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Abstract
Previous studies have shown large decreases in cochlear-implant psychophysical detection thresholds
during the weeks following the onset of electrical testing. The current study sought to determine the
variables underlying these threshold decreases by examining the effects of four deafening and
implantation procedures on detection thresholds and implant impedances. Thirty-two guinea pigs
were divided into four matched groups. Group I was deafened and implanted Day 0 and began
electrical testing Day 1. Group II was deafened and implanted Day 0 and began electrical testing
Day 45. Group III was deafened Day 0, implanted Day 45 and began electrical testing Day 46. Group
IV was not predeafened but was implanted Day 0 and began electrical testing Day 1. All groups
showed threshold decreases over time but the magnitude of change, time course and final stable
threshold levels depended on the type and time course of treatment. Impedances increased over the
first two weeks following the onset of electrical testing except in Group II. Results suggest that
multiple mechanisms underlie the observed threshold shifts including (1) recovery of the cochlea
from a temporary pathology caused by the deafening and/or implantation procedures, (2) effects of
electrical stimulation on the auditory pathway, (3) tissue growth in the implanted cochlea. They also
suggest that surviving hair cells influence electrical-threshold levels.

Keywords
Cochlear implant; Electrical detection threshold; Neomycin deafening; Animal psychophysics;
Impedance; Guinea pig

1. Introduction
Previous studies involving chemical deafening and implantation of the cochlea in animal
research on cochlear implants showed large fluctuations in psychophysical detection thresholds
to electrical stimuli for a period of time following surgery. In nonhuman primates, thresholds
increased within days after surgery, then decreased over a period of one to several months,
eventually stabilizing at or below the originally measured levels (Pfingst et al., 1979; Pfingst,
1990). In guinea pigs, threshold decreases were observed several days after surgery culminating
in stable, relatively low thresholds after 30 – 40 days (Miller et al., 2000). It is important to
understand the functional condition of the auditory system during these periods of change,
particularly if that condition is changing rapidly over time, and to understand its relationship
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to the longer term, more stable periods that characterize patients with cochlear implants. This
study aims to define variables responsible for these postimplantation fluctuations and considers
several possible hypotheses for mechanisms underlying the observed changes.

One hypothesis is that postimplantation threshold changes may reflect a temporary pathology
and subsequent recovery of the cochlea from trauma caused by the deafening agent and/or the
physical insertion of the implant. In our cochlear implant animal models, the cochlea is
deafened through the administration of ototoxic drugs (aminoglycosides) intended to destroy
hair cells and produce a cochlea similar to that found in human cochlear implant candidates.
Aminoglycoside infusion into guinea pig cochleae has been shown to produce histological
changes in the auditory nerve within hours (Leake-Jones et al., 1980; Dodson, 1997). Some of
these changes, such as the swelling of neurons, might be reversible over time resulting in the
observed early increases and later decreases in thresholds. Threshold decreases have been
observed in implanted humans with long-term deafness as well (Michelson, 1971; Eddington
et al., 1978), implying that implantation alone may also result in the observed changes.
However, reported observations are sparse because implants in humans are usually not
activated until roughly one month after implantation. Thus most postimplantation changes
might be over before testing of these subjects begins. Further studies are required to determine
the relative effects of the deafening agent versus effects of implantation alone. To test the
effects of these procedures we formed groups of animals that differed in the timing of the
implantation and/or deafening procedures, as detailed in the Methods section.

Effects of electrical stimulation on the auditory nerve or central auditory neurons comprise
additional mechanisms that could be hypothesized to underlie the threshold changes observed.
Many studies have shown that both peripheral and central changes in the auditory pathway,
such as improvements in the neurochemical environment and expansion of the central
representation of the stimulated region, occur as a result of postdeafening electrical stimulation
(reviewed by Miller, 2001). These physiological changes or other effects of electrical
stimulation could result in an increase in sensitivity to electrical stimuli over time. To test this
hypothesis, we compared thresholds of animals in which electrical stimulation began shortly
after deafening and implantation with those in which the onset of electrical stimulation was
delayed in order to determine if thresholds would decrease over time in the absence of electrical
stimulation.

The process of learning to listen to an electrical signal may also play a roll in the threshold
changes observed. Since electrical stimuli undoubtedly sound different from their acoustic
counterparts, some practice in listening to the electrical signal might be necessary before
subjects begin responding optimally. The possibility that learning plays a role in the observed
threshold decreases will be discussed in the context of results from these and previous
experiments.

Finally, we considered that tissue growth in the scala tympani might affect detection threshold
levels. Tissue growth including fibrous tissue and new bone formation is commonly observed
in the implanted cochlea (Pfingst et al., 1981; Duckert, 1983; Kawano et al., 1998). These
alterations could affect current pathways from the electrodes to the neurons, resulting in
changes in the amount of current that reaches the sites of action-potential initiation. These
changes also affect the impedances of the current passed between electrodes (Newbold et al.,
2004) so we used impedance to estimate the time-course of tissue growth around the implant.

2. Materials and Methods
In this study four distinct subject groups, comprised of eight animals each, were tested.
Psychophysical detection thresholds and implant impedances were measured as a function of
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time. The four groups allowed us to examine the effects of (a) the deafening procedure, (b) the
implantation procedure, and (c) postimplantation electrical stimulation and psychophysical
testing.

2.1. Subjects
Subjects tested in this experiment were adult pigmented guinea pigs born in a specific pathogen
free (SPF) environment and then maintained in the laboratory under a modified SPF protocol.
At the time of their arrival from the Elm Hill breeding facility, animals weighed approximately
250 – 300 g. They were gradually acclimated to a sound attenuating chamber and a restraint
harness that kept them oriented towards the front of the test chamber. Their diet remained
unrestricted until they weighed approximately 400 g. At this time their food was rationed to
25 g per day, which they would receive after each testing session. This regime ensured the
animals motivation in the positively reinforced task while maintaining a healthy weight. Also
at this time, hearing was assessed physiologically at 2, 8 and 16 kHz using auditory brainstem
responses (ABRs) in order to minimize preimplant variation in the condition of the implanted
ear. Only animals with ABR thresholds that fell within the normal range in at least one ear
were included in the study. Normal ranges were established using data from over 200
previously tested ears. After the animals reached 600 g in weight, the food allowance was
increased to 30 g per day. On this diet, weights stabilized around 800 to 1200 g. Animals were
always allowed free access to water.

This study was performed in accordance with National Institutes of Health Guidelines (Guide
for the Care and Use of Laboratory Animals, 1996). The University Committee on the Use and
Care of Animals at the University of Michigan approved the animal protocols. Veterinary care
and animal husbandry were provided by the Unit for Laboratory Animal Medicine, in facilities
certified by the Association for Assessment and Accreditation of Laboratory Animal Care,
International (AAALAC, Intl.). After completing the current experiment, the animals were
used in other psychophysical and/or neurophysiological experiments before they were
euthanized.

2.2. Psychophysical Procedures
Subjects were trained in increments using positive reinforcement procedures. They were
trained to perform a psychophysical task in which they initiated a trial by pressing a button
(the observing response) and reported detection of an acoustic signal by releasing the button.
They learned to press and hold down the button through a randomly-variable foreperiod (1 to
6 seconds) and then to release it within one second of the auditory stimulus onset. Button
releases within one second of stimulus onset (the detection response) were rewarded by
delivery of a food pellet (Noyes/Research Diets). Once the animals responded reliably at
moderate sound pressure levels, they were trained to respond to very soft sounds. Animals
were considered trained when they could reliably detect and respond to various types of stimuli
at threshold and suprathreshold levels. The entire training process took 3 to 6 months.

For both acoustic and electrical detection threshold determinations, the method of constant
stimuli was used. Stimulus tables consisted of six to eight levels of attenuation at a step size
of 5 dB for acoustic and 2 dB for electrical stimuli. Stimuli were arranged in descending order
from the most to the least audible stimulus, but presented in random order. Stimulus levels
were selected to maintain a relatively constant rate of reinforcement across conditions in order
to avoid situations that might lead to a change in response strategy. The percentage of correct
responses as a function of attenuation level was assessed and threshold was defined as the level
at which the animal responded correctly 50% of the time, as determined by linear interpolation
from the psychometric function. Guess rates (releases of the response button during a one
second unmarked observation period on trials where no stimulus was presented) were measured
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during all sessions. Thresholds were considered valid if subjects completed at least 15 trials at
each stimulus level, generated a smooth psychometric function and had a guess rate that was
no greater than 20%. Daily testing sessions lasted from one to three hours.

2.3. Experimental Groups
Trained animals were assigned to one of four groups. Animals were matched across groups in
regards to sex, age, and implant type. That is, for each animal in Group I, there were sex, age,
and implant matched counterparts in Groups II, III, and IV.

Procedures and time courses for the four groups are summarized in Table 1. Animals in Group
I were chemically (neomycin) deafened and implanted in the same surgery and electrical
threshold testing was initiated the next day. Animals in Group II were chemically deafened
and implanted in the same surgery, but electrical threshold testing was not initiated until 45
days after implantation (similar to the time of activation relative to implantation in clinical
practice). Animals in Group III were chemically deafened and then implanted 45 days later.
Electrical threshold testing was initiated the day after implantation. For Groups II and III,
behavior in the psychophysical task, during the period between deafening and the initiation of
electrical threshold testing, was maintained with daily stimulus detection testing using acoustic
stimuli to the non-deafened ear. Group IV animals were implanted but not chemically deafened.
Electrical threshold testing for this group began the day after implantation.

2.4. Surgical Procedures
Both the chemical deafening (if applicable) and the implantation were performed using sterile
surgical procedures. For deafening and implantation surgeries, animals were anesthetized with
an intramuscular injection of ketamine (40 mg/kg) and xylazine (10 mg/kg). Maintenance doses
of ketamine were given subcutaneously as needed. Atropine (0.05 mg/kg) was given
subcutaneously to help decrease salivation and improve respiration.

The unilateral chemical deafening procedure for Groups I, II and III consisted of a 60 µl
intracochlear injection through the round window of a 10% neomycin sulfate solution in sterile
water. Previous studies have shown that neomycin injections into the cochlea result in loss of
all auditory responses within about 10 minutes (Nuttall et al., 1977; Middlebrooks and Snyder,
2007) and destroy hair cells and create a flat, uniform epithelium in the organ of Corti within
4 days (Duckert, 1983; Kim and Raphael, 2007). For the cochlear implant surgery, a
percutaneous connector attached to the implant was mounted on the skull with methyl
methacrylate. The implant was led under the postauricular muscle into an opening made in the
bulla and inserted gently into the scala tympani through a cochleostomy made near the round
window. Implant insertion depths were estimated at the time of implantation based on the
number of electrode rings observed outside the cochleostomy. These depths varied from 3.7 –
4.7 mm inside the scala tympani (4.2 mm on average). No electrode was implanted to a depth
beyond the basal turn of the scala tympani. Once the implant reached the maximum depth
allowed by the dimensions of the scala tympani, the implant was secured at the bulla defect
with a silk tie and Durelon cement. The ground electrode was tucked into the muscle overlying
the temporal bone and then the skin incision was closed.

The default ear for implantation was the left ear. However, in cases where this was not
appropriate due to hearing loss in the left ear as determined by ABRs (two subjects), the right
ear was used.

2.5. Implants
For these experiments we used two types of implants that were representative of implants
typically used in animal experiments. Half of the animals in each group received a two-
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electrode ball and helix scala tympani implant previously described by Miller et al. (1995).
The approximate center to center distance between electrodes was 1.3 mm. The other half of
the animals received a six-electrode scala tympani implant, manufactured by Cochlear
Corporation (Nucleus, Ltd., Lane Cove, Australia), resembling the apical end of the Nucleus
CI 22 human implant (Patrick et al., 1985). The approximate center to center distance between
electrodes in this implant was 0.75 mm. Animals that received the six-electrode implants were
put into other studies following the completion of this study. No systematic differences in
psychophysical detection thresholds were found between the two implant types. Therefore, the
data and results presented here will not distinguish between them.

2.6. Impedance Measurements
Impedances were measured using a custom built impedance meter with a 1 kHz sinusoidal test
current at 1 µA rms. Since impedances can increase following a period of non-stimulation and
then decrease following electrical stimulation, we always measured impedances following the
psychophysical test sessions. This allowed us to assess long term changes in impedance
independent of these short-term fluctuations that depended on electrical stimulation. The
impedances were used to monitor the electrical integrity of the implant and to monitor changes
over time in conditions near the electrodes, such as tissue growth, that might affect current
flow to the neural tissue.

2.7. Experimental Parameters
Psychophysical electrical threshold changes over time were monitored using a 100 Hz
sinusoidal electrical stimulus, presented in trains of 200 msec bursts separated by 100 msec
gaps, at multiple stimulation sites. The initial phase of the stimulus was negative and began
and ended at 0 phase, gated on and off by a 15 msec cosine gating function. This study
concentrates on the data (i.e., electrical detection thresholds and impedances) of only one
stimulation site per subject; either the deepest or second deepest intracochlear electrode served
as the main stimulation site with the extracochlear electrode serving as the return. The location
of the intracochlear electrode tested (deepest or second deepest) did not produce a systematic
difference in thresholds across subjects. Hence, the results reported do not distinguish between
the data from these two sites. The deepest (most apical) sites were chosen because they are
more reliably positioned in the scala tympani. Previous dissections have shown that the tip of
the implant fills the scala tympani and thus is always located near the modiolus whereas the
medial-lateral location of more basal sites within the scala tympani is variable. Monopolar
stimulation was chosen because of its typically broad excitation pattern, which would be likely
to reflect the condition of a large portion of the cochlea in the region of the implant. The data
from other stimulation sites were not consistently collected within the time of the initial
threshold decreases and thus could not be reliably assessed for changes over time with sufficient
temporal resolution.

2.8. Equipment and Test Environment
Subjects were tested in custom built wire-mesh test cages located inside sound-attenuating
chambers produced by Acoustic Systems (Model RF Shielded Animal Test Chambers),
Industrial Acoustics Corporation (Model 1201-A) and Tracoustics (Models 240-B and 240-
C). Stimulus generation and delivery for psychophysical testing were controlled by a locally
written program running on personal computers. Stimuli were output via a Tucker Davis
Technologies (TDT) digital to analog converter (DA3-2), and attenuated by a TDT
programmable attenuator (PA4). Acoustic signals were amplified (Parasounds Zap/Zone,
HCA-500, HCA-600 or HCA-750A), and presented by a speaker mounted above the test cage.
Electrical stimuli were delivered by a custom built voltage controlled constant current source.
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2.9. Statistical Analysis
An analysis of variance (SigmaStat) was applied to each of the six measures to determine if
any of them showed a statistically significant effect of group. The factor of interest was
treatment group (Groups I, II, III, or IV). A post hoc pairwise multiple comparison procedure
using the Student-Newman-Keuls method (SigmaStat) was then performed to determine which
groups were significantly different from each other.

3. Results
3.1. Psychophysical Thresholds

Figure 1 shows thresholds as a function of time after onset of electrical threshold testing for
all subjects. The figure is divided into four separate panels, each of which corresponds to a
single group (Group I, II, III or IV). These data were quantified and analyzed using the
following specific measures: (A) time to the first threshold, (B) stabilization time, (C) level of
the first threshold, (D) stable threshold level, (E) magnitude of threshold change from the first
threshold to the stable threshold level, (F) magnitude of change from Day 9 to the stable
threshold level.

Means and standard deviations per group for measures A through F are summarized in Table
2. These data, along with indicators of significant differences across groups, are plotted in
Figure 2. A one-factor analysis of variance (SigmaStat) was applied to each of the six measures
to determine if any of them showed a statistically significant effect of group. The factor of
interest was treatment group (Groups I, II, III, or IV). A post hoc pairwise multiple comparison
procedure using the Student-Newman-Keuls method (SigmaStat) was then performed to
determine which groups were significantly different from each other.

A. Time to the First Threshold—The first day of electrical testing was designated as Day
1. Subjects began working reliably and producing valid thresholds (see Psychophysical
Procedures) at varying times after the initiation of electrical threshold testing. The number of
days from the first day of electrical-threshold testing (Day 1) until subjects produced their first
valid threshold was called the time to first threshold. All subjects produced their first valid
threshold sometime between Day 1 and Day 14. For this measure, an effect of group was found
(F = 7.44, df = 3, p = 0.0014). The significant differences in means were between Groups II
and I (t = 3.83, df = 14, p < 0.05), Groups II and III (t = −5.38, df = 14, p < 0.05) and between
Groups II and IV (t = −3.54, df = 14, p < 0.05). Group II animals obtained their first valid
threshold 5 days sooner, on average, than animals in each of the other groups (Fig. 2 A).

B. Stabilization Time—The stabilization time was the time in days from Day 1 until the
first of the nine thresholds meeting the stabilization criteria (see measure D, Stable Threshold
Level) was obtained. For this measure, an effect of group was found (F = 4.20, df = 3, p =
0.0186). The significant difference in means was between Groups II and IV (t = −3.55, df =
14, p < 0.05), with Group IV taking, on average, 10.9 days longer to reach stable detection
thresholds than Group II (Fig. 2 B).

C. Level of the First Threshold—The level of the first threshold was the level in dB re 1
mA rms of the first threshold for each subject that was considered valid according to the criteria
explained previously in Psychophysical Procedures. For this measure, an effect of group was
found (F = 7.29, df = 3, p = 0.0016). The significant differences in means were between Groups
IV and I (t = 3.06, df = 14, p < 0.05) and Groups IV and II (t = −4.59, df = 14, p < 0.05) with
thresholds for Group IV being, on average, 6.8 and 10.3 dB higher than those for Group I and
Group II respectively (Fig. 2 C). Mean first threshold levels for animals in Group II were lower
than the means of any other group. However, the within-group variability in this measure was
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large and the mean for Group II was not statistically significantly different from that of either
Group I or III.

D. Stable Threshold Level—A running standard deviation of five consecutive thresholds
was monitored until the standard deviation reached a value of ≤ 2 dB. The five values that
reached this criterion plus the next four values were then analyzed by simple linear regression
using Sigma Stat software (Jandel). If the slope of that regression line was not significantly
different from zero (p > 0.05) and the standard deviation of the nine values was ≤ 2 dB, the
thresholds were considered stable over time. The mean of the nine stable thresholds defined
the stable threshold level. For this measure, an effect of group was found (F = 7.12, df = 3, p
= 0.0018). The significant differences in means were between Groups IV and I (t = −4.17, df
= 14, p < 0.05), and Groups IV and II (t = −3.81, df = 14, p < 0.05). Group IV stable thresholds
were, on average, 7.5 and 6.8 dB higher than those of Group I and Group II respectively (Fig.
2 D).

E. Magnitude of Change: First Threshold minus Stable Threshold—The magnitude
of change from the first threshold was defined as the difference between the stable threshold
level and the first threshold level. There was no statistically significant effect of group on this
measure (F = 0.904, df = 3, p = 0.4588). All groups showed an average magnitude of change
(decrease in threshold) of greater than 4 dB which was two times the standard deviation that
we used as a criterion for threshold stability (Fig. 2 E). Across groups these mean threshold
changes ranged from −5.8 to −9.9 dB (Table 2) and across individual subjects threshold changes
ranged from 0 to −19.4 dB.

F. Magnitude of Change: Day 9 Threshold minus Stable Threshold—Subjects did
not produce their first threshold at the same time, a result most likely due to the varying degrees
of trauma, both acutely (in the ear) and holistically, sustained by each individual animal as a
result of the surgical procedure(s) they underwent. Therefore, a standardized day by which 30
out of 32 subjects had produced at least their first valid threshold was selected as the point from
which a normalized magnitude of change was calculated. This point was Day 9 re the initiation
of electrical threshold testing. Threshold levels were derived through linear interpolation when
there was no valid data point exactly on Day 9. The two subjects that did not produce valid
thresholds prior to Day 9 were excluded from this analysis. There was no statistically significant
effect of group on this measure (F = 2.40, df = 3, p = 0.0966). All groups except Group II
showed an average decrease in threshold of greater than 4 dB (Fig. 2 F) with average group
threshold changes for Groups I, III and IV that ranged from −4.1 to −5.2 dB (Table 2) and
individual subject threshold changes that ranged from −1 to −15.2 dB. Magnitude of change
from Day 9 was small for all of the animals in Group II (1.8 to −5.8 dB), which is consistent
with the low first thresholds and the relatively short stabilization times for this group. However,
the variability in this measure was sufficiently large for most of the groups that the differences
among groups were not statistically significant.

3.2. Impedances
Impedances for each animal's implant in all four groups were followed over time to monitor
implant integrity. These impedances should also reflect tissue growth in the scala tympani near
the electrodes (Newbold et al., 2004) which in turn could affect implant function. Figure 3
plots impedance in kOhms for all four groups against the day re initiation of electrical threshold
testing (Days 0 through 60). In each group, the functions of impedances over time for each
individual subject were divided into an early (Days 1–15), a middle (Days 23–37) and a late
(Days 46–60) time period. The slopes of the best fit lines for each function during each time
period were then averaged to obtain a mean slope for all three time periods for each group. The
average slopes of the functions during the early, middle and late time periods are presented in
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Table 3. Unfortunately only two animals in Group I had a sufficient amount of reliable
impedance data with which to compare to the other groups. This is because impedances were
not tested regularly after each behavioral testing session when this study first began, which
was the time when most Group I animals were participating in the experiment. However, more
recent studies conducted in this laboratory have utilized the same deafening and implantation
protocol on subjects that was applied to Group I animals (chemically deafened and implanted
on the same day and began electrical threshold testing the day after surgery). For the purposes
of this study, 14 of these subjects were selected and designated as “Group-I-type”.
Psychophysical data for Group I and Group-I-type subjects followed similar trends. Because
more impedance data were obtained for Group-I-type animals, we used these data to provide
an estimate of Group I impedance trends.

Groups I (as estimated using the data from Group-I-type animals), Group III and Group IV
animals all showed increases in impedance over time after the onset of electrical testing with
impedances reaching relatively stable levels by Day 45. Impedances for these three groups
started at around 4 kOhms and increased to about 10 kOhms by Day 45. In contrast, implants
of animals in Group II started at an average impedance of about 10 kOhms on the first day
after electrical testing and remained relatively stable thereafter. Note that Groups I, III and IV
all began electrical testing one day after implantation, i.e., for these three groups, Day 1
following implantation is synonymous with Day 1 re initiation of electrical threshold testing.
However, for Group II subjects, Day 46 following implantation is synonymous with Day 1 re
initiation of electrical threshold testing. So in terms of days from implantation the early time
period for Group II (Day 1–15 re initiation of electrical threshold testing) is comparable to the
late time periods for Groups I, III and IV (Day 46–60 re initiation of electrical threshold testing).
The slopes and y-intercepts for the impedance-versus-time functions of Groups I, III and IV
during the late period resemble closely those of Group II during the early period. That is, for
all Groups, impedances 45 days following implantation were relatively constant despite
differences in the amount of electrical stimulation they received.

3.3. Summary of Results
The mean values for the time to the first threshold (A) and stabilization time (B) for Group II
were significantly lower than those of Groups I, III and IV for the first measure but only
significantly lower than Group IV for the second measure. This suggests that by waiting 45
days after the deafening and implantation surgery before initiating electrical threshold testing,
animals will begin to work more quickly and their thresholds will stabilize more quickly. Both
the levels of the first threshold (C) and the stable threshold levels (D) for Group IV tended to
be higher than the other groups, significantly higher than Groups I and II. Group IV animals
took significantly more time to stabilize than Group II animals, and on average (although not
statistically significant), they needed more time to stabilize than Groups I and III as well. This
suggests that implantation alone without neomycin deafening results in thresholds that remain
unstable for a longer period of time following surgery. Group III was not significantly different
from Group I for measures A–D which suggests that allowing 45 days for recovery between
deafening and implantation does not significantly change the effects on thresholds observed
postimplantation. There was no statistically significant difference in magnitudes of change
either from the first threshold (E) or the Day 9 threshold (F) across groups suggesting that the
variables leading to changes over time were deafening and/or implantation and that the effects
of these variables dissipated over time. However, the average magnitude of change seen in
Group II was smaller than Groups I, III and IV. The overall trend seen in the impedance data
of Groups I, III and IV was a gradual increase over time after implantation and the onset of
electrical testing, reaching relatively stable levels within 46 days. Impedances for Group II on
the first day of electrical testing (46 days after implantation) were equivalent to those reached
by the other groups at 46 days after implantation.
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4. Discussion
4.1. Potential Mechanisms

We begin our discussion of the results with an interpretation based on the "recovery from
temporary pathology" model as described in the introduction. This model assumes that the
magnitude of threshold decrease over time reflects the magnitude of the pathology, minus any
recovery that occurred before the first valid threshold was obtained. This model is based, in
part, on our previous observations of postimplantation threshold fluctuations in nonhuman
primates (Pfingst et al., 1979; Pfingst, 1990). Electrical detection thresholds obtained from
nonhuman primates within the first few days following deafening and implantation were at
levels near the stable threshold level. Thresholds then increased (became less sensitive) over
a period of a few days and then decreased over a period of several weeks, eventually returning
to their original level. These observations suggest that threshold changes resulted from a
temporary alteration (pathology) in the auditory pathway due to the deafening and/or
implantation procedure and/or the onset of electrical stimulation, and that the system gradually
recovered from this alteration, returning to its original sensitivity. The temporary pathology
assumed in this model could be a simple peripheral event, such as swelling of the auditory
nerve fibers (Juiz et al., 1998), resulting in decreased sensitivity to electrical stimulation, or it
could include changes in central auditory pathways, which have been observed to occur
following disruption of the cochlea in previous anatomical and biochemical studies (Leake-
Jones et al., 1980; Irvine and Rajan, 1993; Dodson, 1997; Miller, 2001).

Our observations in guinea pigs are similar to those from the previous studies in nonhuman
primates, but they differ in two details. First, the time to reach a stable threshold level was
shorter in the guinea pig. Guinea pigs stabilized within 2 to 40 days whereas the monkeys took
several months. Second, we rarely observed an initial threshold increase in the guinea pigs
prior to the threshold decreases. We believe that the observations in guinea pigs and monkeys
reflect the same underlying mechanisms but that the time course is faster in the guinea pig.
Thus, in guinea pigs, the initial decrease in sensitivity may have occurred before we could
observe it behaviorally. There are other means of assessment that could be applied closer to
the time of deafening and implantation such as electrically-evoked auditory-brainstem
responses. However, these measures are based on different underlying mechanisms than
behavioral thresholds and thus may reflect different aspects of post-deafening and implantation
pathology.

Assuming the temporary-pathology model is correct, an important question to address is
whether the temporary pathology is due to the neomycin deafening, the implantation, or both.
The magnitude and time course of threshold decreases for Group III which was implanted 45
days after chemical deafening were similar to those for Group I which was implanted on the
day of deafening (Fig. 2). This suggests that implantation in a predeafened ear produces a
similar effect to that produced by deafening and implantation at the same time. This raises the
possibility that implantation alone, not neomycin deafening produced the temporary pathology
that affected detection thresholds. Another possibility is that neomycin deafening in Group III
produced a temporary pathology and that the nerve recovered from that pathology during the
45 day waiting period only to be affected again to a similar degree by the implantation. The
current experiments do not allow us to distinguish between these two alternatives. Group IV
gives another view of the effects of implantation alone. However, effects of the presence of
hair cells in some of the animals from this group, as discussed below, complicates comparison
to the other groups with regard to effects of implantation.

Another question to address is whether the observed decreases in thresholds occurred
spontaneously or whether electrical stimulation of the auditory system affected this process.
Repeated stimulation of one site in a cochlear implant is known to expand the range of auditory
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neurons activated in the central auditory nervous system (Snyder et al., 1990), which could
increase its sensitivity to electrical stimuli. On average, Group II started working reliably
earlier, had lower initial thresholds and took less time to stabilize than any other group (Fig. 2
A and B). The earlier starting day was most likely due to the recovery of the animal from the
effects of the deafening and implantation surgery during the 45 day waiting period before
electrical threshold testing was initiated. Whether this general recovery led as well to lower
initial thresholds and more rapid stabilization is not known. Interestingly, despite the 45 days
allowed for recovery, Group II thresholds still decreased over time (Fig. 1 and 2 C). Although
the average decrease observed for Group II animals was less than that for the other groups,
Group II threshold shifts were variable from subject to subject and the average amount of
change observed in this group was not significantly different from that of the other groups. The
observed decrease in thresholds over time after onset of electrical stimulation for Group II
suggests that although the ear did recover from the trauma of deafening and implantation within
45 days, its recovery was not complete. The onset of electrical testing after day 45 may have
contributed to the further recovery of the ears and/or the auditory central nervous system,
resulting in the threshold decreases observed in Group II. Evidence of this has been seen in
some animals from recent experiments that did not begin electrical threshold testing until much
later than 45 days after surgery (for example 55, 62 and 92 days following surgery) and yet
still showed threshold decreases over time.

There are other factors that might have contributed to the decreases in thresholds observed.
For example, learning to listen to the electrical stimulus may improve (decrease) thresholds.
However, it seems highly unlikely that learning was the sole mechanism underlying this change
because the decreases were often equal to a significant percentage of the dynamic range for
electrical hearing, which is typically less than 15 dB. Thus, assuming no change in sensitivity
or stimulus loudness over time, animals with high initial thresholds would be failing to respond
initially to stimuli that were very loud. Also, in previous experiments, we have found that even
animals with experience listening to electrical signals with an implant in one ear, showed
threshold decreases to electrical signals following implantation of the other ear. We examined
data from 6 animals implanted in the contralateral ear after data had been collected from the
ipsilateral ear. Five of the 6 showed decreases in threshold over time for stimulation of the
second ear and in three of these cases the decreases were larger than those seen in the first ear.
If decreases in threshold were a result of the animal learning to listen to electrical stimuli, one
would expect to see little or no decrease over time in detection thresholds for the second
implant. Finally, the previously mentioned studies in nonhuman primates also argue against
learning as a major contributor to threshold decreases because thresholds for these animals
started out low and then increased over time before threshold decreases similar to those
observed in the guinea pigs began.

Another potential contributor to post surgical threshold shifts is lingering effects of the surgical
anesthesia. If the animals were producing data, despite feeling ill or groggy from surgery, the
thresholds obtained might not be accurate reflections of the true sensitivity to the electrical
signal. However, if this were the case, it would be expected that acoustic thresholds of animals
that were tested in the untreated (contralateral) ear the day after the deafening and/or
implantation of the ipsilateral ear and for 45 days thereafter, would show decreases equivalent
to those observed for the electrical thresholds. In fact however, these acoustic thresholds
showed only minor day to day variation with no consistent decrease in threshold over time.

Notably, the first threshold and stable threshold levels of Group IV (subjects that were
implanted but not chemically deafened) were higher on average than those of the other groups
(significantly higher than those for Groups I and II; Fig. 2 B). We believe that the higher
thresholds seen in Group IV may have been a result of inner hair cell induced auditory nerve
activity. Hu et al. (2003) demonstrated that the blocking of inner hair cell transduction with
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furosemide resulted in several changes in electrically evoked compound action potentials
suggestive of changes in across-fiber synchronization of the responses of auditory nerve fibers
to electrical stimulation. These data suggest that the psychophysical sensitivity of the auditory
nerve to electrical stimulation could be affected by spontaneous activity generated in the nerve
by surviving hair cells. For example, at any given instant, spontaneous activity in the auditory
nerve could reduce psychophysical sensitivity due to refractory effects following spontaneous
discharges in a subpopulation of fibers.

Impedances for Groups I (Group-I-type), III and IV increased over the first weeks after
electrical testing began from a starting value of about 4 kOhms to a stable high of about 10
kOhms. In contrast, impedances for Group II started at about 10 kOhms on the first day of
electrical testing and remained stable after that. The first day of impedance testing was the day
of implantation for Groups I, III and IV but 46 days after implantation for Group II because
the experiment design did not allow electrical stimulation for Group II during the first 45 days
after implantation. Therefore, we do not know the timecourse of the impedances during the
first 45 days after implantation for Group II. However, since the impedances at 46 days after
implantation were as high as those of the other groups 46 days after implantation, it is
reasonable to assume that the thresholds for Group II followed a similar time course after
implantation as that observed for the other groups. These data suggest that it was the presence
of the implant in the scala tympani rather than the electrical stimulation that caused the increase
in impedances over time. Furthermore, comparison of the impedance data from Groups III and
IV with those for Group I suggests that the impedance changes were not dependent on the
neomycin deafening.

The likely mechanism underlying the increases in impedances over time after implantation was
tissue growth around the implant (Newbold et al., 2004). This tissue growth could have
increased the efficiency of the path from the electrodes to the sites of action potential initiation,
resulting in lower thresholds for neural activation. However, two observations suggest that this
mechanism was not the only contributor to the observed threshold decreases over time. One
observation, from the current experiment, is that, in contrast to Groups I, III and IV, impedances
for implants in Group II animals were stable or even decreased slightly as electrical thresholds
were decreasing over time. A second piece of evidence, from the previous experiments in
nonhuman primates, is that thresholds showed a nonmonotonic pattern over time, increasing
and then decreasing, which would not be predicted assuming a steady growth of fibrous tissue
around the implants resulted in improved current paths to the neurons.

In summary, the results of this study indicate that multiple factors may contribute to observed
threshold changes over time after deafening and/or implantation. Recovery of the auditory
pathway from the trauma caused by deafening and implantation is a likely candidate for a
mechanism underlying these changes. The apparent effect that electrical stimulation has on
psychophysical detection threshold changes over time indicates that it should also be
considered a factor. Tissue growth around the electrode resulting in increases in impedance
might result in improved efficiency of the conductive paths from the electrodes and the sites
of action potential initiation, resulting in decreasing thresholds over time. It was also observed
that the presence of viable inner hair cells may be associated with higher threshold levels for
100 Hz sinusoidal electrical stimulation. We assume that the condition of residual hair cells in
an implanted ear can change over time resulting in increased intersubject and intrasubject
variability in the detection of electrical stimuli.

4.2. Significance
The primary significance of these functional changes that occur in the first month following
deafening and/or implantation is in regard to the use of animal models for the study of cochlear
implants. Typically, experiments using these animal models are focused within a period of
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only a few hours, days or weeks. During this short period, the animals are deafened and/or
implanted, experimental manipulations are carried out, and data are collected. For example,
studies focusing on the effects of chronic stimulation on spiral ganglion cell survival might
last for a few weeks with stimulation occurring during a period when fluctuations in the
sensitivity to electrical stimulation are large. Thus, it is important to understand the functional
condition of the auditory system during these short-term periods, particularly if that condition
is changing rapidly over time, and to understand its relationship to the longer term, more stable
conditions that characterize patients with cochlear implants.

The significance of these studies for implanted humans is less direct but still important. Since
cochlear implants in human subjects are typically not activated until approximately one month
after surgery, functional changes that occur during the early period after implantation in most
cases will go unnoticed. However, these studies hold significance for patients for several
reasons. First, they have implications for experimental design and interpretation of data
obtained from animal models, which can ultimately affect the development of cochlear
implants for human use. Second, because threshold fluctuations do occur in human subjects
(Skinner et al., 1995), a better understanding of the mechanisms underlying fluctuations in
electrical thresholds is needed. More generally, information about mechanisms affecting
threshold levels might aid in interpreting the large threshold differences that are commonly
observed across subjects and across stimulation sites within subjects. Finally, whatever changes
occur during the first month following implantation, whether observed or not, might result
from conditions in the cochlea and auditory pathway that could ultimately affect the long-term
performance of the implant.
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Fig. 1.
Electrical detection thresholds (100 Hz sinusoids, 200 msec stimulus duration) for all subjects
as a function of time after initiation of electrical threshold testing. Each panel corresponds to
the data from one group, each function represents one subject and each point represents one
electrical detection threshold measurement. Group I subjects were chemically deafened and
then implanted on the same day (during the same surgery) and began electrical threshold testing
the day after surgery. Group II subjects were chemically deafened and then implanted on the
same day (during the same surgery) and began electrical threshold testing 45 days after surgery.
Group III subjects were chemically deafened in one surgery, implanted in a separate surgery
45 days later, and began electrical threshold testing the day after implantation. Group IV
subjects were implanted only (they were not chemically deafened) and began electrical
threshold testing the day after surgery.
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Fig. 2.
A comparison of the average group values for dependent measures 1–6. Open circles denote
the average values for individual subjects. In some cases panels appear to have less than 8 open
circles per group. This is because some subjects have identical data and overlap. The filled
circles denote the group averages and their error bars denote ± one standard deviation. The
thick solid lines above the plots indicate significant differences between groups. These data
are presented numerically in Table 2.
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Fig. 3.
Impedance measured with a 1 kHz sinusoidal signal at 1 µA rms for all groups as a function
of time re initiation of electrical threshold testing. Each panel corresponds to the data from one
group, each function represents one subject and each point represents one impedance
measurement. Group I (black) and “Group-I-type” (gray) subjects were chemically deafened
and then implanted on the same day (during the same surgery) and began electrical threshold
testing the day after surgery. Group II subjects were chemically deafened and then implanted
on the same day (during the same surgery) and began electrical threshold testing 45 days after
surgery. Group III subjects were chemically deafened in one surgery, implanted in a separate
surgery 45 days later and began electrical threshold testing the day after implantation. Group
IV subjects were implanted only (they were not chemically deafened) and began electrical
threshold testing the day after surgery. Each solid thick line represents linear regressions for
the collective data from each group for the early (days 1 – 15), middle (days 23 – 37) and late
(days 46 – 60) time periods and reported above each regression is its corresponding equation.
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Table 1
Summary of the time courses followed for the four treatment groups.

Group Day of neomycin infusion Day of cochlear implantation Day of electrical threshold testing
initiation

I 0 0 1
II 0 0 45
III 0 45 46
IV NA 0 1
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Table 2
Summary of the means and standard deviations of the six dependent measures presented in Figure 2 for each group.

Group

I II III IV

Time to 1st threshold
(days re initiation of electrical threshold
testing)

6.6 ± 1.2 1.6 ± 0.7 7.0 ± 3.8 6.3 ± 3.2

Stabilization time
(days re initiation of electrical threshold
testing)

12.1 ± 4.5 6.4 ± 4.9 12.3 ± 5.0 17.3 ± 8.4

1st threshold level
(dB re 1 mA rms)

−54.2 ± 3.9 −57.7 ± 5.3 −52.8 ± 3.9 −47.4 ± 4.7

Stable threshold level
(dB re 1 mA rms)

−64.1 ± 2.5 −63.4 ± 4.2 −61.4 ± 3.9 −56.6 ± 3.8

Magnitude of change (dB)
1st threshold - stable threshold

−9.9 ± 4.6 −5.8 ± 5.4 −8.6 ± 6.0 −9.2 ± 6.7

Magnitude of change (dB)
day 9 threshold - stable threshold

−5.2 ± 5.5 −0.8 ± 2.4 −4.1 ± 4.6 −4.8 ± 3.3
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Table 3
Summary of the average group slopes (kOhms/day) for the best fit lines of the impedance data between Days 1–15,
Days 23–37 and Days 46–60 re initiation of electrical threshold testing.

Group Days 1–15 Days 23–37 Days 46–60

I 0.1 −0.07 −0.05
I–type 0.28 −0.07 0.10
II −0.01 −0.02 0.03
III 0.15 0.11 0.04
IV 0.34 −0.03 0.002
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