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Electrically evoked otoacoustic emissions were measured with current delivered to the second and
third turns of the gerbil cochlea. The emission magnitude and phase are dependent on the
characteristic frequency (CF) of the stimulating microelectrode location. The death of the animal
resulted in an initial increase in emission below the CF of the electrode location and a decrease in
emission near the CF of the electrode location. The group delay of the electrically evoked emission
phase data is twice as large as the acoustically evoked cochlear microphonic (CM) data obtained by
Schmiedt and Zwislocki [J. Acoust. Soc. Am. 61, 133-149 (1977)]. This suggests the possibility of
two separate propagation modes for the forward and reverse traveling waves.

PACS numbers: 43.64.]b, 43.64.Kc, 43.64.Ld, 43.64.Nf

INTRODUCTION

The frequency selectivity of the basilar membrane (indi-
cated by the shape of the tuning curve measured at fixed
positions) for low-level sound stimuli is extremely high, but
rapidly declines with the death of an animal (Rhode, 1971,
1973, 1978; Sellick et al., 1982). It is likely in live animals
that such selectivity is produced by an active process requir-
ing energy (see Davis, 1983). The active process is hypoth-
esized to modify or amplify the local mechanical response of
the cochlea. Isolated cochlear outer hair cells (OHC) from
the mammalian cochlea have been shown to exhibit voltage-
dependent length changes (Brownell er al., 1985; Ashmore,
1987). Because of this ability, OHCs are thought to be part of
the active process.

Hubbard and Mountain (1983) and Mountain et al.
(1983) have shown that intracochlear electrical stimulation
produces pressure, measurable at the eardrum. This pressure,
termed the electrically evoked otoacoustic emission, may be
generated by the motion of the OHCs, thus reflecting the
active process. Recently Xue et al. (1993b) measured basilar
membrane motion, also evoked by sinusoidal current in-
jected into the scala media. He compared and showed simi-
larities between the electrically evoked emission and the
electrically evoked basilar membrane motion measurements
for various frequencies in the same cochlea. Measurements
of the electrically evoked emission and the electrically
evoked basilar membrane motion were consistent with the
hypothesis that OHC voltage-dependent length changes are
responsible for basilar membrane motion. By studying the
cochlea’s ability to produce acoustic responses to electrical
current stimuli, we can explore the electromotility present in
the intact cochlea.
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Mountain and Hubbard (1989) reported that the fre-
quency response of the electrically evoked emissions de-
pended on the location of the stimulating electrode. They
showed that for current injected into the first and second
turns of the gerbil, the cutoff frequency for the emission was
approximately two octaves below the estimated CE. More
recently, Murata et al. (1991) reported similar electrically
evoked emission-magnitude frequency responses with low-
pass characteristics. They found that cutoff frequencies in the
second and third turns of the guinea pig were close to the
estimated CF of the electrode location.

The difference in cutoff frequency may be attributable,
all or in part, to species differences, cochlear condition,
acoustic load, or stimulation technique. To extend our knowl-
edge of electrically evoked emissions in the gerbil as well as
addressing the source of the differences in these two reports,
we have measured the emission magnitude and phase pro-
duced by the current delivered to the second and third turns
of the gerbil under varying circumstances. Measurements
were made with differing acoustic loads, as well as before
and immediately after the death of the animal. We carefully
monitored cochlear condition and minimizcd potential arti-
facts.

Analysis of the phase data uncovered an unexpected re-
sult. We find that, for frequencies below the CF of the elec-
trode location, the group delays measured for the electrically
evoked emissions are significantly greater than the corre-
sponding group delays reported for the CM (Schmiedt and
Zwislocki, 1977). The difference in group delays suggest that
electrical and acoustic stimulation may stimulate different
traveling-wave propagation modes.
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. METHODS

The experiments were performed on young adult Mon-
golian gerbils, Meriones unguiculatus, ranging in weight
from 38-59 g. Each animal was initially given a preanes-
thetic, acepromazine (1 mg/kg), delivered intramuscularly,
followed with sodium pentobarbital (Nembutal, 60 mg/kg).
intraperitoneally. Supplemental sodium pentobarbital (12
mg/kg) was administered approximately every 20 to 30 min.
The temperature of the gerbil was maintained at 38 °C. The
pinnae were removed and a tracheotomy was performed. The
gerbil’s head was firmly secured with cyanoacrylate glue to a
stereotaxic head holder. The ventro-lateral aspect of the left
bulla was exposed and then opened to allow access to the
round window and the second or third turn of the cochlea.

After the area surrounding the bony ear-canal opening
was cleared and dried, the ear bar was glued to the ear-canal
opening. Attached to the side of the ear bar was a 2-mm
probe tube connected to a i-in. Briel & Kjar microphone
(type 4166). The distal end of the ear bar was connected
through a tube approximatety 7 cm long to a Beyer DT-48
earphone. The microphone and earphone were electrically
isolated from each other and from the ear bar. Moisture was
minimized around the bony ear-canal opening to ensure elec-
trical isolation between the animal and the microphone.

Recordings of the eighth-nerve compound action poten-
tials (V) were made with an insulated silver wire electrode
with the exposed tip touching the bony surface of the cochlea
near the round window. A subcutaneous Ag/AgCl reference
electrode was placed anteriorly to the opened bulla. To mini-
mize CM contamination, the stimulus tone bursts (6.4 ms
with 1-ms rise times) were randomized in phase. Threshold
rejection was applied to prevent the inclusion of large elec-
trocardiographic signals in the recordings. The averaged
compound action potential waveform was stored and the am-
plitude of the N, waveform was calculated. After obtaining
the magnitudes for N, for a range of intensities and frequen-
cies of stimuli (10 to 80 dB, 400 Hz to 20 kHz), the data was
simplified by calculating the N, threshold at each frequency.
The N, threshold was the intensity of sound required to pro-
duce an N, magnitude of a specified value within the range
of 5 to 15 pV. The threshold was calculated by interpolating
between the sound pressure levels used. The emission data
presented here are from healthy cochleas exhibiting less than
7 dB of N ,-threshold shift after microelectrode insertion.

A small hole on the lateral wall of the cochlea was made
gently by hand with a needle having a sharp point. A glass
microelectrode inserted through the stria vascularis and into
the scala media of either turn 3 or turn 2 was used both to
record the electrical activity of the cochlea and to stimulate
the cochlea with electrical current. To make a microelec-
trode, a glass capillary was pulled and the tip was fractured
to a 2- to 4-um diameter. The microelectrode was then filled
with 1.5-M KCl solution resulting in an electrode impedance
between 1 and 2 M{). An insulated silver wire, with a 3-mm
silver-chlorided tip, was inserted into the KCl solution at the
upper shank of the glass microelectrode. The entire micro-
clectrode surface was electrically shielded with silver paint
except for a 4-mm section exposed at the tip. A computer-
controlled switch changed the microelectrode from the
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FIG. I. Summating potential responses as a function of acoustic frequency
and sound-pressure level for turn-2 and turn-3 experiments. The arrows
indicate the estimates of the characteristic frequencies of the microclectrode
locations hased on the presented data.

current-stimulation mode to the voltage-recording mode.

In the voltage-recording mode, the microelectrade was
used to measure the scala-media CM, the endocochlear po-
tential (EP) and the summating potential (SP). A Ag/AgCl
electrode, placed subcutaneously on the contralateral side
near the trachea, was used as a reference for the voltage
recordings. The steady-state response of the CM was aver-
aged and stored. The EP was recorded as the dc potential in
the scala media relative to the potential on the outer surface
of the stria vascularis. The EP was mcasured when the mi-
croelectrode was first inserted into the scala media and again
at the end of the experiment. when the microelectrode was
withdrawn from the scala media. The presented data are from
animals with high EP (64 to 98 mV}), with the exception of
the death study.

To determine the CF at the electrode location, the fre-
quency response of the SP was measured. Acoustic stimula-
tion near the CF results in a depolarization of the basal inner
hair cells (Russell and Sellick, 1978; Cody and Russell.
1987; Kossl and Russell, 1992), and of the apical inner and
outer hair cells (Dallos er al.. 1982; Dallos, 1985, 1986).
Depolarization of these hair cells produces a local extracel-
lular negative dc potential in the scala media, the negative
SP. Therefore, the stimulus frequency that evoked the most
negative SP was considered the CF of the hair cells near the
electrode location. The CF of the electrode location was es-
timated by choosing the frequency of the peak negative SP
response at relatively low-sound-pressure levels (40 to 60 dB
SPL). When the electrode was located in the third turn of the
cochlea, the CF was approximately 800 Hz [Fig. 1(a)]. The
second turn region (basal to turn 3) had CFs between 2 and 3
kHz [Fig. 1(b)].
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The microelectrode used to measure the electrical poten-
tial in the scala media was also used to stimulate the cochlea
with ac current. An optically isolated, battery-operated
stimulator was used to stimulate the scala media with alter-
nating current ranging from 10 to 15 uA,, _,. The stimulator
was driven by a programmable frequency synthesizer. For
the return path of the current, a Ag/AgCl electrode was in-
serted under the skin between the neck and the contralateral
ear. The current was monitored by measuring the voltage
across a 100-() resistor in series with the return electrode. A
constant current level was established for each experiment
and verified by oscilloscope readings during the experiment.
The microelectrode shield was connected to the return termi-
nal of the current stimulator to prevent capacitive current
from contaminating the current measurements.

Electrically evoked otoacoustic emissions at the stimu-
lus current frequency were measured with the microphone.
Stimulus frequencies for all steady-state recordings were set
as close as possible to the desired frequencies while allowing
integer numbers of cycles in a sampling window. The sample
window was 17.0 ms for the emission measurements and
20.5 ms for the CM measurements. The steady-state portion
of the emission and CM responses were processed using fast
Fourier transform. Because the microphone response mea-
surements contained low-frequency noise (not attenuated by
the sound chamber or the high-pass filters), a Hanning win-
dow was applied to the data before performing a fast Fourier
transform. The Hanning window was used to reduce spectral
splatter from the low-frequency noise. Emission recordings
were corrected for the praobe-tube frequency response. The
magnitude and phase of the component at the frequency of
the stimulus current were then extracted. The phase of the
emission (re: condensation) was calculated with respect to
the injected current phase (re: positive current in the scala
media).

Several steps were taken to ensure that the measure-
ments of the electrically evoked emissions were free of arti-
facts. Electrical isolation had to be achieved at all locations
between the stimulus signal and the equipment used to mea-
sure the emission. A check for electrical isolation between
the probe tube and the ear bar was made approximately every
hour during an experiment using an ohmmeter. To check for
capacitive coupling betwcen the stimulus system and the
probe-tube microphone, we made a “surface” recording
which measured the acoustic response to current stimulation
with the microelectrode tip positioned on the surface of the
bulla. In this case the current passed through the animal, but
not the sensory hair cells within the cochlea. In addition, a
“noise” recording was made by obtaining a frequency re-
sponse without electrical stimulus signals. For the data re-
ported here, the surface recordings were at the noise level.

For some electrically evoked emission measurements,
we used a “blocked” ear-bar configuration: the earphone
with its tubing was removed from the ear bar and the open-
ing at the ear bar was blocked with a tight-fitting plastic-
coated metal plug. After the earphone and tubing were re-
moved and the ear bar blocked, the volume of the acoustic
system was reduced from a volume of 0.75 to (.03 em?,

Previous studies have noted effects of the acoustic load
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on the acoustically evoked distortion product emissions in
the cat (Matthews, 1983; Fahey and Allen, 1985) and human
(Zwicker, 1990). Reducing the volume of the acoustic load
from the connected-earphone (unblocked) to the blocked ear
bar affected the electrically evoked emission frequency re-
sponse significantly (Fig. 2). Notches in the magnitude re-
sponse occurred at approximately the same frequencies in the
unblocked and blocked situations. However, the depth of
most notches in the magnitude response was reduced in the
blocked case. The difference between the two acoustic con-
figurations was similar for turn-3 and turn-2 experiments.
The change in emission measurements between the two con-
figurations (the blocked relative to the unblocked) is plotted
for turn 3 and turn 2 in Fig. 3. The observed increase in
magnitude at low frequencies (below 250 Hz) for the
blocked configuration is expected because of the decrease in
compliance produced by the smaller volume. For the midfre-
quency region (300 to 500 Hz), both the turn-3 and turn-2
data showed that blocking the ear bar actually reduced the
magnitude. Thus the positive hump in the magnitude fre-
quency response at this frequency region for the unblocked
configuration was reduced by blocking the ear bar. At higher
frequencies (above 600 Hz), blocking the ear bar reduced the
large notches in the magnitude response, resulting in in-
creased emission magnitudes at the frequency of the notches.
The phase responses of the unblocked and blocked situations
were quite similar, except at frequencies below 500 Hz,
where the blocked case resulted in phase that lagged more
than the unblocked phase.

The origin of the local maximum of the magnitude fre-
quency response at midfrequencies and the large notches at
high frequencies, with the earphone attached, is unclear. If
the notches were due to resonances in the acoustic system
with the earphone and the tube attached, then the notches
would be expected at frequencies where multiples of half-
wavelengths occur in the tube. The length of the earphone
tubing plus ear bar from earphone to ear canal was approxi-
mately 11 cm. The resonant frequency would then be ex-
pected to occur at N2=~1.6 kHz, A=~3.1 kHz, and
(3*\)/2~4.7 kHz. These frequencies are similar, but not
identical to the frequencies where the notches occurred.
Moreover, with the blocked configuration the notches were
still present, although smaller, at approximately the same fre-
quencies. Therefore, it is unlikely that ear-bar resonances
were responsible for the notches. In addition, alterations to
the cochlea, such as acoustic trauma, have been shown to
change the depth of these notches (Nakajima, 1991). There-
fore, it seems that the source of the notches originates within
the cochlea. Because the blocked ear-bar configuration re-
sulted in a smoother frequency response, measurements of
the emissions were performed with this configuration when
acoustic stimulation was unnecessary.

Il. RESULTS
A. Electrically evoked emission frequency response

Figure 4 shows the electrically evoked emission’s fre-
quency responses for three turn-3 experiments and for three
turn-2 experiments. The CFs of the electrode locations are
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FIG. 2. The turn-3 and turn-2 electrically evoked emission frequency responses for the blocked and unblocked acoustic loads. The electrical current levels
were approximately 10 and 12 uA for animals 9031 (turn 3) and 9021 (turn 2), respectively.

indicated by the arrows at the top of the plots. Turn-2 re-
sponses exhibited greater interanimal variability than those
of turn 3. When the electrode was in turn 3, the major mini-
mum in emission magnitude (to approximately 0 dB SPL)
occurred between the frequencies of 500 and 1000 Hz. In
turn-2 experiments, the local minima in magnitude occurred
at frequencies between 1.5 and 3 kHz. In both turns, these
minima occurred near the CF of the electrode location. In
addition, the turn-2 magnitude responses exhibited a consis-
tent small notch across animals at approximately 1 kHz [Fig.
4(c)]. The 3-dB cutoff frequency for the relatively large
emissions below the major notch is between 300 and 350 Hz
for turn 3 and at approximately 2 kHz for turn 2.

The phase response curves were similar across animals
for each turn [Fig. 4(b) and (d)]. However, there were con-
siderable differences in the phase responses between turn-3
and turn-2 electrode locations. For each turn, comparison
between the magnitude and phase response curves shows
that fluctuations in the magnitude data often occurred at the
same frequencies where the phase exhibited fluctuations.

Examples of phase data for turn 3 and for turn 2 are
plotted on a linear frequency scale in Fig. 5. This figure was
obtained by choosing a representative phase response for
turn 3 and turn 2 (experiment 9024 and 9027, respectively)
from Fig. 4(b) and (d). The turn-3 phase response at frequen-
cies, 200 to 500 Hz, exhibits a greater phase lag with fre-
quency than at higher frequencies. The low-frequency region
is below the frequency where the major minimum in magni-
tude occurs. The higher frequency region, where the phase
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changes only slightly with frequency, corresponds to the fre-
quencies above the magnitude response’s major minimum.
The turn-2 phase response also has two separate slopes (one
for low and one for high frequencies), but there is a wider
low-frequency range (200 Hz to 2.5 kHz) where the phase
changes relatively rapidly with frequency. The rate of change
in phase response of low-frequency turn-2 emissions is less
than that of low-frequency turn-3 emissions. The break point
between the low-frequency slope and the high-frequency
slope occurs slightly below the CF of each electrode loca-
tion.

The group delay, Hw), of a linear time-invariant system
is the negative of the slope of the phase curve. The group
delay (in seconds) of a system is defined as M(w)=—d ¢(w)/
dw, where ¢ is the phase angle in radians and w is the
frequency in rad/s for a continuous phase response (Oppen-
heim and Schafer, 1989). The linear phase-response regions
support the idea that the electrically evoked emissions propa-
gate to the stapes as a reverse traveling wave. By calculating
the group delay from the phase response, we estimate the
travel time of the emission from its place of generation to the
place of measurement at the eardrum. The phase responses
show two regions in which the phase varies approximately
linearly with frequency. This corresponds to two group de-
lays, one for frequencies below, the other for frequencies
above the CF of the electrode location. Linear-regression
lines were calculated for both low-frequency and high-
frequency regions for each turn, as shown in Fig. 5. For turn
3, one slope was calculated for frequencies between 172 and
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460 Hz, and one for frequencies between 574 Hz and 4.94
kHz. For turn 2, slopes were calculated for frequencies be-
tween 172 Hz and 2.47 kHz, and for frequencies between 2.7
and 4.94 kHz. The estimated group-delay values are indi-
cated next to the estimated lines in Fig. 5 for the two repre-
sentative experiments. Average estimated group delays were
obtained from four turn-3 animals and five turn-2 animals.
When the electrode was in turn 3, the low-frequency slope of
the phase versus frequency corresponded to an average group
delay of 2.52+0.229 ms for emissions between 172 and 460
Hz. The average turn-3 group delay for frequencies between
574 Hz and 4.94 kHz was (.15+0.002 ms. When the elec-
trode was in turn 2, averaged group delay for emissions from
172 Hz to 2.47 kHz was 0.65*0.043 ms, and for emissions
between 2.7 and 4.94 kHz the averaged group delay was
.17£0.116 ms.

If the low-frequency linear regression lines in Fig. 5 are
extrapolated to the y-axis, the y-intercepts of the lines give
us predictions for the phases at very low frequencies. The
average y-intercept was 22*42.7 deg for low-frequency
turn-3 slope and 32+12.1 deg for the turn-2 slope.

B. The effect of death

Overdose with sodium pentobarbital resulted in death,
defined for our purposes as cardiac arrest accompanied by
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the rapid decrease in EP in the scala media from approxi-
mately 90 to —10 mV. The magnitude and phase of electri-
cally evoked emissions changed considerably after the death
of the animal, and eventually the emission magnitude fell to
the noise level. The CM magnitude also decreased after the
death of the animal.

Figure 6 shows the electrically evoked emissions mea-
sured before and after death for an experiment with the mi-
croelectrode located in turn 3. The times on the legends are
relative to the time of death. The initial recording before
death is represented with closed squares. Death initially
caused an increase in emission magnitude at low frequencies
{approximately 200 to 700 Hz) and a decrease at high fre-
quencies (approximately 1 to 3 kHz). About 1 h after death
(open square data points), the emission magnitude decreased
for most frequencies and dropped to the noise floor after
approximately 3 h. The high-frequency electrically evoked
emission measurements changed little after death. For ex-
ample, emission magnitudes above 3.5 kHz in Fig. 6(a)
changed much less after death compared to the lower fre-
quencies. The phase at high frequencies exhibited little
change after death until the emissions fell to the noise level,
after 3 h.

Figure 7 shows the input-output curves for the 195 Hz
CM, recorded at approximately the same time as the emis-
sion data in Fig. 6. The initial recording before death is rep-
resented with the closed square markers and the legend indi-
cates the time relative to the time of death in hours. After
death, the CM initially decreased by approximately 10 dB.
This corresponds to the time period when the emission mag-
nitude made its initial increase. An hour after death, the CM
at higher sound levels dropped an additional 10 to 30 dB. By
this time, the emissions had also decreased.

lil. DISCUSSION

The frequency response of electrically evoked emissions
is dependent on the location of the current-stimulating elec-
trode. At each electrode frequency location, the largest mag-
nitudes occur at frequencies below the CF of the electrode
locations. This is consistent with previous studies in the ger-
bil (Mountain and Hubbard, 1989), but we are now able to
make more detailed recordings that include higher frequen-
cies. We now find that at frequencies above the CF of the
electrode location the emissions increase, thus resulting in a
local minimum near the CF of the electrode location. In-
creases in magnitude at high frequency may be indicative of
the stimulus current leaking across turns within the cochlea
from turn 3 to turn 2 and from turn 2 to turn 1. Thus the
current may be stimulating higher frequency locations.

Comparison of our data with that of Murata er al.
(1991), who measured turn-2 and turn-3 electrically evoked
emission magnitudes in the guinea pig, show both similari-
ties and differences. Their magnitude responses resemble our
responses measured with the unblocked acoustic configura-
tion for turn 2. Their turn-2 response had a notch {local mini-
mum) between 1.5 and 2 kHz. However, overall their re-
sponse curves had a low-pass character with the magnitude
cutoff frequency at approximately 3 kHz for turn 2. Our
turn-3 magnitude has an initial cutoff at approximately 300
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Hz and then increases at higher frequencies. Murata et al.’s
turn-3 magnitude cuts off at approximately 1 kHz. Their
magnitude responses did not increase for higher frequency
stimulation. It is possible that they would have observed an
emission increase at high frequency if they had used higher
frequency stimuli.

Species-related differences in current leakage across
turns could explain the differences between our data and that
of Murata et al. In the chinchilla, Ronken and Eldredge
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FIG. 5. An example of the linear regression analysis used to calculate the
group delay of the emission data. Data from both turns were fit by two
straight-line segments. The values next to the lines indicate the estimated
group delay. Turn-3 phase (experiment 9024) and turn-2 phase (experiment
9027) data are representative animals from Fig. 4.
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(1981) observed that CM leakage across turns was possible.
The gerbil cochleas in our experiments may exhibit some
current leakage across turns resulting in the increased mag-
nitudes at high frequencies, whereas the guinea pig cochleas
in Murata et al.’s experiments may not.

In addition, Murata et al.’s experimental procedure dif-
fered from ours in several ways which could account for the
differences in results. They used current levels of 20 to 100
#A while we used 10 to 15 uA. We have preliminary data
which indicate that the emission frequency response can be
altered by high current levels. The impedance of their acous-
tic system was likely different from ours. As we have shown
in Fig. 2, differences in acoustic-system impedance can have
a significant effect in the emission frequency response. In
addition, they could not monitor cochlear condition with EP
measurements because they used a metal electrode. In our
experience, emissions obtained from high-EP cochleas dif-
fered greatly from low-EP cochleas (Nakajima, 1991). More-
over, Murata er al. used click-evoked N, instead of the more
frequency-specific tone-evoked N, to monitor cochlear con-
dition. We have shown that changes in tone-evoked N, are
associated with changes in emission frequency response (Na-
kajima, 1991; Nakajima et al., 1991).

Electrically evoked emission response exhibited notable
changes after the death of an animal. Shortly after the cessa-
tion of the heart beat, there was a very rapid drop in EP
accompanied by a slower drop in CM. The low-frequency
emissions increased and the high-frequency emissions de-
creased after death. Murata et al. (1991) also showed a single
case of death precipitating an increase in guinea-pig electri-
cally evoked otoacoustic emission at 170 Hz. The observa-
tion that electrically evoked emission magnitudes could in-
" crease and remain constant for many minutes after death
suggests that electromechanical transduction can survive af-
ter the death of the animal, even when the mechanoelectric
transduction is compromised.

Other types of manipulations such as furosemide injec-
tion, which reduces EP and CM, also result in the increase of
low-frequency electrically evoked emissions (Hubbard and
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FIG. 8. A conceptual feedback model of the cochlea adapted from Hubbard
and Mountain (1990). The outer hair cells are represented by two separate
processes: mechanoelectric transduction and electromechanical transduc-
tion. The diagram shows that acoustic input produces CM via the mechano-
electric transduction process. Electrical current produces otoacoustic emis-
sions via the electromechanical transduction process. Acoustic trauma or
changes in EP can lead to the opening of the feedback loop by decreasing
the gain of the mechanoelectric transduction mechanism, while electrome-
chanical transduction is still intact.

Mountain, 1990). The enhancement of low-frequency emis-
sions could be the result of opening the feedback loop in a
negative feedback system similar to the model depicted in
Fig. 8. Manipulations such as furosemide injection and death
decrease the EP which provides much of the driving force for
mechanoelectric transduction. The reduction in mechano-
electric transduction opens the loop, thus increasing the
emission response by a factor of up to one plus the loop gain
(Mountain and Hubbard, 1989). Hubbard and Mountain
(1990) found that furosemide injection results in an emission
increase of 12 dB, which corresponds to a loop gain of at
least three (for turn-2 emissions at 600 Hz). Here, we find
that death can result in an emission increase of 19.4 dB (at
172 Hz for turn 3), indicating a loop gain of at least eight.
Acoustic trauma which decreases CM, indicating damage to
mechanoelectric transduction, also results in increased low-
frequency emission magnitudes (Hubbard et al., 1990; Naka-
jima et al., 1991). Finally, simultaneous acoustic stimulation,
which may saturate mechanoelectric transduction (effec-
tively “opening the loop”), also results in 15-dB enhance-
ment of turn-2 (450 Hz) electrically evoked emission, corre-
sponding to a loop gain of at least four (Mountain and
Hubbard, 1989).

Other investigators have studied otoacoustic emissions
with compromised cochleas. The acoustically evoked distor-
tion products in the gerbil have been shown to persist up to 2
h after death from anoxia (Schmiedt and Adams, 1981). They
found that the cubic difference tone (2f,—f ,) decreases ini-
tially, then recovers to approximately the normal magnitude.
The difference tone (f,—f,) was found to actually increase
over 10 dB after anoxia. Both types of distortion products
were found to decrease after 30 min following anoxia. How-
ever, Kemp and Brown (1984) found gerbil cubic difference
distortion product emissions (2f | — f,) to decline 5 to 10 min
after death. Schmiedt (1986) later noted that the effect on
2f,— [, distortion product due to anoxia is dependent on the
levels of the stimuli. Lonsbury-Martin et al. (1987) found
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that stimulus level of 75 dB SPL produced distortion prod-
ucts that lasted longer after death than the 65 dB SPL evoked
emissions. They found this pattern to be true for the distor-
tion product 2f, — f, and the odd-order intermodulation dis-
tortion product 2f,— f, in the rabbit. Whitehead er al. (1992)
also noted similar characteristics in the rabbit where 2f, — f,
distortion products were affected by lethal anoxia, injection
of ethacrynic acid, or ethacrynic acid plus gentamicin. The
cubic distortion product was severely affected if <60-70 dB
SPL stimuli was used and less affected with >60-70 dB SPL
stimuli. Recently, Rebillard and Lavigne-Rebillard (1992)
observed that after hypoxia 2f,— f, emissions in the guinea
pig often initially increase (4 dB) then decrease. Mills et al.
(1993) showed that the temporary decrcase in EP due to
furosemide injection resulted in a decrease then recovery to
near normal magnitude for the odd distortion product emis-
sions (2f;—f3), (3f1—2f>), and (2f,—f,). The even-order
term (f,— f,) responded in a less consistent manner, eventu-
ally recovering to near normal. One example of the 2f, — f,
term evoked by 50 dB SPL stimuli showed a tendency to
overshoot (approximately 2 dB) after recovery. Although dis-
tortion product emissions may involve a different generation
mechanism from that of the electrically evoked emissions, it
is interesting that both types of emissions have been noted to
persist and even increase shortly after the death of an animal.

Knowledge of the electrically evoked otoacoustic emis-
sion phase responses in the blocked ear-bar case allows us to
infer the polarity of pressure changes within the cochlea due
to electrical stimulation. The average y-intercept for the
emission phase versus frequency plot was near 0° with re-
spect to condensation. For low frequencies, we expect that
the pressure measured at the tympanic membrane is propor-
tional to the pressure in the scala vestibuli. This suggests that
when a positive current is injected into the scala media, the
OHC mechanical response results in a positive pressure in
the scala vestibuli at the stapes.

The middle ear could introduce a phase shift between
the pressure in the scala vestibuli and the pressure measured
at the tympanic membrane if the impedance looking into the
acoustic system from the ear canal is comparable to, or lower
than, the impedance of the middle ear. Such appears to be the
case with the unblocked ear bar (Fig. 2) in which a relative
phase lead is seen for frequencies below 500 Hz. When the
impedance of the acoustic system is significantly increased
(blocked ear bar), then the phase lead is reduced by 130°-
180°. If we assume that the phase of the scala vestibuli pres-
sure remains unchanged, then these results suggest that the
blocked ear-bar configuration significantly reduces the phase
shift introduced by the middle ear.

A similar phase lead can also be seen in the data of Xue
ef al. (1993b) who used an acoustic system very similar to
our unblocked system. They compared electrically evoked
basilar membrane motion in the hook region to the electri-
cally evoked emission and found that below 700 Hz the
emission could exhibit as much as 200° lead with respect to
basilar membrane velocity. This phase shift introduced by
the middle ear appears to be important only at low frequen-
cies, since they found that from 700 Hz to 10 kHz both the
magnitude and the phase of the emission matched that of the
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basilar membrane velocity if the emission data were cor-
rected for a 49-us travel time to the probe-tube microphone.

The group delays and low-frequency intercepts in the
present study are based on phase data measured with the
high-impedance system. With this system the phase shifts
introduced by the middle ear should be quite small and
would not be expected to influence the group delay esti-
mates. The middle ear effect may, however, explain the small
phase lead observed in the low-frequency intercept.

Both the electrically evoked emission and the CM are
distributed responses. The space constant for the electrically
evoked emission was estimated to be 1.5 mm by Xue ef al.
(1993a). At low frequencies, the wavelength of the generated
wave on the basilar membrane is far greater than the space
constant, thus the interpretation of the phase measurements
should be reasonably accurate.

The calculations of group delays from acoustically
evoked CM data and electrically evoked emissions suggest
that different modes are stimulated preferentially for acoustic
and electrical stimulation. Schmiedt and Zwislocki (1977)
estimated travel times by measuring the low-frequency group
delay derived from the CM phase measured in turn 2 and
turn 3 of an open-bulla cochlea of a gerbil. The CM phase
was calculated relative to the CM phase measured near the
stapes. The travel times they estimated were approximately 1
ms for the turn-3 region and 0.3 ms for the turn-2 region.
From the low-frequency regions, where the emissions are
relatively large (to 500 Hz for turn 3, and to 2.5 kHz for turn
2), the electrically evoked emissions have estimated group
delays of 2.5 ms (turn 3) and 0.7 ms (turn 2). A comparison
between our data and that of Schmiedt and Zwislocki indi-
cates that the electrically evoked-emission travel time is at
least twice the travel time of the acoustically evoked CM
response. The difference in group delays suggests that elec-
trical simulation and acoustic stimulation may preferentially
excile different propagation modes. The possibility of two
modes is particularly intriguing because the recent model by
Hubbard (1993) requires two coupled propagation modes.
With the original model parameters, propagation mode ve-
locities differ by a factor of 2 in the midcochlear region (turn
2) and by a factor of 20 in the base. The direct comparison to
the present experimental data is not possible because the
traveling-wave model has not yet been developed to the
stage of simulating electrically evoked emissions.

High-frequency turn-3 emissions (between 500 Hz and 5
kHz) and high-frequency turn-2 emission (between 2.5 kHz
and 5 kHz) have nearly equal group delays of approximately
0.16 ms. The disparity between group delays at high frequen-
cies and low frequencies for each turn may result from phase
cancellation at high frequencies where the wavelength ap-
proaches the space constant of the electrical current spread.
An alternative possibility is that the high-frequency emis-
sions have originated from areas closer to the base, thus pro-
ducing shorter delays. This is consistent with the possibility
that some of the current leaks to the basal turns of the co-
chlea, therefore stimulating higher frequency regions.

Otoacoustic emissions, electrically evoked from both
turn 2 and turn 3 of the gerbil cochlea, (i) have a complex
frequency dependence, and (ii) seem to emerge from the co-
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chlea with two distinct group delays. Both of these features
vary with the stimulation site, but are consistent between
animals. The group delays for the reverse traveling wave that
correspond to the most robust electrically evoked emissions
for each turn are longer (by at least a factor of two) than the
delays that have been measured by others for the acousti-
cally evoked forward traveling wave. The existence of two
significant propagation modes in the cochlea would pose a
major challenge to most existing theories of cochlear func-
tion.
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