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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 2f1-f2 andf2—f1 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 s20€g. ©
Acoustical Society of America[DOI: 10.1121/1.1647479

PACS numbers: 43.64.Jb, 43.64.NELM ] Pages: 1219-1229

I. INTRODUCTION tones at 115 dB produced marker concentration changes in-
dicating an endolymph volume increase of approximately
These studies investigate the possibility that physiologi-30% in the second turn of guinea pigs. A similar degree of
cal response changes associated with changes in cochlegfdrops was reported during stimulation with a 140-Hz tone
transducer operating point may be of value in the charactemt 109 dB SPL by Flock and Floo2000. They used con-
ization of endolymph volume disturbances, such as endolymfocal microscopy to view Reissner’s membrane in the apical
phatic hydrops. If the relationship between mechanical inputurn of the guinea pig cochlea and found substantial bowing
and electrical output of the cochlear transducer can be deyf Reissner's membrane towards scala vestibuli.
scribed by a response curve, then the operating point repre- The purpose of the present study was to quantify
sents the location on this curve in the absence of stimulatiorgshanges in operating point, distortion, and other functional
It has been suggested that endolymph volume disturbanceseasures during manipulations intended to disturb en-
can mechanically disturb transduction in the ear throughjolymph volume or endolymph homeostasis. We used three
changes in static position and thus operating point of theypes of interventions(1) Tone exposures at 200 Hz, 115 dB
organ of Corti(Kirk et al, 1997. Changes in emitted distor- Sp| that have been shown to cause transient endolymphatic
tion products consistent with operating point shifts have bee'ﬂydrops(Salt, 2003; Flock and Flock, 20R0(2) Direct in-
demonstrated during low-frequency biasing experimentgections of artificial endolymph into scala media of the sec-
(Frank and Kssl, 1996; 1997 with both thef2—f1 and  ong cochlear turr(Salt and DeMott, 1997 (3) Treatment
2f1-f2 emissions being modulated by a bias tone. Lowyjth furosemide, a blocker of ion transport in the lateral wall
frequency biasing of the 21—f2 emission has also been qf the cochlea that results in substantial reduction of the en-
used to derive the cochlear transducer functiBran et al, dolymphatic potential and ionic changes of endolymph
2002. Detailed studies of the relationships between operatgrysilow, 1976; Rybak and Morizono, 1982; Rybak and
ing point and acoustic emissions were reported by Kirk a”thitworth, 1986.
Patuzzi(1997 and Kirk et al. (1997. In these studies it was In order to determine the cochlear transducer operating
found that exposure to a high-level, Iow-frequency_ tone Propoint, we have adopted an approach similar to that used by
duced marked changes of both the operating point and thgjrk et al. (1997, in which operating point was derived from
f2—f1 emission. Subsequent studies have demonstrf_:lted thag analysis of the cochlear microphonic waveform. Operat-
low-frequency tone exposures can produce a transient efyg point changes were compared with a number of measures
dolymphatic hydrops(Flock and Flock, 2000; Saletal,  f cochlear distortion, including harmonic distortions of the
2002; 2003. The study by Salt2003 utilized chemical vol-  microphonic and acoustic two-tone distortion products
ume markers that were monitored in the endolymphatic; 1 _f2 and f2—f1. Operating point was also compared
space by ion-selective microelectrodes. Exposure to 200 Hgjith 4 number of other functional measures including co-

chlear sensitivity as assessed by action potential thresholds
dElectronic mail: salta@wustl.edu and summating potentials.
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Il. METHODS an automated routine by which the AP threshold was estab-
lished using a 1Q+V criterion. The criterion magnitude was
approximately 4 times greater than the background noise
Pigmented NIH-strain guinea pigs weighing 350-500 glevel in the averaged response. Stimuli were increased in
were used in this StUdy. Animals were anesthetized with Ins_dB steps until an AP greater than AV was detected and
traperitoneal sodium thiobutabarbit@inactin, Sigma, St. then stimuli were reduced in 5-dB steps until the AP was
Louis, 100-125 mg/kg and placed on a thermistor- pelow the 10uV criterion. The threshold was determined by
controlled heating pad to maintain core temperature at 38 °Gnterpolation between the above- and below-threshold ampli-
A central line was placed in the left external jugular vein for tyde values. Thresholds were monitored during experimental
supplementary anesthetic and other drugs. The trachea waganipulations with stimuli at 2.8 and 8 kHz. In addition,
cannulated and the animal was ventilated. End tidaj @& prior to manipulations a frequency/threshold cuf¥é au-

monitored and the tidal volume of the respirator was adjustediogram) was measured in 1/4-octave steps from 1 to 16
to maintain an end tidal CQevel of 38 mm Hg(5%). Heart  kHz.

rate was monitored. Prior to recordings, pancuronium bro-
mide (Pavulon, Baxter, Irvine, approximately 0.05 mg, to
effec) was given intravenously to minimize myogenic arti-
facts and to aid mechanical ventilation. The CM obtained as detailed above, by subtracting re-
The caudal portion of the right jaw was removed and theSponses to opposite polarity stimuli, is not appropriate for
auditory bulla was exposed by a ventral approach. The bull@perating point analysis because polarity-sensitive compo-
was opened, leaving middle-ear structures intact. A longitunents are canceled in the waveform subtraction procedure.
dinal incision was made along the external auditory canalnstead, CM was averaged in response to a sustained 500-Hz
and a hollow earbar was inserted until it sealed to the candPne, presented at high level to saturate the cochlear trans-
wall. ducer. Data sampling was initiated 5 s after the tone com-
The instrumentation for stimulus generation and data acmenced, phase-locked to positive-going zero crossings of the
quisition was Tucker-Davis System 3 hardware controlled byfone. Twenty epochs of a 2048-point wavefo2-ms win-
a custom-writtenvisUAL BAsIC (Microsof) program. An dow) were averaged. The waveform was Hamming win-
acoustic emissions systefEtymotic ER-10C, microphone dowed and the power spectrum was calculated. The peaks
and 2 speakeysand a high-intensity speakéBennheiser representing the primary, second harmonic, and third har-
HD580) were incorporated into the hollow earbar so thatmonic were measured. Harmonics were expressed in dB rela-
each sound channel terminated near the tip of the earbdfve to the amplitude of the primary. Half of the waveform
Sound stimuli in the ear canal were calibrated at the begint1024 point$ was then subjected to an analysis to determine
ning of each experiment using the ER10C microphone wittPperating point, as detailed below.
an automated procedure that tracked a criterion sound level
of 70 dB SPL across a range of frequendigdo 16 kHz for  E. Acoustic emissions
Etymotic speakers, 125 Hz to 16 kHz for the Sennheiser
speakerin 1/4—octave steps.

A. Animal preparation

D. Single-phase CM analysis

Acoustic emissions were recorded in response to 4- and
4.8-kHz primaries, presented at 75 or 80 dB SPL. Frequen-
cies of the primaries were optimized to ensure an exact num-
B. Cochlear evoked potentials ber of cycles in the sample buffer. An 8192-poi68-m3

Cochlear responses were recorded from an Ag/AgCl balPuffer was averaged, with phase based on synchronous posi-
electrode positioned at the junction between the rounglive zero crossings of both primaries. Stimuli were turned on
window membrane and the bony otic capsule. The signal wator 5 s before data collection started. The spectrum of the
amplified 1000x and high-pass filtered at 5 Hz. Signals were Puffer was then calculated and a number of spectra were

digitized at 48.8 kHz and averaged using Tucker-Davis RP-#veraged to produce the final spectrum. Typically, three spec-
modules. tra were averaged with each spectrum derived from an aver-

age of five time buffers. Spectral peaks were derived as the

local maximum within an 11-point cursor centered at the

expected frequency. The noise floor was established by av-
Cochlear potentialcochlear microphoni¢CM), sum-  eraging 6 points of the cursor distant from the peak, i.e., 3

mating potential(SP), and action potentialAP)] were re-  points from each end of the 11-point cursor. At the stimulus

corded in response to phase-locked tone bursts of two oppoksvels used, 21-f2 amplitude was an average of 34.1 dB

ing polarities. Typically ten responses to positive onsetabove the noise floor anfi? —f2 was an average of 24.8 dB

stimuli and ten responses to negative onset stimuli were awabove the noise floor.

eraged. Tone bursts were 12 ms in duration with 0.5-ms

cosine-shaped onset. Waveforms containing the AP and SP Endolymphatic manipulations

were obtained by summing the responses to both polarities

and the CM was obtained by subtracting the responses tb Exposure to 200 Hz, 115 dB SPL

opposite polarities. Cochlear responses were typically re- A 200-Hz tone was delivered to the ear from the Sen-

corded in response to 4-kHz stimulus at 90 dB SPL. In adnheiser speaker at a level of 115 dB for 3 min. This exposure

dition, the same collection paradigm was incorporated intdhas previously been shown to induce transient endolym-

C. Responses to biphasic tone bursts
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phatic hydropgFlock and Flock, 2000; Salt, 20p3During  could be seen through the tympanic membrane from the
exposure to the tone, no sound-evoked potentials or acoustiniddle-ear side and occurred when sectioning the ear canal

emissions were collected. compromised venous drainage from the structure. These ani-
mals typically showed elevated AP thresholds to low fre-
2. Injection of artificial endolymph quencies, low CM amplitude, and a notably distorted CM to

The bone overlying stria vascularis in the second turnIow frequencies. Congestion of the tissue was subsequently

was thinned with a flap kniféMueller AU13400 and a avoideq by making the incision for thg earbar paral!el to the
small, approximately 3Qem, fenestra was made with an long axis of the ear canal. The baseline _data obtained fror_n
angled pick(Storz N1705-80 Injections were performed the above measurements were summarlzed as representing
from double-barreled glass pipettes, with their tips beveled tcBhe premanipulation state of the ammals._Expenme_ntaI pro-
a diameter of 15—-2@m. The injection barrel was filled with cedures on t_h? C(_)chle_a, such as perforating the otic cap_sule
an artificial endolymph consisting of 140-mM KCI and and placing injection pipettes, were performed after baseline

25-mM KHCO; and was mounted on a Nanoliter 2000 mi- data were collgcted. . .
croinjection pumWorld Precision Instument&VPl), Sara- The experimental study consisted of measuring cochlear
sotd. The second barrel of the pipette was filled with potentials to biphasic and single phase stimuli, AP thresholds

500-mM KCI and was used to record endocochlear potentiaf.0 8- and 2.8-kHz tones, and acoustic emissions repeatedly.

The pipettes were inserted into endolymph through the adh endolymph injection experiments the endocochlear poten-

cess fenestra using registration of a stable positive voltage atl@l was also measured. It required approximately 35. s t_o
collect a complete set of measurements, so the sampling in-

\Slsgzgétlon the pipette tip was located in the endolymphancterval was set to 40 s. Data collection was performed as a
fully automated procedure. Measured parameters were

graphed and stored as they were collected. When repeated

measurements made over at least a 5-min period were judged
Animals were given furosemid@/etus Furoject, 50 mg/ by the experimenter to be stablee., not drifting in one

ml, Burns, New York intravenously at a dose of 100 or 50 direction, the animal was subjected to one of the interven-

mg/kg. Drug delivery was followed by 0.3 ml of lactated tions listed above, during which the collection of responses

Ringer's to ensure the entire dose was expelled from theontinued.

cannula. The Animal Studies Committee of Washington Univer-
In experiments where furosemide was injected locally insjty approved the experimental procedures used in this study

the cochlea, an injection pipette containing 10 mg/ml of fu-under protocol numbers 19990029 and 20 020 010.
rosemide was sealed into the basal turn of scala tympani. The

stock 50-mg/ml furosemide was diluted 1:4 in artificial peri-

lymph containing(in mM) NaCl (125, KCI (3.5, CaC} . )

(1.3, NaHCOQ, (25), MgCl, (1.2), NaH,PO, (0.79, and glu- H. Cz(ajlculated dependenpe of distortion on cochlear

cose(5). The injection pipette was mounted on a WPI Ultra- transducer operating point

pump. The otic capsule was thinned and the dry bone coated The output signal {) generated by the cochlear trans-
with thin cyanoacrylate adhesive. The thinned area was suducer responding to a sine wave inpiR)(was calculated
rounded by a ring of two-part silicone adhesi¥avik-Cast,  using a first-order Boltzmann function to describe the trans-
WPI, Sarasotaand a small fenestra made in the middle with ducer[Eq.(1)], an approach that has previously been used by
an angled pick. The injection pipette was inserted and droplefirk et al. (1997

of cyanoacrylate was applied while wicking fluid away from

the site. When a seal had been achieved the entire field was ¥~ ~ Psatt (2 Psad/ (1+expz(P+Po))), @)

covered with more two-part silicone adhesive. Injections intyherep,, is the saturation voltage of the transduceis the
scala tympani were performed at a rate of 100 nl/min for asensitivity of the transducer, arfel, is the operating point.

3. Treatment with furosemide

period of 10 min. Based on this equation, the slope of the calculated trans-
_ _ ducer curve varies when the saturation voltad®,,f is
G. Experimental design changed. To avoid this problem, we therefore defireid

Immediately after the cochlea was exposed, animaldems of a slope parameteB)( and Pg, [Eq. (2)]. Whenz
were evaluated with an AP threshold audiogram and the medv@s defined by this relationship, changirit,, did not
surement and analysis of CM to low-frequency tones. Ani-change the slope of the transducer curve
mals showing hearing loss, specifically with an AP threshold ~ ,_ _ 5 SIP,,. @)
more than 2 standard deviations above the laboratory mean,
were excluded from the study, as were any animals in which  Output waveforms were calculated for a sinusoidal input
the cochlear microphonic to a 500-Hz, 90-dB SPL tone wass operating point was systematically varied. Waveforms
less than 20QuV. This latter exclusion criterion was set ar- were subjected to the same methods of spectral analysis and
bitrarily to ensure that the signal-to-noise ratio was adequatdetermination of operating point as were the recorded co-
to resolve low-level spectral peaks in the CM analysis. Wechlear microphonic data. This analysis of calculated wave-
also excluded some animals in which we observed tissue iforms was used both to validate the operating point analysis
the external canal contacting the tympanic membrane. Thimethod and to aid in the interpretation of experimental data.
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Operating
Transducer curve Point  Output Waveform Spectrum

2 - p=06] ®) . .
< o Pr-maryHai"minic FIG. 1. Output waveformgmiddle panel calculated
EFSR i — Ird for transducers with varying operating point8.f as
S [Pa20 Harmonic indicated. The three panels at the left show the trans-

ducer curves for operating point values of Quppey, 0
(middle), and— 0.6 (lower). In each plot, the heavy line
indicates the region of the transducer curve over which

2 \/ the stimulus is applied. Spectral analysis of each output
£, 0 waveform is shown in the right panel. For operating
> ¥ point set to zero, the output waveform is symmetric and

2] shows low second harmonic distortion. Even small de-

viations in operating point0.1) cause second harmonic

2 P=06] 0.1 distortion increases, even though distortion is not appar-
P / ent in the time waveform. With operating point values
So V/ = further fro_m zero(0.6) th_e time waveform is high_ly

06, asymmetric and a prominent second harmonic distor-

2 |20 dB tion peak is apparent in the spectrum.

-2 -1 0 1 2 0 2 4 6 8 10 0 500 1000 1500
Displacement Time (msec) Frequency (Hz)
I. Operating point analysis of cochlear microphonic an applied pressure in the ear canal. Positive displacement

indicates positive pressure in the ear canal and displacement

A simulated microphonic waveform was calculated as ) R
described above and based on the Boltzmann parametef§ (€ organ of Corti towards scala tympani. Since organ of

P... S, andP, together with parameters for frequendy)( Corti displgce_ments towards scala tympani cause a negative
phase p), and dc offset¥,). A curve-fitting procedure was voltage _shﬁt in t_hat scala, the slope of the transduéeft
then used in which the six parameters were simultaneousl§°/UMn is negative. . o
varied to best fit the calculated waveform to the experimen-  The calculated relationships between distortion and op-
tally recorded cochlear microphonic waveform. Fit was op-Erating point are shown in Fig. 2. These curves show the
timized by minimizing the sum of squares of differences be-magnitude of the second and third harmonics from spectra
tween calculated and experimental curves. The fittingsimilar to those in Fig. 1, relative to the magnitude of the
procedure was performed in real time during data collectionPrimary. This demonstrates graphically that second harmonic
and the derived Boltzmann parameters were recorded. TH&Stortion is extremely sensitive to deviations of the operat-
amplitude of the cochlear microphonic determined the paind point away from zero, with distortion increasing by al-
rametersS and Pg,. Under this analysis, the scale of oper- most 50 dB as operating point increases over the range
ating point is such that a value of 1 is equal to the disp|aceshown. In contrast, the third harmonic distortion peak, which
ment of the transducer at the peak of the applied sinusoidd$ dominated by the saturating characteristic of the trans-
stimulus. ducer, is relatively unchanged for small operating point
changes but decreases when operating point becomes large.
These data suggest that measures of second harmonic distor-
Il RESULTS tion may be a potentially useful indicator of small changes of
A. Simulations cochlear transducer operating point.

The cochlear transducer has nonlinear, saturating char-
acteristics and can be approximated by a Boltzmann func-

tion. With such a transducer, the output signal depends on 2nd
where the input signal is “centered” with respect to the 10 4 harmonic
transducer, the so-called “operating point.” This concept and &

its consequences are shown in Fig. 1, where output wave- § -20

forms were calculated for a sinusoidal input at 500 Hz with &

different values of operating point. The transducer curve, ¢ -309 - drd
based on the Boltzmann function and its parameters, is g haml;onic?-.
shown in the left column. With the transducer operating 3 40 7 |
point at zero(left center pane) a sinusoidal input gives a 5 50

symmetric output voltage. Spectral analysis of this output

shows an absence of second harmonic distortion. Positive or 60 : : . . :
negative values of operating point produce an asymmetry of 06 04 02 00 02 04 06

the time waveform which is detected in the spectrum as a
second harmonic distortion. For small values of operating
point (e.g., 0.3, little change in the time waveform is appar- FIG. 2. Dependence of harmonic distortion amplitude on transducer operat-

ent. while the spectrum shows a prominent second harmoniéf‘g point. Second harmonic distortion is extremely sensitive to small oper-
’ ating point changes and increases rapidly as operating point moves away

The p0|a”ty of operating point ShOWI_1 here_ IS intended tOfom zero. Third harmonic distortion is less sensitive to small operating
represent displacement of structures in a similar manner tgoint changes but decreases for higher operating point values.

Operating Point
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0.1 O . 80 exposure to 200 Hz for 3 min at 115 dB SPL in two experi-
E00d % .6 ° ments. Both examples showed a movement of operating
2 * e o 70 [ . . . .

01 e, %N point in the posmve dlrecthn follqwmg sound exposure, al-
=§ T pe’ 00 e o though the time courses differ slightly. In contrast, the be-
g 02 .e 360 1 havior of the second harmonic differs markedly in the two
© e -1 3350 ] experiments. In example 1, second harmonic distortion in-

0.4 @ creased after the exposure, while in example 2 it showed a
2 §40 4 marked decrease. The difference between the two animals
% F can be appreciated by plotting each pair of operating point
H £30 | and second harmonic distortion values against each other, as
§ shown in the correlation plots in the right column of the
o 20 1 figure. For example 1, the pre-exposure operating point was
& n=32 slightly positive. In this case, moving further positive, away

10 1 1'5 2 ; "‘ 5 ;;é 1'0 1'5 from zero, would be expected to increase distortion, which is

what was observed. In contrast, the animal in example 2
showed a negative operating point before exposure. In this
FIG. 3. Baseline measurements of operating paipper lef, second har-  case, a movement of operating point in the positive direction
monic distortion(lower left), and of cochlear sensitivity as indicated by AP brings Operating point closer to zero. with an expected reduc-

thresholdgright). Each data point in the plots at the left represent an indi-t. f dh ic distorti In thi le. th
vidual animal. Bars on the AP threshold plot indicate standard deviation lon or secon armonic distorion. In this example, the re-

Baseline measurements were made prior to any manipulations of the cdationship between measured operating point and second har
chlea. monic distortion closely follows the calculated curve.
Interpretation of harmonic distortion changes during ex-

perimental manipulations is therefore extremely difficult un-

The variation of operating point, second harmonic dis-Iess j[he basel@ne Op‘?rat"?g point of _the i_ndividual a”"‘?a' s
tortion, and cochlear sensitivity prior to any experimentalcons'qere(?' S'mce. dlstortloq may  differ in both magmtgde
manipulations is given in Fig. 3. Both operating point andand direction in dn‘ferent. animals, c'alculatmg the dewgtlon
second harmonic distortion were highly variable across indi®f résponses across animals has little value. In the figures
vidual animals. Although the mean value of operating pointhat follow, we have therefore shown individual response
was —0.08 (s.d. 0.09,n=232), there were a number of ani- CUrves together with the mean value to interpret distortion
mals with positive operating point values. Second harmoni¢hanges. _
distortion, measured in dB relative to the primary peak, var- _ The response changes resulting from 200-Hz, 115-dB
ied from — 36 dB to over— 20 dB. All animals showed nor- SPL exposure are summarized in Fig. 5. This exposure con-
mal cochlear function as assessed by AP thresholds, even tdiion has been shown to induce a transient endolymphatic
animal with an outlying large negative operating pointhydrops that recovers back to normal over a 10-20-min pe-
(—0.35). riod with a recovery half-time of 3.2 mifSalt, 2003. In the
present study, the treatment produced a transient positive
shift in operating point by approximately 0.1, consistent with
a hydrops-induced displacement of the organ of Corti to-

Figure 4 shows the simultaneously measured operating/ards scala tympani. The operating point shift was transient,
point and second harmonic distortion changes resulting fronrmowever, and showed a recovery back to baseline within 3—4

Frequency (kHz)

B. Baseline measurements

C. 200-Hz tone exposure

Tone Exposure 200 Hz, 3 min

Operating point

°2
3
s

e
2
1

, Operating point

2
=
b

=
=

0.15 — 18 o .
Example 1 Operating point 0 Second harmonic g Correlation plot|
19 4 10 -
20 200Hz = .. -
- 2-20 4
21 H \\ °"/
2] £-90 1 \
= J !
M 234 240 ‘w
200 Hz 24 ] 8-50
g
T . T 25— T “ 60 T
[
Example 2 Operating point| < Second harmonic & Correlation plot
-4 -10 A
H -
lotsne 2 o
-30 2-20 4 ™ /
200 Iz S
4 = £ -30 4 /
@35 g0 /
— = 4 {
-/ 200 Hz = b
40 2 i
foones 2-50
A
T T T T -45 T T T T -60 T T T T
L] 10 20 30 40 0 10 20 30 40 04 -02 00 02 04

Time (min)

Time (min)

0.6
Operating point

FIG. 4. Two examples in which changes of operating point and second harmonic distortion were recorded simultaneously before and after exposure to a
200-Hz tone for 3 min at 115 dB SPL. The exposure increases operating point in both examples. Second harmonic is increased if@pEenp@yland

is decreased in example(®wer row). This difference is accounted for by consideration of the pre-exposure operating points for the two animals. The positive
deflection moves operating point further from zero in examplgdusing distortion to increas@and closer to zero in example (2ausing distortion to

decrease The correlation plotgright column show second harmonic distortion plotted as a function of operating point. The open symbol shows the
pretreatment value and the thin line shows the calculated dependence from Fig. 2.
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Tone Exposure 200 Hz, 3 min

Second harmonic] Threshold 2.3 KHz] FIG. 5. Response changes elicited by exposure to a
- T ] 200-Hz tone for 3 min at 115 dB SPL. In each panel,
o1 ] i\ ] 207 the mean curve is shown as a thicker line. Thin lines
= e =10 4 represent individual experiments. Bars indicate standard
0~0fﬁy i -10 1 I deviation. Operating point and SP are transiently in-
01 — =9 —_— o n=9 creased due the 200-Hz-induced endolymph volume in-
crease. Second harmonic distortion and t#e-f1
1 2wms emission show substantial changes that vary in direc-
tion, magnitude, and time course due to the complex
s %@ dependence on operating point. Cochlear sensitivity, as
assessed by thresholds at 8 and 2.8 kHz and by the
2 f1-f2 emission, is not markedly changed by the ex-
posure.

100

Z 40 -

Time (min)

min of the tone exposure ending. The SP similarly increasethan operating point increasing due to the endolymph
transiently and recovered back to baseline within a few minvolume increase, in most cases we found that large oscilla-
utes. The cochlear microphonic measured with single-phasgons of operating point occurred. The initial deflection,
500-Hz stimuli or 4-kHz biphasic stimuli showed only small though large and positive in one animal, was negative in
amplitude fluctuations relative to the mean baseline ampligthers. The mean curve showed a decrease during the injec-
tudes of 1478uV (s.d=243, n=9) and 538uV (s.d.  {jon, followed by a slow increase some time after the injec-

=137, n=9), respectively(data not shown Second har- jons finished. The second harmonic also showed oscillations
monic distortion showed substantial changes in all animals, amplitude with occasional larger deflections. In each

but the timing, magnitude, and polarity of the change Wereexperiment, the second harmonic distortion changes were

highly variable due to the reasons discussed above. The

f2—f1 emission similarly showed substantial changes in a”accounted for by the operating point changes, as shown in

animals, typically larger than 10 dB. Both increases and de'Ehe example correlation plot at the upper right. In this case,

creases of 2—f1 were apparent, comparable to changes indi§tortiop decreased and passed throu_gh a minimum as oper-
the second harmonic. Measures of cochlear sensitji#y ating point moved through zero, then increased as operating

thresholds at 8 kHznot shown, 2.8 kHz, and the 21—f2  Point became more positive. The observation of a minimum
emissior] indicated only minor changes during the tone-close to the measured zero operating point validates the

induced endolymph volume disturbance. accuracy of the operating point estimate. Two of the experi-
ments showed distortion going through a minimum as the

operating point of the animal passed through zero. The SP
D. Artificial endolymph injection at 80 nl ~ /min and f2—f1 emission similarly showed increased variation
Injection of artificial endolymph has previously been throughout the injection with stabilization afterwards. The

used to induce endolymph volume disturbances. In a priofni€ction produced only minor changes in ER,12-f2 emis-
study, 15-min injections at rates higher than 25 nl/min causegion, and thresholds at 8 kHz. In contrast, thresholds at
endolymphatic hydrops and a basally directed endolympR.8 kHz showed a systematic increase during injection
flow in the cochlea(Salt and DeMott, 1997 Figure 6 (average 15 dBand a slow recovery afterwards, consis-
summarizes the effect of injections at 80 nl/min for 15 mintent with the injection-induced endolymph volume distur-
(total 1.2 uL injected on the measured responses. Rathebance.

Endolymphatic Injection 80 nl/min, 15 min
0.2 30

80 nl/min__  Operating point Second harmonic élg Example Correlation|
o 2 80 nl/min E-Zﬂ 1
0.0 1 5'3" ]
-40 . e -
o1 E_so i FIG. 6. Response changes elicited by artificial en-
nes 60 ———— dolymph injection into the second turn of scala media at
R T T T 06 A4 02 s V06 80 nl/min for 15 min. Mean curves are shown as thicker
60 | Summating potencial| | el jg ] Threshold 2.8 KHz lines. Thin lines represent individual experiments. Bars
o] _Sonlmin o] —Salmin 0] 50 mmin indicate standard deviation. Operating point shows
2 20 = 220 1 injection-induced fluctuations but no overall increase
0 M-H+H-H+ * - jm indicating endolymphatic hydrops. Summating poten-
20 - -10 1 5 101 tial similarly shows changes that are not consistent.
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L a0 Threshold 28 kite lines. Thin lines represent individual experiments. Bars
e 20 Zg 200 al/min indicate standard deviation. In the majority of animals,
5 409 “_10 i E operating point is increased by the injection, although
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E. Artificial endolymph injection at 200 nl ~ /min Injection at this rate again had little influence on EP, thresh-

In view of the rapid recovery of operating point follow- olds at 8 kH;, and the P1-f2 emission. Thresholds at 2.8
ing hydrops induced by 200 Hz, and the absence of a maj(Jsz were slightly elev_ated, with a mean increase of 6 dB.
operating point increase with 80-nl/min injection, it appearedThe Sm?‘"?r_thr?sm'd Increase at 2.8 kHz compared with the
likely that operating point could adapt quickly to abnormal 80-nl/min |nje_zc_t|on group is accounted for by the smaller
endolymph volume states. We therefore performed injectiongOtal volume injected.
at higher rates to induce larger endolymph volume changeE
more rapidly. Figure 7 summarizes the response changes re-
sulting from 200-nl/min injection of artificial endolymph into The physiologic changes induced by artificial en-
the second turn of the cochlea for 3 min, for a total of @6  dolymph injection at the higher rate of 400 nl/min for 3 min
injected. In four of five animals, operating point showed anare summarized in Fig. 8. The total volume delivered in this
increase consistent with endolymphatic hydrops. The fifttprocedure was 1.2L, the same as the injections shown in
showed operating point oscillations, similar to those ob-subsection D at 80 nl/min. Although four out of five animals
served with lower injection rates, but no overall increaseshowed a transient operating point increase during injection,
The second harmonic showed transient changes during injeedmost all showed a subsequent operating point decrease to
tion, as did the2—-f1 emission. Second harmonic distortion below the preinjection value. The decline in operating point
changes were more consistent in this group as all five aniappears to be associated with the larger total volume in-
mals had negative baseline operating points. In the examplected. The second harmonic typically showed transient de-
correlation plot, second harmonic distortion showed a sizablereases, followed by an increase as expected from the oper-
decrease, consistent with the movement of operating poirdting point changes, as shown by the example correlation
towards zero and in a manner close to that predicted by thplot. The SP also showed a prominent increase during injec-
simulations. The SP showed an injection-induced increasdion but did not fall below baseline afterwards. The—f1

Artificial endolymph injection at rate of 400 nl ~ /min

Endolymphatic Injection 400 nl/min, 3 min

0.15 —— 30 0 ———
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] £.30 4 FIG. 8. Response changes elicited by artificial en-
0.00 1 e 810 e iniaction i i
o8 ] g W E-40 A dolymph injection into the second turn at 400 nl/min for
0.10 \ 10 Z-50 1 3 min. Mean curves are shown as thicker lines. Thin
- | o . . .. . . .
015 — e u=s| n=3ci-60 Tt 42 00 2 o4 oe lines represent individual experiments. Bars indicate
100 Semative ot T OteratinePeint standard deviation. In most animals, operating point
801 400 nl/min 400 nl/min - Threshold 2.8 kliz was transiently increased by the injection and subse-
60 7 I quently declined. The summating potential showed a
Z40 7 T HHmﬂ similar time course of change. Second harmonic distor-
207 ; . tion increased, consistent with the operating point
01 e 100 olfin NN . change as indicated in the correlation example. The
E A ———— & M S R f2—f1 emission decreased. Endocochlear potential and
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20 4 01 1 0 min cochlear microphonic amplitude increased, while all

10 4 H measures of cochlear sensitiviihresholds at 8 kHz,

zo *.‘.MH‘HHH HH g 2 ;g ] 2.8 kHz, and 212 emission suggest sensitivity de-
107 0damin ‘ ‘ ‘ ‘ 207 | A clines.
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Furosemide Injection TV

18 Oporating poin] > Sccond harmonic| & 0 Example Correlation| FIG. 9. Response changes elicited by intravenous ad-
1.0 4 /\M i g;g ministration of furosemide. Mean curves are shown as
05  ®Furosemide1v /A " = £.30 1 thicker lines. Thin lines represent individual experi-
0.0 Z.49 ments. Bars indicate standard deviation. Operating
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/ 20 4 is given. Cochlear sensitivity declines, as indicated by
\/ a=4 04 a3 the reduction in Z1—f2 emission, elevation of thresh-
0 o M P 0 M 2 3 old at 2 kHz, and decline in cochlear microphonic.
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emission showed a transient increase during injection and and decreased cochlear sensitivity, as indicated by reduction
subsequent decline. Although the endocochlear potential amaf 2 f1-f2 emission and the elevation of thresholds at 2
CM were both increased by injection, measures of cochleakHz.
sensitivity (thresholds at 8 kHz, 2.8 kHz, and thef 2—f2
emission all indicated a substantial decrease in cochlear sen-
sitivity from injection at this rate with little indication of
recovery afterwards.
H. Furosemide injected locally into the cochlea

G. Intravenous furosemide injection Locally applied furosemide had markedly different ef-

Administration of furosemide was found to produce sub-f€CtS on operating point than when given intravenously, as
stantial changes of operating point that allowed the depersUmmarized in Fig. 10. The operating point shows a substan-
dence of cochlear distortion on operating point to be demontia! increase followed by a decline. Second harmonic distor-
strated. The changes induced by intravenous furosemide aHon showed a substantial decline, in some cases becoming
summarized in Fig. 9. In all animals, furosemide caused a0 dB lower than the primary as zero operating point was
operating point decrease followed by a slow increase. Thifassed. The example correlation shows the clear dependence
resulted in a rapid increase in second harmonic distortion®f distortion level on the cochlear transducer operating point.
followed by a decrease reaching a minimum after approxi-The magnitude of reduction of second harmonic distortion
mately 10 min, before increasing again. The example correvaried in different experiments, depending on the baseline
lation plot shows the dependence of distortion on the operoperating point of each animal. With this treatment, the
ating point movements. Of great interest is the observatioh2—f1 emission did not show changes similar to the second
that with this treatment, thef2—f1 emission showed harmonic, as was noted previously with intravenous furo-
changes comparable to those of the second harmonic. Spgemide. This is accounted for by the fact that local furo-
cifically, f2—f1 showed an increase followed by a declinesemide may rapidly affect the basal cochlear turn but will
passing through a minimum before increasing again. Thi®nly slowly influence higher cochlear turns. The slow reduc-
complex time course would not be interpretable withouttion in f2—f1 emission, Z1-f2 emission, and slow eleva-
some understanding of the effects of operating point on distion of threshold at 2 kHz are consistent with all of these
tortion in the cochlea. The reduction in thig—f1 emission responses originating from higher cochlear turns that are less
to a minimum varies in time from animal to animal but un- influenced by furosemide. This supports the view that the
doubtedly represents the time when the cochlear transduceperating point associated with the 500-Hz cochlear micro-
operating point passed through zero as it moves positive iphonic differs from the operating point associated with the
the recovery phase. Intravenous furosemide caused a larg@—f1 emission, presumably because operating point can
reduction in cochlear microphonic amplitudeot shown  vary between different cochlear locations.

Furosemide Injection into Scala Tympani, 15 min
15 0

1o | Fozssemide sT Operating point] 30 | Fyrosemide ST Second harmonic| g-lo ] Example Correlation o o
: - 20 4 220 FIG. 10. Response changes elicited by local adminis-
05 ﬁ 10 £-30 tration of furosemide into the basal turn of scala tym-
0.0 4 2 0 =40 1 pani. Mean curves are shown as thicker lines. Thin lines
05 - -10 Ejﬂ ] represent individual experiments. Bars indicate standard
H T T T T T . . . . . .
101 . i =4 204 . . _ndE T 06 04 02 00 02 04 06 dewatlor_\. Operating point increases, causing a complex
30 ol omission]  3° ST emission 100 Operatiug Point _____ change in the second harmonic as e_xpected, based on
20 4 20 4 80 4 the correlation shown at the upper right. Tha—f1
o 10 Fuggsemide ST R Fugosemide ST 90 emission, 2f1—-f2 emission, and 2-kHz threshold all
® o4 = =40 - show slow, minor changes, consistent with their genera-
10 " w——v—% 29 { Frosemide ST tion at more apical sites that are less influenced by the
" 1 B (P S applied furosemide.
[} 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Time (min)
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IV. DISCUSSION Disturbances of the endolymphatic system are shown to

Our findings support the views of Frank and Koss| cause transient changes of operating point in the cochlea.
(1996 and Kirk and Patuzzi1997 that the operating point Two hundred-Hz tones and injections into endolymph at high

of the cochlear transducer plays a critical role governing thé@t€S(200 ni/min and highercause a positive movement of
levels of distortion in the ear. While the prior studies focusedPerating point, consistent with an endolymph volume en-

on f2—f1, the present study also shows a strong dependené@rgement and displacement of the organ of Corti towards

of second harmonic distortion of the cochlear microphonicScala tympani. Comparison of the time courses of endolymph

on operating point. In addition, we found that baseline oper-voIume Cha”g? .induced by ZOOHZ tone exposi(Balt,
ating points measured prior to experimental manipulation€003 or by artificial endolymph injectiontSalt and DeMott,

varied over a considerable range, with animals showing posit997 With operating point data from the present study shows

tive or negative values. This distribution accounted for the1at Operating point recovers substantially faster than does

variable levels of second harmonic distortion in the cochleaf® €ndolymph volume disturbance. This is consistent with
microphonic and explained sometimes oppositely directed® observation that slowly occurring endolymph volume in-
distortion changes with endolymph manipulations. The baseréase$80-nl/min injection ratgappear to produce instabil-

line variation of operating points appears to have only minofy Or slow oscillations of operating point, rather than a sus-

influence on cochlear sensitivity measured by AP thresholdd@ined operating point change. These observations suggest
with all animals in the study showing normal threshold that some form of compensation for the induced endolymph
curves across the frequency range. volume disturbance occurs at the level of the organ of Corti.

The calculated relationship between second harmonid hus. operating point, while sensitive to some volume dis-
distortion and operating point shown in Fig. 2 provides aturbances, is not a direct measure of endolymph enlargement
conceptual framework for the interpretation of distortionPut is influenced by compensation processes. Kitlal.
changes during experimental manipulations. The fact that ant997 calculated that the recovery kinetics of operating
experimental treatment may cause distortion increases iR0INt could be explained by two exponential processes with
some animals and distortion decreases in others, or maﬂme constants of 30 and 220 s. Our data are consistent with
show complex patterns with minima, as in Figs. 9 and 10this analysis.
would be difficult to interpret without taking into account An important finding of the study is that acute en-
their underlying dependence on transducer operating poinélolymph volume disturbances can be detected by noninva-
The observation that in some experiments the second haive means and are seen as substantial changes i #fd
monic distortion goes through a minimum as the measure@Mmission. Although thef2—f1 changes temporally corre-
operating point passes through zéeog., Figs. 6, 9, and 20 sponded with the endolymph volume change, the magnitude,
also validates the methodology used to derive operatinglirection, and time course of change were not indicative of
point. It is notable that the pretreatment level of second harthe magnitude or duration of endolymph volume change. It is
monic distortion is not always low and in many cases theapparent that The observation thi&—f1 changes can be
distortion level seen in the initial normal state was reducedarge (greater than 10 dBwhile 2f1—-f2 emission and AP
by the experimental treatmef#.g., Figs. 4, 5, 6, 7, and 10  threshold changes are mint few dB. Kirk et al. (1997)

The average operating point measured with a 500-Hz, 90-dBnd Frank and Kssl (1996 interpreted this difference as
stimulus was— 0.08, suggesting a bias of the cochlear trans-suggesting that a fundamental change in distortion genera-
ducer equivalent to a movement of the organ of Corti to-tion was occurring, rather than an alteration to the mechani-
wards scala media. This observation agrees with the findinggal drive to a constant distortion generator. It is our interpre-
of Kirk et al. (1997 in which the examples they presented tation that the large magnitude of tH@ —f1 and second
showed negative pretreatment operating points. However, thgarmonic distortion changes is a reflection of the high sensi-
range of operating points and the possibility that some anitivity of distortion to small operating point changes, as
mals may have positive values have not previously beeshown in Fig. 3, especially when operating point approaches
documented. The variation of operating point also explaingero. The mechanism of generation is not fundamentally dif-
some of the variations in prior studies. In the study of Frankferent but the dependence on operating point is highly non-
and Kassl (1996, low-frequency bias tones were found to linear. At present, a quantitative interpretation ff—f1
modulate thef2—f1 emission either at the frequency of the changes is not possible. Correlations f@&—-f1 magnitude
bias tone or in some animals at twice the frequency of thevith operating point derived from CM recordings are poor,
bias tone. We interpret this as showing that if the operatingince both responses are collected with different stimulus
point is nonzero, and the bias amplitude is not sufficient taconditions and involve different cochlear regions. It is likely
drive the transducer to reach zero, then the modulation by thimat the operating points of different cochlear regions will
bias would occur at the frequency of the bias tone. On therary according to the properties of the local hair-cell popu-
other hand, if operating point is near zero and the bias tone igtion. At present, we cannot determine the operating point at
large enough to drive the transducer through zero, then thihe specific sites involved if2—f1 generation, at the fre-
distortion will show increases twice per bhias cycle and thequencies and levels of stimulation used to elicit the emission.
modulation will occur at twice the frequency of the applied The theoretical foundation provided by our study may permit
stimulus. Operating point thus plays a key role in generatingg more quantitative approach to the analysis f@—f1
distortion and is central to our understanding and interpretachanges in the future.

tion of second harmonic ani®—f1 distortion. Our findings with 200-Hz exposure replicate to a con-
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siderable degree the findings of Kirk and Patu#i997), rosemide affecting the entire length and local injection af-
although slightly different conditions were used in our study.fecting primarily the baséSchmiedtet al,, 2002. It has also
We delivered the 200-Hz tone at a level of 115 dB SPL,been shown that the cell types involved in ion transport pro-
which is higher than that used by Kirk and Patuzzi. It is acesses vary from base to apéRpicer et al, 2003, so a
level that we have shown consistently produces endolymvariation of sensitivity to furosemide with location is pos-
phatic hydrops in the second turn of the cocHi8alt, 2003. sible. Alternatively, it is possible that within any segment of
In addition, our probe tone was delivered at 500 Hz and at 96he cochlea furosemide may have access to different cell
dB SPL, compared to Kirk and Patuzi997), who used a types when given intravenously compared to when it is given
200-Hz tone at 95 dB SPL to obtain CM from the basal turn.ocally. Intravenous drug will have ready access to the vas-
We similarly found an increase in operating point with the cularized intrastrial space and from there influence the mar-
exposure, consistent with an induced endolymphatic hyginal cells. In contrast, when given into scala tympani furo-
drops. Due to the higher level of tone exposure, we find thesemide must first cross the basal and intermediate cell layer,
bounce in AP thresholds after the exposure to be less appawith associated extremely tight junctiofd&ahnke, 1975 in
ent, which has been reported previou&Balt, 2003. order to reach the marginal cells. Other cell types that con-
We initially expected that endolymphatic injections tain the NKCC1 cotransporter would likely be exposed to
would increase endolymph volume with minimal secondaryrelatively higher doses and may disturb radial ionic move-
effects and could possibly provide a well-controlled manipu-ments in a manner different from the suppression of ion
lation of operating point. Instead, we found that injections attransport in the marginal cells. The specific other cell types
rates that are known to produce hydrops caused fluctuatiorexpressing the NKCC1 cotransporter are spiral ligament fi-
and oscillation of the operating point. Only with the higher brocytes of type Il, IV, and V, especially in the suprastrial
injection rates was an increase in operating point apparentegion and in the vicinity of the outer sulcus, and spiral lim-
However, after the injection of 1200 nl of artificial en- bus fibrocytegCrouchet al, 1997; Sakaguchet al,, 1998.
dolymph, either in 3 min(400 nl/min or in 15 min (80 If these cell types regulate ion currents in a manner different
nl/min) the operating point in many animals decreased to drom the marginal cells, it may account for the different di-
level below the starting value. The cause of this overcomrection of operating point movement.
pensation is not known. In comparison, for those animals  The acoustic emissions changes we observed with furo-
that received a total of 600 nl of artificial endolymph at 200semide (21-f2 andf2—-f1) were comparable to those ob-
nl/min, operating point change remained positive in all ex-served by Millset al. (1993. They found thef2—f1 to ex-
cept one. Operating point changes with injection thus seerhibit changes completely different from f2-f2,
to be affected by both the rate and the total volume of articharacterized by sharp minima as we also observed. Based
ficial endolymph injected. on phase measurements they interpreted the minima as rep-
Furosemide treatment produced large changes of operatesenting zero crossings, an interpretation that our present
ing point. Given intravenously, operating point showed astudy supports.
consistent decrease, followed by an increase and overshoot. Under some conditions operating point, second har-
With a local injection of a dose that caused a similar cochleamonic, f2—f1, and SP changes occurred with minimal
microphonic decrease, a consistent, but opposite, result watianges of AP thresholds or of the 2—f2 emission. Prior
obtained. Operating point increased markedly, then recovstudies have noted that tHf@ —f1 emission and operating
ered but remained elevated. Furosemide inhibits the Na/Kpoint are variable and influenced by a variety of factors that
2CI cotransporte(NKCC1) found in the marginal cells of are not normally associated with cochlear sensitivity change.
stria vascularis and other cell types. This action would bePsychophysical experiments in humans initially showed that
expected to suppress‘Kcurrents circulating through the en- the magnitude of the difference toné2(-f1) was highly
dolymph. Given intravenously, furosemide has been showrariable across subject®lomp, 1965; Humes, 1979Mod-
to reduce the endocochlear potential and to reduce ereling studies by Hal(1974 concluded that2—-f1 was de-
dolymph K" and CI (Brusilow, 1976; Rybak and Mori- pendent on the inclusion of asymmetric nonlinearities. With
zono, 1982; Rybak and Whitworth, 1986t is likely the ion  the advent of acoustic emissions, BrowtB88 character-
reductions would be accompanied by water movement out aked thef2—-f1 response, showing that the magnitude de-
endolymph and possibly an endolymph volume reductioncreased as stimulation was prolonged, during which time
which would be consistent with the operating point decrease2 f1-f2 remained stable. Brown also found tHi@—f1
However, we cannot conclude that the operating poinemission to be susceptible to anesthesia and suggested that
change reflects an endolymph volume change as othéhe sensitivity change could be an efferent effect. Mountain
mechanisms may predominate. As there are likely both curt1980 found f2—f1 emission magnitude to be sensitive to
rent and voltage changes at the level of the hair cells, opeelectrical stimulation of the efferent system. Pharmacological
ating point changes may arise by a number of other mechananipulation studies by Kirk and Johnstoii®93 also gave
nisms. support for efferent involvement. In contrast, similar studies
It is interesting that locally applied furosemide gave anof f2—f1 variation in rabbits were found to be inconsistent
oppositely directed operating point change. This is likely ex-with an efferent involvementWhiteheadet al,, 1991). A
plained by different cochlear locations being affected by thesubsequent study by Kujawet al. (1995 documented
drug. The first possibility is that different regions along thechanges irf2—f1 with the duration of stimulation, but phar-
length of the cochlea may be involved, with intravenous fu-macologic treatments of the cochlea failed to support the
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concept thatf2—f1 was controlled by the efferent system. cochlea partition. Effects on the acoustic two tone distortihsf1 and
Based on an analysis of cochlear microphonic during electri- 2 f1-f2," Hear. Res.113 57-68.

cal efferent stimulation, Patuzzi and Rajdr990 also con- Hall, J. L.(1974. “Two tone distortion products in a nonlinear model of the
cluded that the stimulation-induced increase in microphonit:HbaSIIar membrane,” J. Acoust. Soc. A, 18181828,

. . . . . umes, L. E.(1979. “Perception of the simple difference toné2—f1),”
amplitude occurred with little or no change in operating ; . ust Soc. Am66. 1064—1074

point. The possibility that distortion was linked to operating jannke, K(1975. “The fine structure of freeze-fractured intracellular junc-
point was implied by Millset al. (1993, in their interpreta- tions in the guinea pig inner ear,” Acta Oto-Laryngol., Sugg86, 5—40.
tion Of f2—-f1 Changes that “went through another apparentKil’k, D. L., and Johnstone, B. M1993. “Modulation of f2—f1: Evidence
zero” during furosemide treatment. This concept was further for a GABA-ergic efferent system in apical cochlea of guinea pig,” Hear.

. . Res.67, 20—34.
developed by Frank and KOSSI996 and Kirk and Patuzzi Kirk, D. L., and Patuzzi, R. B(1997. “Transient changes in cochlear

(1997, in which operating point changes induced distortion potentials and DPOAEs after low-frequency tones: The ‘two-minute

changes in a predictable manner based on the known charbounce’ revisited,” Hear. Red12, 49-68.

acteristics of cochlear transduction, as discussed abové!fkvg- L., Moleirinho, A., and Patuzzi, R. B(-19ﬁ7)-_“'\/|llcr0phr?nl9 an(i A
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