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SECTION 5. ELECTROPHYSIOLOGY 

TEMPORAL CODING OF FREQUENCY: NEURON FIRING PROBABILITIES 
FOR ACOUSTIC AND ELECTRIC STIMULATION OF THE AUDITORY NERVE 

G. M. CLARK, PHD, FRACS; T. D. CARTER, BSC, PGDIPMATIISC; C. L. MAFFI, MSc; R. K. SHEPHERD, PHD 

From the Human Communication Research Centre and the Department ofOtolaryngology. University ofMelboume, and the Cooperative Research Centre for CochlearImplant, Speech 
and Hearing Research, Melbourne, Auslra1ia. 

A better understanding of the temporal coding of fre
quency, and its application to electrical stimulation of audi
tory nerve fibers, should lead to advances in cochlear implant 
speech processing. Past research studies. have suggested that 
the intervals between nerve action potentials are important in 
the temporal coding of frequency. For sound frequencies up 
to approximately 500 Hz, the shortest or predominant inter
vals between the nerve action potentials are usually the same 
as the periods of the sound waves. The intervals between each 
nerve action potential can be plotted as an interval histogram. 

Although there is evidence that the intervals between 
spikes are important in the temporal coding of frequency, it is 
not known up to what frequency this applies. It is also not 
known whether the infonnation transmitted along individual 
fibers or an ensemble of fibers is important, to what extent the 
coding of frequency is interrelated with the coding of inten
sity. the relative importance oftemporal and place coding for 
different frequencies, and finally, how well electrical stimu
lation can simulate the temporal coding of sound. 

METHODS 

The present study, on interspike intervals in response to 
acoustic and electric stimulation of primary-like neurons in 
the anteroventral cochlear nucleus of the cat, has been carried 
out to help answer some of these questions. The study was 
approved by the Royal Victorian Eye and Ear Hospilal animal 
ethics commillee using the guidelines laid down by the 
National Health and Medical Research Council of Australia. 

The analyses have been made from data obtained from a study 
on 21 cats2 that were not deafened. Bipolar intracochlear 
stimulation was carried out in some animals by means of an 
array with three bands inserted into the scala tympani through 
the round window. Monopolar intracochlear stimulation was 
also carried out between a ball electrode adjacent to the round 
window and a stainless steel electrode in the temporalis 
muscle. The stimuli were biphasic with 100microseconds per 
phase. 

RESULTS AND DISCUSSION 

The first analysis compared maximum vector strength 
against frequency (Fig 1). The vector strength3 was calcu
lated to determine the degree of synchronization of the neural 
response to the sound wave. The greatest changes in vector 
strength are marked on the line of best fit in the graph, and 
occurred at frequencies of 952 Hz and 3,150 Hz. 

The second analysis compared the interspike intervals of 
the first and second peaks in the histograms with the periods 
of the acoustic stimuli over a wide frequency range and at 
maximum vector strengths. With the analysis it was impor
tant to define the peaks of the interval histograms as accu
rately as possible, and standardize the procedure for their 
measurement. This was especially necessary when the prob
ability of firing became more stochastic and the level of 
biological noise increased. This was done by filling gaussian 
curves to the responses to minimize the sum of the square of 
the differences between the actual and fitted distributions. 
The results showed that the fIrst or predominant peak was the 
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Fig I. Maximum vector strengths for 44 primary-like units in antero

ventral cochtear nucleus in response to sound intensities at units' best
 
frequencies. Filled diamonds are points of greatest change in vector
 
strength obtained from derivative of equation for line of best fit.
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same duration as the period of the sound wave for frequencies 
up to 600 Hz. Above 600 Hz it was a multiple of the period 
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Fig 2. Ptots of number of peaks in interspike interval histograms and 
percent entrainment versus intensity for stimulus rates of 100, 200, 
400, and 600 putses per second (pps). 
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Fig 4. Diagram of action potentials in ensemble of auditory neurons 
in response to acoustic (top) and eleclric (bottom) stimuli. P - pulse 
period, IH - interval histograms. 

quency at which synchronization stopped. This suggests that 
difference interspike intervals are an important coding mecha
nism up to 2,000 Hz. 

It was also of interest to examine the difference interspike 
intervals for various rates of electrical stimulation, but this 
was only possible up to 600 pps because of equipment 
limitations. The fIrst part of the study determined the number 
of peaks in the interval histogram for variations in intensity. 
Intensity per se was not used, as thresholds for electrical 
stimulation can vary with position of the array in the scala 
tympani and the mode of stimulation. Percent entrainment 
was considered a better measure, as it is independent of these 
factors. Percent entrainment is the percent of stimulus pulses 
producing unit responses. The results (Fig 2) show that 100% 
entrainment was only reached for pulse rates of 100 and 200 
pps, and the growth in percent entrainment with intensity was 
steeper for these rates. For pulse rates of400 and 600 pps the 
maximum percent entrainment reached 90% and 80% before 
falling off at higher intensities. The number of peaks in the 
interspike interval histogram also varied with intensity and 
stimulus rate. For 100 and 200 pps, as percent entrainment 
increased, the number of peaks in the interspike interval 
histogram decreased from two to one, at 400 pps they de
creased from eight to one, and at 600 pps from seven to five. 
Thus, the results show that multiple peaks and therefore 
difference intervals are only present at a maximum entrain
ment for a rate of 600 pps. At lower rates, multiple peaks 
occur below maximum entrainment levels. 

Figure 3 shows the interval histograms for a unit stimulated 
at 613 Hz acoustically at a maximum vector strength, and 
another electrically at 600 pps at maximum entrainment. 
With electrical stimulation, although there are multiple peaks, 
the first peak is much more predominant and the firing is less 
stochastic than for sound. 

The results of this study show that temporal frequency 
coding can be explained on the basis of predominant inter
val, and difference interval coding. Predominant interval or 
weighted predominant interval coding may be the main tem
poral coding mechanisms for low frequencies (up to 600 Hz), 
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Fig 3. Top) Interval histogram from unit in cat anteroventral cochlear 
nucleus for acoustic stimulus of613 Hz. Bottom) Interval histogram 
from another unit for eleclrical stimulus of 600 pps. VSt - vector 
strength, Ent - entrainment. 

greater than one. The second and subsequent peaks were also 
multiples of the period greater than one. Above 2,000 Hz, 
phase-locking ofunits was poor and interspike intervals could 
not be detennined by statistical measures. 

As the results showed a one-to-one relationship between 
the predominant peak and the period of the sound frequency 
up to 600 Hz, the predominant interval could be an important 
coding mechanism for these frequencies. If this is the case, 
electrical stimulation should be heard clearly as a pitch of the 
same frequency, as it produces a predominant peak, espe
cially below 600 Hz. Although psychophysical studies (Bla
mey et aI, this suppl, section 12) indicate that a small popu
lation of patients can match electrical stimulus rate with fre
quency up 1,000 pulses per second (pps), there are previous 
studies4,5 that show that above 300 to 400 pps, the pitch per
cept increases rapidly and changes in stimulus rate cannot be 
detected easily. 

The physiological and psychophysical data, then, suggest 
that the predominant interval could be an important coding 
mechanism for frequencies up to 600 Hz. Above this fre
quency the interspike intervals are multiples greater than one 
of the period of the sound wave, and could be used to encode 
frequency if encoding involved a population of neurons. In 
this case there would always be some fibers firing in phase 
with each sine wave, even though the individual fibers would 
not be doing so. 

To study this question further, the period of the sound wave 
was compared with the difference between the interspike 
intervals (difference interspike intervals) over a range of 
frequencies, as difference intervals could encode the fre
quency of the sound in an ensemble of neurons. The results 
showed that the period of the sound wave and the difference 
interspike intervals were the same up to 2,000 Hz, the fre-
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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 cocWea in a number of studies 1-5 

(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 ofhair cells due to surgical trauma. In addition, 
research on acute animal preparations,? 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 1OdB 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 I. Three frequency average (FA) hearing threshold levels (lITLs) 
for better and worse ears in 219 pensioners from National Acoustic 
Laboratories (NAL). Data plotted by H. Dillon (unpublished rmd
ings). 
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