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and difference interval coding for higher frequencies (up to 
approximately 2,000 Hz), although difference interval cod
ing could be used for lower frequencies as well. 

With difference interval coding the spatial as well as the 
temporal relations of the intervals in interconnected neurons 
may be important. This is illustrated in Fig 4. This shows the 
response of an ensemble of neurons to sound, and to electri
cal stimulation. With acoustic stimulation the interval histo
grams for each individual fiber may be the same, but the phase 
relationships could be different, and the probability of inter
connected neurons firing simultaneously is not the same. In 
using electrical stimulation to simulate the temporal coding of 
frequency, it may be important to not only produce an interval 
histogram similar to that for sound, but also produce a pattern 
of responses in an ensemble of neurons that are similar to 
those for sound. In this way difference interval coding could 
take place. At present, with electrical stimulation, there is a 
strong likelihood of neighboring neurons' firing simultane
ously, and this would prevent difference interval coding from 

taking place. Further research needs to be done to improve 
electrical stimulation so that the spatiotemporal responses for 
sound are simulated. Further research is also needed to 
produce the right firing probabilities on individual neurons to 
code low rates of stimulation. 
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The average profoundly deaf person using a cochlear 
implant can now understand more speech than some severely 
to profoundly deaf people who use a hearing aid. For this 
reason there will be an increasing need to consider implanting 
people with residual hearing. In many of these people there 
could be significant hearing in the operated ear, as a majority 
of severely to profoundly deaf people are likely to have a 
symmetrical hearing loss. When three frequency average 
hearing thresholds were measured on 219 pensioners from the 
Australian National Acoustic Laboratories (H. Dillon, un
published findings), 64% had less than a lO-dB difference 
between thresholds in each ear (Fig I). 

In severely to profoundly deaf people it would be helpful to 
know whether residual hair cells can be preserved in the 
implanted ear, and how best to excite these hair cells. This 
knowledge could iead to the development of a speech-pro
cessing strategy that would not only stimulate auditory nerve 
fibers directly, but stimulate residual hair cells as well. Elec
trical stimulation of hair cells is called electrophonic hearing. 

We have demonstrated histologically the preservation of 
hair cells in the implanted cochlea in a number of studiesl -5 

(also Shepherd et ai, unpublished observations). These stud
ies have shown that hair cells are preserved apical to scala 
tympani arrays in cats and monkeys with and without electri
cal stimulation, unless there is infection or marked trauma. 
We have also demonstrated in physiological and psychophys
ical studies in the experimental animal that functioning hair 
cells are present after cochlear implantation.2.6-8 A psycho
physical study6 on experimental animals showed that elec
trophonic hearing could be induced in the chronically im

planted animal at least up to 400 Hz. Above this frequency 
there was loss of hair cells due to surgical trauma. In addition, 
research on acute animal preparations,7 using brain stem 
response audiometry (ABR), indicated first that if implanta
tion was carried out gently, without loss of perilymph, post
operative tone pip thresholds were within 10dB ofpreoperative 
values. Second, it was found that click-evoked ABR-derived 
responses exhibited a normal latency-frequency function 
following implantation. This indicates that implantation per 
se does not disturb the frequency-place mechanics of the 
basilar membrane. In addition, electrical stimulation pro
duced electrophonic hearing at low current levels, and the 
response grew slowly with increasing current intensity before 
a more rapid growth due to direct stimulation of the auditory 
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Fig 1. Three frequency average (FA) hearing threshold levels (HI1..s) 
for better and worse ears in 219 pensioners from National Acoustic 
Laboratories (NAL). Data plotted by H. Dillon (unpublished find
ings). 
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nerve. At higher intensities the electrophonic component cal transduction? 
could be masked from the response (Fig 2). Another impor

The fIrst question examined was, Is electrophonic hearing tant finding was that when the current intensity was increased 
due to direct stimulation of the inner and outer hair cells from the derived brain stem response from the cocWear region 
the distant spread of current within the cocWea? This was adjacent to the electrode was similar to that for direct electri
investigated by masking acoustic probes withelectrical stimuli cal stimulation, but the responses in other bands were 
presented at different rates and intensities. If direct stimulaelectrophonic (Fig 3). 
tion of inner and outer hair cells occurred, then the degree of 

Although the ABR study showed that electrophonic re masking would decrease with current spread along the co
sponses were induced at sites remote from the electrode array, chlea and be less for lower probe frequencies. 
more research was needed to see how they were generated. In 
particular, were they due to direct stimulation of inner hair The masking results8 using sinusoidal monopolarelectrical 
cells by the spread of current along the cochlea, or due to stimuli at the round window showed peaks of masking at the 
indirect stimulation by the propagation of a traveling wave probe frequencies (eg, 4 kHz). As the degree of masking for 
arising near the electrodes? In the latter case, was a basilar different stimulus rates did not decrease with a decrease in the 
membrane traveling wave produced by direct excitation of probe frequency, the results suggest that electrophonic hear
outer hair cells near the electrode array, or by electromechani- ing is due to the propagation of a wave along the basilar 
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Fig 3. Derived auditory brain stem responses. A) 
For stimuli at 1.0 rnA. All responses are elec
trophonic with total masking for white noise. B) 
For stimuli at 1.2 rnA. Response for region adja
cent to stimulus electrode (> 15kHz) is due to 
direct nerve stimulation with electrophonic re
sponses in all other bands. 
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Probe Frequency (kHz) 
Fig 4. Degree of masking of compound action polential (CAP) from 
pulse stimulus as function of probe frequency for monopolar rounu 
window electrical masker stimulus of 4.000 pulses per second. 

membrane, and not due to direct stimulation of inner or outer 
hair cells (Fig 4). 

To be sure that electrophonic hearing was due to the 
propagation ofa wave along the basilar membrane, we carried 
out a similar study using intracochlear bipolar stimulation, 
because the current spread is more restricted than for monopolar 
round window stimulation. Again the masking of the probe 
was maximal when the probe frequency was the same as the 
rate of the masker. 

The second question examined was: Is electrophonic hear
ing due to local excitation of the outer hair cells, or electrome
chanical stimulationof the basilar membrane? To help answer 
these questions we repeated the masking study after damag
ing the hair cells in the region of the electrode by overstim

ulation with a IO-kHz tone. The results showed there was little 
change to the peak of masking after overstimulation. This 
suggests that electrophonic hearing is due not to direct stimu
lation of outer hair cells, but to an electromechanical trans
duction process. 

The above studies on the mechanisms of electrophonic 
hearing used sinusoidal electrical stimuli. With cochlear im
plants, however, it is preferable to use pulsatile stimuli. With 
these stimuli more research is still needed, however, to 
determine the energy transfer to the low- and middle-fre
quency regions of the cochlea [rom an electrode in the basal 
turn. This is particularly important when the patient has high 
thresholds in the low and middle frequencies, as more energy 
will be needed to excite the hair cells than for normal hearing. 
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INTRODUCfION 

Electrical stimulation should produce physiological im
pulse patterns in the auditory nerve by means of multichan
nel cochlear implants. However, there are a number of re
strictions underlying the realization of this physiological 
approach using different coding strategies. The aim of this 
investigation was to measure the temporal and spatial resolu
tion of impulse patterns evoked by electrical stimulation of 
the cochlea. The most important feature of electrical stimula
tion in this respect is that the time pattern is dominated by the 
strong synchronization of action potentials within a low 
electrical dynamic range and the widespread excitation pat

terns evoked via channel interaction using parallel stimula
tion. 

METHODS 

Normal adult cats were anesthetized and prepared for 
single fiber recordings from primary auditory fibers.] Audi
tory stimulation was performed to find fibers with a charac
teristic frequency between 6 and 12 kHz. The cats were 
deafened by using aminoglycosides (opening the round win
dow and instillation of neomycin sulfate or giving kanamycin 
intraperitoneally and ethacrynic acid intravenously2). Multi
polar electrode arrays like Nucleus-22 or Med-El 2*8 for 
humans or special cat-adapted arrays (cooperation between 
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