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The aim of this experiment was to determine whether patients who use the Ineraid cochlear 
implant code formant frequency by means of the information in the time waveforms presented 
to the electrodes, or by the information in the distribution of energy among the electrodes. Six 
patients were presented three vowels for identification. The vowels were presented in two 
configurations. In one, the temporal cues and distribution of energy cues were both 
appropriate for a given vowel. In the other, the temporal information specified one vowel while 
the distribution of energy specified another vowel. The results of the identification task 
indicated that patients relied on information contained in the distribution of energy for vowel 
identification. These results can be interpreted as indicating that the Incraid overcomes the 
limited spatial resolution afforded by four monopolar electrodes by using the balance of energy 
among electrodes to produce a continuous, rather than discrete, coding of cochlear place of 
stimulation. 

PACS numbers: 43.71.Ky, 43.71.Cq, 43.66.Ts, 43.64.Me 

INTRODUCTION 

The aim of this experiment was to assess how patients 
who use the Ineraid cochlear implant code formant frequen- 
cy in the service of vowel recognition. 

Frequency coding and frequency resolution could be a 
function of place coding, temporal coding or a combination 
of both. When a signal arrives at the Ineraid's signal proces- 
sor, the signal is filtered into bands with center frequencies of 
0.5, 1.0, 2.0, and 3.4 kHz (Eddington, 1980). The filter 
skirts are broad--6 dB/oct. Analog representations of the 
waveforms in the four bands are then delivered to electrodes 

l•l which are arrayed from apex to base in the cochlea. The 
most apical electrode is usually 20-22 mm from the round 
window and the electrodes are spaced at 4-mm intervals. 

The frequency of the first formant of a speech signal 
(F 1 ) could be specified by the time waveform in the most 
apical channel. As shown in Fig. 1, the representation off 1 
for signals with F ls of 350, 500, and 700 Hz is well preserved 
in the time waveforms presented to electrode 1. However, 
the more dominant feature of the time waveform is the repre- 
sentation of the pitch period, or F0. In order for temporal 
encoding off 1 to occur, some neural elements would have to 

I I 
/u/ 

2.8 ms FI=350 Hz 
F2=1250 HZ 

1 
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0 Hz 
I I 
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"• • F2=1500 Hz 

8 ms : F0=125 H2 
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FIG. 1. Time waveforms from channel 1 of the Ineraid for a three pitch- 
period segment from three vowels. The period off I is indicated at the top of 
each waveform. The period of F0 is indicated below the waveform in the 
lowest panel. 
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synchronize to the period off 1 while others synchronized to 
the period ofF0. 

Temporal coding off 2 and higher frequencies is unlike- 
ly. The coding of temporal intervals by a single fiber is limit- 
ed by the neural refractory period of about 1 ms. However, 
groups of fibers firing in parallel may be able to code tempo- 
ral intervals less than 1 ms in duration (Hartmann and 
Klinke, 1990). 

The possibility that F 1 can be derived from a temporal 
code is confirmed by the ability of patients who use the Vien- 
na single-channel implant to identify vowels. Von Wallen- 
berg et al. ( 1985 ) and Von Wallenberg et al. (1990) describe 
patients whose patterns of vowel identification reflect reso- 
lution off l's at approximately 300, 500, and 750 Hz. Rosen 
and Ball (1986) and Tyler et al. (1989b) report broadly 
similar findings. Some Vienna patients also appear to make 
use of information from F2. It is not clear how F2 informa- 

tion is encoded by these patients. 
For Ineraid patients, the frequency off I might also be 

specified by a place code. Consider the effect of a F 1 at 300 
Hz presented to the Ineraid processor. The output of the 
processor would have a high rms level in channel I and lower 
levels in channels 2-4. As the frequency off 1 increases from 
300 to 500 or 700 Hz, the rms level in channel I would in- 
crease slightly and then decrease slightly, depending on the 
filter shape and the formant levels, but the energy in channel 
2 would increase. Thus, the frequency ofF1 couM be specified 
by the balance of energy in channels 1 and 2. That is, as F 1 
frequency increased, the balance of energy would tip toward 
electrode 2. In similar fashion, the frequency off 2/F 3 could 
be specified by the balance of energy among channels 2-4. 

There is some evidence to support the suggestion that 
frequency can be coded by the distribution of energy among 
channels of a multichannel implant. Townshend et al. 
(1987) have reported, for two patients, that when two elec- 
trodes are stimulated simultaneously, and the balance of cur- 
rent is varied between the two electrodes, then pitch varies 
from higher to lower as the current balance swings from the 
more basal electrode to the more apical electrode. 

The aim of the present experiment was to assess whether 
Ineraid patients code formant frequency by the information 
in the time waveforms presented to the electrodes, or by the 
information contained in the balance of energy among elec- 
trodes. We have focused on differences in F 1 among vowels 
because the data from single-channel implant patients dem- 
onstrates that a temporal code can be used for recognition of 
F 1 and because analyses of vowel recognition by Ineraid pa- 
tients indicates that differences in F 1 are used in recognition 
(see Eddington, 1983, and later studies by Derman et al., 
1989; Tyler et al., 1989a,c; and Wilson et al., 1990). 

We constructed three vowels in two configurations. The 
vowels /u e a:/ were chosen so that the frequency of F 1 
would be maximally different among the signals (F 1 = 350, 
500, and 700 Hz, respectively) and, thus, so that the time 
waveforms in channel 1 would be maximally different. In 
one test configuration, both the temporal information in 
each channel and the distribution of energy among the chan- 
nels specified the same vowel. In the other condition--a con- 
flicting cue condition--we altered the amplitude of the sig- 

nals in channels 1-4 so that the temporal waveform in each 
channel specified one vowel, for example/•/, but the distri- 
bution of energy in the channels specified another vowel, for 
example, /u/ or/a:/. At issue was whether our patients 
would identify the vowels on the basis of the time waveforms 
in the channels or would identify the vowels on the basis; of 
the distribution of rms energy among the channels. 

I. METHOD 

A. Subjects 

The subjects were six individuals who used the Ineraid 
prosthesis. The subjects were chosen from a pool of 20 pa- 
tients on the basis of their vowel identification ability. We 
wished to test patients who could identify the vowels/u/, 
/r/, /•e/ with near perfect accuracy. All of the patients had 
previously participated in psycheacoustic tests and tests of 
speech recognition. 

B. Stimuli 

The stimuli were three steady-state vowels--/u/,/•/, 
and/•e/. The vowels were synthesized in cascade mode us- 
ing a version of the KLATT synthesizer. The signals were 
created with identical rise-fall time (30 ms), duration (200 
ms) and pitch contour. The overall signal amplitude varied 
in normal fashion. The formant frequencies for the three 
vowels are shown in Table I. 

To determine the rms level by channel for each vowel, 
the prototype vowels were directed to the Ineraid via the 
auxiliary input jack. The Ineraid's four outputs were detect- 
ed across series 1-kl/ resisters, amplified and digitized 
(Data Translation DT2801-A ). The signals were displayed 
via a waveform editing program (WAVED; Boys Town Na- 
tional Hospital). With the aid of the program, rms levels 
were assessed in each of the four channels for the three proto- 
type vowels. The relative levels are shown in Fig. 2. 

C. Stimulus modification 

In order to create signals with conflicting cues to vowel 
identity, four computer-controlled digital attenuators 
(Turner-Davis Technologies) were inserted in the circuit 
between the Ineraid processor and the patient. Signals were 
first filtered into four bands by the Ineraid. Next, the signals 
in the four bands were directed to four preamplifiers and to 
the four digital attenuators. The signals were then passed to 
four optical isolation amplifiers for patient isolation and 
safety. Finally, the signals were delivered to the patients' 
electrodes. This arrangement allowed the experimenter to 

TABLE I. Formant frequencies for the three prototype vowels. 

Fl F2 F3 

/u/ 350 1250 2200 
/r/ 500 1700 2500 

Iml 700 1500 2400 
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FIG. 2. rms levels in each channel of the Ineraid for three vowels. 

use the digital attenuators to vary the signal level on a given 
electrode over a -4- 10-dB range. This range was sufficient to 
give a prototype vowel the amplitude characteristics of each 
of the other vowels. 

In the test sequence, each vowel was presented in three 
amplitude configurations. For example, for/œ/, one config- 
uration was the unaltered prototype. In another configura- 
tion,/e/was given the amplitude profile of/u/(in this case 
/u/was the "target vowel"). In the third configuration, 
was given the amplitude profile of/a•/(in this case/•e/was 
the target vowel). Similar manipulations were performed 
with/u/and/•e/. Five repetitions of each stimulus were 
generated for the identification test. 

O. Procedure 

The patients were first presented five repetitions of each 
of the prototype vowels in a practice sequence. The identity 
of each stimulus was indicated to the patient. Next, the pa- 
tients were presented the test stimuli, including the proto- 
types, for identification in a randomized sequence. The pa- 
tients indicated the identity of each stimulus on a touch 
sensitive pad. The pad contained a "repeat" key and each 
stimulus could be heard as many times as the patient wished. 
The response choices were/u/,/•e/,/e/. 

II. RESULTS 

The mean identification score for each stimulus is 

shown in Table II. Two types of data analyses were per- 
formed. The first assessed whether the number of prototype 
responses was reduced when the amplitude profile of the 
prototype vowel was altered. As shown in Table II the proto- 
type vowels were identified with near perfect accuracy. In 
five of the six conflicting-cue conditions all patients evi- 
denced a reduction in the number of prototype responses. In 
the case of/a•/given the amplitude profile of/e/, four of six 
patients evidenced a reduction in the number of prototype 
responses. Thus changing the amplitude profile of the proto- 
type vowels significantly reduced identification accuracy. 

The second data analysis assessed whether a change in 
amplitude profile elicited a particular response or merely 
made the prototype vowel difficult to identify. To answer 
this question the number of target vowel responses were 
compared to the sum of nontarget vowel responses. For ex- 
ample, in the case of/u/given the amplitude profile of 

TABLE II. Percent response as a function of amplitude profile. For signals 
with entries of the form / / • //, the second member of the expression 
indicates the vowel whose amplitude profile was mimicked. 

Response 
Stimuli u e a• 

/u/ 93 3 3 
/el 0 97 3 
/•/ 0 3 97 

lulltel 0 84 16 
lul•ltl 0 63 37 

Iel•lul 93 3 3 
I•1•1•t 10 23 67 

I•l•lul 90 7 3 
I•1•1•1 0 47 53 

(/u/--,/e/), the number of/u/and /ae/ responses were 
combined to produce the nontarget response category. In 
four of the six conditions, the target vowel was the most 
probable response (/u/-,/e/; t = 3.7, p = 0.006:/e/-,/u/; 
t=6.5, p=0006: /e/-•/ae/; t= 2.33, p=0.033: 
/ae/--,/u/; t = 8.94, p = 0.0001 ). 

In two cases,/u/-•/•e/and/a•/-•/e/, the target vowel 
did not elicit more responses than nontarget vowels 
(t = -- 0.948, p = 0.806 and t = - 2.23, p = 0.58, respec- 
tively). However, in the case of/a•/-./e/, half of the pa- 
tients (three of six) did give the target vowel as the majority 
response. 

III. DISCUSSION 

Our aim in this experiment was to determine whether 
patients who use the four-channel Ineraid implant base vow- 
el identification on the temporal information about formant 
frequency in the channels, or base identification on the dis- 
tribution of energy among the channels. We have found that 
when the amplitude profile of one vowel is changed to that of 
a second vowel, leaving the temporal cues unchanged, then, 
most generally, patients report the second vowel. This out- 
come suggests that the pattern of energy along the electrical- 
ly stimulated cochlea is the principle cue to vowel identity. 

In two of six instances, the distribution of energy for a 
signal did not predict the majority response. In one instance, 
/u/with the amplitude profile of/ae/, for which the major- 
ity response was/e/, it would be possible to speculate that 
temporal coding of the 350-Hz first formant of/u/, and the 
distribution of energy cue to/•e/, might have led to a hybrid 
response of/e/, i.e., a vowel with a F 1 intermediate between 
that of/u/and/•e/. However, such a feature-sharing ac- 
count cannot be offered for the failure of the/•e/-,/e/ma- 

nipulation to produce a majority of/e/responses. In this 
instance, we suppose that, for reasons we do not clearly un- 
derstand, we did not reproduce the distribution of energy for 
/e/ appropriately for half (three of six) of the patients. 

A reviewer has noted a possibility which would weaken 
our conclusion that temporal factors play little role in the 
coding of vowel formant frequencies. That possibility is that 
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when we altered the channel amplitudes, the change in cur- 
rent interactions within the cochlea altered the temporal 
waveforms. We have no way of knowing whether this is a 
reasonable possibility or not. Consider, however, the 
/e/-,/u/manipulation in which all patients reported/u/. 
In this case, the amplitude of channel 1 was increased while 
that of channel 2 was left about the same. It is difficult to 

imagine an interaction which would produce a poorer repre- 
sentation of the temporal information in channel 1. 
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