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There is considerable evidence that the brain translates (encodes) the frequency of a sound into both place of excitation (place
encoding), and the pattern of intervals between action potentia!s (temporal encoding). Furthermore, temporal encoding is now
thought to be due to a temporal as well as spatial pattern of action potentials in a small group of neurons. This pattern needs to
be reproduced with a cochlear implant for improved speech processing. Our recent research has also demonstrated that the
timing of excitatory postsynaptic potentials seen with intracellular recordings from brain cells, rather than extracellularly
recorded action potentials, correlates better with the frequency of sound. These excitatory postsynaptic potentials are likely to be
the link between the patterns of action potentials arriving at nerve cells and the biomolecular activity in the cell. This response
also needs to be replicated with improved speech processing strategies.

Repetition Rate I Frequency

FIG. 1. Pitch estimates versus stimulus repetition rate for electrical
stimulation with a cochlear implant showing a plateau at 500
pulses/so

patterns of intervals between action potentials (recorded
as inter-spike interval hislograms) are not as similar for
low as for high frequencies. This is illustrated in Figure 2.
The patterns of interspike intervals were compared, as
they are thought to be responsible for frequency coding.
In these studies, the histograms were less similar for
stimulus rates of 400 pulses!s and below and more similar
for the higher rates of 800 pulses!s. In the top left of
Figure 2, it should be noticed that an acoustic stimulus of
416 Hz produces populations of interspike intervals, and
the peaks or modes of these populations are multiples of
the period of the sound wave. Notice also that there is a
distribution of intervals in each population around the
mode. This is referred to as stochastic firing. On the other
hand, with electrical stimulation at 400 pulses!s there is a
single population of intervals, which is the same as the
period of the stimulus. There is also very little jitter

o
o

1000

..-!o!.---_--o

300

100
ill
~

ell
E 10:;:;
en

°W
.c:
C)
~

1 °0::: °

0.1
100

There is a great deal of evidence that the frequencies of
sound are coded hy both place of excilation and a
temporal relationship between neural excitation and the
period of the sound wave (Clark 1996). It is not at all
clear, however, how the signal is discriminated by the
hrain. With ele~trical slimulation of the auditory nerve,
place coding of frequency was important for the
development of multiple-channel cochlear implants (Clark
1969, 1996). In addition, cochlear implant research has
shown that place of electrical stimulation is perceived as
timbre, and rate of stimulation as pitch (Tong et al 1982).
Furthermore, pitch from rate of stimulation can only be
discriminated up to approximately 500 pulses!s, as seen in
Figure I (Tong et al 1982). This figure shows that pitch
estimation plateaus for repetition rates at 500 pulses!s.
The limited pitch discrimination for rate of stimulation
restricted the effectiveness of single-channel implants.

In order to improve the simulation of temporal coding
with electrical stimulation and achieve better speech
processing for cochlear implants, we have been
undertaking physiological studies in the experimental
animal. This research, which has compared the responses
to electrical and acoustic slimuli, has shown that the
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FIG. 4. Neuralfiring probabilities over time versus distance from
stapes along the basilar membrane. Thefiring probabilities have
been calculated from cochlear and hair cell-auditory neuron models
(Au et aI1995). Notice the probability ofaction potentials occurring
on neighbouring fibres is shifted in time according to the basilar
membrane phase delay.
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reproduced by electrical stimulation. A temporal and
spatIal pattern of action potentials in a group of nerve
fibres is illustrated in Figure 3. This shows that the
individual fibres in a group do not respond with an action
potential each sine wave, however when a spike does
occur it is at the same phase on the sine wave.
Furthermore, our basilar membrane and mathematical
modeling studies (Au et al 1995, Irlicht et al 1995)
indicate that it is not enough for electrical stimulation to
simply model this temporal and spatial pattern without
taking into consideration the fact that phase variations at
the basilar membrane maxima, due to phase delays along
the basilar membrane, will affect the temporal and spatial
pattern of responses in a group of fibres. This is illustrated
in Figure 4. This figure shows the auditory nerve fibre
firing probabilities over time, versus distance from the
stapes along the basilar membrane. The firina

probabilities have been calculated from cochlear and hai~
cell-auditory neuron models (Au et al 1995). Notice that
the probability of action potentials occutrincr on
neighbouring fibres is shifted in time accordioa ~o the
basilar membrane phase delay. e

The temporal and spatial pattern of action potentials is
being modelled by electrical stimuli with multiple pulses
per period (Clark et al 1996, Carter et al 1997). This is
illustrated in Figure 5. On the left it can be seen that with
an acoustic stimulus, at the point of maximal displacement
on the basilar membrane, there are a number of maxima
and minima. At the point where the membrane moves in
one direction the probability of auditory nerves beina

excited is increased. At a similar point, when the basil;
membrane moves in the opposite direction (180° out of
phase), the probability of firing is decreased. It is
therefore proposed that at each instant in time the
probability of auditory fibres firing is a function of the
phase of the basilar membrane travelling wave. We have
co~enced :esearch in order to replicate this pattern by
usmg multlple-pulse-per-period stimuli. They are
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FIG. 3. A diagrammatic representation ofthe unit responses in an
ensemble offibresfora low to mid acoustic frequency. (a) Nerve
action potentials in a population ofneurons, (b) Pure tone acoustic
stimulus (Clark 1995).
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FIG. 2.1nterspike interval histogramsjromprimary-like units in the
anteroventral cochlear nucleus of the cat. Left top - acoustic
stimulation at 416 Hz; left bottom - electrical stimulation at 400
pulses/so Right top - acoustic stimulation at 834 Hz; right bottom
electrical stimulation at 800 pulses/s (Clark 1997)

around the mode, and this is referred to as deterministic
firing. Furthermore, as illustrated on the right, at higher
frequencies the interspike interval histograms are more
similar for acoustic and electrical stimulation. The
interspike interval histograms shown here are for sound at
834 Hz and electrical stimulation at 800 pulses/s. Notice
that there are more peaks and more jitter than for lower
rates of stimulation.

Why them.,is there an apparent contradiction between
the psychophysical and physiological results? Why is rate
discrimination for electrical stimulation more like sound
at low stimulus rates, but the pattern of intervals between
action potentials for electrical stimulation not like the
p~ttern~ for sound? Why is rate discrimination \poor at
high stimulus rates, but the interval patterns similar for
electrical stimulation and sound?

The discrepancy between the physiological' and
psychophySical results can be explained if we assume that
a temporal and spatial pattern of intervals in a group of
fibres is required for the temporal coding of sound, and
that the temporal and spatial pattern is not adequately
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-58mV-FIG. 5. Left: A diagram afvariations in the movement afthe basilar
membrane around the site a/the maximum vibration at two
inStances in time, and nerve action potentials in three neighbouring
grfJups ofnerve fibres in response to phase variation in the stimulus.
Right: The simulated temporal and spatial pattern ofaction
po:tentials produced by electrical stimuli with multiple-pulses
per-period.
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FIG. 7. Intracellular voltages from globular bushy cell types in the
rat anteroventral cochlear nucleus to a tone of 1000Hi. Excitatory
postsynaptic potentials (EPSPs) and action potentials cue indicated
and phase~lockedto the stimulus. Note that the excitatbry
postsynaptic potentials, but not the action potentials, usually occur
on successive sine waves.

In order to further understand the temporal coding of
sound frequencIes, we have been carrying otit studies by
inserting electrodes inside globular bushy tells in the
cochlear nucleus (situated in the auditory btainstem) to
record the potential changes across the cell membrane
(excitatory postsynaptic potentials), as well as the
outgoing action potentials (Paolini et ai, submitted). Up
until now. most studies have recorded from outside the
nerve cells (extracellular recordings), and this detects
action potentials but not excitatory postsynaptic
potentials. Our initial findings have demonstrated that the
excitatory postsynaptic potentials occur mostly on
successive sine waves up to a frequency of 2500Hz. This
is illustrated for a 1000Hz tone in Figure 7. This one-to-
one correspondence with the interval between excitatory
postsynaptic potential peaks and the period of the sound
wave does not OCCllr with action potentials. Furthermore,
the one-to-one correspondence holds over the intensity
range required for a satisfactory theory for the temporal
coding of frequency. This is important because the
perception of pitch is related to the coding of frequency,
and pitch stays relatively constant as the loudness of the
sound increases.

The data have led us (Clark and Paolini) to the
hypothesis that the fluctuations in the nerve membrane
potentials from the excitatory postsynaptic potentials are
very important for the temporal decoding of sound. The·
action potentials appear to have the role of encoding the
information, and transmitting it to and from the nerve
cells. The excitatory postsynaptic potentials, on the other
hand, have the role of providing a link between the pattern
of converging action potentials and the biomolecular
status of the cell. Consequently, perception is not only due
to the pattern of electrical activity in the brain produced
by the action potentials, but may be a result of the
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FrG. 6. A diagram ofa TemporoMSpatialMPlace-Specific speech
processing strategy with multiple pulses per period reproducing
temporal coding at a frequency specific location in the cochlea. The
interval between the pairs ofpulses will correspond to the period of
th~ sound wave producing maximal stimulation at each site in the
cochlea. The pulse pair has a short interval that can be varied
ac,cording to the phase delay required. A lower amplitude pulse
precedes the longer amplitude pulse to allow laterally placed
neurons to be excited when the interval is shorter than the
refractory period.

illustrated on the right of Figure 5. With these multiple
pulse-per-period stimuli, the first pulse is smaller in
a~plitude and excites a central group of nerve fibres. It is
followed by a larger pulse during the refractory period of
th, first group of fibres. It therefore stimulates fibres lying
more laterally. In this and other ways it may be possible to
reproduce the temporal and spatial pattern of neural
responses in a group of fibres, and better simulate the
temporal coding of sound.

The multiple;pulse-per-period stimuli are to be
incorporated into a new experimental speech processing
strategy called the Place-Specific-Temporo-Spatial speech
processing strategy (PSTS). One realization of the Place
Specific-Temporo-Spatial strategy is illustrated in Figure
6. This shows that for each analysis period the intervals
between the pulses should correspond with the
fr~quencies appropriate for each site of stimulation.
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fluctuations in the membrane potential (excitatory
postsynaptic potentials) leading to biomolecular changes
in the brain cells. Furthermore, a greater understanding of
how the brain processes temporal information should help
in modeUng the process with electrical stimulation, and
lead to better results with cochlear implant speech
processing. The above research suggests that it may be
possible to stimulate groups of auditory nerve fibres with
the correct patterns of electrical stimuli and induce
excitatory postsynaptic potentials in neurons up to
2500Hz, especially if this is combined with improved
methods of place coding achieved with advanced
electrode arrays.
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T;br the fenfe ofhearing are required, 1. A found, which is caufed by the colUfion
1 ' of two folid bodies, or of the air and of another body. 2. Air which is the
medium that receiveth and carrieth the found, whereas the water in refpect of its
thicknefs carrieth the found but imperfectly and dully. 3. The ear containing in it
the thin and dry membrane called the drum, which if it be thick, or too much
moiftned, hindreth hearing. 2. Three little bones called Incus, malleus, & Stapes. 3.
An innate and immoveable air. 4. A winding labyrinth, that the external air and
found may not too fuddenly rnfh in upon the nerve of hearing. 5. This auditory
nerve carrieth the found to the brain. that there the commonfenfe andfantafie may
judge thereof

The found which is carried into the ear is not real, but intentional and fpiritual,
or the fpecies and image ofthe real found; for how can a real found paffe through a
thick wall, or multiply it/elf in a thoufand ears, in an inftant, or in fo fhort a time,
reach twenty miles from any canon to the eare. 2. The winding labyrinth in the ear
is the caufe, why men that are drowned lofe the fenfe of hearing laft, becaufe the
water cannot paffe through that winding Meander.

The innate air of the ear is not the organ of hearing, but a medium, for it differs
not from the external air, nor can that be an organ which is no part of the body,
neither is it animated by the foul, for the foul is the act of organical bodies only:
'Nor is it a fpirit either animal or vital, becaufe it is not contained within the nerves
or arteries; and being it is not a mixed, but a fimple body, it can be no part either
fimilar or diffimilar.

By reafon the auditory nerves do impartfome branches to the tongue; hence it is,
that there is juch a fympathy between the ear and mouth. That this is a help or
hindrance to our hearing and this to !peaking, fo that if the auditory nervs be
ftopped or deficient, not onely deafnefs but dumbnefs is caufed..
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