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THE AUDITORY BRAINSTEM RESPONSE IN HEARING A~D DEAF CATS EVOKED BY INTRA

COCHLEAR ELECTRICAL STIMULATION
 
R.C. Black, G.M. Clark, S.J. O'Leary &C. Walters, Department of Otolaryngology, 
University of Melbourne, Parkville, Vic. 3052, Australia. 

This study was performed to investigate in detail the auditory brainstem 
response (ABR) for intracochlear electrical stimulation. Brainstem response 
audiometry is a simple, noninvasive procedure with the responses under many 
stimulus conditions being readily understood in terms of single auditory nerve 
discharge properties. The amplitude and latency behaviour of the Nl brainstem 
response correlates well with that recorded directly from the auditory nerve 
(~g &Buchwald, 1978). In addition, the brainstem response can be divided 
into frequency-specific components corresponding to tonotopical locations in 
the cochlea, as exhibited in the method of derived responses (e.g. Parker 
&Thornton, 1978). It is therefore well suited to both physiological and 
clinical investigation of auditory function and therefore should be useful in 
evaluating auditory function under conditions of electrical stimulation of the 
cochlea. 

Methods 
All 16 cats used in this study had normal auditory function prior to 

electrode implantation, shown by measuring the threshold of brains tern responses 
for tone-pip stimuli at 3, 5, 8 and 15 kHz (rise/fall time 1 ms, plateau 3 ms). 
All acoustic stimuli were presented free field from a loud speaker placed 
10-15 cm from the stimulated ear, with the contralateral ear plugged with an 
earmould compound. 

Brainstem responses were recorded differentially using subcutaneous 
needle electrodes (ipsilateral mastoid, +ve; vertex, -ve; contralateral 
mastoid, gound). Electrically evoked responses were recorded with the 
electrical artefact supressed and were band pass filtered in the range 150-3000 
kHz for a period of 12.5 ms after the stimulus. The stimulus presentation rate 
was 50 per second and 500 responses were averaged. 

The 'implant electrode and surgical procedures have been described
 
elsewhere (Black et al., 1982).
 

Electrical stimulation was performed with capacitively coupled biphasic 
current sources which were optically isolated from the recording circuitry. 
Current monitoring was performed through isolation amplifiers AD289J. 
Derived brainstem responses for electrical stimulation were measured by 
recording responses in the presence of continuous high pass filtered white 
noise (70 dB SPL) for filter cutoff frequencies of 15, 10, 8, 6, 4, 2 and 1 kHz 
(sloped 96 dB/octave, Krohn-hite 3343). Derived responses were produced by 
subtracting pairs of responses at adjacent cutoff frequencies. 

ResuZts 
Careful placement of the implant electrodes into the scala tympani nearly 

always resulted in ABR tone-pip thresholds being within 10 dB of preimplant 
levels. hnere elevated thresholds occurred, they were generally not confined 
to the region of the electrode array, but extended to all frequencies tested. 

The latencies of click evoked derived responses measured both before and 
after implantation were very similar, indicating undisturbed frequency-place 
basilar membrane mechanics. This was further indicated by the tone-pip 
thresholds exhibiting a characteristic variation with frequency which remained 
unaltered after implantation. 

Fig. 1 shows a typical set of electrically-evoked brainstem responses for 
clicks and for 0.1 ms duration square biphasic currents of amplitude 
0.1-4.0 rnA peak (mastoid-vertex potential negative down). The responses for 
low-level currents 0.1-0.5 rnA are seen to grow very slowly in amplitude, 
exhibiting identical waveforms to the click evoked responses, except that the 
latencies for clicks were about 0.5 ms larger due to acoustic travel time. The 
N wave latencies for these low-level responses were approximately 1.5, 2.2, 3.0 
and 4.0 ms. However, above 0.75 rnA the Nl wave began to diminish and a 
number of new peaks formed in the region of 0.5-2.0 ms. 
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This change of response with current level is further demonstrated in 
Fig. 2 where acoustic-type responses ceased to occur above 2.0 rnA (pulse width 
0.05 ms/phase). In this figure the N waves with latencies less than 1 ms are 
artefacts.. The responses at 3.0 rnA recorded both in the presence of 35 dB SPL 
white noise and without noise are shown. as well as the difference between these 
two responses calculated as a point-by-point subtraction. Clearly the 
difference response was acoustic in type and the response remaining in the 
presence of masking noise was similar to that recorded in deaf cats. However, 
deaf cats showed no low-level acoustic-type responses. Presumably the 
acoustic-type responses were electrophonic in origin and the responses remaining 
in noise were due to direct electrical stimulation of the auditory nerve. 
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Fig. 3 shows the brainstem response amplitude for an implanted cochlea with 
normal tone-pip thresholds for three different current pulse widths of 0.05. 
0.1 and 0.15 ms/phase. Responses up to about 1 rnA grew slowly and were 
independent of pulse width. but were charge dependent above 1 mAo Again this 
is consistent with the slowly growing limb being electrophonic. since square 
biphasic currents should produce an electrophonic drive approximating an 
acoustic click. and brainstem amplitudes have been found to be independent of 
click duration (Huang &Buchwald. 1978). However, because electrical 
excitation of nerves is a charge dependent process. divergence of the response 
amplitudes as a function of pulse width indicates the onset of direct 
electrical stimulation. In addition. the response amplitude for the 0.05 ms 
pulse width measured in 3S dB SPL white noise resulted in elimination of the 
electrophonic limb with slight masking of the direct excitation limb. At 
higher noise levels there was generally less than 50% masking of the direct 
electric~l component. 
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Derived responses for one 
animal stimulated at 1.0 ~~ and 
1.2 rnA (0.1 ms/phase) are shown 
in Fig. 4. At 1.0 rnA, all derived 
responses are electrophonic in 
origin and the response is totally 
masked by 4 kHz high pass filtered 

I",	 
noise. However, at 1.2 rnA, the 
derived response for the cochlear1 
region adjacent to the electrode 
(> 15 kHz) is entirely 
characteristic of the response in 
deaf cats and is due to direct 
electrical stimulation. Responses 

T~I. ,	 in all other bands were electro
1111:1 .. I 

phonic. In addition there 
Fig. 4 existed an unmasked residue which 

was of the direct stimulus type. 
Above 1.2 rnA, direct resplJnse components appean:·d in additional bands further 
from the electrode. Derived responses recorded In the presence of 35 dB white 
noise tended to selectively mask electrophonic components, leaving direct 
components largely unaffected. 

In approximately half the cats it was difficult to visually separate the 
direct electrical responses from electrophonic responses in the derived bands. 
In these animals often the artefact had obliterated the direct electrical Nl 
response at 0.5 ms and frequently also the small direct electrical N2 wave at 
1.1 ms. In addition the prominent electrical N3 wave at about 2.0 ms lay 
close to the electrophonic Nl wave and the electrical N4 wave at 3.0 ms lay 
close to the electrophonic N3 wave. In these circumstances, the most clear 
indication that a response contained a direct elect~ical stimulus component 
was that at tIle electrophonic P2 latency there existed an uncharacteristically 
large P wave. TIlls was due to summation of the electrophonic P2 wave and the 
direct electrical P3 wave. Nhite noise masking served to make these 
differences clearer as well as frequently masking electrophonic components in 
the lower frequency bands entirely. 

In all animals in which derived responses were measured and where 
electrophonic and direct components could be readily distinguished (six animals), 
the direct response component was always restricted to the >15 kHz band at a 
current level of 1.2 rnA. At 1.5 rnA the responses were localised to this band 
in two animals, had spread to the 15-10 kHz band in three others, and in one 
animal had spread to all bands. At 2.0 rnA there was spread to the 10-8 kHz 
band in two animals but in the others there was some direct stimulus component 
in all bands. Where direct responses appeared in all bands, it is likely that 
the stimulus was spreading into the internal auditory meatus where fibres of all 
characteristic frequencies run close together. 

Fig. 5 shows examples of 
electrically stimulated brainstem 
response amplitude functions 
(0.1 ms/phase) for an animal 
originally exhibiting normal 
hearing and also when subsequently 
deafened. Amplitude functions are 
shown after deafening by a 5 kHz 
tone (122 dB SPL, 20 mins) , and 
also after a 0.5 rnA DC current was 
applied for two minutes through 
the intracochlear electrode pair. 
Of particular interest is that 
while the electrophonic component 
was eliminated, the direct 
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2.0 . stimulation limbs occurred at lower 

currents in the lesioned cochlea. 
Fig. 5 
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TIle direct response threshold typically fell from 1.0 rnA in the normal cochlea 
to 0.5 rnA or lower in the deafened cochlea, and the suprathreshold response 
amplitude increased for all stimulus currents. 

Disaussion 
In normal hearing cats the brainstem response amplitude curve evoked by 

intracochlear electrical stimulation is divided into a slowly growing 
electrophonic limb followed by a more steeply growing limb resulting from 
direct electrical stimulation of the auditory nerve. The electrophonic 
response threshold was approximately 0.1 rnA, while at 1.0 rnA the electrophonic 
response was about the same as the response for a 40 dB SPL click. The 
threshold for clicks was approximately 20 dB SPL. TIlese results are consistent 
with the observation that electrophonic hearing from direct stimulation of the 
cochlea is a linear process (Moxon, 1972), so that a decade increase of current 
would be expected to produce the same change as increasing the click amplitude 
by 20 dB. This perhaps explains why the electrophonic response could be 
substantially masked with noise levels as low as 25-35 dB SPL. 

Animals deafened with intracochlear DC currents and loud tones showed a 
brainstem amplitude response curve which did not simply lose the electrophonic 
limb, but the direct excitation limb shifted towards lower currents. The 
response amplitude was measured at a latency where both electrophonic and direct 
stimulus components produced a response of the same phase (N 2.5 ms - P 3.0 ms). 
This precluded the possibility that in normal cats a phase cancellation of the 
two components existed which supressed the response. In addition the 
electrophonic response did not produce masking of the electrical response. 
This was examined by placing an additional click 1.0 ms after the current 
stimulus in order to enhance the effect of the electrophonic component. 
No decrease of the direct response component was observed. However, it also 
indicated that at the stimulus repetition rate used of 50/s, the electrophonic 
component did not produce forward masking of the direct response. This was 
also confirmed by varying the stimulus repetition rate. Similar brainstem 
response changes due to deafening were also seen in some chronically implanted 
cats which went deaf slowly due to low grade infection (Shepherd et al. 1983) . 

It is possible that in the deafening process the electrical properties of 
the cochlea were altered in such a way as to increase the electrical field in 
the terminal fibre region adjacent to the electrode. Cochleas perfused 
directly after application of DC currents showed some buckling but no tearing 
of the basilar membrane, and no other obvious cochlear damage. It is not 
clear at present what morphological changes in the deafened cochlea gave rise 
to these hypothesised altered electrical properties. Merzenich et al. (1979) 
observed pronounced changes in cochlear electrical properties where dendrites 
in the spiral lamina had degenerated. 

The phenomenon in which normal hearing subjects heard no auditory 
sensations for electrical stimulation of the promontory (Brackmann, 1976) may 
in part be explained by these observations. If these tests were performed in 
normal noisy laboratory environments, electrophonic components may have been 
masked out since, as argued previously, they would only have been equivalent 
to a small amplitude click. Larger currents would have been necessary to 
drive the nerve electrically in normal hearing ears and possibly these currents 
were never reached. 
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