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Changes over time in thresholds for electrical stimulation of the cochlea
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The purpose of this paper is to better characterize changes over time that occurred in psychophysical detection thresholds for
electrical stimulation of the cochlea. Threshold changes observed in nonhuman primates implanted with cochlear electrode arrays can
be divided into at least three types based on the patterns of change over time. Short-term increases and subsequent decreases in
threshold were commonly observed during the first months after implantation and were often followed by periods of long-term
threshold stability. Long-term slow increases in thresholds and more rapid increases after a period of threshold stability have also
been observed. The threshold changes may be divided into at least two classes based on their dependence on the waveforms used for
the threshold measurements. Some changes occurred primarily in thresholds for long phase-duration signals while other changes were
equal in magnitude (in decibels) for all tested stimuli. This suggests that at least two mechanisms underlay these threshold changes.
The observed changes in thresholds have implications for experimental studies of electrical stimulation and for clinical application of

auditory prostheses.

Auditory prosthesis; Electrical stimulation; Nonhuman primate; Psychophysics; Threshold

Introduction

Psychophysical detection thresholds for eletri-
cal stimulation of the nervous system, as observed
in subjects with electrode arrays implanted in or
near the cochlea, are usually characterized by their
long-term stability. There are, however, some clear
exceptions. We have reported previously on rela-
tively rapid systematic fluctuations in thresholds
that occur in the first few weeks or months follow-
ing deafening of the cochlea, implantation of elec-
trodes, and electrical stimulation, in nonhuman
primates (Pfingst et al, 1979). There are also
reports of decreases in thresholds shortly after
implantation in human subjects (Eddington et al.,
1978; Michelson, 1971). In addition to these
short-term changes, we have seen long-term
changes in thresholds in a smaller number of
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cases. These fall into two categories: slow in-
creases in thresholds over periods of months or
years; and more rapid increases in thresholds oc-
curring over periods of a few days or weeks pre-
ceded and/or followed by periods of threshold
stability. These latter two types of changes have
not been reported previously in any detail.

Such changes in thresholds have implications
for the design and calibration of auditory prosthe-
sis processors, for monitoring the condition of the
implanted cochlea, and for experimental studies of
cochlear electrical stimulation. They may prove
useful in studying the neural mechanisms underly-
ing stimulus detection. To better understand the
nature and implications of these changes we have
sought to describe their characteristics in more
detail. In particular, in this paper we will focus on
their dependence on the stimulus waveforms used
to measure thresholds. The mechanisms vnderly-
ing the changes are unknown, though some hy-
potheses can be formed based on their characteris-
tics.

A report of some of these findings was given
previously (Pfingst, 1989a).
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Methods
Overview

The data reported in this paper are based on
observations made over a 12-year period of study
involving 36 implants in 28 nonhuman primates
(macaques). Thresholds for all of these implants
were followed for periods ranging from 3 months
to several years following implantation. The exact
protocols differed from subject to subject depend-
ing on the experimental design, which often in-
volved other psychophysical measures in addition
to threshold. The protocols ended prematurely in
some cases due to implant failures, but all of the
cases reported here were studied for at least 3
months. General descriptions will be based on the
whole population while more detailed observa-
tions will be reported for a few of these subjects.

The subjects were trained psychophysically
using positive reinforcement operant conditioning
procedures to perform psychophysical tasks that
could be used to measure thresholds, dynamic
ranges, and various difference limens (Pfingst et
al., 1979, 1983; Pfingst, 1989b). The subjects were
trained using acoustic stimuli and then they were
deafened in one ear and implanted with a multi-
electrode array in the scala tympani and/or in the
bony cochlear wall. In some cases, the con-
tralateral ear was implanted several months or
years following implantation of the first ear. In
the other cases one ear was left untreated and was
used for additional training and testing with
acoustic stimuli. In a few cases, the implant failed
some months following the initial surgery and the
ear was subsequently reimplanted with another
electrode array. Typically, thresholds for electrical
stimuli were measured as a function of time fol-
lowing implantation until stable, and then a variety
of psychophysical data, including thresholds, were
collected over a period of several years. Electrode
impedances were measured during each experi-
mental session at the frequencies for which psy-
chophysical testing was conducted during that ses-
sion and at a fixed low current level.

Subjects

The subjects were adolescent or adult macaques
(M. mulatta and M. radiata). They were housed

in individual primate cages except during training
and testing sessions at which time they were seated
in primate chairs.

Apparatus

During training and testing sessions the sub-
jects sat in double-walled sound attenuating
chambers (IAC type 1201A or Tracoustics model
RE-240-B). A light-display panel was positioned
in front of the subjects, a telegraph key was located
within reach of either hand, and a tube for de-
livery of applesauce reinforcers was positioned
near the mouth. For acoustic stimulation, ear
speakers (Beyer Dynamic DT 48 or TDH 49)
fitted with circumaural cushions (Pfingst et al.,
1975) were positioned against the subject’s head.
Sinusoidal stimuli were generated by a Rockland
frequency synthesizer and gated by a tone switch
built in house. Rectangular pulses were generated
by computer or by electronics built in house.
These signals were attenuated by a computer con-
trolled attenuator (Grason-Stadler Model 1284 or
Wilsonics model PATT), and then passed to the
earspeaker or to a constant current stimulator
(similar to the design described by Spelman et al.,
1978). For electrical stimulation, the output of the
constant current stimulator was connected directly
to the implants through a percutaneous connector.

Experimental paradigms and data collection
were computer controlled.

Psychophysical procedures

Thresholds were measured using a go, no-go
procedure in which the subject depressed a tele-
graph key to initiate each trial, held the key during
a randomly variable (1-6 s) foreperiod (observing
response), and released the key at stimulus onset
signaling detection of the stimulus. The stimulus
remained on until the subject responded, or a
maximum of 1 s, except in cases where the para-
digm required a shorter stimulus (e.g. single
pulses). Responses (releases within 1 s of stimulus
onset) were reinforced by delivery of 0.2 c¢ of
applesauce to a spout located near the subject’s
mouth. Percent responses were plotted as a func-
tion of stimulus level to form psychometric func-



tions and threshold was defined as the level on the
psychometric function at which the subject re-
sponded on 50% of the trials. Stimuli were pre-
sented by the method of constant stimuli. Stimu-
lus tables were constructed so as to maintain a
relatively constant rate of reinforcement across
conditions in order to avoid conditions which
might lead to a change in response strategy.
Twenty trials per stimulus were used to construct
the psychometric functions. Guess rates (releases
during the 1 s unmarked observation period on
trials where no stimulus was presented) were mea-
sured during all sessions. We attempted to keep
the guess rate constant by controlling the duration
of a penalty time out, contingent on early releases.
With this method, guess rates were usually kept
within a range of 2% to 15% and did not vary
systematically across conditions. If these criteria
for the guess rate were not met, the data were not
used and additional training was carried out.

Implants and surgical procedures

Surgery for deafening and implanting the ears
was performed under halothane anesthesia using
standard sterile operating procedures. After the
subject was prepared and draped, a post-auricular
incision was made. In early surgeries mastoidec-
tomy was carried out to reach the middle ear while
in later surgeries the bony external meatus was
merely enlarged. In the latter cases, the peripheral
portion of the meatus soft tissue was sutured
closed. Soft tissue was then removed from the
medial part of the meatus and the bony meatus
was enlarged to provide a wide exposure of the
middle ear. The incus was carefully disarticulated
from the stapes and the malleus and incus were
removed leaving the stapes in the oval window. In
most cases, 50 pl of a 10% (w/v) neomycin sulfate
solution was slowly injected into the scala tympani
via a 30-gage needle which penetrated the round
window. In four cases, no neomycin was adminis-
tered. For scalar implants, the round window was
removed and the electrode array was inserted. In
some cases electrodes were implanted in holes
drilled in the bony wall of the cochlea. Multichan-
nel scalar implants consisted of platinum-iridium
electrodes on a silicone-rubber carrier about 10
mm in length and approximately half the diameter
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of the scala tympani (Xue and Pfingst, 1989). In a
few early cases the silicone carrier was molded to
a monkey cochlea following the design described
by Michelson (1971). The scalar implants were
inserted through the round window, 5-10 mm
past the round window niche. Electrodes inserted
in the cochlear wall or single electrodes inserted
though the round window consisted of spherical
platinum-iridium electrodes approximately 0.3 mm
in diameter. Wires from all electrodes were led
under the skin to a percutaneous connector
mounted on the skull (Pfingst et al., 1989).

Results
Types of change

Changes over time observed in our experiments
were classified into three types based on the time-
course of the change. One type, which we will call
short-term changes, occurred during the first few
months following implantation of the electrode
array, starting as soon as testing began. Examples
of this type of change have been published previ-
ously (see Fig. 3 in Pfingst et al., 1979). In cases
where threshold measurements were begun within
the first week after the implant surgery, we usually
observed an initial rise in thresholds over a period
of several days (see Incidence section for details).
Within 1 to 5 weeks after surgery the thresholds
began to decrease at rates on the order of 0.2-1.0
dB/day. This period of decreasing thresholds
lasted for one to several months, after which
thresholds typically stabilized. This short-term de-
crease in thresholds (often preceded by an initial
increase) was seen in most of the cases we studied.
It was seen after initial implants (e.g. Fig. 1) and
after reimplantation (e.g. Fig. 2). Acoustic
thresholds measured in the subjects’ nonimplanted
ears during the period when electrical thresholds
were changing were typically stable. Implant im-
pedances measured during the first months follow-
ing implantation were typically not correlated, or
only weakly correlated with the threshold changes.

The other two categories of changes occurred
more rarely and followed the short-term changes.
One of these was a prolonged increase in
thresholds that occurred with some regularity over
a period of several years. An example of this type
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Fig. 1. Thresholds plotted as a function of time after implanta-
tion for implant AB-L-1. The first thresholds were measured 4
days after the surgery in which the ear was neomycin deafened
and implanted. The electrode array consisted of one electrode
{electrode D) in the scala tympani just inside the round window,
one (electrode B) in a hole in the bone near the second turn of
the cochlea, one (electrode A) in a hole in the bone near the
apex, and a remote electrode (electrode H) in the parietal bone.
Thresholds for two electrode pairs (A-D and A-H) at two
similar frequencies of sinusoidal stimulation (63 and 100 Hz)
are shown.

of change is shown in Fig. 1. In this case, after the
initial drop in thresholds and some fluctuations
during the first year and a half after implantation,
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Fig. 2. Thresholds plotted as a function of time after implanta-
tion for implant QU-R-3. The first thresholds were measured 6
days after a surgery in which the ear was implanted with a
scala tympani electrode array. This ear had been neomycin
deafened and implanted with a different scala tympani elec-
trode array 8 months previously, but that implant was removed
following a failure of the percutaneous connector. The cochlea
also contained 3 titanium cochlear-wall electrode holders
(Pfingst et al.,, 1989b) which were sealed and not used for
stimulation. All thresholds are for 100 Hz sinusoidal bipolar
electrical stimulation between two electrodes located 1.5 mm
apart and placed in the basal turn of the scala tympani.

thresholds for low-frequency stimuli began a slow
steady rise. Over the period from 1.8 years to 7.8
years after implantation, thresholds for 100 Hz
sinusoids for electrode pair A-D rose about 12 dB.
A least squares regression line fit to the data
points during this period had a slope of 1.96
dB /year. Acoustic thresholds for 1 kHz pure tones
to the nonimplanted ear showed no change during
this period. Impedances for this implant rose dur-
ing the first 3 weeks after implantation and then
stabilized, remaining relatively stable throughout
the period when the psychophysical thresholds
decreased and then showed a gradual rise. The
correlation between psychophysical thresholds and
impedances measured during the period when
thresholds were rising gradually was 0.32.

A third category of change consisted of a more
rapid rise in thresholds that occurred over a period
of several days or weeks and that sometimes fol-
lowed a long period of threshold stability. An
example of this type of rise is shown in Fig. 2. In
this example, following some initial fluctuations in
the first month after implantation, thresholds
dropped to a level of about 1 pA rms and re-
mained relatively stable for a period of about 1.5
years. Thresholds then rose about 20 dB over a
period of about 4 months. After that, thresholds
were less stable and, on average, continued to rise
until the implant was removed due to a mechani-
cal failure of the percutaneous connector. Acous-
tic thresholds for a 1 kHz pure tone to the nonim-
planted ear remained stable during this period.
Impedance of the implant showed no systematic
change during the period when the psychophysical
thresholds were rising.

Incidence

In 34 cases, thresholds for at least one frequency
(63 Hz, 100 Hz or 1 kHz) of sinusoidal stimulation
were followed over a period starting during the
first week after implantation of the electrodes and
extending for 3 months or more. In 30 (88%) of
these cases, thresholds were highest during a period
sometime during the first month after implanta-
tion and then decreased by 8 to 37 dB during the
following weeks. In 4 of the 34 cases observed
during this initial period, thresholds showed only
small changes (< 8 dB), or no systematic changes



from the first day of testing (1 to 4 days post-
surgery) and remained stable for as long as testing
continued.

In 18 of the 34 cases threshold testing began
within 1 to 4 days following surgery. In 14 of these
cases (78%) we saw I1nitial increases in threshold at
rates of 0.5 to 6.0 dB per day peaking at an
average of 16 days post-surgery. The remaining 4
cases showed no systematic changes in threshold
as mentioned above. In 16 cases where threshold
measurements were not begun until 5 to 8 days
after surgery, thresholds were initially high and
then decreased over time or fluctuated for a period
of time and then decreased.

In two cases, threshold testing was not begun
until about 2 months after the implant surgery,
and in those cases thresholds for 1 kHz sinusoids
were stable (showed no systematic increases or
decreases) from the first day of testing.

Twenty cases were followed for periods of 100
days or more after the threshold decrease (or after
testing began, in cases where thresholds were ini-
tially stable). In 15 (75%) of these cases, after the
thresholds reached a minimum they remained sta-
ble for as long as testing continued (100-800
days). In three (15%) of the cases we saw a slow,
prolonged increase in thresholds following the ini-
tial decrease (as in the example in Fig. 1). In two
other cases (10%) we saw increases in thresholds
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following periods of threshold stability (as in the
example in Fig. 2).

Effects of waveform

Short-term changes

In most cases we followed thresholds as a func-
tion of time at only one frequency of sinusoidal
stimulation (63 Hz, 100 Hz or 1 kHz) until the
thresholds were stable. However, in three cases we
began measuring thresholds for other waveforms
before threshold stability was achieved. In these
cases we found that the amount of change differed
for different waveforms. Specifically, thresholds
for low frequency sinusoids or long phase-dura-
tion pulses changed more as a function of time,
and /or changed over a longer period of time, than
those for short phase-duration signals. An exam-
ple is shown in Fig. 3. In this case, thresholds for
single biphasic pulses (one pulse per trial) were
measured as a function of phase duration over a
2-month period starting about 2 months after im-
plantation. At the time these measurements were
begun, thresholds for 1 kHz sinusoids had reached
a stable level. During the period when thresholds
for the pulses were collected, thresholds for the
longest duration pulses decreased by about 16 dB
while those for short duration pulses showed no
systematic change.
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Fig. 3(A) Thresholds plotted as a function of time after implantation for implant PO-R-1, electrode E. monopolar stimulation. The
thresholds are for single symmetrical biphasic pulses (one pulse per trial). The electrode was located in the scala tympani
approximately 5 mm from the round window. After this ear was deafened with neomycin and implanted, thresholds for 1 kHz
sinusoids were followed over time until stable before the data for pulses (shown here) were collected. (B) Threshold contours
(psychophysical detection threshold vs. phase duration) for single pulses (one pulse per trial) for implant PO-R-1, electrode E,
monopolar stimulation, measured at two time periods following deafening and implantation of the ear. The periods during which the
contours were collected are indicated in the legend. Mean thresholds for five measurements at each phase duration during each
period are shown. Thresholds for two of the pulses are plotted as a function of time in (A).
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Further evidence that short-term changes in
threshold depend on the waveform used to mea-
sure threshold comes from comparisons of changes
over time for groups of subjects tested at 63 Hz or
100 Hz vs. those tested at 1 kHz. The average drop
in thresholds from the initial peak to the final
stable level was 20.7 dB (range = 8 to 37 dB) for
cases measured at 63 or 100 Hz while that for
thresholds measured at 1 kHz averaged 13.6 dB
(range = 8 to 21 dB). In addition, we found that
the period over which thresholds dropped was
longer on average for thresholds measured at 63 or
100 Hz (mean time = 63 days, range = 6 to 160
days) than for those measured at 1 kHz (mean
time = 25 days, range = 5 to 37 days).

Long-term changes

Long-term changes in threshold fell into two
categories with regard to their dependence on
waveform: those for which the changes were grea-
test for, or occurred only for, low frequency
sinusoids (e.g. Fig. 4), and those for which the
threshold changes were roughly the same magni-
tude (in dB) for all frequencies tested (e.g. Fig. 5).

PHASE DURATION (msec)
2

10 3 3 1 0p

]
]

&
o

YEARS
POST
] IMPLANT | |

2.32+/-0.06
priesho Noeie

&

| 44800 |
—...e—-—

&

T17.06+/-0.22
-—ooen_—

. 7.§_9_$0.$3

THRESHOLD (dB re 1 mA rms)

...... .k—; B yd

150 200 300 400 600 1000
FREQUENCY (Hz)
Fig. 4. Threshold contours (threshold vs. frequency and phase
duration) for sinusoidal electrical stimulation of implant AB-L-
1, electrode pair A-D collected at four different time periods
following implantation. Mean thresholds+1 S.D. are shown.
The time periods during which the contours were collected are
indicated in the legend which gives the median of the time
period, relative to the implant surgery, over which the data
were collected, plus and minus half of the range of that time
period. The threshold vs. time contours for low-frequency
signals for this implant are shown in Fig. 1.
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Fig. 5 Threshold contours (threshold vs. frequency and phase

duration) for sinusoidal electrical stimulation of implant QU-

R-3, electrode pair A-C. Mean thresholds+1 S.D. are shown.

The periods during which the contours were collected are

indicated in the legend as in Fig. 4. The threshold vs. time

contour for 100 Hz sinusoids for this implant is shown
in Fig. 2.

The case represented in Figs. 1 and 4 and some
of the following figures (implant AB-L-1) has been
studied in more detail than any other with regard
to the dependence of the threshold changes on
waveform. This detailed study was facilitated by
the fact that the thresholds for this subject changed
very slowly over time (about 2 dB/year, Fig. 1) so
that a reasonably large data set could be collected
over a period of a month or more while average
thresholds changed by less than 1 dB. These mea-
surements could then be repeated at a later time
(e.g. several years) after thresholds for some stimuli
had increased.

Changes over time in the contours for sinusoids
for implant AB-L-1 are shown in Fig. 4. Over a
period of 5.5 years thresholds for frequencies be-
low 100 Hz increased by about 15 dB while those
at frequencies above 500 Hz increased by less than
3 dB.

In contrast, thresholds for implant QU-R-3
(Figs. 2 and 5) increased, following a period of
threshold stability, by about the same amount (26
to 28 dB) at all frequencies tested. This type of
uniform change (in dB) across frequency was seen
in one other case where thresholds rose after a
long period of stability.

Further comparisons over time for implant AB-
L-1, where the threshold changes were frequency-



dependent, revealed more about the properties of
the signals for which the threshold changes oc-
curred. Changes over time in the contours for the
single biphasic symmetric pulses are shown in Fig.
6. In these tests the subject was presented with
only one biphasic pulse per trial and thresholds
were measured as a function of phase duration.
The largest changes were for the longest duration
pulses tested, the 10 ms/phase pulses. The change
in mean thresholds for this pulse over this 2.6 year
time period was 3.7 dB. For shorter duration
pulses, the changes were smaller or nonexistent.
An analysis of variance with contrasts showed
significant differences (P < 0.05) between the two
time periods for the 10, 5, and 3 ms phase dura-
tions but not for the 2 and 1 ms phase durations.
Note that the change in thresholds for the 10
ms/phase pulses over the 2.6-year period was
smaller than the 6 dB change in threshold for the
lowest frequency sinusoids observed over this same
time period (Fig. 4).

Changes over time in the threshold contours
(threshold vs frequency) for fixed-duration bi-
phasic pulses (2 ms/phase) are shown in Fig. 7.
These contours have the nonmonotonic shape
typical of threshold contours for long duration
pulses (e.g. see Shannon, 1989). For these con-
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single symmetrical biphasic electrical pulses to implant AB-L-1,
electrode pair A-D. Mean thresholds+1 S.D. are shown. The
time periods during which the contours were collected are
indicated in the legend as in Fig. 4.
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Fig. 7. Threshold contours (threshold vs. frequency) for trains
of fixed-duration (2 ms/phase) electrical pulses for implant
AB-L-1, electrode pair A-D. Mean thresholds+1 S.D. are
shown. The time periods during which the contours were
collected are indicated in the legend as in Fig, 4.

tours, a relatively constant change in threshold
occurred at frequencies from 100 to 150 Hz but
above and below these frequencies, the changes
were smaller. The magnitude of the change in
thresholds for the fixed duration pulses over the
period from 4.48 years to 7.8 years post-implant
was about 7 dB. This is roughly equivalent to the
change seen in low frequency (100- 150 Hz)
sinusoids over approximately this same period,
but much larger than the changes in thresholds for
250 Hz sinusoids, which have a phase duration of
2 ms.’

Discussion

Patterns and incidence

It is very clear from the data presented here
that changes in threshold over time can take a
variety of forms both in the pattern of change as a
function of time and in the dependence of the
changes on the waveforms for which the thresholds
are measured. One implication of this variety is
that incidence can be clearly specified only if the
criteria for threshold stability are given. On the
basis of our experience with nonhuman primates,
we can suggest some guidelines that may be useful
in testing for threshold stability:
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® Long phase-duration signals (sinusoids near
100 Hz, or pulses on the order of 5 ms/phase) *
should be included in tests for threshold stability
since they are sensitive to most, if not all, threshold
changes and are the only stimuli that will permit
detection of some types of changes.

® Within-subject variance in threshold mea-
sures should be assessed to establish confidence
intervals for threshold change for each subject and
then thresholds should be monitored over suffi-
cient time periods to allow slowly changing
thresholds to exceed those confidence limits. Since
rates of threshold change can be at least as low as
1-2 dB per year, several years of monitoring may
be required to detect such changes.

Since these criteria have been applied in few cases,
it is difficult to estimate the incidence of threshold
changes in most populations of implanted sub-
jects.

Our observations of threshold changes in non-
human primates do not necessarily mean that
threshold changes over time occur in other popu-
lations such as other research animal preparations
or human subjects. Certainly, there were some
important differences between our animal pre-
paration and some other implanted subjects in-
cluding the use of local perfusion of neomycin to
deafen the ears in our subjects at the time of
implantation (although this was not done in all
cases) and the fact that our subjects were stimu-
lated electrically for only a fraction of a 2-4 h
period each day. Possible implications of these
procedures will be discussed below.

It would be premature at this time to say
whether there is a relationship between the tem-
poral patterns of threshold change and the depen-
dence of the changes on stimulus waveform be-
cause detailed data on the effects of waveform
were limited to only a few subjects.

All of the thresholds reported in this paper are
in dB of current. Decibels or other logarithmic
scales are commonly used for plotting thresholds

* Safety and certain other practical considerations place upper
limits on the phase durations which can be used. However,
signals with phase durations on the order of 5 ms, which
correspond approximately to the fundamental frequency of
the voice for male speakers, are commonly used in some
analog processors.

for electrical stimulation of the cochlea. The shapes
of the threshold contours would, of course. be
different if another scale were used. In particular,
note that changes in threshold which are even for
all frequencies on a dB scale (e.g. Fig. 5) are larger
in linear microamps at high frequencies. However,
in most cases where changes over time were greater
in dB at low frequencies these changes would also
be greater in linear current at low frequencies
since often in these cases no change. or even a
slight decrease in threshold over time, was seen at
high frequencies.

Potential mechanisms

Several mechanisms may be hypothesized to
underlie the observed changes in psychophysical
thresholds for electrical stimulation of the cochlea
including: (1) changes in the number of excitable
elements, (2) altered characteristics of excitable
elements, (3) altered current paths to the excitable
elements, (4) altered central auditory pathways,
and (5) behavioral changes. While we cannot prove
any of these hypotheses based on the data in
hand, it may be possible to reduce the alternatives.
It is evident from the differences in effects of
stimulus waveform that there must be at least two
mechanisms, one that affects thresholds for all
signals equally (in dB) and one that has the grea-
test influence on thresholds for long-phase-dura-
tion signals.

It is evident from the studies using fixed-dura-
tion pulses and single pulses that the differential
change for low frequency sinusoidal signals is
attributable in part to the long phase durations of
these signals. The effect of frequency, when phase
duration was held constant, was small and did not
correlate with the effect of frequency on thresholds
of the sinusoidal stimuli, but the changes for single
pulses as a function of phase duration correlated
well with the changes for sinusoids. The depen-
dence of threshold changes on phase duration
suggests that they may be related to changes in the
integration of current over time in each phase of
the signal. This integration should be related, at
least in part, to the membrane properties of single
neural elements.

Alterations in the properties of the stimulated
elements, such as changes in the lengths of periph-



eral processes, or demyelination or remyelination
of fibers, could produce phase-duration-dependent
changes in thresholds since these changes would
alter the membrane capacitance of the neurons.
Effects of the length of the unmyelinated periph-
eral processes have been modeled by Colombo
and Parkins (1987).

The changes over time in thresholds for single
pulses were smaller than those for sinusoids mea-
sured over the same time period. This difference
may reflect a multiplicative effect due to the much
longer sample time available for the sinusoids,
which had durations of several hundred ms, as
compared to the single pulses, which were 20 ms
or less in duration. However, the mechanisms un-
derlying this effect are not known.

Thresholds for 2 ms/phase pulses presented at
150 Hz showed greater changes over time than
thresholds for 250 Hz sinusoids (which have a 2
ms phase duration) in the same implant over the
same time period. These differences may be due to
differences in the waveforms. Specifically, in the
sinusoidal waveform, the signal is continuous so
there is no interpulse interval. Thresholds for con-
tinuous and nearly continuous signals with long
phase durations are typically higher than those for
pulses of equal phase duration but lower frequency
(e.g. Fig. 7) indicating that the proximity of the
pulses may play a role in determining threshold.

Previous studies comparing thresholds from
different subjects have shown inverse correlations
between threshold levels and number of spiral
ganglion cells in the stimulated cochleas (Pfingst
and Sutton, 1983, 1984; Pfingst et al., 1985). The
threshold differences between subjects correlated
with nerve loss in these studies were of two types:
those that occurred primarily for thresholds to
low-frequency sinusoids and those that were simi-
lar in dB for all frequencies tested {e.g. see Fig. 2A
in Pfingst et al.,, 1985) again suggesting that more
than one mechanism may be involved.

Two features of our experimental animal sub-
jects that must be considered as possible contribu-
tors to the threshold changes are the local admin-
istration of neomycin to deafen the cochlea just
prior to implantation (in most cases) and the small
amount of electrical stimulation administered to
the deafened ears. It is clear that the acute effects
of the neomycin were not a necessary condition
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for the short-term changes in thresholds since
these changes were also seen in cases of reimplan-
tation where no additional neomycin was given as
well as in four cases where neomycin was not used
at all. It is possible, however, that longer term
changes in threshold were a result of the neomycin
deafening. There is evidence of ongoing long-term
degeneration following local administration of
neomycin, implantation and electrical stimulation
of the cochlea in monkeys (Miller et al., 1980) and
following administration of systemic neomycin in
cats (Leake and Hradek, 1988). Implantation
and /or electrical stimulation of the cochlea have
been shown to interact with the effects of ototoxic
agents to retard degeneration (Lousteau, 1987;
Leake et al., 1990). However, the relationship be-
tween the amount of stimulation and the degree of
this effect is not known.

We would expect changes in thresholds if the
current paths from the electrodes to the neurons
were altered. A likely cause of such alteration
would be tissue changes along these pathways
including, but not restricted to, nerve loss or
growth, and bone growth. If tissue grew on or very
near the electrodes then we might expect associ-
ated changes in electrode impedance, but if the
changes were more remote from the electrodes,
impedance might be unaffected. Thus the poor
correlation of impedance changes with the
threshold changes reported in this paper only al-
lows us to discount physical changes close to the
electrodes. It is unlikely that tissue growth in the
current paths from the electrodes to the excitable
elements would cause a frequency or phase-dura-
tion-dependent attenuation of the signal, since the
tissues of the cochlea are resistive in nature (Spel-
man et al., 1982, 1987). However, if alterations in
the current paths were to result in changes in the
site of excitation, for example from peripheral
processes to cell bodies or central processes of
auditory nerve fibers, then phase-duration-depen-
dent effects would be plausible (see Loeb et al,
1983; van den Honert and Stypulkowski, 1984;
Finley et al., 1989).

One of the possible causes of a change in
current paths or distance from the electrodes to
the excitable elements could be migration of the
implant. Such migration has been demonstrated
by successive radiographs in a human subject with
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a banded electrode array (Niparko et al., 1989).
Unfortunately the electrode arrays used in the
relevant cases in our study were too small to be
seen by these methods.

Some restrictions can be placed on the poten-
tial mechanisms underlying the short-term changes
in thresholds following implantation. It is unlikely
that the decreases in thresholds commonly ob-
served during the first few months following im-
plantation were due to the subject’s leaming to
hear the electrical stimulus. This is evidenced by
five observations: (1) in many cases where testing
began within the first few days after implantation,
thresholds were as low as those seen after final
stabilization; in these cases thresholds increased
during the first few days after surgery and then
decreased over a period of several weeks; (2)
thresholds (at 1 kHz) in two animals not tested
until about 2 months after implantation were sta-
ble from the first day of testing; (3) thresholds of
animals experienced with electrical stimulation de-
creased as a function of time following reimplan-
tation; (4) threshold changes were sometimes
phase-duration-dependent; and (5) threshold
changes were often greater than the entire dy-
namic range of hearing (from threshold to very
loud sensations) measured before or after the
change.

It seems unlikely that the short-term decreases
in threshold following cochlear implantation were
a result of increases in neural elements as the
threshold changes were too rapid. In any case,
neural sprouting in the implanted cochlea has, to
our knowledge, not been observed.

By process of elimination, it would seem that
the short-term changes in threshold following im-
plantation were due either to changes in conduc-
tivity between the electrodes and the neural ele-
ments, or changes in the sensitivity of the neural
elements themselves. The reversibility of the pro-
cess, i.e. threshold increases followed by decreases,
suggests either blocking and then clearing of cur-
rent pathways or reversible damage to the neural
elements, Histological studies in rats have shown
that reversible swelling and other alterations in the
peripheral processes of type I auditory nerve fibers
can occur as a result of simply opening the cochlea
and draining out some of the perilymph (Juiz et
al, 1988; Kelly and Khanna, 1984; Rueda et al.,

1989). While the trauma of insertion of a scalar
implant is certainly greater than that produced by
simply opening the cochlea, the reversible func-
tional changes that we saw in monkeys bear an
intriguing resemblance to the course of the histo-
logical changes seen in the studies in rats.

The long-term alterations in thresholds were
typically increases from a previously stable base-
line or from a relative low threshold after the
short-term decrease. It is unlikely that these were
due to behavioral changes since thresholds for
acoustic stimuli to the nonimplanted ear remained
stable during the time when thresholds for the
electrical stimuli were changing. Also, as men-
tioned above, the changes in electrical thresholds
were often larger than the entire dynamic range of
hearing measured before the changes occurred,
and in some cases they were stimulus-dependent.
It is difficult to distinguish among the remaining
alternative mechanisms: nerve loss, alteration in
neural response characteristics, changes in current
pathways, or central-pathway changes. It seems
reasonable, however that those changes that were
specific to longer-phase-duration signals were more
likely to involve changes in the neural elements
excited, the site of excitation, or central processing,
while those that affect thresholds for all phase
durations were more likely to involve alterations
of the current levels at the excitable elements but
not a change in the site on the elements where
spikes were initiated.

Implications for other cases

While the functional changes reported in this
paper do not necessarily imply occurrence in other
cases, there are certainly good reasons to look for
such occurrences. The potential of shori-term
changes is particularly relevant to acute animal
preparations that are used for electrophysiological
studies. Typically these studies are conducted
shortly after implantation and /or deafening of the
ear. If thresholds are fluctuating or are abnorm-
ally high during this period, there is a danger of
recording from a preparation that differs signifi-
cantly from that in which most behavioral studies
are conducted (Pfingst, 1988). Since short-term
changes have been seen in both humans and
monkeys following implantation, there is reason to



suspect that they may occur in the subjects that
are used in acute physiological experiments as
well.

Changes in thresholds in experimental prepara-
tions may be useful for elucidating the relation-
ship between functional characteristics of electri-
cal stimulation and what elements are excited by
electrically stimulating the cochlea, particularly
where within-subject designs are desirable.

The short-term changes may be less noticeable
in the clinical application of cochlear implants,
since a subject’s implant may not be activated
until several weeks after surgery. However,
threshold stability should be checked before
processor adjustments are made, particularly since
threshold decreases have been observed for up to
6 months following implants in some monkeys.
More important may be changes that can occur
months or years after the implant surgery. Cor-
recting for changes in threshold may require
frequency-specific adjustments of the processor,
not just an overall gain adjustment.

It may be questioned whether changes that
occur only in thresholds for long-phase-duration
signals are relevant to subjects whose processors
use only short-phase-duration signals. In terms of
processor calibration, probably they are not. How-
ever, the possibility must be considered that the
changes in long-phase-duration signals are indica-
tive of pathological conditions that may lead to
longer term changes in the responses to all signals.
Although the mechanisms underlying these
changes are not clear, it does seem likely that the
changes are caused by physical changes in the
cochlea and/or the excitable neural tissues. Thus
they are of concern with regard to the long-term
prospects for the implant.
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