0.024 * 5 0 1 

Percentage differences of mean scores (SPEAK-MPEAK) with t values, degrees of freedom 
(d.f.) and two-tailed statistical significances of paired sample t tests, number of subjects with 
improved (+), unchanged (0) and decreased (—) performance. 
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Fig. 5. Group results of the 4 
evaluation centers for 4 subtests. 
a Vowel test V08. b Monosyllabic 
word test. c Innsbruck sentence 
test (at 10 dB SNR). d Göttingen 
sentence test (at 10 dB SNR). 

Figure 6 shows the results of the subjective 
performance rating through questionnaires 
(fig. 6a) and of the music quality rating 
(fig. 6b). Only the last of the three perfor-
mance evaluation questionnaires was formal-
ly evaluated with 25 questions comparing 
processor performance and overall impres- 

sions at home and at work in quiet and noisy 
environments. A clear preference for SPEAK 
(69%) versus MPEAK (8%) was obtained. 
This corresponded with the evaluation of the 
music quality rating which was carried out 
during all 4 sessions. The 11 music pieces had 
to be judged an a subjective scale which 
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Fig. 6. Subjective performance 
rating through questionnaires (a) 
and results of the music quality rat-
ing (b). The subjective scale ranged 
from 1 (very unnatural) to 7 (very 
natural). 

ranged from 1 (very unnatural) to 7 (very nat-
ural). Scores for sessions Al and A2 as well as 
B1 and B2 were averaged and compared with 
a Wilcoxon matched-pairs signed rank test. 
As shown in figure 6b, the MPEAK scores 
ranged from 1.6 to 5.7 (mean = 3.98) whereas 
the SPEAK scores ranged from 1.95 to 6.45 
(mean = 4.84) and the differences were signifi-
cant at a level of p < 0.0005 (z = 3.49). The 
evaluation of the musical instrument identifi-
cation test (5 main instruments in 5 musical 

pieces) showed that 10 of the 20 subjects 
could identify more instruments using the 
SPEAK strategy, while 4 others had obtained 
higher scores with MPEAK and the remaining 
6 did not show any difference in identification 
scores. The difference between the two strate-
gies was statistically significant (p < 0.05). 

The tinnitus questionnaire consisted of 12 
questions which had to be answered at ses-
sions Al and B2. The first question asked 
about the occurrence of tinnitus while wear- 
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ing the speech processor, the second about tin-
nitus when not wearing the speech processor. 
Four subjects did not perceive tinnitus at all 
and therefore did not answer the remaining 
questions. The severity of tinnitus was rated 
from 0 (never) to 3 (always) with intermediate 
levels 1 (sometimes) and 2 (often). The cumu-
lated scores were 20 and 17 for tinnitus with 
MPEAK versus SPEAK and 27 versus 22 for 
tinnitus without processor at the first session 
(A1) versus the second (B2). These differences 
were not statistically significant (X2  test). The 
remaining questions (MPEAK/SPEAK scores 
are given in parentheses) dealed with the abil-
ity to concentrate (7/6), sleeping problems 
(4/5), relationship with stress (3/1) and drugs 
(3/1) and recognition of speech (8/4). Three 
subjects reported that the tinnitus was stron-
ger when they were using the MPEAK proces-
sor. All other subjects did not perceive any 
change in the intensity of their tinnitus when 
switching processors. 

Discussion 

The main outcome of this study is the 
marked difference in performance between 
the two processing strategies investigated. As 
shown above, the mean scores calculated for 
the whole group were superior at a signifi-
cance level of 0.05 or better for the SPEAK 
processor in all tests except the vowel loga-
tome identification test. As mentioned above, 
the performance with MPEAK for vowel 
identification is already high. In addition, it 
should be noted that there were only 24 items 
in each test, which precludes further analysis. 

The differences in performance for the 
four evaluating centers were somewhat sur-
prising. Some possibilities for systematic dif-
ferences between test sites are variations in 
the experimental setup, differences in sound 
delivery systems, test application and scoring  

of results. All of these factors have been care-
fully checked and excluded by a rigorous ex-
perimental protocol. Thus, the most probable 
cause for the observed differences are the sub-
jects themselves (linguistic background and 
regional origin) and possibly the distribution 
of subjects at the four centers and may be the 
amount or type of rehabilitation programs at 
these centers. Note however that the small 
number of subjects in each group makes the 
statistical analysis of these data highly suscep-
tible to outliers and individual values. 

Learning did not occur in the way it was 
originally hypothesized. The analysis of vari-
ance showed that the session effect was not 
significant. However, separate analyses for 
MPEAK and SPEAK revealed that the scores 
with MPEAK remained stable during the 
study period whereas the SPEAK scores gen-
erally increased in the second phase. Thus it 
can be expected that the performance with 
SPEAK may still increase further after some 
more time. This has indeed been observed in 
some cases where subjects had been retested a 
few months after the end of the field trial. On 
the other hand, it can be assumed from anec-
dotal comments that most subjects did notice 
a more or less immediate benefit when they 
switched from the MPEAK to the SPEAK 
strategy and that the time for familiarization 
was generally rather short. Apart from some-
times annoying high-pitched sensations which 
usually disappeared or became unnoticeable 
after a few days, the sound quality and the 
overall performance was also judged to be 
superior by most subjects. The ability to iden-
tify musical tunes and instruments was noted 
as an important aspect of the new processor 
by a majority of the participating CI users. 

Concerns about the use of higher stimulus 
rates and possible effects an provoking or 
enhancing tinnitus could not be corroborated 
in this investigation. If a change in the intensi-
ty of the tinnitus was noted at all (3 cases), it 
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was reported to have occurred during the 
MPEAK sessions. However, this result does 
not answer all questions about long-term ef-
fects of high rate stimulation and more data 
will have to be collected on this issue [26]. 

Finally, it may be asked whether poor per-
formers would also benefit from the new strat-
egy or whether the observed improvements 
were somehow related to the selection criteria 
which excluded subjects without open set 
speech understanding. Generally, this ques-
tion cannot be answered based on the experi-
mental data of this field trial. There are some 
indications (fig. 1, 3) that poor performers 
may improve their scores substantially. There 
are, however, examples which indicate no 
change for poor performers as well. It should 
be noted that poor performers may not have 
all 22 electrodes functioning with average dy-
namic ranges and that sometimes, threshold 
values would be increased. In order to avoid 
excessive current amplitudes and still reach 
suprathreshold stimulation, the average pulse 
widths would have to be increased which 
would reduce the overall stimulus rate or the 
number of possible frequency Bands per stim-
ulation cycle and therefore result in a de-
creased spectral resolution. 

Conclusions 

In summary, considerable individual im-
provements in speech perception were noted 
for most subjects on at least one measure 
when using the SPEAK strategy. The perfor-
mance and benefit reported by the 20 deaf 
participants of this study indicate that the 
new coding strategy enables almost all sub-
jects to recognize speech as good as or signifi-
cantly better than with the MPEAK strategy 
that they had used for at least 9 months prior 
to this trial. Differences between the 4 centers 
were observed which were mainly related to  

geographical speaker and listener variables. 
Additional tests and the analysis of the perfor-
mance questionnaires revealed generally more 
pleasant music listening, improved identifica-
tion of musical instruments and mainly very 
positive qualitative judgments of the sound 
quality with the SPEAK coding strategy as 
compared to the MPEAK strategy. 

R‘sumö 

Dans une etude comprenant 4 centres europiens 
d'implantation cochleaire, 20 individus de langue alle-
mande munis du systeme Nucleus 22 ont ete examines 
par rapport ä leur capacite de perception de la langue 
avec une nouvelle strategie de codage de l'information 
spectrale de la parole (SPEAK). Ce procede analyse 
continuellement le signal sonore en 20 filtres passe-
bande programmables et offre jusqu'ä 10 pointes spec-
trales aux 22 electrodes implantees. La performance de 
chaque sujet portant un boitier processeur experimen-
tal a ete evaluee en relation avec la performance dans 
une condition de comparaison ä l'aide de täches auditi-
ves multiples, la condition de comparison etant la stra-
tegie de codage multi-pic (MPEAK) du processeur 
vocal Nucleus. Les deux strategies ont ete changees et 
repetees d'apres un schema experimental ABAB. Seuls 
des sujets capables de reconnaitre des mots monosylla-
biques sans lecture labiale etaient inclus dans cette etu-
de. Des differences significatives ont ete observees 
dans les resultats dans la plupart des sous-tests lors de 
l'usage de la strategie SPEAK en comparaison avec la 
strategie MPEAK. La plus grande amelioraton a ete 
obtenue dans des tests de phrases dans le bruit. 
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