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Introduction 

One of the most important findings in cochlear implant research has been 
the orderly variation in perceptual characteristics produced by intra
cochlear electrodes in accordance with the tonotopic organization of the 
cochlea. The electrical signal dimension of electrode position has there
fore been used extensively for presenting speech information to cochlear 
implant patients. This paper describes further psychophysical and speech 
perceptual results on the perceptual characteristics produced by intra
cochlear electrodes. 

Hardware for Bipolar Stimulation 

The psychophysical and speech perceptual studies were conducted on 
patients implanted with the Nucleus multichannel cochlear implant 
device. During the implant surgery (Clark, Pyman, and Bailey, 1979), an 
array of 22 electrodes, spaced 0.75 mm apart, was inserted through the 
round window into the scala tympani for a distance of up to 25 mm. The 
residual auditory nerve fibers were activated by charge-balanced biphasic 
current pulses. The implanted electrodes are numbered from 1 to 22 in the 
apical-to-basal direction. Bipolar stimulation, produced by passing an 
electric current between two electrodes, was used. The spatial extent of 
each bipolar electrode pair is defined as the distance between its apical 
and basal members. An electrode pair is numbered according to its basal 
electrode member. For example, electrode pair EP-12 activated with a 
spatial extent of 2.25 mm has electrodes 12 and 9 as its basal and apical 
electrode members, respectively, while EP-14-10 denotes electrical stim
ulation using two temporally nonoverlapping electrode pairs, EP-14 and 
EP-I0, activated in quick succession in a stimulus period. 
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Forward-Masking Patterns at Different Stimulus 
Current Levels 

This study (Lim, Tong, and Clark, 1988) investigated the forward
masking patterns produced by a bipolar electrode pair at different 
stimulus current levels. This study has been conducted on one of our 
patients (FK). The duration of the masker was 300 ms, while the duration 
of the probe was 18 ms. The pulse rate for both masker and probe was 
166 pps. The last pulse of the masker pulse train led the first pulse of the 
probe pulse train by 6 ms. The masker electrode pair (EP-12) was fixed in 
the middle of the electrode array. The threshold electric current for each 
probe electrode pair activated in isolation was first estimated using a 
four-interval forced-choice procedure. The increase in threshold current 
for each probe electrode pair along the electrode array in the presence of 
the masker was then estimated. This increase in threshold current will be 
referred to as the amount of forward masking. 

Figure 20.1 shows the forward-masking patterns of a masker electrode 
pair (EP-12) at four stimulus current levels. The amount of masking is 
shown on the ordinate. The electrode-pair number for the probe, ranging 
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FIGURE 20.1. Forward-masking patterns of electrode pair EP-12 at four stimulus 
current levels. 
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from 3 to 22 in the apical-to-basal direction. is shown on the abscissa. The 
four stimulus currents used are shown in the inset. These masking 
patterns show that the amount of masking at each probe electrode pair 
increased with masker current level. The neural activity at each probe 
location therefore increased with stimulus current, and the overall 
loudness of the hearing sensation produced by the maskers also increased. 
The location of the maximum and the general shape of the masking 
pattern, however, did not change significantly with masker current level. 
These results indicate that the location of the maximum and the general 
shape of the neural excitation distribution along the cochlea for a fixed 
masker electrode pair do not change significantly with stimulus current 
level, and that the pitch and timbre produced by a fixed electrode pair 
should not, therefore, change significantly with current or loudness. 

Identification of Electrode Positions at Different 
Current Levels 

To further investigate the effects of stimulus current on the perceptual 
characteristics produced by intracochlear electrodes, an absolute identi
fication study (Tong et aI., 1988b) has been conducted on one of our 
patients (RS). Twenty-one stimuli, consisting of seven electrode positions 
at three different loudness (or stimulus current) levels, were used in a 
single interval task. The seven electrode positions were electrode pairs 6 
to 18 in the apical-to-basal direction, and were assigned response numbers 
from I to 7 in order of increasing electrode-pair number. Each electrode 
pair was presented at three different loudness (or stimulus current) levels: 
33%, 66%, and 100% of comfortable loudness. Note that only one 
response number was assigned to each electrode pair. For example, the 
three stimuli of different loudnesses on electrode pair 6 were assigned 
response number I, and the patient was instructed to nominate" I" as the 
response if he thought that one of these three stimuli on electrode pair 6 
had been presented. Data analysis was performed on the combined 
confusion matrix constructed by pooling the responses for the twenty-one 
stimuli, and on three individual confusion matrices constructed by 
including only the responses for the seven stimuli at each individual 
loudness level. 

Figure 20.2 shows the combined confusion matrix for patient RS. Each 
row represents the response pattern for the three stimuli of different 
loudnesses on the same electrode pair. The black dot on top of each pat
tern represents the center of gravity of the response pattern, while the dot
ted line represents the center of gravity for a response pattern that is 
symmetrical about the response number assigned to the electrode pair in 
question. For example, in the case of the response pattern for electrode 
pair 6, the black dot was located on the right of the dotted line because of 
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the incorrect responses given in the response number 2 category. The 
location of the black dot with respect to the dotted line gives an indication 
of the deviation of the patient's response from the designated response 
number. This deviation or bias could be toward a lower or higher 
response number corresponding to a bias of response toward an apical or 
basal electrode pair, respectively. Figure 20.3 shows the amount of 
deviation versus response number for the four confusion matrices: the 
combined matrix and the three individual matrices at the three different 
loudness levels. The deviations changed from predominantly positive for 
the 33% comfortable loudness matrix, close to zero for the 66% matrix, 
and predominantly negative for the comfortable loudness matrix. The 
deviations for the combined matrix were also close to zero and were 
similar to those of the 66% matrix. Using the 66% matrix as a reference, 
the predominantly positive deviations for the 33% matrix indicate a bias 
toward a higher response number or an apparent increase in pitch and 
sharpness when the electrical stimuli were soft. The predominantly 
negative deviations for the matrix at comfortable loudness indicate a bias 
toward a lower response number or an apparent decrease in pitch and 
sharpness. Note that the variations in pitch and sharpness with loudness 
were not large in that the deviations in Figure 20.3 are within the range of 
± 1. It is also worth noting that this decrease in pitch and sharpness with 
loudness for electrical stimulation is in the same direction as the decrease 
in pitch with loudness for acoustic tones below 1 kHz (Stevens, 1935). 
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FIGURE 20.3. The amount of deviation versus response number for the combined 
matrix and the three individual matrices at three different loudness levels. 

Returning to Figure 20.2 the diagonal pattern of the combined confu
sion matrix indicates reasonably good identification performance for the 
21 stimuli. A quantitative measure of identification performance is to 
calculate, on the basis of the confusion matrix, the sensitivity index d' 
representing the perceptual distance between two successive electrode 
positions. These d' measures are shown in cumulative form in Figure 2004 
for the combined matrix and the three individual matrices. In Figure 2004, 
better identification performance is indicated by steeper cumulative 
curves. The results in Figure 2004 indicate that identification performance 
for electrode position was similar for the different loudnesses. 

Forward-Masking Patterns Produced by Two Bipolar 
Electrode Pairs Activated in Quick Succession 

This study (Lim, Tong, and Clark, 1988) investigated the forward
masking pattern produced by two bipolar electrode pairs activated in 
quick succession within a stimulus period. This study has been conducted 
on patient FK. The stimulus configuration for this study is almost 
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FIGURE 2004. Cumulative d' curves for the combined matrix and the three 
individual matrices. 

identical to that described in the previous Forward Masking study section 
with the exception that two masker electrode pairs were used. The two 
masker electrode pairs were activated in quick succession within a 
stimulus period of 6 ms. Within a stimulus period, the biphasic pulse on 
the more basal masker (electrode pair 16) leads the pulse on the more 
apical masker (electrode pair 8) by 0.8 ms. There was no temporal overlap 
between the pulses on the two maskers. 

Figure 20.5 shows three forward-masking patterns for one of our 
patients: the basal masker (EP-16) and the apical masker (EP-8) in 
isolation and the two maskers activated in quick succession in a stimulus 
period. The forward-masking pattern for each masker activated in isola
tion shows a single dominant peak in the vicinity of the masker electrode 
pair in question. The forward-masking pattern for the two maskers 
activated in quick succession in a stimulus period shows two peaks in the 
vicinity of the two masker electrode pairs. 

These masking patterns suggest that the interaction between two 
electrode pairs activated in quick succession was small, and the individual 
perceptual characteristics of the two electrode pairs were preserved. 
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FIGURE 20.5. Forward-masking patterns for the basal masker (EP-16) and the 
apical masker (EP-8) in isolation and the two maskers (EP-16-8) activated in quick 
succession in a stimulus period. 

Synthetic Vowel Study 

To further investigate the interaction between two electrode pairs acti
vated in quick succession and the usefulness of this stimulus configuration 
in terms of speech processor design for cochlear implant patients, a 
synthetic vowel study (Tong, Lim, and Clark, 1988a) was conducted. 
Eleven electric pulse trains were constructed on the basis of eleven 
natural vowels in Australian English. The pulse trains were at a fixed 
repetition rate of 125 rep/so Within each stimulus period, two electrode 
pairs were activated in quick succession. The location of the first 
electrode pair in the stimulus period was selected according to the second 
formant frequency of the natural vowel, and the second pair according to 
the first formant frequency. The electrode assignments for the 11 pulse 
trains are shown in Figure 20.6. The electrode pair encoding second 
formant frequency information is represented on the abscissa, and the 
electrode pair encoding first formant frequency information is represented 
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FIGURE 20.6. Electrode assignments for the 11 synthetic vowels. 

on the ordinate. The electrode assignment for each pulse train is specified 
by the coordinates of the phonetic symbol of the corresponding natural 
vowel. For example, the pulse train corresponding to the natural vowel 
III was specified by electrode pairs 17 and 5, respectively. 

The 11 pulse trains or synthetic vowels were presented in random order 
in a single interval task. The response pattern was recorded in a confusion 
matrix, which was further analyzed using infonnation transmission 
analysis. Table 20.1 shows the synthetic vowel results for two patients. 
The overall percentage scores for the two patients were approximately 
75%. There was a significant amount of information transmitted about the 
duration of the vowels and the second fonnant and the first formant of the 
vowels. Note that the information transmitted about these three features 
is partially redundant. This is illustrated by computing (Fl)', which is the 
amount of information transmitted about the first formant when its 
redundancy with the second formant and duration has been accounted 
for. The values of 0.36 and 0.45 for (Fl)' indicate that even after 
accounting for redundancy, a significant amount of information was 
transmitted about the first formant. These results confirm that the 
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TABLE 20.1. Percentage correct and information 
transmission scores for the synthetic vowel 
study. 

Information transmitted 
(bits) 

Patient % Correct Dur. F2 FI (FI)' 
MO 76 0.94 1.28 0.65 0.36 
LL 73 0.98 1.22 0.64 0.45 

interaction between two electrode pairs activated in quick succession is 
small, and that this stimulus configuration is useful for speech coding for 
cochlear implant patients. 

The Effects of Temporal Order on 
Perceptual Characteristics 

The psychophysical and speech perceptual studies so far described 
suggest that by activating a number of electrode pairs in a stimulus period, 
a corresponding number of spectral components of the speech signal can 
be conveyed to cochlear implant patients. The question then is, What are 
the effects of the temporal order of the different electrode pairs (in the 
stimulus period) on perceptual characteristics? We have conducted a 
number of psychophysical studies (Tong et a!., 1988b) to investigate the 
differences in perceptual characteristics between different temporal 
orders. 

One of the studies was to ask the patients to discriminate between a 
pulse train of fixed temporal order and another pulse train in which the 
temporal order was randomized from period to period. The stimulus 
configuration for this study is shown in Figure 20.7. The repetition rate of 
the pulse trains was 100 rep/so Four electrode pairs, nominally numbered 
from I to 4, were activated in a stimulus period. The bottom half shows a 
pulse train with a fixed temporal order in each period, while the top half 
shows a pulse train with its temporal order of the four electrode pairs 
changed randomly from period to period. Note that the same four 
electrode pairs were used in the two pulse trains. 

Discrimination studies using 2IFC and 4IFC procedures showed that 
the pulse train of the randomized temporal order was easily discriminated 
from that of the fixed temporal order. The major difference between these 
two pulse trains was that the randomized pulse train sounded fussy and 
scratchy, while the pulse train of the fixed temporal order sounded 
(relatively) smooth. The results of this study indicate that the temporal 
order of the electrode pairs in a stimulus period does have significant 
effects on perceptual characteristics and that it may be possible to use 
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FIGURE 20.7. Stimulus configuration for the psychophysical studies using pulse 
trains of randomized temporal order and fixed temporal order. 

these randomized pulse trains to convey information about unvoiced 
consonants or noiselike signals to cocWear implant patients. 

To further investigate the possibility of using randomized pulse trains 
for conveying information about unvoiced consonants and noiselike 
signals, two identification studies were conducted. The stimulus specifi
cations and response numbers for the two studies are shown in Table 
20.2. The stimuli for the first study shown in the top half of Table 20.2 
were seven pulse trains of randomized temporal order. Four electrode 
pairs were activated in a stimulus period for each pulse train. The 
electrode pairs varied progressively in the apical-ta-basal direction for the 
seven pulse trains, which were assigned response numbers from 1 to 7. 
The electrode pairs for each pulse train spanned over seven banded 
electrodes on the electrode array, and there were considerable overlaps in 
terms of electrode position among the seven pulse trains. In a single 
interval task, the seven stimulus pulse trains were presented in random 
order and the patient was instructed to identify each stimulus presentation 
as one of the pulse trains and to respond by nominating the appropriate 
response number. 

The seven stimuli for the second study shown in the bottom half of 
Table 20.2 were seven pulse trains, with a single electrode pair activated 
in each stimulus period. The electrode pairs varied in the apical-ta-basal 
direction for the seven pulse trains, which were assigned response 
numbers from 1 to 7. Note that the spacing in terms of electrode position 
between two successive stimuli in the second study is the same as that in 
the first study. The performance measured in the second study usin a 
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TABLE 20.2. Stimulus specifications for two identification studies investigating 
the perceptual characteristics of pulse trains of randomized temporal order. 

Study I 

Electrode Response 
pairs Temporal order number 

6-8-10-12 Randomized I 
7-9-11-13 Randomized 2 
8-10-12-14 Randomized 3 
9-11-13-15 Randomized 4 
10-12-14-16 Randomized 5 
11-13-15-17 Randomized 6 
12-14-16-18 Randomized 7 

Study 2 

10 I 
II 2 
12 3 
13 4 
14 5 
15 6 
16 7 

single electrode pair in each stimulus can therefore be used as a reference 
for the first study. 

Two confusion matrices were constructed from the results of the two 
studies, respectively. Measures of d' as described before were calculated 
for the two matrices. The d' results are shown in cumulative form in 
Figure 20.8 for one of our patients (RS). The open squares are cumulative 
d' measures for the seven pulse trains of randomized temporal order, 
while the crosses are for the seven pulse trains with a single electrode pair 
in each stimulus period. These two curves show that identification 
performance was almost identical for the two sets of pulse trains. When 
the patient was asked to describe the hearing sensations produced by the 
seven pulse trains of randomized temporal order, he reported that despite 
the scratchy and fussy sensation, he was able to rank these randomized 
pulse trains from dull to sharp in accordance with the tonotopic organiza
tion of the cochlea. 

Summary 

The results of a forward-masking study indicate that a spatially localized 
neural excitation pattern can be produced by bipolar electrical stimulation 
in the human cochlea. The location of the maximum and the general shape 
of this pattern does not change significantly with electric current level. 
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FiGURE 20.8. Cumulative d' curves for seven pulse trains of randomized temporal 
order and seven pulse trains with a single electrode pair in each period. 

These results suggest that, despite the increase in loudness with current 
level, the pitch and timbre of the hearing sensation should not change 
significantly with electric current level. This lack of significant change in 
pitch and timbre with current was confirmed by a further psychophysical 
study which measured a patient's ability to identify different electrode 
positions at different current levels. 

The results of a second forward-masking study indicate that the 
interaction between two electrode pairs activated in quick succession in a 
stimulus period is small, and the individual perceptual characteristics of 
the two electrode pairs are preserved. The results of a speech perceptual 
study using synthetic vowels indicate that useful information about the 
first two formants of speech can be conveyed to cochlear implant patients 
by activating two electrode pairs in quick succession in a stimulus period. 
These results suggest that by activating a number of electrode pairs in 
quick succession in a stimulus period, information about a corresponding 
number of spectral components of speech can be conveyed to cochlear 
implant patients. 

Discrimination and identification studies were conducted to investigate 
the effects of the temporal order of the different electrode pairs in a 
stimulus period on perceptual characteristics. Pulse trains in which the 
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temporal order was randomized from period to period were easily 
discriminated from those of a fixed temporal order, and produced 
scratchy and fussy hearing sensations. However, despite these fussy and 
scratchy characteristics, patients were able to identify these pulse trains 
of randomized temporal order in accordance with the tonotopic organiza
tion of the cochlea. These results suggest that the perceptual effects of 
temporal order do not significantly affect the identification of the overall 
electrode position of a pulse train, and that pulse trains of randomized 
temporal order could be useful in conveying information about unvoiced 
consonants and noiselike signals to cochlear implant patients. 

The results described above also indicate that the tonotopic variation in 
perceptual characteristics produced by individual intracochlear electrode 
pairs is very robust. The tonotopic variation is retained at different 
stimulus current levels and in the presence of other nonsimultaneous 
electrode pairs; it is also not significantly affected by the temporal order 
of non simultaneously activated electrode pairs in a stimulus period. 
Further psychophysical and speech perceptual studies are being carried 
out on a larger number of patients to establish the generality of these 
results. 
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Y.C. Tong: Discussion 

Dr. Dent: I just wanted to put your d' results in context. You 
showed a cumulative d' of 9 or 10. Was that your 
average or your best patient? The best we've ever 
gotten with a Stanford electrode, or with deconvo
lution on our patients, is 4 or 5, and that was on a 
pitch-ranking experiment, which is presumably less 
difficult than an absolute identification experiment. In 
addition, the step to vowel identification is surprising. 
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Apparently you reported the output bits of informa
tion (because you had some numbers that were 
greater than 1), and what we need to know is how that 
relates to the input bits. 

Dr. Tong: The number of bits in our results refers to the amount 
of information transmitted. It is difficult to go from 
the d' results to the synthetic vowel results because of 
interaction between the perceived speech features. 

Dr. Dent: Well, it's just the point that Bob Helfert tried to make, 
which was that our results look more impressive if we 
don't say what the relative amount of information was 
that was transmitted. So if you only have 1.5 bits in 
F2 and you transmitted 1.25, that looks very good. 
However, if you had 2 bits or more in F2 and 
transmitted 1.25 the it is not as effective. 

Dr. Tong: About 1.5 bits: three categories. 
Dr. Dent: The other question was about your masking patterns. 

Did you have any sense that they would corroborate 
what Don Eddington found? I noticed the patterns 
went to the left not to the right. 

Dr. Tong:	 Our results are for bipolar stimulation, while Don 
Eddington's results are for monopolar stimulation. 
For monopolar stimulation, the earth is the basal 
region; there is, therefore, a large spread of current 
toward the base. For bipolar stimulation, the current 
distribution should be more restricted. However, 
when an electric current is passed between two 
electrodes in the cochlea, it is very difficult to pre
dict the current path. There is definitely some evi
dence of a basal spread of current for our bipolar 
electrodes. However, to interpret the results prop
erly, we must use a mathematical model with the right 
geometry. 

Dr. Rabinowitz: I would like to follow up on that. There was notice
able noise in the masking pattern for the apical 
electrode. The masking first went down and then 
came up quite substantially. 

Dr. Tong: The irregular masking pattern at the apical end could 
be the result of the proximity of the apical electrodes 
to the neural elements. For bipolar stimulation, using 
two apical electrodes that are close to the neural 
elements, the current distribution may consist of two 
peaks instead of one. The masking pattern is, there
fore, likely to be irrcgular. 

Dr. Wilson: In our studies with patients implanted with the UCSF 
elcctrode array, we see nice tonotopic rankings, simi
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lar to the one that you described, with small cova
riations between loudness and pitch, in the same 
direction that you described. That is, increases in 
loudness can produce small decreases in perceived 
pitch. In other patients we see strong covariation 
between loudness and pitch in the opposite direction. 
That is, when you increase stimulus intensity, you get 
huge increases in perceived pitch. One or two of these 
patients also have anomalous tonotopic rankings and 
high channel interactions and other presumptive signs 
of poor nerve survival. So it may be that in your series 
you were especially fortunate to get patients that are 
blessed with good nerve survival. 

Dr. Tong: Or maybe it's the characteristics of the electrode 
array. 

Dr. Wilson: There is some difference there. 
Dr. Soli:	 Use of the d' measure implicity assumes that you are 

working with a unidimensional percept and that the 
spatial ordering of the electrodes corresponds to some 
kind of inner dimensional percept. What I would 
suggest is that you might want to look at the dimen
sionality of these percepts using something like multi
dimensional scaling. When we've done that with our 
patients, we've seen that the percepts corresponding 
to different places of stimulation are not unidimen
sional. We see that they may be two-dimensional. 
Your schematized confusions data suggest that per
haps some of the same things might be happening with 
your patients as well. 

Dr. Tong: Well, if the two dimensions are used together as 
correlated information, then it doesn't really matter, 
but you can use multidimensional scaling and so on to 
look at it. 

Dr. Smoorenburg: When you presented the vowel data it wasn't quite 
clear to me whether the FI-F2 coding was just the 
Nucleus type of stimulation where you pick out two 
electrodes or whether it was the full pattern that you 
were giving. 

Dr. Tong: It was a Nucleus device. Just two electrodes, one 
corresponding to Fl and one corresponding to F2. 

Dr. Smoorenburg: Suppose you would present the full spatial pattern. 
Did you try that? 

Dr. Tong: We tried up to three formants, and it seemed to work 
in that significant information was transmitted for Fl 
to F3. We haven't tried a full spectrum, not in the 
synthetic setting. 



Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Tong, Yit C.;Lim, H. H.;Clark, Graeme M.

Title:
Psychophysical and speech perceptual studies on cochlear implant patients

Date:
1990

Citation:
Tong, Y. C., Lim, H. H., & Clark, G. M. (1990). Psychophysical and speech perceptual
studies on cochlear implant patients. In J. M. Miller & F. A. Spelman (Eds.), Cochlear
implants: models of the electrically stimulated ear (pp. 323-337). New York: Springer-Verlag.

Persistent Link:
http://hdl.handle.net/11343/27273

http://hdl.handle.net/11343/27273

