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This report describes psychophysical and speech studies 
conducted on two of our post-lingually deaf patients implanted with 
multiple-electrode cochlear prostheses. The objectives were to study 
the nature of the hearing sensations produced by the individual 
electrodes, and to investigate the feasibility of the transmission 
of speech information to the higher centres by means of cadences 
of stimulation using one electrode at a time. Two totally deaf 
patients (MCI and MC2) participated in these studies. 

In the implant operation, an array of ten electrodes were 
inserted through an opening in the round window membrane for a 
distance of l5mm around the scala tympani in MCl, and 19.5 mm in 

:atingMC2. The electrodes were numbered from 0 to 9 in the apical to
 
basal direction. These electrodes, spaced 1.5 mm apart, were driven :s.
 

lsedby a receiver-stimulator, which was positioned in a bed created in 
the mastoid bone. Residual auditory nerve fibres were activated by llus
biphasic current pulses with each phase fixed at approximately 180 Iting 
~s. Fifteen current levels ranging from 67 ~A to 1 rnA could be 
assigned in 67 ~A steps, and a maximum pulse rate of 1000 pps was 

:ndpossible (Clark et aI., 1979; Tong et aI., 1979). 

PSYCHOPHYSICAL STUDIES 
182) 13(2) 

A series of psychophysical studies (Tong et al., 1979) was 
conducted on the two patients after the implant operation. Both 
time-invariant and time-varying signals were used. Time-invariant 
signals are those whose signal parameter values do not vary over 
the duration of the signal. Time-varying signals, on the other 
hand, are characterized by a linear variation from an initial to 
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a final parameter value over a specified duration. Furthermore, 
signals with time-varying electrode position are called single
electrode trajectories. 

The results for time-invariant signals are summarized as 
follows: 
(1) Threshold currents for 300 ms pulse trains at 150 pps ranged 
from 130 ~ to 600 ~ for MCl, and 200 ~ to 470 ~ for MC2; 
(2) The loudness growth as a function of stimulus (current) level 
for 300 ms pulse trains was much steeper than that for acoustic 
stimulation; 
(3) For pulse rates below 200 pps, the perceived pitch for 300 ms 
pulse trains increased with pulse rate. Above 200 pps, however, the 
increase in pitch with pulse rate was less pronounced; 
(4) For a fixed pulse rate of stimulation, the perceived pitch 
varied from low to high and the sharpness from dull to sharp for 
300 ms pulse trains at single-electrodes ordered in the apical to 
basal direction; 
(5) Vowel labels could be assigned to the sensations produced by 
single-electrodes at a fixed pulse rate (200 ms pulse trains); 
(6) Relative difference limens of 7 to 12% were observed at pulse 
rates below 250 pps for 300 ms pulse trains; 
(7) At a fixed pulse rate of stimulation, 200 ms pulse trains on 
different electrodes were readily discriminated. Furthermore, the 
signals at two adjacent electrodes were rarely confused within a 
restrictive range of pulse rates - tested from 105 to 165 pps and 
from 180 to 240 pps. 

The results from time-varying signals are summarized as 
follows: 
(1) Relative difference limens of 9 to 13% were observed for pulse 
rate variation over 300 ms for pulse rates below 200 pps; 
(2) The discriminability of signals with time-varying pulse rate 
detcrioraLed with decreases in the duration of the pulse rate varia
tion. Pulse rate variations with a variable initial pulse rate 
(150, 180, 210 or 240 pps) and a fixed final pulse rate (150 pps) 
were tested for three durations: 25, 50 and 100 ms. The discrimina
tion performance was the poorest at 25 ms; 
(3) 100 ms single-electrode trajectories differring in the 
direction (apicalward, basalward) of the electrode variation were 
readily discriminated; 
(4) The discriminability of single-electrode trajectories was 
independent of the duration of the trajectories. Trajectories with 
a variable initial electrode position (electrodes 1, 2, 3 or 4) 
and fixed final electrode position (electrode 1) were tested for 
three durations: 25, 50 and 100 ms. The same performance was 
observed for each duration; 
(5) Phenomenological reports from MCI indicated that the hearing 
sensations produced by the electrode trajectories were similar to 
those produced by acoustic speech signals characterized by second 
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formant frequency transitions to which phonetic labels may be 
assigned. The hearing sensations produced by time-varying pulse 

e ofrate, on the other hand, were similar to those produced by speech 
'okedsignals with a variation in the fundamental (voice) frequency. 

SPEECH STUDIES : of 
It 

In the light of the psychophysical results, a speech process
ing strategy, which converts the frequency of the spectral emphasis 
in the mid-frequency range of speech signal to single-electrode 

:odeposition, and the fundamental (voicing) frequency to pulse rates 
ll.eybelow 250 pps, was pruposed. With this strategy, the auditory system 
lerewill discriminate the electrode shifts required to convey rapidly 
:ablechanging segmental speech information. The suprasegmental informa

tion contained in the fundamental frequency of a speech signal, on 
the other hand, is encoded in the pulse rate which is more suited 
to slowly time-varying signals. Although the discrimination perfor
mances for electrode position and pulse rate are different, their 
interaction also needs to be considered in speech processing 
strategies. In this regard, the psychophysical results (see item 7 
for time-invariant signals) indicated that, for speech signals 
involving a single voice with a limited range of fundamental fre
quency (and therefore a limited range of pulse rates below 250 pps) , 
the information for electrode position is not likely to be confused 
with that for pulse rate. Furthermore, the pitch matching experi
ments reported in Bilger (1977) and Eddington et al., (1978) for 
implant patients with residual hearing in the unimplanted ear 
indicated that, with appropriate psychophysical procedures, it may 
be possible to separately identify these two types of information 
for pulse rates below 250 pps. It is also possible that, in the 
speech mode, the rapidly time-varying "electrode cues" for segmental 
information are readily discernible from the slowly time-varying ~ating 
"pulse rate cues" for suprasegmental information because of the :s. 
difference in the time scale of processing. These suggestions are Lsed 
supported by the phenomenological reports of patient Mel described 
in the last section. As far as the encoding of the intensity of Ilus 
the speech signal is concerned, the current level of the electrical Iting 
stimulus in conjunction with an appropriate compression scheme may 
be used. :nd 

The feasibility of this proposed speech processing strategy 
ln the transmission of speech information to the higher centres 
was studied by means of a laboratory-based speech-processor. In 

182) 13(2)the real-time speech processor, speech parameters were estimated 
and converted to electrical stimulation parameters every 10 ms, 
and only one electrode was activated within a 10 ms time frame. 
The speech parameters were the second formant frequency (F2) and 
its amplitude (A2), the fundamental frequency (FO) , and the voicing 
amplitude (AO). For a given F2 estimate, the single-electrode to 
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be stimulated in the present time frame was selected from a pre
determined F2-to-electrode conversion table based on psychophysical 
results. Similarly, the current level was determined from an A2
to-current table. Furthermore, an energy threshold detector for 
AO was used to determine whether voicing was present or not. If 
voicing was present, the pulse rate (250 pps) on the selected 
electrode was made proportional to FO. On the other hand, if voicing 
was absent a constant low pulse rate was used as it produced a 
sensation described as "rough" which could be associated with that 
of "noise" previously experienced by the patients when they had 
hearing. 

Speech comprehension tests were conducted under three condi
tions: electrical stimulation alone (EO), vision alone (VO) , and 
combined electrical stimulation and vision (EV). The first test was 
a confusion study (Miller and Nicely, 1955) using twelve consonants 
(/b/,!p/,/m/,/f/,/v/,/s/,/z/,/n/,/t/,/d/,/k/,/g/,) in a vowel
consonant-vowel (VCV) context, with the vowel fixed as a /a/ as in 
father. The two patients received ten randomized presentations of 
the 12 VCV syllables in each condition. Scoring was based on the 
number of consonants correc~ly identified. In the second test, 
everyday sentence lists prepared at the Central Institute for the 
Deaf were presented. Scoring was based on the number of key words 
correctly identified. The test materials were presented at 80 dB 
SPL by a female speaker. 

The mean scores for the two patients in the first test were 
38% (EO) ,37% (VO) and 65% (EV). The mean scores obtained in the 
second test were 11% (EO), 24% (VO) and 83% (EV). These results 
show that the scores are highest for the EV condition, indicating 
the contribution of electrical stimulation of speech communication. 
It should also be noted that the sentence scores in the EV condi
tion were at a level where they correlate with a satisfactory 
performance in understanding connected speech (Giolas, 1966). In 
addition to these results, the consonant confusion data obtained 
in the first test were also analyzed in terms of the information 
transmission for the articularory features described in Miller 
and Nicely (1955). This analysis showed that a significant amount 
of information about voicing, nasality, duration, affrication and 
place of articulation was transmitted in the EO condition (Tong 
and Clark, 1980). The results of this analysis confirmed that useful 
speech information can be transmitted to the higher centres of the 
auditory system by means of the proposed strategy. 

CONCLUSION 

The results obtained in these studies indicate that it is 
possible to convey useful speech information to the higher centres 
of the auditory system by cadences of electrical stimulation at 
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different single-electrodes in the scala tympani. Furthermore, the 
hearing sensations produced by the electrical stimuli could be 

e oflinked with those previously experienced by the patients. These 
'okedresults are informative because they confirmed the usefulness of 

a speech processing strategy employing both the "place" information 
relating to electrode position and the "period" information relating 
to pulse rate, and they formed the basis for future research. As it of 
stands, however, the proposed speech strategy when used in conjuc It 
tion with lipreading does improve significantly the patients-ability 
in speech communication. 
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