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ELECTROPHYSIOLOGIC EFFECTS FOLLOWING ACUTE INTRACOCHLEAR 
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Auditory brain stem responses to both acoustic (auditory brain stem response [ABR]) and electrical (electrically evoked auditory brain stem response 
[EABR]) stimuli, as well as the frequency-specific compound action potential (CAP), were recorded before and periodically following continuous intracochlear 
DC stimulation (2, 7, and 12 fAA) for 2 hours in normal-hearing guinea pigs, by means of a banded intracochlearelectrode array. Click-evoked ABR. frequency. 
specific CAP, and the EABR input-output function remained generally unchanged following stimulation at2ltA DC. However, following stimulation at 7 and 
12 fAA, a significant decrement of the amplitude of the click-evoked ABR, frequency-specific CAP, and electrophonic component of the EABR was observed, 
while there was an increase in the amplitude of the EABR, associated with direct electrical stimulation of the auditory nerve. 

INTRODUCTION 

Multichannel cochlear implants provide auditory cues by 
direct electrical stimulation of the auditory nerve. Care must 
be taken to ensure that these devices stimulate nerve fibers 
effectively without causing damage to any cochlear tissues. 

It has been shown that short duration (100 to 200 microsec
onds), charge-balanced, biphasic current pulses delivered 
from platinum (Pt) electrodes minimize the risk of tissue dam
age,1 as charge is injected in an electrochemically safe man
ner. The residual direct current (DC) is usually very small and 
can be further minimized (typically <0.1 fAA) by shorting the 
electrodes between current pulses. 2 However, using a con
tinuous stimulus regime with stimulus rates between 100 and 
1,000pulses per second (pps) in an animal model (Tykocinski 
et aI, this suppl, next article), we observed an increase in re
sidual DC with increasing stimulus rate and intensity, despite 
using charge-balanced, biphasic current pulses and shorting 
of the electrodes between pulses. During stimulation at the 

Previous studies have shown that acute DC stimulation of 
the cochlea can induce or suppress tinnitus,3 change the 
amplitude of the compound action potential (CAP),4-6 and 
alter auditory nerve activity,5-8 depending on the polarity of 
the current and its intensity. It has also been shown to induce 
histologic damage following both intracochlear and extra· 
cochlear stimulation.6,9 Moreover, a change in electrically 
evoked auditory brain stem response (EABR) morphology, 
widespread spiral ganglion cell loss, and new bone growth 
extending through all turns of the cochlea has been reported 
following chronic stimulation, using a non-charge-balanced 
stimulus without electrode shorting between current pulses, 
resulting in a residual DC of approximately 2 fAA,IO 

In the present study we describe electrophysiologicchanges 
occurring in the guinea pig cochlea following acute intraco· 
chlear stimulation using continuous DC at intensities equal to 
or higher than those recorded during a previous high-rate 
study (Tykocinski et aI, this suppl, next article). 

highest stimulus rate (1,000 pps) a moderate DC level of 2.8 
MATERIALS AND METHODS fAA was recorded at intensiti~s within the range of those used 

clinically, While the highest DC level (7 fAA) was observed at Five adult, pigmented guinea pigs weighing between 550 
intensities significantly above those used clinically. and 900 g with otoscopically normal tympanic membranes 
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Fig I. Electrically evoked auditory brain stem response (EABR) 
input-outpul (10) functions (mean ± SEM) recorded prior to and 
following continuous stimulation at 2, 7, and 12 I.lA direct current 
(DC) for 2 houn. Pre-DC stimuJus 10 function (open squares) ex
hibits slow-rising limb at low probe intensities. These responses 
could be masked by white noise and were considered to be elec
trophonic in origin. At higher stimulus intensities, direct EABR re
sponse was observed, whose amplitude increased much faster with 
rising probe intensity compared 10 electrophonic response. Note thaI 
stimulation at 2 I.lA DC did nol change 10 function significantly; 
however, following stimulation at7 and 121.lA DC, increase ofEABR 
amplitude and successive loss of electrophonic limb at low probe 
intensities can be observed. 

and click-evoked auditory brain stem response (ABR) thresh
olds below 50 dB peak equivalent sound pressure level re 20 
~Pa (pe SPL) were used in the present study. The animals 
were anesthetized with ketamine hydrochloride (35 mg/kg) 
and xylazine hydrochloride (3.5 mg/kg), while supplemental 
doses were given to maintain a surgical level of anesthesia 
throughout the experiment. The temperature of each animal 
was maintained at 38°C ± O.5°C by means of a DC heating 
pad. Following a tracheotomy, one bulla was opened and the 
round window membrane incised. A free-fit electrode array, 
consisting of four platinum band electrodes (width, 0.3 mm) 
on a Silastic silicone rubber (Dow Corning Corp) carrier, 
was carefully inserted for a distance ofapproximately 2.0 rom 
along the scala tympani. Finally, the round window was 
sealed with crushed muscle. 

Direct current stimulation was provided by a custom-built 
DC constant current stimulator, with an LM 335 device 
(National Semiconductor Corp, Santa Clara, Calif; voltage 
compliance, approximately 7 V; output impedance, > I MQ). 
Direct currents of 2, 7, and 12 IlA were used and the output 
was periodically monitored during stimulation. The first 
electrodeon the tip of the array was used as the cathode, while 
electrode 2was used as the anode. The stimulation period was 
2hours. 

Acoustic stimuli consisted of I OO-microsecond rarefaction 
clicks (for ABR) or computer-generated 10-V (peak-to-peak) 
lone pips (I-millisecond rise-fall time, 3-millisecond plateau) 
at frequencies of 24, 16, 12, 8, 4, 2, and I kHz (for CAP), 
presented at a repetition interval of 33 milliseconds and 
delivered from a Richard-Allen loudspeaker 10 cm from the 
ipsilateral pinna, while the contralateral ear was plugged with 
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an ear mold (Otoform). Clicks were presented at a maximum 
loudness level of92 dB pe SPL, and tone pips between 83 and 
95 dB SPL. An attenuator was used to establish threshold 
levels. Biphasic current pulses (50 microseconds per phase) 
were used to evoke the EABRs. The electrical stimuli were 
generated from an optically isolated, charge-balanced current 
source and presented at 33 pps. Current levels ranged from 
threshold to 2.1 rnA. 

All recordings were made in a sound-attenuated, electri
cally shielded room. Both ABRs and EABRs were recorded 
differentially (DAM-5A, WPI) with needle electrodes at the 
vertex (positive), neck (negative) and abdomen (ground), 
while the positive electrode for recording CAPs was electrode 
1 of the intracochlear array. Responses were amplified by a 
factor of lOS, and the artifact was suppressed and finally band
pass filtered (0. 15 to 3 kHz). The amplifieroutput was fed into 
a 10 bit ADC and sampled at 20 kHz for 12.5 milliseconds 
following stimulus onset. Each recording was averaged over 
125 to 500 responses. Auditory brain stem responses, CAPs, 
and EABRs were recorded prior to and following DC stimu
lation, their thresholds established, and the input-output func
tion (amplitude versus stimulus intensity) of wave ill of the 
ABR and EABR evaluated. In addition, ABRs were also 
recorded before and after implantation. Furthermore, thresh
old and input-output function of the electrophonic EABR 
response were established. (See Results.) 

The care and use of the animals reported on in this study 
were approved by the Animal Experimentation Ethics Com
mittee of the Royal Victorian Eye and Ear Hospital ("Neural 
Damage Mechanisms in the Auditory Nerve," Reg. No. 92
016) and complied with the guidelines ofthe National Health 
and Medical Research Council of Australia. 

RESULTS 

Careful insertion of the fIrst three platinum electrodes into 
the scala tympani was often possible without reducing the 
click-evoked ABR amplitude or increasing acoustic thresh
olds significantly. However, high CAP thresholds at high 
frequencies were sometimes observed, most probably caused 
by mechanical trauma during insertion. 

At low intensities, the pre-DC stimulus EABRs were 
similar in morphology to wave III of the ABR, were charac
terized by a long latency (>2.5 milliseconds), and could be 
masked by white noise. This response was, therefore, consid
ered to be electrophonic in origin. At higher intensities, 
responses appeared with shorter latencies. These responses 
could not be masked by noise and were considered to be the 
direct response of the auditory nerve to the electrical stimu
lus. 1I 

Following stimulation at 2 IlA DC for 2 hours, no signifi
cant change in the input-output function of the click-evoked 
ABR or the EABR (both the direct and the electrophonic 
responses) was observed. The EABR, ABR, and CAP thresh
olds remained stable (Figs I and 2A,B). However, stimulation 
at 7 IlA DC for 2 hours induced an increase in amplitUde of the 
direct EABR response, while its threshold decreased. The 
electrophonic response of the EABR was reduced or lost 
completely, while its threshold increased (Figs I and 2C). 
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Fig 2. Acoustic sensitivity of cochlea following 
stimulation at 2, 7, and 12 !JA DC for 2 hours. Input
output (10) functions ofclick-evoked auditory brain 
stem response (ABR) and electrophonic response 
(mean) are shown on left (A,C,E), while compound 
action potential (CAP) thresholds of single experi
ments and approximate location of stimulating elec
trode (+ =anode, - =cathode) are shown on right 
(B,D,F). Solid symbols indicate post-DC stimulus 
recordings. Note close affinity of 10 function of 
ABR (waveill) and electrophonicresponse(A,C,E), 
as well as increasing spatial extension of acoustic 
damage with increasing DC stimulus intensity 
(B,D,F). 

Following stimulation at 12 f.lA DC, an even greater increase stimulation on the cochlea following intracochlear and extra
in amplitude of the direct EABR response was observed (Fig cochlear stimulation. However, while extracochlear stimula
1). This was combined with lower thresholds and changes in tion generally requires DC currents of some hundred micro
the morphology of the response. Furthermore, while the amperes,5.9 intracochlear stimulation induced changes at much 
electrophonic response was clearly evident before stimula lower intensities.7,s The results of the present study indicate 
tion, it could not be evoked after stimulation (Fig 2E). The that current levels as low as 7 f.lA DC can change the 
DC-induced reductions in the electrophonic response were electrophysiological properties of the cochlea. This value is 
also reflected in the acoustic responses. Stimulation at 7 f.lA substantially lower than previously published values for acute 
DC resulted in a decrease in the ABR amplitude and an DC stimulation using intracochlear electrodes. However, 
increase in threshold. This was even more pronounced fol widespread spiral ganglion cell loss and new bone fonnation 
lowing stimulation at 12 f.lA DC (Figs 2C,E). Compound have been reported following chronic intracochlear stimula
action potential thresholds increased for frequencies above 8 tion using a stimulus with a DC level of 2 f.lA.IO 
kHz following stimulation at 7 f.lA DC, for an electrode It is unclear whether these DC-induced changes are due to 
located 2 rom along the scala tympani (Fig 2D). However, the stimulus per se or are the result of toxic electrochemical 
thresholds for all frequencies increased sharply following products formed at the electrode-tissue interface. However, 
stimulation at 12 f.lA DC (Fig 2F). No recovery of CAP it is well known that irreversible electrochemical changes 
thresholds occurred during the poststimulus monitoring pe associated with DC stimulation can occur at the electrode 
riod of up to 2 hours (Fig 2D,F). interface. These changes include electrolysis ofwater, result

ing in pH shift, oxidation of chloride ions and organic com
pounds, and electrode corrosion.12.13 Stimulating our elecDISCUSSION 
trode array at 2, 7, and 12 f.lA in artificial perilymph, gas 

The results illustrate the adverse effects of acute intraco evolution could be observed at both 7 and 12 f.lA DC, and 
chlear DC stimulation at relatively small intensities, and also coincided with an increase in electrode impedance. Imped
underline the close association of the electrophonic response ance measurements made in vivo resulted in similar changes. 
of the EABR with the heanng status of the cochlea. As noted, While we were unable to ascertain whether or not gas evolu
a number of previous studies described the effect of acute DC tion did occur during DC stimulation, it seems most probable 
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thai the observed decrement in acoustic sensitivity of the 
cochlea following DC stimulation was caused by the produc
tion of toxic electrochemical products, including gas evolu
tion. 

Moreover, the data of the present study suggest that the 
spatial extent of DC-induced decrement of the acoustic sen
sitivity of the cochlea depends on stimulus intensity. While 
7~A DC stimulation induced an increment in CAP thresholds 
for approximately 3 mrn beyond the electrode tip (2 mm 
insertion), as the lO-kHz region in the guinea pig cochlea is 
approximately 5 mrn from the round window,I4 12 j.!A DC 
stimulation increased thresholds across the whole frequency 
range. It seems most likely that a spread of toxic products 
along the scala tympani is responsible for the increase in 
acoustic thresholds beyond the region of the stimulating 
electrodes, as it has been shown previously that the electrical 
field for bipOlar intracochlear stimulation is relatively local
ized to the stimulating electrodes. 15 

While this mechanism could account for the reduction of 
acoustic sensitivity, we also observed an increase in ampli
tude of the direct EABR response following DC stimulation. 
This was associated with lower thresholds compared with 
prestimulus values. Similar changes in the EABR have been 
observed in previous studies ll ,I6,17 following deafening of 
the cochlea. The authors concluded that those changes were 
associated with a change in the impedance pathways within 
the cochlea following the loss of hair cells, rather than 
resulting from toxic electrochemical products or direct sensi
tization of the auditory nerve. This change in current flow, 
which seems to be the most probable cause of the observed 
EABR changes in the present study, could have been caused 
by gas evolution at the electrode surface and its accumulation 
in the scala tympani, DC-induced hair cell damage, or a 
combination of both. 

The present study both provides some insight into the 
mechanisms associated with DC-induced damage to the co
chlea and also confirms the adverse effects of DC that have 
been observed in previous studies. It should be noted that the 
continuous constant amplitude DC used in this study is 
unlikely to adequately model the temporally varying DC 
associated with high-rate electrical stimulation (in this con
text, DC is taken to mean current that does not reverse its 
polarity). Additional studies are required using stimuli that 

more accurately reflect these variations in DC level. 
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INTRODUcnON 
Cochlear implants have been shown to successfully pro

vide profoundly deaf patients with auditory cues for speech 
discrimination. Furthermore, a number ofsafety studies using 
theMelboume/Cochlear electrode array indicated that chronic 

electrical stimulation using charge-balanced biphasic current 
pulses and stimulus rates between 100 and 500 pulses per 
second (pps) do not result in additional spiral ganglion loss or 
general cochlear pathology.1-3 However, safe maximum lev
els for stimulus parameters (stimulus rate, charge per phase, 
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