
Auditory outcomes following implantation and electrical
stimulation of the semicircular canals

Steven M. Biererb,c, Leo Lingb,c, Kaibao Niea,b, Albert F. Fuchsc,d, Chris R.S. Kanekoc,d,
Trey Oxfordb,c, Amy L. Nowackb,c, Sarah J. Shepherdb,e, Jay T. Rubinsteina,b, and James O.
Phillipsa,b,c,*

aVirginia Merrill Bloedel Hearing Research Center, University of Washington, CD-176 CHDD
Building, Box 357923, 1701 Columbia Road, Seattle, WA 98195-7923, USA
bDepartment of Otolaryngology - Head and Neck Surgery, University of Washington, BB-1165
Health Sciences Building, Box 356515, 1705 NE Pacific Street, Seattle, WA 98195-6515, USA
cWashington National Primate Research Center, University of Washington, I-421 Health Sciences
Building, Box 357330, 1705 NE Pacific Street, Seattle, WA 98195-7330, USA
dPhysiology and Biophysics Department, University of Washington, G-424 Health Sciences
Building, Box 357290, 1705 NE Pacific Street, Seattle, WA 98195-7290, USA
eDepartment of Speech and Hearing Sciences, University of Washington, 1417 NE 42nd St.,
Seattle, WA 98105, USA

Abstract
We measured auditory brainstem responses (ABRs) in eight Rhesus monkeys after implantation of
electrodes in the semicircular canals of one ear, using a multi-channel vestibular prosthesis based
on cochlear implant technology. In five animals, click-evoked ABR thresholds in the implanted
ear were within 10 dB of thresholds in the non-implanted control ear. Threshold differences in the
remaining three animals varied from 18 to 69 dB, indicating mild to severe hearing losses. Click-
and tone-evoked ABRs measured in a subset of animals before and after implantation revealed a
comparable pattern of threshold changes. Thresholds obtained five months or more after
implantation – a period in which the prosthesis regularly delivered electrical stimulation to achieve
functional activation of the vestibular system – improved in three animals with no or mild initial
hearing loss and increased in a fourth with a moderate hearing loss. These results suggest that,
although there is a risk of hearing loss with unilateral vestibular implantation to treat balance
disorders, the surgery can be performed in a manner that preserves hearing over an extended
period of functional stimulation.

1. Introduction
A number of recent animal studies have demonstrated the feasibility of electrical stimulation
of the eighth nerve to drive vestibular responses in humans, with the objective of treating
balance disorders such as Meniere’s disease or bilateral loss of vestibular end organ
function. Merfeld and colleagues, applying rotation-modulated electrical pulse trains to a
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wire electrode implanted near the ampulla of a single semicircular canal, elicited eye
movements in guinea pigs (Gong and Merfeld, 2002) and squirrel monkeys (Lewis et al.,
2002; Merfeld et al., 2007) that were consistent with activation of the vestibular-ocular
reflex (VOR) pathways. Similar results have been obtained by Della Santina and
collaborators using multiple implanted canals in chinchillas (Della Santina et al., 2007;
Davidovics et al., 2011) and Rhesus monkeys (Dai et al., 2011). More recently, Phillips and
colleagues (Nie et al., 2011; see also Rubinstein et al., in press) described a multi-channel
vestibular prosthesis based on commercial cochlear implant technology that was capable of
eliciting VOR-like eye movements in Rhesus monkeys.

A major concern of semicircular canal implantation is an adverse effect on hearing function.
Given the proximity of the cochlea to the vestibular organs and their shared fluid volumes,
complications from surgical implantation can potentially affect cochlear hair cell viability or
mobility of the ossicles. Indeed, the reverse has been demonstrated in numerous clinical
studies: cochlear implant surgery can, to various degrees, result in reduced vestibular
function (Brey et al., 1995; Enticott et al., 2006; Krause et al., 2010). In one recent study in
chinchillas, in which the three semicircular canals of one ear were implanted with twisted-
pair wire electrodes, four of six animals exhibited an increase in auditory brainstem response
(ABR) thresholds of the implanted ear (Tang et al., 2009). A similar proportion of hearing
loss was reported for guinea pigs (Tran et al., 2011). In contrast, a recent study in monkeys
showed no significant change in ABR threshold in any of the four tested animals (Dai et al.,
2011).

In the present study, we assessed ABR thresholds before and after vestibular implantation
with a modified cochlear implant in non-human primates. The electrodes were inserted with
a technique designed to preserve the normal rotational sensitivity of the semicircular canal
and hair cells, an approach that should be beneficial to human patients with only partial or
episodic loss of vestibular function. ABR thresholds were also measured several months
following implantation, to evaluate the stability of hearing and potential effects of chronic
electrical stimulation.

2. Methods
2.1. Animal subjects and experimental overview

Auditory brainstem responses were collected from eight male Rhesus monkeys (Macaca
mulatta, 4–7 kg, 2–5 years of age) implanted with the University of Washington/Cochlear
vestibular prosthesis. The recordings were made over periods ranging from a few weeks
prior to several months after implantation. All procedures were approved by the University
of Washington Institutional Animal Care and Use Committee and conducted in accordance
to the guidelines established by the National Institutes of Health.

2.2. Surgical implantation of electrode arrays
The University of Washington/Cochlear vestibular prosthesis is a modified Nucleus
Freedom cochlear implant array manufactured in collaboration with Cochlear Ltd. (Lane
Cove, Australia). The arrays consist of three insulated multi-wire leads, each with three
banded electrode contacts separated by 0.2 mm near the lead’s tip. The three leads bifurcate
from a common insulated bundle which connects to a Nucleus implant processor and
receiver coil. The metal casing of the processor and a separate single-wire lead terminating
in a ball electrode serve as current returns.

The implant surgeries were performed in sterile conditions with the animals under inhalant
anesthesia. A high-speed drill with cutting burrs was used to perform a mastoidectomy of
the right ear, and a diamond burr was used to expose and “blue-line” the semicircular canals.
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The sterilized body of the implant was positioned under the skin and secured to the mastoid
bone and temporalis muscle with suture. Each canal to be implanted was then fenetrated
close to the ampullary ending with the diamond burr and pick using techniques similar to
that for hybrid cochlear implants. One electrode lead was immediately inserted into each
targeted canal parallel to the lumen and pointed toward, but not entering, the ampulla.
Considerable effort was made to not penetrate the membranous labyrinth during insertion.
For some animals, electrically-evoked compound action potentials were recorded from each
canal to ensure a proper insertion depth (Nie et al., 2011). In this manner, the lateral canal
and typically one or both of the other canals were implanted. Finally, the leads were secured
in place and the subcutaneous tissue and skin were closed with suture.

Table 1 summarizes the surgical and recording histories of all animals used in this study.
Five of the 8 animals underwent at least one revision surgery, as indicated in the second
column by values greater than 1. The third column provides a cumulative record of which
canals had been implanted at the time of the first post-implantation ABRs (which, for this
study, were recorded one week or more after the animal’s last implantation). Pre-
implantation ABRs were obtained prior to the first implant surgery in four of the animals, as
indicated in the fourth column. Tone ABRs were obtained in the same subset of animals, as
indicated in the fifth column. Additionally, in some animals ABR recordings were made at
least 5 months after the last surgery, as shown in column 6. The final column indicates
animals exhibiting electrically-evoked eye movements (EEM –see Section 2.4) at the time of
the first post-implant ABR.

In addition to the semicircular canal implantation described above, the monkeys underwent
other procedures that could potentially have affected hearing function. Prior to any
vestibular surgery, all animals were implanted with a scleral eye coil and a head-mounted
restraint system to facilitate the tracking of eye movements (see Section 2.3). Some animals
were also fitted with a microelectrode recording chamber centered over a small craniotomy.
Details of the procedures have been given elsewhere (Fuchs et al., 2005). The invasiveness
of these surgeries, which required moderate drilling of the skull and occasional application
of topical antibiotic, entailed some risk to the peripheral hearing mechanisms (da Cruz et al.,
1997; Farzanegan et al., 2010; Soudijn et al., 1976). However, any permanent hearing loss
from these factors would likely have been small, and –relevant to the findings of the present
study –would not be expected to affect one ear more than the other. Analysis of the ABR
data revealed no trend with respect to the presence of a recording chamber at the time of
recording.

2.3. Auditory brainstem responses
The monkeys were anesthetized with a mixture of ketamine (7–10 mg/kg) and xylazine
(0.6–1.2 mg/kg), with one additional supplemental dose given if needed to maintain
sedation. The entire recording procedure generally lasted from 40 to 60 min. Prior to ABR
recording, the external ear canals were examined otoscopically and wax or other debris was
removed if necessary. Subsequent to the recording session, any animal with elevated
thresholds or more than a 20 dB mismatch between ears was checked more thoroughly for
signs of middle ear infection and deformities with the use of an operating microscope. None
of the animals examined in this manner exhibited indications of conductive hearing loss.

The ABR recordings were made with the anesthetized animal lying on its side or stomach.
Scalp potentials were recorded using EEG needle electrodes (Chalgren Enterprises, Gilroy,
CA) applied in a 3-electrode configuration: the positive electrode at the midline just above
the brow ridge, the negative electrode above the mastoid ipsilateral to the stimulated ear, and
the common electrode above the mastoid of the contralateral ear. The recorded signals were
amplified with a P55 AC pre-amplifier (Grass Technologies, West Warwick, RI) by a gain

Bierer et al. Page 3

Hear Res. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of 104 over a passband of 30–3000 Hz. The acoustic stimuli were delivered via an ER-3A
insert earphone (Etymotic Research, Elk Grove Village, IL) fitted with an infant-sized ear
tip (ER3-14D). Care was taken to insert the ear tip snugly into the external canal of the test
ear. A foam earplug was inserted in the opposite ear to reduce ambient noise. Signal
collection and stimulus generation were directed through an M-audio Delta 44 multi-channel
audio board (Avid Technology, Irwindle, CA) and controlled by custom software running on
a Pentium-based personal computer. The software averaged and displayed the digitized
signals, which were later exported for analysis in MATLAB (Mathworks, Natick, MA).

The acoustic click and tone stimuli were presented at a rate of 10/s and waveforms were
averaged across 500 stimulus repetitions. Clicks were condensation pulses of 100 µs
duration. Tones were 10 ms sinusoidal bursts modulated with a 2-ms linear on ramp, a 6-ms
plateau, and a 2-ms linear off ramp. Tone frequencies of 500, 2000, and 8000 Hz were used.
For each stimulus type, a series of averages was obtained by decreasing the stimulus level in
10 or 20 dB steps until waveform peaks were no longer apparent; the level was then raised
or lowered in 5 dB steps to obtain a rough estimate of threshold based on visible inspection.
Click series were obtained in both ears for all animals; tone series were obtained only in the
right ear for a subset of animals (see Table 1). Stimulus levels in this paper are expressed in
decibels as “peak equivalent” sound pressure level (dB pSPL) referred to a 1 kHz standard
tone. Calibrations were performed by coupling the earphone to a ¼″ microphone (Larson-
Davis, Depew, NY) via a 0.15 cc plastic chamber modeling the external canal of an adult
Rhesus macaque (Spezio et al., 2000).

Offline, response threshold was defined objectively as the minimum click intensity that
produced an ABR amplitude exceeding a specified criterion level. Fig.1 illustrates the
automated procedure we used to estimate thresholds for click stimulation. The left panel
displays a typical recording series for the right ear of one animal, 8 days after vestibular
implantation. Each trace is the average of 500 click presentations. A baseline noise level was
first obtained for each trace by calculating its standard deviation over the 5 ms time segment
preceding the click (dashed horizontal bar). Next, the largest positive-to-negative excursion
was found within the 2.5–7.5 ms time window following the click (solid horizontal bar).
This signal window was intended to encompass waves III–V of the ABR, which were
generally the largest components at low stimulus levels; also, the delay between the positive
and negative excursions was limited to 2 ms, which effectively provided an estimation of the
peak-to-peak amplitude of the largest of these ABR waves. (For the right ear of animal M7,
the analysis window was extended to 10 ms to capture an atypical yet salient low-amplitude
waveform ABR feature.) Finally, the waveform amplitude versus intensity function was
interpolated to 1 dB steps, and the point where the function crossed 6 times the baseline
noise level was defined as threshold. The right panel of Fig.1 shows a graph of the
interpolated amplitude function (solid line) and noise level (dotted line) for the ABR series
given in the left panel. Threshold for this example occurred at 41 dB SPL, as denoted by the
arrow.

The procedure for estimating thresholds to tone stimulation was slightly different than that
for clicks. Waveform amplitude was defined as the maximum root-mean-squared energy
calculated in any 1 ms time window between 2.5 and 10 ms following tone onset. This
detection strategy reflected the more variable shape and frequency-dependent onset latencies
of tone-evoked ABR waveforms. The threshold criterion was set to 3 times the baseline
noise level.

2.4. Electrically evoked eye movements
The ability of the implanted electrode arrays to functionally activate the vestibular nerve was
evaluated by measuring evoked eye movements, as described in an earlier study (Nie et al.,
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2011). Briefly, horizontal and vertical eye movements were tracked with a scleral search coil
system as the animal sat in the dark with its head fixed. Eye positions were recorded and
digitized to a personal computer using the Spike 2 data acquisition system (Cambridge
Electronic Design, Cambridge, England). Electrical stimulation at individual electrode
contacts was controlled with a Cochlear Laura-34 research interface and NIC-2 based
custom software.

A week or more after implantation, individual canals were stimulated with the most deeply
inserted of the 3 electrode contacts, over a range of stimulus parameters. For the purposes of
this study, we define a canal electrode as being functionally active if stimulation reliably
produced a nystagmic eye movement for pulse trains of 2-s duration, pulse rates between
100 and 600 pulses per second, pulse widths up to 400 µs, and current levels up to the
maximum allowed by the electrode impedance and voltage compliance. As in Nie et al.
(2011), the criterion slow-phase velocity of the evoked nystagmus was set conservatively at
20 deg/s.

Animals for which longitudinal ABR data are reported were stimulated at frequent intervals
for at least 5 months post-implantation. A typical stimulus was a train of 100 µs/phase
pulses, 2–10 s in duration, delivered at a rate of 300 pulses per second and at a current level
sufficient to evoke eye movements (usually between 50 and 200 µA). However, due to the
nature of the experimental protocols, the electrical stimulation parameters varied
considerably from day to day and animal to animal, and included unmodulated as well as
amplitude- and frequency-modulated pulse trains. The regularity of stimulation was also
variable across animals, but generally pulse trains were delivered 1–2 times per minute over
the course of a 1.5 h experimental session, with an average of about 3 sessions per week.

3. Results
3.1. ABR click thresholds

Fig. 2 summarizes the results for acoustic click stimulation for all 8 implanted animals. As
noted in Table 1, functional activation of the vestibular system, as assessed with evoked eye
movements, was achieved in all but one animal (M4). Post-implantation ABR thresholds for
the left (control) and right (implanted) ears are presented as white and black bars in Fig. 2,
respectively. For most animals, the thresholds correspond to ABRs recorded within 10
weeks of the last implant surgery; for animals M1 and M3, the recordings were made 12
months and 4.5 months following the last surgery. The non-implanted left ears served as
individual controls. The average left ear threshold was 44.3 dB pSPL (±5.0, standard
deviation), which is intermediate to average thresholds reported in earlier studies of the
Rhesus macaque (Lasky et al., 1999; Torre et al., 2004; Dai et al., 2011). Thresholds for the
implanted right ears were much more variable and higher on average (62.4 ± 23.4 dB pSPL).
While all but one animal (M5) had a greater right ear threshold compared to control, the
higher average threshold was mainly attributable to three of the animals. For M8 the
difference between right and left ear thresholds was 18 dB, which could be considered a
mild hearing loss. For M7 and M3 the differences were 42 dB and 69 dB, respectively,
which are moderate and severe hearing losses. The remaining five animals exhibited
threshold differences less than 10 dB (average right-left difference = +3.2 dB).

From the “EEM” column of Table 1, it is evident that all three animals with elevated
implanted thresholds (M3, M7, and M8) achieved the criterion velocity of eye motion in
response to electrical stimulation. Most of the animals with less than a 10 dB right-left
threshold difference achieved the minimum EEM level as well. Thus, the ability of the
implant to elicit functional activation of the vestibular system was not an apparent factor in
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the reduction or preservation of hearing function. The number of surgeries and total canals
implanted also did not have a clear relationship to the incidence of hearing loss.

In four animals, thresholds were obtained prior to the first implantation surgery, providing a
pre-implantation control for both ears. Fig. 3 presents this data as the change in ABR
threshold from the pre-implant recording to the recording made 8 days after each animal’s
final implantation, for both left (white bars) and right ears (black bars). For all four animals,
thresholds in the non-implanted left ear remained within 12 dB of their pre-surgery values.
As in Fig. 2, threshold differences for the right ear were more variable. For animals M5 and
M6, the right ear threshold at 8 days post-surgery was within 15 dB of the pre-implant
threshold. For M7, the change in threshold was 36 dB, comparable to the left vs. right post-
implant difference of 42 dB observed in Fig. 2. For M8 the change was 28 dB, notably
larger than the left vs. right threshold difference of 18 dB. Part of this discrepancy was due
to an especially low pre-implant threshold measured in the right ear (31 dB pSPL). In
general, however, the pre/post threshold comparisons gave qualitatively similar results as the
left/right comparisons, with animal M7 showing the largest difference for both analyses.

For each of the animals shown in Fig. 3, ABRs were also obtained 5 months or more after
the last implant surgery (gray bars). Thresholds in the implanted ear of two of the animals,
M5 and M6, improved slightly over their 8-day levels by 12 and 14 dB, respectively.
Likewise, the threshold for M8, which had a mild hearing loss originally, decreased by 18
dB. In contrast, the right ear threshold of M7, which at 8 days was the most elevated of the
four animals, increased by another 25 dB. Together these findings suggest that, when
hearing function is severely enough compromised by vestibular implantation, threshold will
not improve and may even worsen in time, but that when hearing function is minimally
affected by implantation, threshold will remain stable or improve.

3.2. ABR tone thresholds
Pre- and post-implant ABR thresholds in response to tone pips are shown in Fig. 4. Prior to
implantation, the threshold pattern across the three tested frequencies has a low-pass
characteristic, with 500 Hz tones eliciting the highest thresholds. This pattern is similar to
that observed previously in the Rhesus monkey (Lasky et al., 1999), for ABR as well as
behavioral thresholds. In general, the changes in right ear threshold after implantation
mirrored the threshold changes observed for click stimulation in Fig. 3. For animal M5, the
tone thresholds at all tested frequencies changed by less than 5 dB, comparable to the result
for clicks. Similarly, for M6 (for whom pre-implant tone data was not available), tone
thresholds remained relatively low after implantation. For M7 and M8, however, threshold
increases of ~20 dB or more occurred at each frequency, comparable to the 36 and 28 dB
increases for those animals observed in Fig. 3 for clicks.

4. Discussion
To summarize the present findings, the implanted ears of 5 of 8 animals exhibited ABR
click-evoked thresholds that were generally higher but within 10 dB of the thresholds in the
non-implanted control ears (Fig. 2). The remaining 3 animals had threshold differences
ranging from +18 to +69 dB. ABRs recorded before and after implantation in a subset of
these animals indicated that threshold elevations were specific to the side of surgery (Fig. 3).
Threshold changes obtained with tonal stimuli over a range of frequencies were largely
consistent with the threshold changes observed with clicks (Fig. 4).

The primary result that 5 of 8 animals exhibited little or no hearing loss after vestibular
implantation is similar to previous reports in rodents (Tang et al., 2009; Tran et al., 2011),
though the proportion of animals with preserved hearing in the present study was greater.
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However, it contrasts with a recent study using the same non-human primate model (Dai et
al., 2011), in which all four implanted animals exhibited ABR threshold changes less than
10 dB. The main methodological difference between the present study and that of Dai et al.
(2011) is the method of implantation. In the earlier study, the electrode leads were implanted
in a small window made very close to the ampulla of the targeted semicircular canal. The
UW/Cochlear electrode leads, in contrast, were designed to be inserted through a fenestra
made more distant from the ampulla and course parallel to the lumen of the canal between
the bony and membranous labyrinths. This approach was intended to preserve natural
vestibular function. Both electrode insertion techniques risk disruption of the membranous
labyrinth, a factor that can negatively affect cochlear function (Smouha and Inouye, 1999;
Isaacson and Antonelli, 1999). However, the relative risk associated with the two techniques
is difficult to assess.

In some respects, the risk of hearing loss with the present insertion procedure may be
comparable to that of canal plugging (e.g. Parnes and McClure, 1985; Gentine et al., 2008).
It should be noted that in two monkeys, not included in this study, three canals were
implanted with single-channel wire electrodes and intentionally plugged. One of these
animals had a normal post-implant ABR threshold and the other had a 25 dB threshold
elevation compared to the control ear. Given the demonstrated risk to auditory function (and
to vestibular function, if plugging occurs) with canal insertion, a surgical approach that does
not involve insertion directly into the canal may be a viable alternative. Such an approach
has been explored by Guyot and colleagues in a small number of human patients (Wall et
al., 2007; Guyot et al., 2011).

Another methodological difference with the study by Dai et al. (2011) is that the number of
animals in the present study was twice as large. Moreover, all but one of the animals in our
study underwent multiple implantation surgeries, resulting in a total of 24 attempted canal
insertions at the time of post-implant ABR recording. This compares to only 12 insertions (3
canals in each of 4 monkeys) by Dai et al. If each insertion is considered an independent risk
to hearing, the chance of incurring a hearing loss would be considerably greater in the
present study. From that standpoint, it is worth highlighting that 4 of the 5 animals
exhibiting a <10 dB threshold difference in Fig. 2 had at least one revision surgery, and one
of these had two revision surgeries.

One animal with a substantial initial hearing loss (M7) exhibited an even higher threshold
after 5 months. Two possible explanations for the delayed threshold increase are that 1)
adverse effects from the implantation surgery were still progressing at the time of the initial
post-implant ABR, at 8 days; or 2) frequent electrical stimulation during the 5-month time
period caused some type of cochlear damage. Several lines of evidence, however, suggest
electrical stimulation probably has a minimal effect on hearing. First, the animals with a
small (M5 and M6) or mild (M8) pre- to post-implant threshold change exhibited slight
decreases in threshold after 5 months of implantation. Second, across all tested animals,
post-implant thresholds did not depend on the ability of the vestibular implant to elicit VOR-
like eye movements. Third, previous studies with cochlear implants suggest that chronic
electrical stimulation does not damage spiral ganglion neurons or cochlear hair cells distant
from the implant, and may even act as a trophic factor for their preservation (Leake et al.,
1999; Coca et al., 2007). Because the semicircular canal electrode leads were not in close
proximity to cochlear cells, a similar outcome would be expected for vestibular stimulation.
Consistent with the present findings, Tran et al. (2011) demonstrated no additional ABR
threshold increases in vestibular implanted guinea pigs after several days of electrical
stimulation.
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We conclude that, despite a potential risk of hearing loss, unilateral implantation of the
semicircular canals can be performed in a manner that preserves hearing over an extended
period of functionally effective electrical stimulation. By analogy to cochlear implantation,
which provides a benefit to deaf patients that outweighs its risk to vestibular function,
vestibular implantation might be worth some loss of hearing if it can help patients suffering
from severe balance disorders.
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Fig. 1.
Left panel: ABR recording series for the implanted right ear of animal M5 in response to
acoustic clicks. Each trace is the average of 500 stimulus presentations. Solid and dashed
lines indicate time windows for analyzing waveform amplitude and noise level, respectively.
Right panel: Waveform amplitude (solid line) and noise level (dotted line) in amplified
voltage (V) as a function of stimulus level.
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Fig. 2.
Post-implant ABR thresholds in response to acoustic clicks for all animals (M1–M8). White
bars – left (control) ear; black bars – right (implanted) ear.
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Fig. 3.
Difference between post- and pre-implant ABR thresholds in response to acoustic clicks for
a subset of animals. White and black bars represent, for the left (control) and right
(implanted) ears respectively, post-implant ABRs collected on the 8th day following the last
vestibular surgery. Gray bars represent longitudinal data for the right ear, obtained at least 5
months after surgery.
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Fig. 4.
Pre-implant (dotted lines) and post-implant (solid lines) thresholds for the right ear in
response to tone pips at 500, 2000, and 8000 Hz. Post-implant ABRs were obtained 8 days
after surgery. There is no pre-implant tone data for M6. Asterisk for M7 denotes a recording
for which an ABR waveform was not detected.
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