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Distortion generated by the cochlea can provide a valuable indicator of its functional state. In the
present study, the dependence of distortion on the operating point of the cochlear transducer and its
relevance to endolymph volume disturbances has been investigated. Calculations have suggested
that as the operating point moves away from zero, second harmonic distortion would increase.
Cochlear microphonic waveforms were analyzed to derive the cochlear transducer operating point
and to quantify harmonic distortions. Changes in operating point and distortion were measured
during endolymph manipulations that included 200-Hz tone exposures at 115-dB SPL, injections of
artificial endolymph into scala media at 80, 200, or 400 nl/min, and treatment with furosemide given
intravenously or locally into the cochlea. Results were compared with other functional changes that
included action potential thresholds at 2.8 or 8 kHz, summating potential, endocochlear potential,
and the 2f 1 – f 2 andf 2 – f 1 acoustic emissions. The results demonstrated that volume disturbances
caused changes in the operating point that resulted in predictable changes in distortion.
Understanding the factors influencing operating point is important in the interpretation of distortion
measurements and may lead to tests that can detect abnormal endolymph volume states. ©2004
Acoustical Society of America.@DOI: 10.1121/1.1647479#

PACS numbers: 43.64.Jb, 43.64.Nf@BLM # Pages: 1219–1229
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I. INTRODUCTION

These studies investigate the possibility that physiolo
cal response changes associated with changes in coc
transducer operating point may be of value in the charac
ization of endolymph volume disturbances, such as endol
phatic hydrops. If the relationship between mechanical in
and electrical output of the cochlear transducer can be
scribed by a response curve, then the operating point re
sents the location on this curve in the absence of stimulat
It has been suggested that endolymph volume disturba
can mechanically disturb transduction in the ear throu
changes in static position and thus operating point of
organ of Corti~Kirk et al., 1997!. Changes in emitted distor
tion products consistent with operating point shifts have b
demonstrated during low-frequency biasing experime
~Frank and Ko¨ssl, 1996; 1997! with both the f 2 – f 1 and
2 f 1 – f 2 emissions being modulated by a bias tone. Lo
frequency biasing of the 2f 1 – f 2 emission has also bee
used to derive the cochlear transducer function~Bian et al.,
2002!. Detailed studies of the relationships between ope
ing point and acoustic emissions were reported by Kirk a
Patuzzi~1997! and Kirk et al. ~1997!. In these studies it was
found that exposure to a high-level, low-frequency tone p
duced marked changes of both the operating point and
f 2 – f 1 emission. Subsequent studies have demonstrated
low-frequency tone exposures can produce a transient
dolymphatic hydrops~Flock and Flock, 2000; Saltet al.,
2002; 2003!. The study by Salt~2003! utilized chemical vol-
ume markers that were monitored in the endolympha
space by ion-selective microelectrodes. Exposure to 200

a!Electronic mail: salta@wustl.edu
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tones at 115 dB produced marker concentration change
dicating an endolymph volume increase of approximat
30% in the second turn of guinea pigs. A similar degree
hydrops was reported during stimulation with a 140-Hz to
at 109 dB SPL by Flock and Flock~2000!. They used con-
focal microscopy to view Reissner’s membrane in the ap
turn of the guinea pig cochlea and found substantial bow
of Reissner’s membrane towards scala vestibuli.

The purpose of the present study was to quan
changes in operating point, distortion, and other functio
measures during manipulations intended to disturb
dolymph volume or endolymph homeostasis. We used th
types of interventions:~1! Tone exposures at 200 Hz, 115 d
SPL that have been shown to cause transient endolymph
hydrops~Salt, 2003; Flock and Flock, 2000!; ~2! Direct in-
jections of artificial endolymph into scala media of the se
ond cochlear turn~Salt and DeMott, 1997!; ~3! Treatment
with furosemide, a blocker of ion transport in the lateral w
of the cochlea that results in substantial reduction of the
dolymphatic potential and ionic changes of endolym
~Brusilow, 1976; Rybak and Morizono, 1982; Rybak a
Whitworth, 1986!.

In order to determine the cochlear transducer opera
point, we have adopted an approach similar to that used
Kirk et al. ~1997!, in which operating point was derived from
an analysis of the cochlear microphonic waveform. Ope
ing point changes were compared with a number of meas
of cochlear distortion, including harmonic distortions of th
microphonic and acoustic two-tone distortion produ
2 f 1 – f 2 and f 2 – f 1. Operating point was also compare
with a number of other functional measures including c
chlear sensitivity as assessed by action potential thresh
and summating potentials.
1219219/11/$20.00 © 2004 Acoustical Society of America
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II. METHODS

A. Animal preparation

Pigmented NIH-strain guinea pigs weighing 350–500
were used in this study. Animals were anesthetized with
traperitoneal sodium thiobutabarbital~Inactin, Sigma, St.
Louis, 100–125 mg/kg! and placed on a thermistor
controlled heating pad to maintain core temperature at 38
A central line was placed in the left external jugular vein f
supplementary anesthetic and other drugs. The trachea
cannulated and the animal was ventilated. End tidal CO2 was
monitored and the tidal volume of the respirator was adjus
to maintain an end tidal CO2 level of 38 mm Hg~5%!. Heart
rate was monitored. Prior to recordings, pancuronium b
mide ~Pavulon, Baxter, Irvine, approximately 0.05 mg,
effect! was given intravenously to minimize myogenic ar
facts and to aid mechanical ventilation.

The caudal portion of the right jaw was removed and
auditory bulla was exposed by a ventral approach. The b
was opened, leaving middle-ear structures intact. A long
dinal incision was made along the external auditory ca
and a hollow earbar was inserted until it sealed to the ca
wall.

The instrumentation for stimulus generation and data
quisition was Tucker-Davis System 3 hardware controlled
a custom-writtenVISUAL BASIC ~Microsoft! program. An
acoustic emissions system~Etymotic ER-10C, microphone
and 2 speakers! and a high-intensity speaker~Sennheiser
HD580! were incorporated into the hollow earbar so th
each sound channel terminated near the tip of the ea
Sound stimuli in the ear canal were calibrated at the be
ning of each experiment using the ER10C microphone w
an automated procedure that tracked a criterion sound l
of 70 dB SPL across a range of frequencies~1 to 16 kHz for
Etymotic speakers, 125 Hz to 16 kHz for the Sennhei
speaker! in 1/4–octave steps.

B. Cochlear evoked potentials

Cochlear responses were recorded from an Ag/AgCl
electrode positioned at the junction between the rou
window membrane and the bony otic capsule. The signal
amplified 10003 and high-pass filtered at 5 Hz. Signals we
digitized at 48.8 kHz and averaged using Tucker-Davis R
modules.

C. Responses to biphasic tone bursts

Cochlear potentials@cochlear microphonic~CM!, sum-
mating potential~SP!, and action potential~AP!# were re-
corded in response to phase-locked tone bursts of two op
ing polarities. Typically ten responses to positive on
stimuli and ten responses to negative onset stimuli were
eraged. Tone bursts were 12 ms in duration with 0.5-
cosine-shaped onset. Waveforms containing the AP and
were obtained by summing the responses to both polari
and the CM was obtained by subtracting the response
opposite polarities. Cochlear responses were typically
corded in response to 4-kHz stimulus at 90 dB SPL. In
dition, the same collection paradigm was incorporated i
1220 J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004
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an automated routine by which the AP threshold was es
lished using a 10-mV criterion. The criterion magnitude wa
approximately 4 times greater than the background no
level in the averaged response. Stimuli were increased
5-dB steps until an AP greater than 10mV was detected and
then stimuli were reduced in 5-dB steps until the AP w
below the 10-mV criterion. The threshold was determined b
interpolation between the above- and below-threshold am
tude values. Thresholds were monitored during experime
manipulations with stimuli at 2.8 and 8 kHz. In additio
prior to manipulations a frequency/threshold curve~AP au-
diogram! was measured in 1/4-octave steps from 1 to
kHz.

D. Single-phase CM analysis

The CM obtained as detailed above, by subtracting
sponses to opposite polarity stimuli, is not appropriate
operating point analysis because polarity-sensitive com
nents are canceled in the waveform subtraction proced
Instead, CM was averaged in response to a sustained 50
tone, presented at high level to saturate the cochlear tr
ducer. Data sampling was initiated 5 s after the tone co
menced, phase-locked to positive-going zero crossings of
tone. Twenty epochs of a 2048-point waveform~42-ms win-
dow! were averaged. The waveform was Hamming w
dowed and the power spectrum was calculated. The pe
representing the primary, second harmonic, and third h
monic were measured. Harmonics were expressed in dB r
tive to the amplitude of the primary. Half of the wavefor
~1024 points! was then subjected to an analysis to determ
operating point, as detailed below.

E. Acoustic emissions

Acoustic emissions were recorded in response to 4-
4.8-kHz primaries, presented at 75 or 80 dB SPL. Frequ
cies of the primaries were optimized to ensure an exact n
ber of cycles in the sample buffer. An 8192-point~168-ms!
buffer was averaged, with phase based on synchronous p
tive zero crossings of both primaries. Stimuli were turned
for 5 s before data collection started. The spectrum of
buffer was then calculated and a number of spectra w
averaged to produce the final spectrum. Typically, three sp
tra were averaged with each spectrum derived from an a
age of five time buffers. Spectral peaks were derived as
local maximum within an 11-point cursor centered at t
expected frequency. The noise floor was established by
eraging 6 points of the cursor distant from the peak, i.e
points from each end of the 11-point cursor. At the stimu
levels used, 2f 1 – f 2 amplitude was an average of 34.1 d
above the noise floor andf 2 – f 2 was an average of 24.8 dB
above the noise floor.

F. Endolymphatic manipulations

1. Exposure to 200 Hz, 115 dB SPL

A 200-Hz tone was delivered to the ear from the Se
nheiser speaker at a level of 115 dB for 3 min. This expos
has previously been shown to induce transient endoly
Sirjani et al.: Operating point influences cochlear distortion
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phatic hydrops~Flock and Flock, 2000; Salt, 2003!. During
exposure to the tone, no sound-evoked potentials or aco
emissions were collected.

2. Injection of artificial endolymph

The bone overlying stria vascularis in the second t
was thinned with a flap knife~Mueller AU13400! and a
small, approximately 30-mm, fenestra was made with a
angled pick ~Storz N1705-80!. Injections were performed
from double-barreled glass pipettes, with their tips bevele
a diameter of 15–20mm. The injection barrel was filled with
an artificial endolymph consisting of 140-mM KCl an
25-mM KHCO3 and was mounted on a Nanoliter 2000 m
croinjection pump@World Precision Instuments~WPI!, Sara-
sota#. The second barrel of the pipette was filled wi
500-mM KCl and was used to record endocochlear poten
The pipettes were inserted into endolymph through the
cess fenestra using registration of a stable positive voltag
verification the pipette tip was located in the endolympha
space.

3. Treatment with furosemide

Animals were given furosemide~Vetus Furoject, 50 mg/
ml, Burns, New York! intravenously at a dose of 100 or 5
mg/kg. Drug delivery was followed by 0.3 ml of lactate
Ringer’s to ensure the entire dose was expelled from
cannula.

In experiments where furosemide was injected locally
the cochlea, an injection pipette containing 10 mg/ml of
rosemide was sealed into the basal turn of scala tympani.
stock 50-mg/ml furosemide was diluted 1:4 in artificial pe
lymph containing~in mM! NaCl ~125!, KCl ~3.5!, CaCl2
~1.3!, NaHCO3 ~25!, MgCl2 ~1.2!, NaH2PO4 ~0.75!, and glu-
cose~5!. The injection pipette was mounted on a WPI Ultr
pump. The otic capsule was thinned and the dry bone co
with thin cyanoacrylate adhesive. The thinned area was
rounded by a ring of two-part silicone adhesive~Kwik-Cast,
WPI, Sarasota! and a small fenestra made in the middle w
an angled pick. The injection pipette was inserted and dro
of cyanoacrylate was applied while wicking fluid away fro
the site. When a seal had been achieved the entire field
covered with more two-part silicone adhesive. Injections i
scala tympani were performed at a rate of 100 nl/min fo
period of 10 min.

G. Experimental design

Immediately after the cochlea was exposed, anim
were evaluated with an AP threshold audiogram and the m
surement and analysis of CM to low-frequency tones. A
mals showing hearing loss, specifically with an AP thresh
more than 2 standard deviations above the laboratory m
were excluded from the study, as were any animals in wh
the cochlear microphonic to a 500-Hz, 90-dB SPL tone w
less than 200mV. This latter exclusion criterion was set a
bitrarily to ensure that the signal-to-noise ratio was adequ
to resolve low-level spectral peaks in the CM analysis.
also excluded some animals in which we observed tissu
the external canal contacting the tympanic membrane. T
J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004
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could be seen through the tympanic membrane from
middle-ear side and occurred when sectioning the ear c
compromised venous drainage from the structure. These
mals typically showed elevated AP thresholds to low f
quencies, low CM amplitude, and a notably distorted CM
low frequencies. Congestion of the tissue was subseque
avoided by making the incision for the earbar parallel to
long axis of the ear canal. The baseline data obtained f
the above measurements were summarized as represe
the premanipulation state of the animals. Experimental p
cedures on the cochlea, such as perforating the otic cap
and placing injection pipettes, were performed after base
data were collected.

The experimental study consisted of measuring coch
potentials to biphasic and single phase stimuli, AP thresho
to 8- and 2.8-kHz tones, and acoustic emissions repeate
In endolymph injection experiments the endocochlear pot
tial was also measured. It required approximately 35 s
collect a complete set of measurements, so the sampling
terval was set to 40 s. Data collection was performed a
fully automated procedure. Measured parameters w
graphed and stored as they were collected. When repe
measurements made over at least a 5-min period were jud
by the experimenter to be stable~i.e., not drifting in one
direction!, the animal was subjected to one of the interve
tions listed above, during which the collection of respons
continued.

The Animal Studies Committee of Washington Unive
sity approved the experimental procedures used in this s
under protocol numbers 19 990 029 and 20 020 010.

H. Calculated dependence of distortion on cochlear
transducer operating point

The output signal (V) generated by the cochlear tran
ducer responding to a sine wave input (P) was calculated
using a first-order Boltzmann function to describe the tra
ducer@Eq. ~1!#, an approach that has previously been used
Kirk et al. ~1997!

V52Psat1~2 Psat!/~11exp~z~P1Po!!!, ~1!

wherePsat is the saturation voltage of the transducer,z is the
sensitivity of the transducer, andPo is the operating point.

Based on this equation, the slope of the calculated tra
ducer curve varies when the saturation voltage (Psat) is
changed. To avoid this problem, we therefore definedz in
terms of a slope parameter (S) and Psat @Eq. ~2!#. When z
was defined by this relationship, changingPsat did not
change the slope of the transducer curve

z522 S/Psat. ~2!

Output waveforms were calculated for a sinusoidal inp
as operating point was systematically varied. Wavefor
were subjected to the same methods of spectral analysis
determination of operating point as were the recorded
chlear microphonic data. This analysis of calculated wa
forms was used both to validate the operating point anal
method and to aid in the interpretation of experimental da
1221Sirjani et al.: Operating point influences cochlear distortion
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FIG. 1. Output waveforms~middle panel! calculated
for transducers with varying operating points (Po) as
indicated. The three panels at the left show the tra
ducer curves for operating point values of 0.6~upper!, 0
~middle!, and20.6 ~lower!. In each plot, the heavy line
indicates the region of the transducer curve over wh
the stimulus is applied. Spectral analysis of each out
waveform is shown in the right panel. For operatin
point set to zero, the output waveform is symmetric a
shows low second harmonic distortion. Even small d
viations in operating point~0.1! cause second harmoni
distortion increases, even though distortion is not app
ent in the time waveform. With operating point value
further from zero~0.6! the time waveform is highly
asymmetric and a prominent second harmonic dist
tion peak is apparent in the spectrum.
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I. Operating point analysis of cochlear microphonic

A simulated microphonic waveform was calculated
described above and based on the Boltzmann param
Psat, S, andPo together with parameters for frequency (f ),
phase (p), and dc offset (Vo). A curve-fitting procedure was
then used in which the six parameters were simultaneo
varied to best fit the calculated waveform to the experim
tally recorded cochlear microphonic waveform. Fit was o
timized by minimizing the sum of squares of differences b
tween calculated and experimental curves. The fitt
procedure was performed in real time during data collecti
and the derived Boltzmann parameters were recorded.
amplitude of the cochlear microphonic determined the
rametersS and Psat. Under this analysis, the scale of ope
ating point is such that a value of 1 is equal to the displa
ment of the transducer at the peak of the applied sinuso
stimulus.

III. RESULTS

A. Simulations

The cochlear transducer has nonlinear, saturating c
acteristics and can be approximated by a Boltzmann fu
tion. With such a transducer, the output signal depends
where the input signal is ‘‘centered’’ with respect to th
transducer, the so-called ‘‘operating point.’’ This concept a
its consequences are shown in Fig. 1, where output wa
forms were calculated for a sinusoidal input at 500 Hz w
different values of operating point. The transducer cur
based on the Boltzmann function and its parameters
shown in the left column. With the transducer operati
point at zero~left center panel!, a sinusoidal input gives a
symmetric output voltage. Spectral analysis of this out
shows an absence of second harmonic distortion. Positiv
negative values of operating point produce an asymmetr
the time waveform which is detected in the spectrum a
second harmonic distortion. For small values of operat
point ~e.g., 0.1!, little change in the time waveform is appa
ent, while the spectrum shows a prominent second harmo
The polarity of operating point shown here is intended
represent displacement of structures in a similar manne
1222 J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004
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an applied pressure in the ear canal. Positive displacem
indicates positive pressure in the ear canal and displacem
of the organ of Corti towards scala tympani. Since organ
Corti displacements towards scala tympani cause a nega
voltage shift in that scala, the slope of the transducer~left
column! is negative.

The calculated relationships between distortion and
erating point are shown in Fig. 2. These curves show
magnitude of the second and third harmonics from spe
similar to those in Fig. 1, relative to the magnitude of t
primary. This demonstrates graphically that second harmo
distortion is extremely sensitive to deviations of the oper
ing point away from zero, with distortion increasing by a
most 50 dB as operating point increases over the ra
shown. In contrast, the third harmonic distortion peak, wh
is dominated by the saturating characteristic of the tra
ducer, is relatively unchanged for small operating po
changes but decreases when operating point becomes l
These data suggest that measures of second harmonic d
tion may be a potentially useful indicator of small changes
cochlear transducer operating point.

FIG. 2. Dependence of harmonic distortion amplitude on transducer op
ing point. Second harmonic distortion is extremely sensitive to small op
ating point changes and increases rapidly as operating point moves
from zero. Third harmonic distortion is less sensitive to small operat
point changes but decreases for higher operating point values.
Sirjani et al.: Operating point influences cochlear distortion



is
ta
nd
d
in
i-
n
a
-
n
in

tin
ro

ri-
ting
l-
e-
o
in-
d a
als
int
r, as
e

was
ay

is
e 2
this
ion
uc-
re-
har-

x-
n-
l is
de
on
res
se
ion

-dB
on-
atic
pe-

itive
ith
to-
ent,
–4

P
di
io

c

B. Baseline measurements

The variation of operating point, second harmonic d
tortion, and cochlear sensitivity prior to any experimen
manipulations is given in Fig. 3. Both operating point a
second harmonic distortion were highly variable across in
vidual animals. Although the mean value of operating po
was 20.08 ~s.d. 0.09,n532), there were a number of an
mals with positive operating point values. Second harmo
distortion, measured in dB relative to the primary peak, v
ied from 236 dB to over220 dB. All animals showed nor
mal cochlear function as assessed by AP thresholds, eve
animal with an outlying large negative operating po
(20.35).

C. 200-Hz tone exposure

Figure 4 shows the simultaneously measured opera
point and second harmonic distortion changes resulting f

FIG. 3. Baseline measurements of operating point~upper left!, second har-
monic distortion~lower left!, and of cochlear sensitivity as indicated by A
thresholds~right!. Each data point in the plots at the left represent an in
vidual animal. Bars on the AP threshold plot indicate standard deviat
Baseline measurements were made prior to any manipulations of the
chlea.
J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004
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exposure to 200 Hz for 3 min at 115 dB SPL in two expe
ments. Both examples showed a movement of opera
point in the positive direction following sound exposure, a
though the time courses differ slightly. In contrast, the b
havior of the second harmonic differs markedly in the tw
experiments. In example 1, second harmonic distortion
creased after the exposure, while in example 2 it showe
marked decrease. The difference between the two anim
can be appreciated by plotting each pair of operating po
and second harmonic distortion values against each othe
shown in the correlation plots in the right column of th
figure. For example 1, the pre-exposure operating point
slightly positive. In this case, moving further positive, aw
from zero, would be expected to increase distortion, which
what was observed. In contrast, the animal in exampl
showed a negative operating point before exposure. In
case, a movement of operating point in the positive direct
brings operating point closer to zero, with an expected red
tion of second harmonic distortion. In this example, the
lationship between measured operating point and second
monic distortion closely follows the calculated curve.

Interpretation of harmonic distortion changes during e
perimental manipulations is therefore extremely difficult u
less the baseline operating point of the individual anima
considered. Since distortion may differ in both magnitu
and direction in different animals, calculating the deviati
of responses across animals has little value. In the figu
that follow, we have therefore shown individual respon
curves together with the mean value to interpret distort
changes.

The response changes resulting from 200-Hz, 115
SPL exposure are summarized in Fig. 5. This exposure c
dition has been shown to induce a transient endolymph
hydrops that recovers back to normal over a 10–20-min
riod with a recovery half-time of 3.2 min~Salt, 2003!. In the
present study, the treatment produced a transient pos
shift in operating point by approximately 0.1, consistent w
a hydrops-induced displacement of the organ of Corti
wards scala tympani. The operating point shift was transi
however, and showed a recovery back to baseline within 3

-
n.
o-
osure to a

positive

s the
FIG. 4. Two examples in which changes of operating point and second harmonic distortion were recorded simultaneously before and after exp
200-Hz tone for 3 min at 115 dB SPL. The exposure increases operating point in both examples. Second harmonic is increased in example 1~upper row! and
is decreased in example 2~lower row!. This difference is accounted for by consideration of the pre-exposure operating points for the two animals. The
deflection moves operating point further from zero in example 1~causing distortion to increase! and closer to zero in example 2~causing distortion to
decrease!. The correlation plots~right column! show second harmonic distortion plotted as a function of operating point. The open symbol show
pretreatment value and the thin line shows the calculated dependence from Fig. 2.
1223Sirjani et al.: Operating point influences cochlear distortion
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FIG. 5. Response changes elicited by exposure to
200-Hz tone for 3 min at 115 dB SPL. In each pane
the mean curve is shown as a thicker line. Thin lin
represent individual experiments. Bars indicate stand
deviation. Operating point and SP are transiently
creased due the 200-Hz-induced endolymph volume
crease. Second harmonic distortion and thef 2 – f 1
emission show substantial changes that vary in dir
tion, magnitude, and time course due to the comp
dependence on operating point. Cochlear sensitivity,
assessed by thresholds at 8 and 2.8 kHz and by
2 f 1 – f 2 emission, is not markedly changed by the e
posure.
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min of the tone exposure ending. The SP similarly increa
transiently and recovered back to baseline within a few m
utes. The cochlear microphonic measured with single-ph
500-Hz stimuli or 4-kHz biphasic stimuli showed only sma
amplitude fluctuations relative to the mean baseline am
tudes of 1478mV (s.d.5243, n59) and 538mV (s.d.
5137, n59), respectively~data not shown!. Second har-
monic distortion showed substantial changes in all anim
but the timing, magnitude, and polarity of the change w
highly variable due to the reasons discussed above.
f 2 – f 1 emission similarly showed substantial changes in
animals, typically larger than 10 dB. Both increases and
creases off 2 – f 1 were apparent, comparable to changes
the second harmonic. Measures of cochlear sensitivity@AP
thresholds at 8 kHz~not shown!, 2.8 kHz, and the 2f 1 – f 2
emission# indicated only minor changes during the ton
induced endolymph volume disturbance.

D. Artificial endolymph injection at 80 nl Õmin

Injection of artificial endolymph has previously bee
used to induce endolymph volume disturbances. In a p
study, 15-min injections at rates higher than 25 nl/min cau
endolymphatic hydrops and a basally directed endolym
flow in the cochlea~Salt and DeMott, 1997!. Figure 6
summarizes the effect of injections at 80 nl/min for 15 m
~total 1.2 mL injected! on the measured responses. Rat
1224 J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004
d
-
se

i-

s,
e
he
ll
-

n

r
d
h

r

than operating point increasing due to the endolym
volume increase, in most cases we found that large osc
tions of operating point occurred. The initial deflectio
though large and positive in one animal, was negative
others. The mean curve showed a decrease during the in
tion, followed by a slow increase some time after the inje
tions finished. The second harmonic also showed oscillati
in amplitude with occasional larger deflections. In ea
experiment, the second harmonic distortion changes w
accounted for by the operating point changes, as show
the example correlation plot at the upper right. In this ca
distortion decreased and passed through a minimum as o
ating point moved through zero, then increased as opera
point became more positive. The observation of a minim
close to the measured zero operating point validates
accuracy of the operating point estimate. Two of the exp
ments showed distortion going through a minimum as
operating point of the animal passed through zero. The
and f 2 – f 1 emission similarly showed increased variati
throughout the injection with stabilization afterwards. T
injection produced only minor changes in EP, 2f 1 – f 2 emis-
sion, and thresholds at 8 kHz. In contrast, thresholds
2.8 kHz showed a systematic increase during inject
~average 15 dB! and a slow recovery afterwards, consi
tent with the injection-induced endolymph volume distu
bance.
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FIG. 6. Response changes elicited by artificial e
dolymph injection into the second turn of scala media
80 nl/min for 15 min. Mean curves are shown as thick
lines. Thin lines represent individual experiments. Ba
indicate standard deviation. Operating point sho
injection-induced fluctuations but no overall increa
indicating endolymphatic hydrops. Summating pote
tial similarly shows changes that are not consiste
Second harmonic distortion and thef 2 – f 1 emission
show variations that depend on operating point. An e
ample of the correlation between second harmonic d
tortion and operating point is shown at the upper rig
Sirjani et al.: Operating point influences cochlear distortion
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FIG. 7. Response changes elicited by artificial e
dolymph injection into the second turn of scala media
200 nl/min for 3 min. Mean curves are shown as thick
lines. Thin lines represent individual experiments. Ba
indicate standard deviation. In the majority of anima
operating point is increased by the injection, althou
cyclical fluctuations are also apparent and are reflec
in second harmonic distortion andf 2 – f 1 emission
changes. An example of the correlation between sec
harmonic distortion and operating point is shown at t
upper right.
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E. Artificial endolymph injection at 200 nl Õmin

In view of the rapid recovery of operating point follow
ing hydrops induced by 200 Hz, and the absence of a m
operating point increase with 80-nl/min injection, it appear
likely that operating point could adapt quickly to abnorm
endolymph volume states. We therefore performed injecti
at higher rates to induce larger endolymph volume chan
more rapidly. Figure 7 summarizes the response change
sulting from 200-nl/min injection of artificial endolymph int
the second turn of the cochlea for 3 min, for a total of 0.6mL
injected. In four of five animals, operating point showed
increase consistent with endolymphatic hydrops. The fi
showed operating point oscillations, similar to those o
served with lower injection rates, but no overall increa
The second harmonic showed transient changes during in
tion, as did thef 2 – f 1 emission. Second harmonic distortio
changes were more consistent in this group as all five
mals had negative baseline operating points. In the exam
correlation plot, second harmonic distortion showed a siza
decrease, consistent with the movement of operating p
towards zero and in a manner close to that predicted by
simulations. The SP showed an injection-induced incre
J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004
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Injection at this rate again had little influence on EP, thre
olds at 8 kHz, and the 2f 1 – f 2 emission. Thresholds at 2.
kHz were slightly elevated, with a mean increase of 6 d
The smaller threshold increase at 2.8 kHz compared with
80-nl/min injection group is accounted for by the smal
total volume injected.

F. Artificial endolymph injection at rate of 400 nl Õmin

The physiologic changes induced by artificial e
dolymph injection at the higher rate of 400 nl/min for 3 m
are summarized in Fig. 8. The total volume delivered in t
procedure was 1.2mL, the same as the injections shown
subsection D at 80 nl/min. Although four out of five anima
showed a transient operating point increase during inject
almost all showed a subsequent operating point decreas
below the preinjection value. The decline in operating po
appears to be associated with the larger total volume
jected. The second harmonic typically showed transient
creases, followed by an increase as expected from the o
ating point changes, as shown by the example correla
plot. The SP also showed a prominent increase during in
tion but did not fall below baseline afterwards. Thef 2 – f 1
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FIG. 8. Response changes elicited by artificial e
dolymph injection into the second turn at 400 nl/min fo
3 min. Mean curves are shown as thicker lines. Th
lines represent individual experiments. Bars indica
standard deviation. In most animals, operating po
was transiently increased by the injection and sub
quently declined. The summating potential showed
similar time course of change. Second harmonic dist
tion increased, consistent with the operating po
change as indicated in the correlation example. T
f 2 – f 1 emission decreased. Endocochlear potential a
cochlear microphonic amplitude increased, while
measures of cochlear sensitivity~thresholds at 8 kHz,
2.8 kHz, and 2f 1 – f 2 emission! suggest sensitivity de-
clines.
1225Sirjani et al.: Operating point influences cochlear distortion
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FIG. 9. Response changes elicited by intravenous
ministration of furosemide. Mean curves are shown
thicker lines. Thin lines represent individual exper
ments. Bars indicate standard deviation. Operat
point transiently decreases, before increasing above
baseline value. Both second harmonic and thef 2 – f 1
emission show an increase, followed by a decrease
minimum caused by the transducer operating po
passing through zero. An example of the relationsh
between second harmonic distortion and operating po
is given. Cochlear sensitivity declines, as indicated
the reduction in 2f 1 – f 2 emission, elevation of thresh
old at 2 kHz, and decline in cochlear microphonic.
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emission showed a transient increase during injection an
subsequent decline. Although the endocochlear potential
CM were both increased by injection, measures of coch
sensitivity ~thresholds at 8 kHz, 2.8 kHz, and the 2f 1 – f 2
emission! all indicated a substantial decrease in cochlear s
sitivity from injection at this rate with little indication o
recovery afterwards.

G. Intravenous furosemide injection

Administration of furosemide was found to produce su
stantial changes of operating point that allowed the dep
dence of cochlear distortion on operating point to be dem
strated. The changes induced by intravenous furosemide
summarized in Fig. 9. In all animals, furosemide caused
operating point decrease followed by a slow increase. T
resulted in a rapid increase in second harmonic distort
followed by a decrease reaching a minimum after appro
mately 10 min, before increasing again. The example co
lation plot shows the dependence of distortion on the op
ating point movements. Of great interest is the observa
that with this treatment, thef 2 – f 1 emission showed
changes comparable to those of the second harmonic.
cifically, f 2 – f 1 showed an increase followed by a decli
passing through a minimum before increasing again. T
complex time course would not be interpretable witho
some understanding of the effects of operating point on
tortion in the cochlea. The reduction in thef 2 – f 1 emission
to a minimum varies in time from animal to animal but u
doubtedly represents the time when the cochlear transd
operating point passed through zero as it moves positiv
the recovery phase. Intravenous furosemide caused a
reduction in cochlear microphonic amplitude~not shown!
1226 J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004
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and decreased cochlear sensitivity, as indicated by reduc
of 2 f 1 – f 2 emission and the elevation of thresholds at
kHz.

H. Furosemide injected locally into the cochlea

Locally applied furosemide had markedly different e
fects on operating point than when given intravenously,
summarized in Fig. 10. The operating point shows a subs
tial increase followed by a decline. Second harmonic dis
tion showed a substantial decline, in some cases becom
40 dB lower than the primary as zero operating point w
passed. The example correlation shows the clear depend
of distortion level on the cochlear transducer operating po
The magnitude of reduction of second harmonic distort
varied in different experiments, depending on the base
operating point of each animal. With this treatment, t
f 2 – f 1 emission did not show changes similar to the seco
harmonic, as was noted previously with intravenous fu
semide. This is accounted for by the fact that local fu
semide may rapidly affect the basal cochlear turn but w
only slowly influence higher cochlear turns. The slow redu
tion in f 2 – f 1 emission, 2f 1 – f 2 emission, and slow eleva
tion of threshold at 2 kHz are consistent with all of the
responses originating from higher cochlear turns that are
influenced by furosemide. This supports the view that
operating point associated with the 500-Hz cochlear mic
phonic differs from the operating point associated with t
f 2 – f 1 emission, presumably because operating point
vary between different cochlear locations.
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FIG. 10. Response changes elicited by local admin
tration of furosemide into the basal turn of scala tym
pani. Mean curves are shown as thicker lines. Thin lin
represent individual experiments. Bars indicate stand
deviation. Operating point increases, causing a comp
change in the second harmonic as expected, based
the correlation shown at the upper right. Thef 2 – f 1
emission, 2f 1 – f 2 emission, and 2-kHz threshold a
show slow, minor changes, consistent with their gene
tion at more apical sites that are less influenced by
applied furosemide.
Sirjani et al.: Operating point influences cochlear distortion
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IV. DISCUSSION

Our findings support the views of Frank and Kos
~1996! and Kirk and Patuzzi~1997! that the operating poin
of the cochlear transducer plays a critical role governing
levels of distortion in the ear. While the prior studies focus
on f 2 – f 1, the present study also shows a strong depende
of second harmonic distortion of the cochlear micropho
on operating point. In addition, we found that baseline op
ating points measured prior to experimental manipulati
varied over a considerable range, with animals showing p
tive or negative values. This distribution accounted for
variable levels of second harmonic distortion in the cochl
microphonic and explained sometimes oppositely direc
distortion changes with endolymph manipulations. The ba
line variation of operating points appears to have only mi
influence on cochlear sensitivity measured by AP thresho
with all animals in the study showing normal thresho
curves across the frequency range.

The calculated relationship between second harmo
distortion and operating point shown in Fig. 2 provides
conceptual framework for the interpretation of distorti
changes during experimental manipulations. The fact tha
experimental treatment may cause distortion increase
some animals and distortion decreases in others, or
show complex patterns with minima, as in Figs. 9 and
would be difficult to interpret without taking into accoun
their underlying dependence on transducer operating po
The observation that in some experiments the second
monic distortion goes through a minimum as the measu
operating point passes through zero~e.g., Figs. 6, 9, and 10!
also validates the methodology used to derive opera
point. It is notable that the pretreatment level of second h
monic distortion is not always low and in many cases
distortion level seen in the initial normal state was reduc
by the experimental treatment~e.g., Figs. 4, 5, 6, 7, and 10!.
The average operating point measured with a 500-Hz, 90
stimulus was20.08, suggesting a bias of the cochlear tra
ducer equivalent to a movement of the organ of Corti
wards scala media. This observation agrees with the find
of Kirk et al. ~1997! in which the examples they presente
showed negative pretreatment operating points. However
range of operating points and the possibility that some a
mals may have positive values have not previously b
documented. The variation of operating point also expla
some of the variations in prior studies. In the study of Fra
and Kössl ~1996!, low-frequency bias tones were found
modulate thef 2 – f 1 emission either at the frequency of th
bias tone or in some animals at twice the frequency of
bias tone. We interpret this as showing that if the operat
point is nonzero, and the bias amplitude is not sufficien
drive the transducer to reach zero, then the modulation by
bias would occur at the frequency of the bias tone. On
other hand, if operating point is near zero and the bias ton
large enough to drive the transducer through zero, then
distortion will show increases twice per bias cycle and
modulation will occur at twice the frequency of the appli
stimulus. Operating point thus plays a key role in generat
distortion and is central to our understanding and interpr
tion of second harmonic andf 2 – f 1 distortion.
J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004
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Disturbances of the endolymphatic system are shown
cause transient changes of operating point in the coch
Two hundred-Hz tones and injections into endolymph at h
rates~200 nl/min and higher! cause a positive movement o
operating point, consistent with an endolymph volume e
largement and displacement of the organ of Corti towa
scala tympani. Comparison of the time courses of endolym
volume change induced by 200-Hz tone exposure~Salt,
2003! or by artificial endolymph injections~Salt and DeMott,
1997! with operating point data from the present study sho
that operating point recovers substantially faster than d
the endolymph volume disturbance. This is consistent w
the observation that slowly occurring endolymph volume
creases~80-nl/min injection rate! appear to produce instabil
ity or slow oscillations of operating point, rather than a su
tained operating point change. These observations sug
that some form of compensation for the induced endolym
volume disturbance occurs at the level of the organ of Co
Thus, operating point, while sensitive to some volume d
turbances, is not a direct measure of endolymph enlargem
but is influenced by compensation processes. Kirket al.
~1997! calculated that the recovery kinetics of operati
point could be explained by two exponential processes w
time constants of 30 and 220 s. Our data are consistent
this analysis.

An important finding of the study is that acute e
dolymph volume disturbances can be detected by nonin
sive means and are seen as substantial changes of thef 2 – f 1
emission. Although thef 2 – f 1 changes temporally corre
sponded with the endolymph volume change, the magnitu
direction, and time course of change were not indicative
the magnitude or duration of endolymph volume change. I
apparent that The observation thatf 2 – f 1 changes can be
large ~greater than 10 dB! while 2 f 1 – f 2 emission and AP
threshold changes are minor~a few dB!. Kirk et al. ~1997!
and Frank and Ko¨ssl ~1996! interpreted this difference a
suggesting that a fundamental change in distortion gen
tion was occurring, rather than an alteration to the mecha
cal drive to a constant distortion generator. It is our interp
tation that the large magnitude of thef 2 – f 1 and second
harmonic distortion changes is a reflection of the high se
tivity of distortion to small operating point changes,
shown in Fig. 3, especially when operating point approac
zero. The mechanism of generation is not fundamentally
ferent but the dependence on operating point is highly n
linear. At present, a quantitative interpretation off 2 – f 1
changes is not possible. Correlations off 2 – f 1 magnitude
with operating point derived from CM recordings are po
since both responses are collected with different stimu
conditions and involve different cochlear regions. It is like
that the operating points of different cochlear regions w
vary according to the properties of the local hair-cell pop
lation. At present, we cannot determine the operating poin
the specific sites involved inf 2 – f 1 generation, at the fre
quencies and levels of stimulation used to elicit the emiss
The theoretical foundation provided by our study may per
a more quantitative approach to the analysis off 2 – f 1
changes in the future.

Our findings with 200-Hz exposure replicate to a co
1227Sirjani et al.: Operating point influences cochlear distortion
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siderable degree the findings of Kirk and Patuzzi~1997!,
although slightly different conditions were used in our stu
We delivered the 200-Hz tone at a level of 115 dB SP
which is higher than that used by Kirk and Patuzzi. It is
level that we have shown consistently produces endol
phatic hydrops in the second turn of the cochlea~Salt, 2003!.
In addition, our probe tone was delivered at 500 Hz and a
dB SPL, compared to Kirk and Patuzzi~1997!, who used a
200-Hz tone at 95 dB SPL to obtain CM from the basal tu
We similarly found an increase in operating point with t
exposure, consistent with an induced endolymphatic
drops. Due to the higher level of tone exposure, we find
bounce in AP thresholds after the exposure to be less ap
ent, which has been reported previously~Salt, 2003!.

We initially expected that endolymphatic injection
would increase endolymph volume with minimal second
effects and could possibly provide a well-controlled manip
lation of operating point. Instead, we found that injections
rates that are known to produce hydrops caused fluctuat
and oscillation of the operating point. Only with the high
injection rates was an increase in operating point appar
However, after the injection of 1200 nl of artificial en
dolymph, either in 3 min~400 nl/min! or in 15 min ~80
nl/min! the operating point in many animals decreased t
level below the starting value. The cause of this overco
pensation is not known. In comparison, for those anim
that received a total of 600 nl of artificial endolymph at 2
nl/min, operating point change remained positive in all e
cept one. Operating point changes with injection thus se
to be affected by both the rate and the total volume of a
ficial endolymph injected.

Furosemide treatment produced large changes of op
ing point. Given intravenously, operating point showed
consistent decrease, followed by an increase and overs
With a local injection of a dose that caused a similar cochl
microphonic decrease, a consistent, but opposite, result
obtained. Operating point increased markedly, then rec
ered but remained elevated. Furosemide inhibits the Na
2Cl cotransporter~NKCC1! found in the marginal cells o
stria vascularis and other cell types. This action would
expected to suppress K1 currents circulating through the en
dolymph. Given intravenously, furosemide has been sho
to reduce the endocochlear potential and to reduce
dolymph K1 and Cl2 ~Brusilow, 1976; Rybak and Mori-
zono, 1982; Rybak and Whitworth, 1986!. It is likely the ion
reductions would be accompanied by water movement ou
endolymph and possibly an endolymph volume reducti
which would be consistent with the operating point decrea
However, we cannot conclude that the operating po
change reflects an endolymph volume change as o
mechanisms may predominate. As there are likely both
rent and voltage changes at the level of the hair cells, o
ating point changes may arise by a number of other mec
nisms.

It is interesting that locally applied furosemide gave
oppositely directed operating point change. This is likely e
plained by different cochlear locations being affected by
drug. The first possibility is that different regions along t
length of the cochlea may be involved, with intravenous
1228 J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004
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rosemide affecting the entire length and local injection
fecting primarily the base~Schmiedtet al., 2002!. It has also
been shown that the cell types involved in ion transport p
cesses vary from base to apex~Spicer et al., 2003!, so a
variation of sensitivity to furosemide with location is po
sible. Alternatively, it is possible that within any segment
the cochlea furosemide may have access to different
types when given intravenously compared to when it is giv
locally. Intravenous drug will have ready access to the v
cularized intrastrial space and from there influence the m
ginal cells. In contrast, when given into scala tympani fu
semide must first cross the basal and intermediate cell la
with associated extremely tight junctions~Jahnke, 1975!, in
order to reach the marginal cells. Other cell types that c
tain the NKCC1 cotransporter would likely be exposed
relatively higher doses and may disturb radial ionic mov
ments in a manner different from the suppression of
transport in the marginal cells. The specific other cell typ
expressing the NKCC1 cotransporter are spiral ligamen
brocytes of type II, IV, and V, especially in the suprastr
region and in the vicinity of the outer sulcus, and spiral lim
bus fibrocytes~Crouchet al., 1997; Sakaguchiet al., 1998!.
If these cell types regulate ion currents in a manner differ
from the marginal cells, it may account for the different d
rection of operating point movement.

The acoustic emissions changes we observed with fu
semide (2f 1 – f 2 andf 2 – f 1) were comparable to those ob
served by Millset al. ~1993!. They found thef 2 – f 1 to ex-
hibit changes completely different from 2f 1 – f 2,
characterized by sharp minima as we also observed. Ba
on phase measurements they interpreted the minima as
resenting zero crossings, an interpretation that our pre
study supports.

Under some conditions operating point, second h
monic, f 2 – f 1, and SP changes occurred with minim
changes of AP thresholds or of the 2f 1 – f 2 emission. Prior
studies have noted that thef 2 – f 1 emission and operating
point are variable and influenced by a variety of factors t
are not normally associated with cochlear sensitivity chan
Psychophysical experiments in humans initially showed t
the magnitude of the difference tone (f 2 – f 1) was highly
variable across subjects~Plomp, 1965; Humes, 1979!. Mod-
eling studies by Hall~1974! concluded thatf 2 – f 1 was de-
pendent on the inclusion of asymmetric nonlinearities. W
the advent of acoustic emissions, Brown~1988! character-
ized the f 2 – f 1 response, showing that the magnitude d
creased as stimulation was prolonged, during which ti
2 f 1 – f 2 remained stable. Brown also found thef 2 – f 1
emission to be susceptible to anesthesia and suggested
the sensitivity change could be an efferent effect. Mount
~1980! found f 2 – f 1 emission magnitude to be sensitive
electrical stimulation of the efferent system. Pharmacolog
manipulation studies by Kirk and Johnstone~1993! also gave
support for efferent involvement. In contrast, similar stud
of f 2 – f 1 variation in rabbits were found to be inconsiste
with an efferent involvement~Whiteheadet al., 1991!. A
subsequent study by Kujawaet al. ~1995! documented
changes inf 2 – f 1 with the duration of stimulation, but phar
macologic treatments of the cochlea failed to support
Sirjani et al.: Operating point influences cochlear distortion
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concept thatf 2 – f 1 was controlled by the efferent system
Based on an analysis of cochlear microphonic during elec
cal efferent stimulation, Patuzzi and Rajan~1990! also con-
cluded that the stimulation-induced increase in micropho
amplitude occurred with little or no change in operati
point. The possibility that distortion was linked to operati
point was implied by Millset al. ~1993!, in their interpreta-
tion of f 2 – f 1 changes that ‘‘went through another appar
zero’’ during furosemide treatment. This concept was furt
developed by Frank and Kossl~1996! and Kirk and Patuzzi
~1997!, in which operating point changes induced distorti
changes in a predictable manner based on the known c
acteristics of cochlear transduction, as discussed ab
Combined with our present study, there is good evidence
second harmonic andf 2 – f 1 distortion are highly dependen
on operating point, but operating point appears to be ins
sitive to efferent effects.

V. CONCLUSIONS

A dependence of second harmonic distortion andf 2 – f 1
emissions on transducer operating point has been dem
strated. The operating points shown by different animals v
ied prior to treatments, a difference which markedly infl
ences the observed responses to experimental manipula
Second harmonic andf 2 – f 1 distortion are sensitive to ma
nipulations of the endolymphatic system and may provid
means to monitor endolymph volume disturbances.
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