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the conditions modeled. While slight, this advantage con
trasts with threshold measures for fibers in the nerve. l This 
discrepancy may lie in the differences between threshold 
measures and suprathreshold spike counts. In this case, spike 
count is more likely to reflect functional selectivity because of 
its representation of activity in the neuronal population. 

Mathematical descriptions of active membrane kinetics 
exist for a number of observational bases. These include the 
original Hodgkin-Huxley equations for squid giant axon,lO 
the Frankenhaeuser-Huxley equations for toad nodal mem
brane,s and more recently derived equations for rabbit myeli
nated nerves. ll There is some controversy about which of 
these is most appropriate to describe the membrane biophys
ics ofSGCs when they are immersed in a potential field. 12 We 
have chosen to use the Frankenhaeuser-Huxley equations 
because of their straightforward scalability for temperature 
and their previous use in an SGC model.9 

The suprathreshold functions and relative thresholds, as 
reported here, were determined predominantly by electrode 
and neuron geometries and the linear properties of mem
branes. Some variation in the functions was produced by the 
membrane noise approximation used, but the effect of this 
phenomenon needs investigation, even though no qualitative 
changes in the conclusions reached were suggested. The field 
generation used was the simplest possible to approximate the 
three array geometries. More detailed predictions must in
clude approximations to cochlear electroanatomy (Spelman 
et al, this suppl, section 5), electrode-fluid interface proper
ties, and more accurate neuron modeling including factors 
such as the membrane noise and species variations in SGC 
anatomy. 13 

It was apparent that spike generation at different active 
nodes was influenced by array and stimulus parameters. We 
chose to ignore these complexities and concentrate on indica
tors of spatial selectivity. None of the major conclusions 
would be invalidated had we taken spike counts at other 
nodes, but a detailed modeling of nodal sites of excitation is 
indicated. This was most evident for radial bipolar stimula
tion, which had the most rapid field changes12 along the axis 
of the neuronal process. 

Field shaping to restrict the spread of excitation is sup
ported by the modeling reported here. Quadrupolar stimula
tion strategies appear very effective under some conditions. 
Modeling techniques provide a powerful tool for investigat
ing the many parameters that influence neural stimulation by 
local electrical fields. 
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COMPARISON OF MONAURAL ACOUSTIC AND ELECTRIC STIMULATION: 
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This study has shown that I) the ratio ofexcitatory and inhibitory inputs to units in the central nucleus of the inferior colliculus is altered when one cochlea 
is neomycin-deafened and/or electrically stimulated; 2) prestimulus threshold shift and lateral inhibition mechanisms can be used to explain these results; and 
3) at high current levels a leakage current into the modiolus can evoke unit population responses. 

INTRODUCTION 

Preliminary investigations l •2indicate there are some quali
tative changes in the response of inferior colliculus units for 
electrical, compared to acoustic, stimulation. These qualita
tive changes (eg, an increase in the number of units with an 
onset response or suppression ofspontaneous rate) may be the 

result of a shift in the balance of excitatory and/or inhibitory 
inputs to inferior colliculus units. This may affect the propor
tions of observed unit types (contralateral and ipsilateral 
excitatory [EE], contralateral excitatory only [EO], and ipsi
lateral excitatory only [OEl). There have been no quantitative 
investigations of unit types for electrical stimulation. The 
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COMPARISON OF UNIT TYPE PROPORTIONS FOR 
C(ACOUSnl(ACOUSn. C(ELEC1)I(ACOUSn. AND 

C(ACOUSnI(ELEC1) STIMULATION 

C(acousI) C(e/eel) C(acousI) C(acoUSI) 
l(acousI) I(acoust) I(e/eel) l(acousI) 

Type (%) (%) (%) (%)* 

EE 35 35 35 40
 

OE 2 34 0 2
 

EO(El) 63(31) 31t 65(48) 58(34)
 

Total 100 (n = 46§) 100 (n = 121) 100 (n = 98) 100 (n = 582) 
Unil type percenlages are proportions of lola! unil population oblained for each 
mode of stimulation. 

'From Semple and Ailkin,• after recoUation according to monaural response proper
ties. 

tThere was 00 experimenlto determine El unils for C(elecl)I(acousl) stimulation. 

§91 C(acousl)l(acousl) unils were recorded from in Ibis srudy (57 EE, 34 EO). Some 
lracks searched specifically for EE unils. Unils on lhese lracks have nO! been 
included in above slalistics. 

primary aim of this study has been to compare and explain any 
differences in the unit type population proportions for monau
ral electrical and acoustic stimulation. The study has also 
aimed at comparing the percentage distribution of different 
unit types according to their characteristic frequency (CF). 

In the present study it was hoped that comparing unit types 
for acoustic and electrical stimulation would provide infor
mation that could help in understanding the mechanisms 
involved in monaural and binaural excitation and inhibition. 
Furthennore, a better understanding of how monaural electri
cal stimulation affects the spectral distribution of excitatory 
and inhibitory inputs for stimulation at different sites along 
the cochlea should help in the design of improved speech 
processing strategies for cochlear implant patients. 

METHODS 

Cats (2 to 4 kg) were anesthetized with ketamine hydro
chloride (40 mglkg, intraperitoneally) and Rompun (30 mgt 
kg, intraperitoneally). The anesthetic level was maintained by 
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supplementary doses of Nembutal (0.3 to 0.5 mL, intrave
nously). Feline versions of the multichannel bipolar Mel
bourne/Cochlear scala tympani electrode array were im
planted into a neomycin-deafened cochlea. As deafening may 
affect an excitatory or inhibitory drive to inferior colliculus 
units, and mimic implant conditions, a deafened cochlea was 
used. The inferior colliculus units CF and unit type relative to 
the recording site (EE, EO, or DE) was established. A mon
aural classification scheme would classify contralateral ex
citatory, ipsilateral inhibitory (EI) and contralateral excitatory, 
ipsilateral no response (EN) units as EO. Stimuli were 40
millisecond bursts ofcharge-balanced (100 microseconds per 
phase) biphasic electrical pulses (125 to 4,000 pulses per 
second) or tone bursts (40 milliseconds, 5 milliseconds rise
fall) at the unit's CF. Each record typically consisted of 300 
stimuli with an interstimulus interval of 200 milliseconds. 
Monaural stimuli were applied to three groups ofcats: 1) with 
the contralateral cochlea neomycin-deafened, implanted, and 
electrically stimulated while the ipsilateral cochlea was left 
intact and acoustically stimulated, labeled C(elect)I(acoust); 
2) with the ipsilateral cochlea neomycin-deafened, implanted, 
and electrically stimulated while the contralateral cochlea 
was left intact and acoustically stimulated, labeled C(acoust) 
I(elect); and 3) with both cochleas intact and acoustically 
stimulated, labeled C(acoust)I(acoust). A detailed account of 
methods can be found elsewhere.3 

RESULTS 

A total of 31 0 units were recorded from the central nucleus 
of the inferior colliculus. We recorded 121 under C(elect) 
I(acoust), 98 underC(acoust)I(elect), and 91 underC(acoust) 
I(acoust) stimulus conditions. The unit type proportions are 
shown in the Table, wherein the C(acoust)I(acoust) unit type 
proportions are shown to be consistent with those of Semple 
and Aitkin.4 In summary, the relative proportions ofEE units 
remained constant across the three stimulus combinations. 
The C(acoust)I(elect) and C(acoust)I(acoust) population data 
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Comparison of monaural acoustic and electric stimulation. A) Spectral distribution, based on unit CF. of EE and OE units for C(acoust)I(acoust), 
C(elect)I(acoust). andC(acoust)I(elect) stimulation. {C(acoust)I(acoust)[EE, n = 57]; C(elect)I(acOllst)[EE, n =42; OE. n=41]; andC(acoust)I(elect)[EE, 
n = 34]). B) Spectral distribution based on unit CF. of EO units for C(acoust)I(acoust). C(elect)I(acoust), and C(acoust)I(elect) stimulation. For 
comparison, C(acousl)I(acoust) EO unit dala from Semple and Aitkin4 are also shown. (C(acoust)I(acoust)[n = 34]; C(eIect)I(acoust)[n = 38]; 
C(acoust)I(elect)[n =65]; Semple and Aitken.4 C(acoust)I(acouSI) EO (including EI unils) [n = 81], compiled from their Figs 1-4}. 
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showed similar populations of EE, EO, and OE units, but 
C(elect)I(acoust) stimulation produced a large increase (32.0% 
± 9.4%; 95% confidence interval using normal statistics) in 
OE and a decrease (-31.6% ± 16.2%) in EO unit proportions. 
These data suggest an enhanced ipsilateral and reduced con
tralateral excitatory input for C(elect)I(acoust) stimulation 
relative to C(acoust)I(elect) or C(acoust)I(acoust) stimula
tion. 

A comparison of C(acoust)I(acoust), C(elect)I(acoust), 
and C(acoust)I(elect) EE, EO, and OE unit CF distributions 
(see Figure) was undertaken to help explain the above results. 
The results showed that compared to C(acoust)I(acoust) stimu
lation, electrical stimulation and/or neomycin deafening of 
either the ipsilateral or contralateral cochlea resulted in a 
shifted unit CF distribution. In particular, the results showed 
I) there was an increase (X2 =31.4, df (u) =4, level of sig
nificance (a) =0.05) in low CF C(elect) I(acoust) EO unit 
density; 2) there was an increase (X2 =8.9, u =3, a =0.05) in 
high CF C(acoust)I(elect) EE unit density, resulting in a 
bimodal distribution, and 3) the C(elect)I(acoust) OE unit CF 
distribution was almost identical (X2 =0.9, u =4, a =0.05) to 
that of the C(elect)I(acoust) EE units. This study's C(acoust) 
I(acoust) EO unit CF distribution is not dissimilar to that of 
Semple and Aitkin4 (X2 = 1.8, u =4, a =0.05; see Figure, B) 
or that of Roth et al5 (X2 = 1.0, u =3, a =0.05). 

DISCUSSION 

Unlike the monomodal C(acoust)I(acoust) EO CF distribu
tion, the C(elect)I(acoust) EO CF distribution is bimodal, 
with peaks in the 0.5- to I-kHz and 5- to 10-kHz frequency 
bands. The sharp, large, well-demarcated peak in the 0.5- to 
I-kHz frequency band could be explained by a spread of 
current, particularly at higher current levels, through the mo
diolus to the spiral ganglion cells of a more apical region. The 
modiolar fibers affected correspond to the fibers originating 
from the region of the cochlear tum immediately above the 
stimulating electrodes. The C(acoust)I(elect) EO CF distribu
tion is similar (X2 =4.7, u =4, a =0.05) to that obtained with 
C(acoust) I(acoust) stimulation, except for a slight dip in CF 
distribution in the 0.5- to I-kHz frequency band. This could 
be due to the modiolar spread of current providing inhibitory 
rather than excitatory input. 

Unlike the unimodal C(acoust)I(acoust) EE unit CF distri
bution, the C(acoust)I(elect) EE CF distribution is bimodal, 
with peaks in the 0.5- to I-kHz and 5- to lO-kHz frequency 
bands. The C(acoust)I(elect) distribution low-frequency peak 
occurs in a lower band. This could be a consequence of 
modiolar stimulation. The C(acoust)I(elect) EE unit distribu
tion supplemental high-CF peak is located in the same CF 
region as that of the EO distribution. This suggests this high
CF peak population may be derived from units that would 
respond as EO under C(acoust)I(acoust) stimulus conditions. 
Many EI units are not just int1uenced by ipsilateral inhibitory 
and contralateral excitatory inputs; the overall response of 
these units is a balance of contralateral and ipsilateral inhibi
tory and excitatory inputs.6 The application of an electric 
instead of an acoustic stimulus may inherently alter this 
balance. Alternatively, it may be argued thatas a consequence 
of neomycin deafening of the ipsilateral side, an EI unit 

receives more spontaneous input from the contralateral side, 
resulting in the unit's becoming more depolarized prior to 
stimulation (ie, a prestimulus threshold shift). This may mean 
that a "weak" ipsilateral excitatory stimulus normally not 
evoking an excitatory response might be capable of doing so, 
particularly if its latency was shorterthan that of the inhibitory 
input. The C(elect)I(acoust) EE units have a predominantly 
low-frequency monomodal CF distribution. This is not mark
edly different (X2 =3.5, u =4, a =0.05) from the C(acoust) 
I(acoust) EE CF distribution, except that the peak is larger and 
its location slightly lower than that of the C(acoust)I(acoust) 
EE CF distribution. Modiolar stimulation can be used to help 
explain these differences in peak location and size. 

An analysis of the excitatory drive to C(elect)I(acoust) 
units suggests that as a result of neomycin deafening and/or 
electrical stimulation, the efficacy of the electrically stimu
lated side in evoking an excitatory response is reduced 
(-31.5% ± 8.5%), while that of the acoustically stimulated 
side is enhanced (+26.0% ± 9.2%). The enhanced ipsilateral 
(relative to contralateral) stimulus efficacy seen with C(elect) 
I(acoust) stimulation means collicular units likely receive 
more low-CF excitatory and high-CF inhibitory drive from 
the ipsilateral side. This could lead to an increase in the 
excitatory drive to low-CF, ipsilaterally driven EE units, 
while some higher CF EI units may appear more inhibited or 
unresponsive to contralateral stimuli. A reduced contralateral 
(relative to ipsilateral) stimulus efficacy may result in some 
EE and EO units' requiring a more intense contralateral 
stimulus to evoke an excitatory response (or may appear OE 
responding or unresponsive, respectively). 

The C(elect)I(acoust) OE and C(elect)I(acoust) EE units 
have remarkably similar CF distribution plots (see Figure, A). 
This suggests that OE units may be derived from units that 
would respond as EE under C(acoust)I(acoust) stimulus con
ditions. A reduced contralateral excitatory drive, possibly the 
result of many units' having a prestimulus threshold shift 
induced by deafening the contralateral side, would help 
explain this notion. The Table shows the C(elect)I(acoust) EO 
population to be significantly smaller than that observed with 
C(acoust)I(acoust) stimulation. This, too, can be explained by 
EO units' becoming nonresponders as a consequence of a 
reduced contralateral excitatory drive, prestimulus threshold 
shifts, and monaural deafening. 

Lateral inhibition is postulated as an additional explanation 
for our C(elect)I(acoust) OE data in particular. The current 
density apical to the most apical stimulating electrode pair 
(electrodes 3 and 4, about 6 mm into the cat cochlea) will be 
such that higher-frequency regions (nearer the electrode pair) 
are likely to receive more intense stimuli than lower-fre
quency regions (distal to the electrode pair). Nearly all con
tralateral tuning curves for collicular units have higher thresh
old inhibitory sidebands.7 For many units. for all excitatory 
suprathreshold electrical stimuli, both the dominant higher
frequency, higher-threshold inhibitory sideband and the lower
threshold, lower-frequency excitatory region of the tuning 
curve will be simultaneously stimulated. Thus, a large propor
tion of units more apical to the stimulating electrode pair may 
show no excitatory drive. For contralateral electrical stimula
tion, this implies a reduced EE (some appearing OE-respond

iii 
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ing) and EO (some appearing unresponsive) population. 
Lateral inhibition, however, does not appear to be as impor
tant for ipsilateral electrical stimulation, as C(acoust)I(elect) 
data in the Table do not show an enhanced EI and reduced EE 
population. It may be, as argued earlier, that some units that 
respond as EI under C(acoust)I(acoust) stimulus conditions 
may under the C(acoust)I(elect) stimulus conditions become 
EE-responding. That is, both the lateral inhibition and pre
stimulus threshold shift mechanisms may be involved. As a 
consequence of monaural deafening and/or electrical stimu
lation, there could also be some reorganization of the central 
auditory system. 

CONCLUSIONS 

For C(elect)I(acoust) stimulation, the EE- and EO-driven 
populations appear reduced by lateral inhibition and/or pre
stimulus threshold shift mechanisms, and increased by mo
diolar stimulation. This has resulted in the emergence of a 
large DE population primarily derived from units that would 
respond EE under C(acoust)l(acoust) stimulus conditions. 
For C(acoust)I(elect) stimulation there appears to be a slight 
reduction in EE and an increase in EI population that appears 
balanced by some higher-frequency units that would respond 
as EI under C(acoust)I(acoust) conditions, becoming EE-re
sponding under C(acoust)I(elect) stimulus conditions. 

This study shows that a large number of units, when 
electrically driven, show no excitatory response. Finally, this 
study has important consequences for masking of electrical 
stimuli, particularly for the sequential progression of elec
trodes in the basal to apical direction. 
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MODEL OF DISCHARGE RATE FROM AUDITORY NERVE FIBERS 
RESPONDING TO ELECTRICAL STIMULATION OF THE COCHLEA: 
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Amodel of the response of auditory nerve fibers to electrical stimulation of the cochlea is presented. Auditory nerve fiber responses are described in terms 
ofcochlear regions activated by the stimulus: region A, in which the discharge rate equals a value of the pulse rate plus spontaneous activity, and region B, in 
which the discharge rate is less than pulse rate plus spontaneous activity but greater than spontaneous activity. The cues for intensity and time-interval coding 
provided by regions A and B are discussed. 

INTRODUCTION 

This is a descriptive model of responses of the auditory 
nerve to pulsatile electrical stimulation of the cochlea using 
stimulus parameters set within the operative range of a co
chlear implant (biphasic charge-balanced current pulses, 100 
to 200 microseconds per phase, amplitude 0.2 to 2 rnA, pulse 
rates 50 to 400 pulses per second). The model looks at re
sponses to electrical stimulation as populations of auditory 
nerve fibers (ANFs) in two cochlear regions, A and B. Region 
A encompasses the cochlear region around the stimulating 
electrodes, in which discharge rate is "saturated" at a value 
equal to the pulse rate plus the spontaneous activity. Region 
B is a population of ANFs in which the discharge rate is less 
than the pulse rate but greater than the spontaneous discharge 
rate. Region B surrounds region A and is therefore more 
distant from the stimulating electrode. The model is described 
mathematically, and cues for the coding of intensity (current) 
and time intervals (pulse rate) are identified. 

MATHEMATICAL DESCRIPTION OF
 
AUDITORY NERVE MODEL
 

Figure I illustrates the input-output function of an ANF to 
electrical stimulation of the cochlea at pulse rates of 100, 200, 
300, and 400 pulses per second. lavel et all noted from these 
data that the curves lie virtually on top of each other, which 
implies 1) that there are no differences in growth rate for 
different pulse rates, 2) eliciting a discharge rate is dependent 
on stimulus current and not pulse rate, and 3) the growth of 
discharge rate is logarithmic against current. Thus, 

(l) R = k(I - IT) + S 

where 

R = discharge rate (spikes per second) 

k = the growth rate of discharge (50 to 127 spikes per 
second per decibel, mean = 70, 0 = 20, reanalysis of 
auditory nerve data from this laboratory I 

I =log stimulus current (dB re I flA) 
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