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On average, the maximum firing rates of cells in the inferior colliculus, when stimulated with 
either bursts or r~mps (amplitude modulated bursts) of biphasic pulsatile electrical stimuli, 
increaj>ed as the pUlse rate was increased from 125 to 4000 pulses per second (pps). The 
fact that this firing rate has increased, on average, up to 4000 pps is evidence that a 
mechanism for high pulse rate discriminability exists. This firing rate increase was not on a 
1:1 basis with the stimulus, but rather a time-averaged firing rate determination. Ramp stimuli
 
generate a wider dynamic range of firing rates than those of burst stimuli, suggesting the
 
potential for a higher rate of information transfer for cochlear implant patients. The finding of
 
temporal information in transient ·onset" responses (a response seen only in the first 10 ms
 
post-stimulus onset) of ramp-evoked responses-more than burst-evoked responses-support
 
high pulse rate discriminability and the use of ramp stimuli for encoding high pulse rate
 
information to implant patients.
 

Index Under: Cochlear Implant; Electrical Stimulation, Cochlear. 
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INTRODUCTION 

To distinguish the sound fbI from a Idl requires place of 
articulation cues. To accomplish this for cochlear implant 
patients, more information transfer is required. A number 
of signal processing strategies have been investigated 
(Clark, 1978 and 1981; Dobie, 1985; House, 1973 and 
1979; Simmons, 1979). This paper compares response pat
tern irifrastructure (examining the fine structure of the 
post-stimulus time and interval histograms for temporal 
[pulse rate] information) and pulse rate dynamic range (the 
ability of the cell to respond differently, in terms of firing 
rate, to variations in applied pulse rate) for a burst of 
biphasic current pulses and an amplitude modulated train 
of biphasic current pulses, as a mode of stimulation. 

To evaluate speech-processing strategies incorporating 
amplitude modulation, a series of single unit studies 
(recordings from single cells using micropipettes) were 
made in the cat inferior colliculus with either the ipsilateral 
(non-major ascending auditory pathway) or contralateral 
(major ascending auditory pathway) cochlea being im
planted and monaurally stimulated (see Figure 1). 

The University ofMel bourne cochlear implant (Clark, 
1978 and 1981), for patients with nerve deafness, uses three 
stimulus variables: pulse rate, current level, and site of 
stimulation along the cochlea. The pulse rate represents the 

glottal pulses or vibrations of the vocal cords (also known 
as FO). Current level encodes loudness, and the site of 
stimulation (Figure 2 illustrates the cochlea frequency 
spread) encodes F2, which is the most important informa
tion of the five main vocal resonances (FI-F5) seen in 
speech signals. The cochlea frequency spread is from high 
to low moving from the round window to the helicotrema: 
The implant is inserted into the round window and guided 
into place in the scala tympani so that each electrode pair 
will divide the cochlea into separate frequency areas. The 
implant is made up of multiple platinum rings on a silastic 
base capable of delivering a charge-balanced, biphasic 
pulse of width l00f.ls. . .11 

One of the problems with this system is that the transfer 
offast consonant information is limited because the Fl, F3, 
and higher vocal resonance information has not been en
coded. As an alternate speech-processing strategy, the in
clusion of a vocal resonance (e.g. Fl) as the amplitude 
modulation component of the delivered pulse train is 
evaluated in terms of pulse rate dynamic range and response 
pattern infrastructure (Figure 3). 

Signals from cells in the cat inferior colliculus (Figure 1) 
were recorded after implanting either the contralateral or 
ipsilateral Neomycin-deafened cochlea, with the opposite 
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A craniotomy was carried out rostral to the tentorium, 
and the inferior colliculus (Figure 1) exposed by aspirating 
the overlying occipital lobe. A small area of the tentorium 
was occasionally nibbled away to expose some of the 
posterior region of the inferior colliculus. The overlying 
dura was removed, with care being taken not to disturb the 
pia mater. 

The microelectrodes were filled with either 2 M NaCI 
and 2% w/w Pontamine Sky Blue, or 0.5 M Sodium Ace
tate and 4% w/w Alcian Blue. Tracks were marked and 
verified. The microelectrodes were directed rostro caudal
ly at angles less than 20° to the frontal plane to pass through 
the tonotopic (frequency) layers of the inferior colliculus 
as perpendicularly as possible (Merzenich, 1973). The 
central nucleus of the inferior colliculus was verified by 
the progressive changes in frequency from high to low 
through the external nucleus, then low to high through the 
central nucleus. 

A dual electrode system was used to record extracellu
larly. Two glass pipettes were drawn so that their tips were 
about 0.1 mm apart. This was achieved by offsetting one 
side of the pipette by the outside diameter ofanother pipette 
and drawing with a horizontal puller. The result was a 
microelectrode with a taper to one side of the micropipette 
as illustrated in Figure 4. A separation of any desired 
size could be achieved by glueing the less-tapered edges 
of the micropipettes together. The size of the cell being 
recorded from within the inferior colliculus, that is, with 
dendritic fields up to lO00mm and cell bodies up to 50mm 
or more (FitzPatrick, 1975), determine the optimal tip 
separations. 

The microelectrodes were drawn to achieve imped
ances of 4-10 Mohm, with each electrode pair having a 
measured impedance difference of less than 1 Mohm. The 
advantage of the two-electrode system is that electrical 
artefact is reduced by at least 20 dB. The amount of artefact 
reduction is dependent on the difference in impedance of 

-------'~I-A.
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Figure 4 
Recording microelectrode configuration. (A) Physical offset during 
pUlling. (B) Resultant single electrodes. (C) Dual electrode after 
tip orientation and glueing. 
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the pipettes making up the dual electrode and the separation 
of the tips. The low-pass filter characteristics are govemed 
by electrical properties of the electrodes. For tip separa
tions less than 0.05 mm, the signal (spike) as well as the 
artefact are attenuated. For most cells, this allows artefact
free recording with at least a 2: I signal-to-noise ratio. 

In cases where there was a poor signal-to-noise ratio 
because of bending or slight blocking of the tips, a second 
system of artefact reduction was employed. The same com
puter (Big Board II with analogue I/O) was used to supply 
the electrical stimulus (AM envelope and trigger pulses for 
the constant current source) and cancel the artefact (Figure 
5). As shown in Figure 6, the stimulus to be used (or an 
attenuated version of it) was applied. At this stage, an 
artefact-rich response was stored that was spike free. This 
was visually checked. The recorded signal was then 
amplified and subtracted from the recorded signal for every 
stimulus burst resulting in an artefact"free response. The 
system running at 250 kHz gave a minimum 20 dB reduc
tion in artefact, but resulted in a slight increase in the 
background noise level. 

The overall system was controlled by a DEC PDP-H
34 computer to which all data were stored as spike times 
after stimulus onset. These data were analysed offline to 
produce post-stimulus time and interval histograms. 

RESULTS 
The major thrust of these studies was to establish a 

database for electrical stimulation as recorded in the in
ferior colliculus. When the unit could be retained for long 
periods, typically greater than one hour (which limited our 
sample size), it was possible to stimulate the unit with burst 
and ramp stimuli and achieve the secondary aim of the 
study-the evaluation of alternative implant coding 
strategies. Of the many significant differences found be
tween burst and ramp stimuli, this paper deals only with 
pulse rate dynamic range and onset infrastructure. 

An analysis of the maximum number of spikes (action .' 
potentials) evoked at the best combination of stimulus 

Figure 5 
Artefact cancelling hardware. 
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Figure 9
 
Maximum spike rate population (%) versus pulse rate.
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Figure 10 
Average maximum spike rate (%) increase with increment in pulse 
rate. 

TABLE I
 
Effects of Pulse Rate on Maximum Spike Rate
 

Pulse 
Rate 

Burst 
90% Confidence 

Interval 

Ramp 
90% Confidence 

Interval 

125-250 12.7 ± 18.4 -10.3±8.1 

250-500 4.6±12.7 6.7 ± 9.7 

500-1000 4.0 ± 12.2 21.0 ± 9.9 

1000-2000 5.5 ± 10.5 -3.7 ± 19.0 

2000-4000 -5.7±19.1 33.8 ± 24.7 
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An average of individual units' maximum SR increase 

with pulse rate shows the following nonsignificant trends 
(fable I and Figure 10): (i) for burst stimuli, the SR in
creased with pulse rate up to 2000 pps, with a small 
decrease above 2000 pps; (ii) for ramp stimuli, as the pulse 
rate was increased from 125 to 250 pps, there was a reduc
tion in SR, but from 250 to 4000 pps, there was an increase 
in SR (the 1000 to 2000 pps point shows a small decrease 
in SR). 

As shown in Figure 11 and Table 11 at very low pulse 
rates and at pulse rates of 1000 pps and above, ramp stimuli 
evoke a larger average maximum SR than burst stimuli. 
There is a 25% difference (burst-ramp) in average maxi
mum SR at 250 pps and 2000 pps. Only for CEIA stimula
tion at ~500 pps does the burst stimuli evoke a significantly 
larger average maximum SR response than the ramp_ By 
the time the pulse rate has reached 1000 pps, the ramp 
average maximum SR was at least as large as that evoked 
by the burst stimuli. For 48% of units, the largest differences 
in the individual units' maximum SRs between burst and 
ramp stimuli were detected at 500 pps. Because of small 
sample size, CAIE data are not discussed further. 

Figure 12 is a plot of the cumulative average maximum 
SR increases as the pulse rate is incremented. It shows an 
average maximum SR increase per octave increase in pulse 
rate.over the range 125-4000 pps of8.21 ±0.13% (percent
age' of maximum SR) as compared to 4.63 ± 0.07% for 
burst stimuli. 

The fact that 40.0 ± 16.7% of burst and 47.3 ± 19.8% 
of ramp stimulated CEIA units show an increase in maxi
mum SR up to 4000 pps, indicates that units have some 
ability to discriminate up to this stimulation rate. Secondly, 
if the slopes of Figures 10, 11 and 12 can be related to an 
index of patient discriminability, then as the pulse rate is 
increased, the ramp slope provides a wider dynamic range 
than that of the burst stimuli. This suggests a higher poten
tial information content/discrim inability over the pulse rate 
ranges used particularly at higher pulse rates. These higher 
pulse rates are necessary for the inclusion of, for example, . 
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Figure 11
 
Average burst-ramp SA difference. Each SA difference is calcu

lated as a percentage of each unit's maximum firing rate.
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multiple peaks in the onset response had the interval be
tween peaks related to the pulse rate (30% [0.3 ± 0.27] 
direct,20% [0.2 ± 0.23] indirect). Likewise, ramp stimula
tion of CAIE units resulted in 75% (0.75 ± 0.51) having 
responses with multiple peaks with intervals between these 
peaks directly related to the pulse rate. 
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Figure 13
 
Onsel and multiple onset-response pallerns.
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Table III shows that there are significantly more (32.1 % 
[0.32 ± 0.31]) ramp-driven than burst-driven CAIE units 
with multiple peaks in the onset response that are pulse rate 
related. In the CEIA case, there were more (7.2% [0.07 ± 
0.13]) ramp than burst units with multiple peaks in the 
onset response that were pulse rate related, but this dif
ference was not statistically significant. 

A comparison of the response pattern differences ob
tained with the same unit for burst and ramp stimuli is 
shown in Table IV, where it can be seen that (1) intra onset 
pattern differences are more likely between burst and ramp 
stimuli for CAIE than CEIA stimulation; and (2) there are 
significantly more multipeak onset responses with more 
peaks in the ramp response than the burst response that are 
directly related to the pulse rate for CAIEstimulation rather 
than CEIA stimulation. The small sample size precludes 
correlation with the units' threshold levels. 

DISCUSSION 

Ramp responses, as compared to burst responses, were 
must less time-locked to the stimuli, and these became 
more time-locked as the stimulus current level was in
creased throughout the ramp. This often evoked a different 
response pattern. 

In the auditory nerve, the degree of synchrony in the 
neural array has been labelled an "important cue" and has 
been related to a patient's ability to recognise individual 
pulse shapes (Dobie, 1985). Likewise, in the auditory nerve 
(Lewis, 1989; Veimeister, 1988) and inferior colliculus 
(Ehret, 1988), neural coding has been related to groups of 
fibres. In the auditory nerve, individual pulse shapes have 
been shown to have different thresholds (Shannon, 1985; 
Van Den Honert, 1987a), pitch sensation (Simmons, 1966) 
and spike rate response (Van Den Honert, 1987a; Wiler, 
1989). Parkins (1987) indicates that threshold is propor
tional to pulse width rather than pulse shape. Overall, these 
authors say that triangle waveforms result in higher. 
thresholds, lower pitch, and less synchrony than square 
waves. Extending this to envelopes of pulses, we should 
find that, with ramps, we are stimulating expanding 
populations of fibres, and as such, beginning with a less 
synchronous response, that has the potential for generating 
a different response pattern in the inferior colliculus, just 
as experiment has shown. 

Pulse Rate Dynamic Range 

Variation of the pulse rate for both burst and ramp 
stimuli generates two populations of units. One has a peak 
spike rate in the 250-500 pps range(52 ± 17%, burst; 47 ± 
20%, ramp), and the other is at or near the maximum ap
plied pulse rate (40 ± 17%, burst; 47 :!: 20, ramp). Both 
ramp and burst stimuli have at least 40% of the unit popula
tion capable of a maximum spike rate response at 4 kpps. 
In contrast, the CAIE- (ipsilateral electrical) generated popu
lation has most of the maximum spike rate responses at less 
than 500 pps. The ipsilateral electrical input seems more 
suited to low pulse rate information encoding/transfer. 
Eighty-two percent of CEIA (contralateral electrical) and 

Journal of Clinical Enginee~g-MaYJJune1992 257 



MWt¥S~a~-.i";~';·1~:::::~· 

duces a wider dynamic range than that of the burst stimuli. 
This might indicate a higher potential infonnation con
tent/discriminability over the pulse rate ranges, particularly 
at higher pulse rates. This implies that if higher pulse rates 
are to be used in a cochlear implant, then amplitude 
modulation of that pulse rate could produce a more 
physiologically natural signal (Parkins, 1985), produce dif
ferent percepts, and impart higher fonnant information. 

Intraonset Differences 

Of the 128 CEIA and 98 CAIE units tested either acous
tically or electrically, 25% (25 ± 6%) of CEIA and 30.6% 
(30 ±8%) of CAIE units showed mUltiple peaks in an onset 
response. 17.6% of CEIA and 11.0% of CAIE units with 
multiple onset responses had intervals directly related to 
the pulse rate for burst stimuli. For ramp stimuli, there were 
significantly more (CEIA = 30.0%; CAIE = 75.0%) direct 
pulse-rate-related onset responses among multiple onset 
responding units. The CAIE response proportion was sig
nificantly larger than that of the CEIA population. These 
data suggest the possibility that ramp stimuli can generate 
more peaks in the onset responses than a burst, and that the 
intervals between peaks are more likely to contain temporal 
information. 

When the stimulus was changed from a burst to a ramp, 
a number of intraonset pattern transitions were detected. 
For 75.0 ± 19.0% of CAIE intraonset transitions, the ramp 
stimulus evoked more peaks in the onset response than did 
the burst stimulus at the same average current level. 83.0 
± 19.5% of these had intervals between. peaks related 
directly to the pulse rate. All these occurred for pulse rates 
of :$500 pps, except one at 1000 pps that had an indirect 
peak interval relation at three times the pulse period. 

The CAIE burst stimuli generate multiple peaking at 
low current levels only, and the intervals between peaks do 
not have a direct relationship to the pulse rate. In contrast, 
the ramp stimuli have multiple peaks for high and low 
current levels with intervals related to the pulse rate. No 
transition was seen where the burst response had more 
peaks than the ramp response for current levels :$3dB above 
threshold. 

Temporal information is present in onset responses and 
is more often expressed with CAIE ramp rather than with 
burst stimuli. In particular, when onset to multiple onset 
responses were generated by changing the stimulus from a 
burst to a ramp, at least 80.0 ± 23.0 of these carried direct 
temporal infonnation. 

For five of the nine CEIA burst-toeramp-evoked in
traonset transitions, the ramp stimulus evoked more peaks 
in the onset response than the burst stimuli at the same 
average current level. In only one of the fiye did the interval 
between peaks directly relate to the stimulus pulse rate. 
Two had the interval as a multiple of the applied pulse rate. 
The remaining two had an interval that bore no direct rela
tion to the pulse rate. 

Where the ramp evoked more peaks in the onset re
sponse, and there was a relationship between the pulse rate 
and the intervals between peaks in the onset response, four 
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of these five transitions (0.8 ± 0.38) occurred for current 
levels within 3dB of threshold. In contrast, three of the four 
transitions (0.75 ± 0.51), where the burst response had 
more peaks in the "onset" response than the ramp response, 
occurred for current levels greater than 3dB above 
threshold. The four transitions where the burst response 
had more peaks in the "onset" response all had the intervals 
between peaks, significantly, bearing no direct relationship 
with the pulse rate. 

Other authors have identified various aspects of the 
stimulus onset as important for coding strategies. Dobie 
(1985) has indicated that stimulus rise times of 0.1 rns can 
be detected, and that multiples (Merzenich, 1973) of the 
stimulus period could be the cue. The onset response is very 
common and comprised 41 % of Rees' (1983) population 
of responses in the inferior colliculus to AM and PM acous
tic stimuli. Very little data have been published on electri
cal stimulation ofunits in the inferior colliculus. Merzenich 
(1973) describes one of two populations of electrically 
evoked responses as continuous at low electrical sinusoidal 
frequencies becoming onset at higher frequencies, and 
when these were ipsilaterally responsive, they were always 
as an onset pattern. Multiple firing per stimulus cycle is 
seen for both acoustic and electric stimuli (Hartmann, 
1984; Merzenich,1973; Van Den Honert, 1987b). Veimeister 
(1988) has indicated that the onset part of the response is also 
important for intensity difference coding. Therefore, the data 
presented are supported by previous fmdings. 

Eighty percent of the CAIE multiple peak onset data 
depicts pulse rate information. CEIA stimulation, on the 
other hand, shows fewer multiple peak onset differences 
between burst and ramp stimuli, but still shows some mul
tiple peak onsets with peaks related to the pulse rate or 
integer multiples of the pulse rate. Significantly, for both 
CAIE and CEIA stimulation, for no response, where the 
burst stimuli resulted in more peaks in the onset response 
than ramp stimuli, did the intervals between peaks relate to 
the pulse rate. The ramp-induced onset pattern differences 
show the potential importance of the ipsilateral input for 
electrical temporal information input and coding (such as 
pitch and F1) for a multiple prosthesis approach. 

CLINICAL APPLICATIONS 

Having shown that high pulse rates can be discriminated 
in inferior colliculus units, signal processing strategies 
need to be explored to utilise this mechanism. For example, 
the presentation of current level as intensity, pulse rate as 
F1, pulse rate envelope (AM) as FO and site of stimulation 
as F2 enables the encoding of f1 as an extra piece of 
information in the transmitted signal. We have seen that 
the ipsilateral projection is more suited to encoding tem2 

poral information than the contralateral projection. As 
such, another investigation might use two implants, one 
dedicated to the transfer of temporal infonnation "and the 
other to spectral information. A combination ofboth of the 
above strategies might use a "spectral" prosthesis to deliver 
F2 as site of stimulation, current level as loudness, FO 
(glottal pulses) as an amplitude modulation of an F3 
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