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Intracochlear pressure was measured close to the basal basilar membrane in gerbil with pure-tone
stimulation. This report describes harmonic distortion in the pressure. The harmonic components
were tuned in frequency and physiologically vulnerable, implying that they were related to the
cell-derived force that sharpens tuning at low levels in healthy cochleae. For stimulus frequencies
in the vicinity of the best frequency the harmonic distortion appeared to be produced locally, at the
place of measurement. Therefore, it could be explored with a local nonlinear model. The combined
model and observations demonstrate two specific points: First, the harmonics in the cell-based force
were likely similar in size to the harmonics in pressumeultiplied by area close to the basilar
membrane. This is distinctly different than the situation for the fundamental component, where the
cell-based force is apparently much smaller than the pregtores area Second, although the
fundamental component of the measured pressure was much larger than its harmonic components,
the harmonic and fundamental components of the active force were likely much more similar in
size. This allows the harmonic components in the pressure to be used as an indirect measure of the
active force. ©2004 Acoustical Society of AmericaDOI: 10.1121/1.1645611

PACS numbers: 43.64.Kc, 43.64.BVPS| Pages: 1230-1241

I. INTRODUCTION chlear pressure in the base of the gerbil cochlea. Close to the
sensory tissue’s basilar membraem,) the pressure shared

axis by a ribbon of sensory tissue and coiled into the shapi€ intéresting features of b.m. motion described above: fre-
of a snail. Upon acoustic stimulation, a traveling wave ofduency tuning, compressive nonlinearity at frequencies close
motion ripples down the ribbon and peaks at a place that® the b.f., & phase-vs-frequency response that indicates the
depends on the frequency of the stimulus. High frequencieBreésence of the traveling wave, and a low level of harmonic
peak in the cochlear base, low frequencies closer to the ape®istortion. The harmonics were tuned in frequency, peaking
Observing one position and varying the stimulus frequency?t Stimulus frequencies around the b.f. and with sharper tun-
one finds that at frequencies close to the best frequéméy ~ ng at low §t|mulus Ievgls. The Iow—sum-!evel harmonics d|§—
the phase of the motion shows a rapid accumulation. ThigPpeared into the noise postmortem, just as the low-stim-
phase accumulation is the signature of the slowing of thdével enhancement of tuning of the fundamental disappears.
cochlear traveling wave that accompanies its peaking. Afligh-stim-level harmonic¢80 dB SPL and aboyechanged
outer hair cell(OHC)-generated force exists in the cochleaPostmortem, but did not always disappear, although when
that enhances the sensory tissue motion and thus cochlef@llowed ove 2 h they decreased substantially or disap-
sensitivity. In the base of the cochlea, with stimulus frequenfeared. The tuning and physiological vulnerability of the har-
cies close to the b.f., low-stimulus-level motion responsegnonic distortion in pressure link it to the cochlea’s nonlinear
can be enhanced by 40 dB or more relative to high-stimulustuning. The basis for the nonlinear tuning is outer hair cells
level response$Robles and Ruggero, 20p1As to be ex- (e.g., Kianget al, 1986.
pected, this large degree of compressive nonlinearity is ac- At stimulus frequencies within the best frequency peak
companied by harmonic distortion. However, the degree othe phase-vs-frequency relationship of the harmonics was
harmonic distortion in basal displacement is small, at thevery similar to that of the fundamental. That means that the
several percent level for stimulus frequencies close to the b.harmonics arrived at the place of measurement with the same
(Cooper, 1998at a stimulus level of 60 dB SPL. Harmonic delay as the fundamental, strongly suggesting that the har-
distortion has also been measured in the cochlear apex atonics were locally generated at the place of measurement.
relatively high stimulus levelgKhanna and Hao, 1999 This observation allows the pressure harmonics to be inter-
This report describes harmonic distortion in the intraco-preted and analyzed as components of the local cell-derived
force (as opposed to having been produced by cellular forces
IA preliminary version of this work was presented at the Mechanics ofelseWhere in the cochlea and traveling independently to the

Hearing Meeting in Titissee, Germany in July, 2002, and was published iflace of measuremenand used to explore the character of
the meeting proceedings: Olson, E(8003. “Harmonic distortion in in- that force.

The cochlea is a fluid-filled hose divided along its long

tracochlear pressure: Observations and interpretation,Biophysics of ; ; ; ot ; _
the Cochlea: From Molecules to Modekdited by A.W. Gumme(World . This eXploratlon IS r.nad.e quantitative with a local non

Scientific, Singapoie pp. 228—236. linear model of one longitudinal segment of the cochlea. The
PElectronic mail: €a02004@columbia.edu model is a spring—mass system, with a resistive force that is
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proportional to and opposed to velocity and a nonlinear forceéo guide the characteristics for the active force in the model
that is proportional to a fractional power of velocity. By be- of the current study. The effect of the active force on b.m.
ing proportional to velocity, the nonlinear force adds energymotion was largest at low leve{Rhode, 1971and therefore
to the system and is an “active force.” The spring is thethe active force is assumed to be compressive. The modeling/
stiffness of the OCC. The mass is composed of both the fluigxperimental studies of deBoer and Nuttallg., 2000 indi-
mass and the mass of the organ of Corti compe€C, the cated that the active force had the character, in terms of
organ of Corti and basilar and tectorial membranBgcause impedance, of a negative resistance. This means the active
of the fluid mass the pressure close to the OCC is a forcéorce is in phase with velocity—like a damping force, but
within the spring—mass system. In this contribution, theinstead of resisting the velocity, the active force assists it.
model will be fitted to one set of pressure data in order toShera(2001) also concluded that the active force had the
draw general conclusions about the size and possible shagbaracter of a negative resistance, based on the lack of level
of the active force. dependence in the timing of the zero crossings in the b.m.
This paper has to do with using intracochlear pressure tonotion response to a click. Finally, an approximately direct
explore the active cochlear force, and some relevant backneasurement of OCC impedance, and how it changed with
ground on intracochlear pressure and the active force is pretimulus level in a healthy cochlea, showed that the active
vided here. The cochlear pressure is composed of two conforce was small compared with the passive cochlear forces
ponents. The compressive pressure is timed to the in—ow©lson, 2001 This was also found in the study of deBoer
compression-rarefaction motion of the stapes and is alsand Nuttall(2000.
known as the “fast-wave” pressure. The pressure that is tied ~ This report grew out of a contribution to the Mechanics
to the motion of the OCC and the adjacent fluid is known asf Hearing Meeting in Titisse, Germany in July, 20@son,
the “slow-wave” pressureéPeterson and Bogart, 1950he ~ 2003.
slow and fast waves obtain these designations because the
fast wave propagates at the speed of sound in water, aboltt METHODS

1500 m/s, whereas the slow wave's propagation speed is A prief description of methods is given here; details
about 9 m/s in the region of the b.f. where the cochleamhzye been publishe@lson, 1998 The measurements were
traveling wave is moving slowlyRhode, 197} and was made in deeply anesthetized gerbils stimulated with tones via
found to be as small as 3.2 m/s in very localized measurey speaker coupled to the ear canal. Stimuli were pure tones,
ments(Ren, 2002 The slow-wave pressure is largest close32 ms in duration. Stimulation levels refer to the sound-
to the OCC and varies rapidly in space in this region, whergyressure level in the ear canal. Intracochlear pressure was
the fluid acceleration is greate®Ison, 1999. It produces a measured by inserting specialized pressure sensors through
pressure difference across the OCC. In contrast, the fas§mall holes that were hand-drilled in the cochlear bone. Pres-
wave pressure is nearly equal in space throughout the c&ure measurements in the scala tympart) were made in
chlea and, because it creates no pressure difference acrag@ first turn of the cochlea where the best frequefizf)
the OCC, it is thought not to cause motion of the OCC.  was approximately 20 kHz. In s.t. the pressure was measured
When making pressure measurements in the fluid thet a series of distances from the b.m.; this report emphasizes
fast wave is of course measured along with the slow wavethe close measurements within &fn of the b.m. The pres-
Cancellation between the slow and fast waves occurs in theure in the scala vestibuls.v) just next to the stapes was
region of the b.f. peak because the slow wave is large in theneasured within seconds of each measurement in the s.t. The
peak region, goes through rapid phase variations there, and jgessure responses were averaged @0 times) and the av-
sometimes out of phase with the fast wave. The cancellatiosraged responses stored and later analyzed via Fourier trans-
results in pressure notches, discussed in Ol4@98, 2001  form to find the magnitude and phase at the stimulus fre-
and visible in the data below. At frequencies well above thequency (fundamental and the second and third harmonic
peak the slow-wave pressure is small and the fast-wave prefrequencies. An antialiasing filter cut off the measured re-
sure dominates it, giving rise to a plateau in pressure phassponse above 60 kHz; therefore, the third harmonic data are
(see Fig. 3. Even further above the peak there is a plateau ironly available up to a 20-kHz stimulus frequency. When ref-
OCC motion as well(e.g., Robles and Ruggero, 2001; erencing phases of the harmonics to those of the fundamen-
Rhode, 1971 This is likely due to nontraveling pressure tal, a small phase adjustment was made to account for the
modes that are present in the vicinity of a cochlear windowfrequency dependence of the phase of the antialiasing filter.
natural or unnatural(Steele and Taber, 1979; Cooper and An electrode at the round window measured the com-
Rhode, 1995 These pressure modes are like the fast wave ipound action potentigICAP) response of the auditory nerve
that they are timed to the motion of the stapes, but like the@o tone pips, as a monitor of cochlear health.

slow wave in that they are associated with fluid mot{es The pressure sensor consists of a glass capillary with

opposed to compressipn inner and outer diameters 100 and 1#M, tipped with a
Moving on to background for the active force: the physi- gold-coated polymer diaphragm. Light from an LED is de-

ological basis for the active force is outer hair cddsg., livered via a fiber optic threaded into the capillary, and re-

Robles and Ruggero, 2001; Kiargal,, 1986. How exactly  flects from the diaphragm. The amount of light returning to
the outer hair cells exert forces that give rise to enhancethe fiber optic for transmission to a photodetector varies lin-
tuning is a rich research question. The possibilities for thisarly with the pressure-induced motion of the diaphragiun

force have been bounded by several studies. These were usedal, 1992. As described previously, the sensors are cali-
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FIG. 1. Pressure spectra, animal 8-28-01. The stimulus was a 16-kHz, 80-dB SPL tone. The s.t. sensor was close td@henbfrom it), the s.v. sensor

was near the stapes. If the harmonics were associated with the nonlinear mechanics of the organ of Corti, they are expected to be larger inutlee s.t. press
close to the basilar membrane than in the s.v. pressure measured near the stapes. This is apparent in the figure, where second, third, and ésuatie harmoni
visible in the s.t. data but do not emerge from the noise in the s.v. data. The frequency of the fourth harmonic is high enough that it falls abo¥e the cutof
frequency of the antialiasing filter. The circled “4” indicates the size of the fourth harmonic after accounting for the attenuation of the filter.

brated by submerging them a known distance beneath the cavity, the digital-analog/analog-digitdDA/AD) system
surface of a vial of water which is then shaken with a knownused in these studies produced harmonic distortion at levels
acceleration(Bruel & Kjaer model 4290 This produces a 50 dB below the fundamental. This is not terrifically |¢thie
known pressure at the position of the sensor. The sensitivitgystem has since been upgradethd several aspects of the

of the sensors is approximately fiatithin 3 or 4 dB up to  data can be used to check that the measured distortion is
at least 40 kHz. At a frequency above 40 kHz, the precisghysiologically based. Because the s.t. pressure was mea-
value of which varies between sensors, the sensitivity desured close to the OCC, whereas the s.v. pressure was mea-
creases. This is probably due to viscous resistance in theured near the stapes, if the distortion were generated in the
sensor’'s membrane material. The variation between senso®CC it was expected to be larger in the s.t. measurement
is likely due to variations in membrane thickness. The dropthan in the s.v. measurement. This is shown in Fig. 1, spectra
off in sensitivity is at high enough frequencies that it doesfrom animal 8-28-01. This cochlea was mildly nonlinear,
not affect the fundamental response much, but it can affeakith CAP thresholds that were healthy following the initial
the harmonics. The sensors are calibrated through 58 kHéurgery but elevated by-15 dB at frequencies around 20
although a resonance in the shaker reduces its reliabilityHz after making the holes to the cochlea. The stimulus was
above 50 kHz. The primary data set for analysis of this req 16-kHz, 80-dB SPL tone, and the s.t. sensor was close to
port, the s.t. measurement of Fig. 1, was recorded with ghe b.m.(10 um from it). Second, third, and fourth harmon-

sensor whose cutoff frequency was above 50 kHz, so thgs were clearly seen in s.t. but do not emerge out of the
sensitivity had decreased very little at the harmonic frequenpgise in s.v.

cies and is considered to be flat. Changes due to an aging preparation and then postmor-
tem are shown in the spectra of Fig. 2, from animal 4-18-01,
IIl. OBSERVATIONS a mildly nonlinear cochlea. The measurements were made 10

um from the basilar membrane with a 17-kHz, 80-dB SPL

tone stimulus. A spectrum from data gathered early in the
The first observations we report tie the distortion toexperiment is shown in the left pan@l). The middle panel

forces within the organ of Corti. When delivering tones into (2) shows results several hours later, pre-mortem, and the

A. Physiological basis for the distortion
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FIG. 2. Pressure spectra, animal 4-18-01. Changes due to an aging preparation and then postmortem. The pressure was measured in scalartympani, 10

from the basilar membrane, with a 17-kHz, 80-dB SPL stimulus. A spectrum from data gathered early in the experiment is shown in the left panek The middl
panel shows data gathered several hours later, pre-mortem, and the right panel shows data gathered just minutes later, postmortem.
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FIG. 3. Scala tympani pressure frequency responses, animal 8-28-01. The magnitufieaplelA), (B), and(C)] show the responses at distances 10 and

50 um from the basilar membrane; the phase plp@nels(D) and (E)] show the response phase at theifi-position. Pane{A) shows the fundamental,

second, and third harmonic components with 60-dB SPL stimuli. R&edhows the fundamental and second harmonic components with 80-dB SPL stimuli.
Panel(C) is similar to panelB) except the third harmonic is shown. PaiB) shows the fundamental and second harmonic phases with 60- and 80-dB
stimuli. PanelE) shows the fundamental and third harmonic phases with 80-dB stimuli. The reference for all the phase data was the s.v. pressure fundamental.
The s.v. fundamental phase was multiplied by 2 in order to use it for the reference for the s.t. second harmonic, and by 3 in order to use it for ¢he referenc
for the s.t. third harmonic.

right panel (3) directly (minutes after the panel2) data, was at work in this preparation. With stimulus levels of 50
postmortem. The distortion became smaller with time, andnot shown and 60 dB SPL the second harmonic was a peak
disappeared postmortem. positioned in frequency at 20—24 kHz, the frequencies where
Another quality of the distortion that speaks for its the fundamental peaked in a broader fashion. When the
physiological basis is that the distortion drops off with dis- stimylus level was 80 dB SPL the second harmonic formed a
tance from the b.m. This is seen in Figs. 3 and 5. broad plateau between 10 and 25 kHz, with a shape that was
similar to the broad tuning of the fundamental. The third
harmonic was in the noise when the stimulus level was 50
Frequency sweeps showing the fundamental, secondlB SPL and at 60 dB SPL just emerged from the noise. At 80
and third harmonics are shown from three animals. Xhe dB SPL the third harmonic was broadened in a fashion simi-
axis is the frequency of the fundamental, so the frequenciegyr but not identical to that of the second harmonic.
of the harmonics are 2 and 3 times this frequency. The fundamental and harmonics both decreased with
In Fig. 3 s.t. pressure responses from cochlea 8-28-Olyistance from the basilar membrane. The spatial pressure

tr;e same cochlea as rin Fi%‘ 1, are shown. The magnitudg, iations reflect fluid motion.{p~ — pa, wherep is pres-
plots(A), (B), and(C) show the pressure at distances 10 an ure,V is the gradient operator, symbolizing spatial differ-

(5|g)ju ;nh(f)rvc\JlThtehe rzzsslllja;re mﬁgzrz?ikgh;rghisjﬂg[fm?n?gs ences,p is fluid density, anda is the fluid acceleration. See
P P P X Olson, 1998, 2001.0ne characteristic of note is that the

and (C) the sound-pressure level was 80 dB SPL it . .
was(6()) dB. When l?he stimulus level was 60 dB tﬁ?funda—nomh that appeared in the fundamental with the 80-dB, 24-

mental component showed about 10 dB of compressive nor¢Z stimulus at the 5¢:m position did not appear in the
linearity compared to the response with the 80-dB stimulush@monic[Fig. 3B)]. The notch is due to cancellation be-
When the stimulus was reduced to 50 dB SPL there was littidween the fast-and slow-wave pressures of the fundamental.
additional compression due to the nonoptimal condition ofAt the harmonic frequencies, the pressure fell off with dis-
the cochlea. Nevertheless, the compression between 60 ak@hce without a fast-wave—slow-wave cancellation. The ob-
80 dB SPL produced the characteristic sharpening of the reservation that the harmonic does not itself notch in the region
sponse at the lower stimulus level and thus the OHC forcef the fundamental notch rules out the possibility that the

B. Frequency sweeps
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distortion is an artifact due to nonlinearity in the pressurethe lower stimulus level but became as broad as the funda-
sensing membrane. mental at the higher stimulus level; and harmonic phase-vs-
Figures 3D)—(E), the phase responses that go alongfrequency curves that nearly paralleled that of the fundamen-
with the 10um s.t. pressure magnitudes of FigéAB—(C),  tal. In this cochlea the harmonic phase-vs-frequency slopes
contain one of the principal observations of this study. Figuredeviated from that of the fundamental at low frequencies,
3(D) shows the s.t. second harmonic and fundamentab—10 kHz. The low-frequency deviation might be due to
phases; Fig. () shows the s.t. third harmonic and funda- harmonics that were produced basal to the measurement po-
mental phases. The phase of each component of the s.t. prestion and traveled to the probe position independently of the
sure was referenced to the fundamental component of the sfundamental, and with different delayddowever, the third
pressure. The s.v. fundamental phase was multiplied by 2 iharmonic were nearly in the noise at low frequencies, reduc-
order to use it for the reference for the s.t. second harmonidng the reliability of those datga.
and was multiplied by 3 in order to use it to for the reference  The frequency sweeps shown in Fig. 5 were from the
for the third harmonic(That this multiplication of phase is healthiest cochlea of this stud{9-8-98, with CAP thresh-
appropriate can be appreciated by thinking of the phase reblds that were increased by only about 10 dB following mak-
erence as representing an offset in time from the zero phaseg the holes to the cochlea. In this cochlea at 85 dB SPL
time of the fundamental s.v. pressure. That time correspondpanel (D)] there were two peaks in the second harmonic
to a phase that increases linearly with frequenghe fun-  response, with the upper frequency peak occurring at stimu-
damental frequency was plotted on tkeaxis, so that, for lus frequencies close to the b.f. at the probe posifitwe
example, the 10-kHz fundamental and its harmonics at 2@sual peak and a second peak appearing at stimulus
and 30 kHz are all plotted at the sameposition. The fun-  frequencies-one-half the b.f. The lower peak might be the
damental phase uses the lgfaxis and the harmonic phase result of distortion generated basal to the measurement posi-
uses the righy axis. The axes of the second and third har-tion and traveling to the measurement position, its own b.f.
monic phases were expanded by factors of 2 or 3 relative tplace, where it peaked. This would be the “amplified distor-
they axis of the fundamental phase. The phase plots have th@n” reported by Cooper(1998 in measurements of har-
notable characteristic that the phase-vs-frequency slope wasonic distortion in b.m. displacement.
nearly the same for the fundamental, the second and the third The phase data from this cochlea are in Fig§) &nd
harmonic. This means that all three components arrived aG). In this cochlea the harmonic phase-vs-frequency curves
the point of measurement with the same delay. This stronglparalleled that of the fundamental over a relatively restricted
suggests that the harmonics were locally generated. In thisequency range in the region of the b.f. peak. At frequencies
picture, the fundamental propagates down the cochlea, prdselow the b.f. peak the lack of similarity means that the
ducing harmonic distortion as it goes. The harmonic distordistortion was not so closely tied to the fundamental, and
tion does not propagate and therefore the delays of the hamight have arrived from other parts of the cochlea. This jibes
monics measured at a given position are the same as theith the magnitude data described above. The apparent en-
delay of the fundamental response. hanced ability for distortion to propagate in this cochlea
Figure 4 shows frequency sweep data from animal 4-25might be related to the relative health of the preparation.
00. This was also a mildly nonlinear cochlea. Responses gData now emerging from our lab support this view and will
65 and 85 dB SPL, at a position close to the b(ff0 um  be reported in a future publicationfhe independently trav-
away) are shown. The purpose of the figure is to show theeling distortion bears further investigation, but not here. In
repeatability of the results from Fig. 3, namely, tuned har-the analysis that follows, the distortion that is generated with
monics, whose tuning was sharper than the fundamental atimulus frequencies in the region of the b.f. is explored. As
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described above, the phase-vs-frequency behavior of the dis=m_ a. The external forces are exerted on the OCC by the
tortion in this region indicates that it is locally generated—itfjuid and structures that surround it: The attachment points of
is a distortion of the fundamental'regponse thgt has arrived @te |amina and ligament provide restoring and resistive
the place of measurement. This is a requirement of the, ces The fluid pressure of the adjacent fluid, multiplied by
simple local nonlinear model that is used. the surface area, provides a force that is directed perpendicu-
lar to that surface area. The active force is envisioned as
IV. ANALYSIS/MODEL arising from the outer hair cells pushirgia the tectorial
Consider the cross section sketched in Fig. 6. The forceB1embrangbetween the wall of the inner sulcus, an external
on the organ of Corti upon acoustic stimulation can be destructure, and the OCGSteele and Lim, 1999; deBoer,
termined by considering this section of the OCC as the mas$993. We are not concerned with predicting frequency tun-
in the equation expressing Newton’s second |&¥ .,  ing; the response at just one stimulus frequency is examined
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force balance equation is written more specifically as

y, Fi passive Psv close to OCC
e MocZ= (Psy— Ps) A = SZ—= RZ+ F e 2
pd The local pressure difference across the OCG,— Py, is
‘ a Jllﬁo o\o° related to the local fluid motion. In a symmetric cochlear
T % A [0 olofofax Doy model, Pg= — P, and, for an inviscid fluid and small fluid
/ \\ velocities
Pst close to OCC m
| | PoA =2, 3
FIG. 6. Cross-sectional sketch of the organ of Corti complex and the forces 2

that govern its motion. . . . .
wherem is the effective fluid mass per unit leng(Bteele

and Taber, 1979 (The pressure at the OCC both drives the

in the model. The strategy is to write force balance for themotion of the OCC and the motion of the fluid adjacent to
segment, including a nonlinear active force, and solve théhe OCC) So, the force balance equation becomes
equation in the time domain for the harmonic response in the
motion. The distortion in each contributing force is then
found and examined. One objective of the model is to demThus, pressure has been replaced by acceleration, which
onstrate that although only a small degree of distortion wadrings the equation closer to a form that can be solved.
observed in the pressure close to the b.m., the active forcgepends on the local curvature of the traveling wave
itself probably has a large degree of distortion. The analysi§curvaturec 1/wavelength), the width of the OCC, and the
and observations together are used to estimate the size aside and shape of the cochlear fluid spé@teele, 198y The
possible shape of the active force. curvature of the wave depends on its frequency. For a lightly

The model is based on a Jdn-long section of OCC, damped cochlea stimulated at a frequergyequating the
with a width of 200um. [Note that 20Qum is approximately local kinetic and potential energies of the traveling wave
the width of the b.m. in turn one of the gerbil cochlgdass- leads to the relationship between the local mass, stiffness,
manet al, 1987 and 10um was chosen for the length of a and frequency
segment, based on the width of hair célls.

MoeZ= —M;Z2—SZ— RZ+ F 4ciive- (4)

The symbols used in this analysis are as follows: (Mot M) = % (5)
Psy=scala vestibuli pressure close to the OCC (Lighthill, 1983). (While this relationship is for a linear sys-
Psi= scala tympani pressure close to the basilar membranetem, for which|z|=w|z|, it is approximately true for the
Moc=mass of the OCC cochlea because of the relatively small size of the distortion.
m; = effective mass of the cochlear fluid The relationship essentially prescribes the size of the fluid
M= Mg+ My mass so that the traveling wave will exist at the frequency
a=z=acceleration of the OCC in thedirection w.) M, does not change with frequenayy; decreases with
z=velocity of the OCC in the direction frequency via changes in the curvatuf@wo quick asides
z=displacement of the OCC in thedirection about effective fluid mass that are not used here, but are
d=radial width of the OCC discussed in for example, Lighthil1981): (i) As an example
b=longitudinal width of segment of the OCC of effective fluid mass, for a simple 2D waveyx\
A=b-d=area of segment of the OCC «curvature 1. Substituting this into Eq(5) results in a rela-
Facive= force exerted by outer hair cells tionship between curvature and frequency that can be used to
Fpassivé= Passive forces on the OCC find the wave’s propagation speed. Such a step, followed by
s=stiffness associated with restoring force an accounting for longitudinal variations in stiffness, is the
R=viscous forces resisting motion of the OCC beginning of a 2D cochlear modédii) When the frequency
w=2mf, wheref is the driving frequency in Hz becomes so large that,>m;, the wavelength plunges to

Farve=drive force arriving from adjacent basal segment  zero and there is no longer a cochlear traveling wave; in
Psv_drive=associated drive pressure in scala vestibuli models wheremn,. is assumed zero, this “cutoff” or “reso-
P arive=associated drive pressure in scala tympani  nant” frequency does not exist.
Fo=amplitude of drive force arriving from adjacent The simple analysis of this report models one longitudi-
basal segment nal segment and one stimulus frequency. Equatois used
\ =wavelength of the cochlear traveling wave to eliminate the mass terms from the force balance equation
A, vg, vy, andex= parameters that describe the size, range2nd get the stimulation frequency into it
and offset of the active force. w2 w2
7= —w’z— < Rz < Facive: (6)
Force balance in the direction for the segment is expressed
as Because the model is only of one longitudinal segment,
there is no “input.” The nonactive model works without an
Mo = (Psy=Ps) A+ Fpassivet Facive: @ input as long Fzls there is no energy dissipation. Then, the
F passiveCONSists of reactive and resistive components, and thescillatory motion of the segment goes on and on at fre-
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guencyw, just as if a stimulus at that frequency were con-the fundamental, strongly suggesting that the harmonics
tinuously on, with a size that depends on initial conditions.were locally generated at the place of measurement. The har-
However, when resistance is present there is energy logaonics were not themselves part of traveling waves at their
within the segment and, when E) is solved with zero own frequencies, with their own wavelengths and their own
active force the result is a damped oscillation. Further insigheffective fluid masses. Rather, the fluid mass corresponding
into how to include an input from the segment basal to outo the fundamental frequency is envisioned as moving with a
model segment is provided by full cochlear models. Math-distorted time waveform. Then, E), whose effective fluid
ematically, when resistance is present in the OCC, the effeanass corresponds to the fundamer{&imulus frequency

tive fluid mass becomes complex. This can be understood byia Eq. (5), applies even though the response contains har-
looking at Eq.(4) in the passive, linear case. The stiffnessmonic frequencies.

and mass terms are out of phase and can cancel, but there is To enlarge upon the applicability of the model: It was
not a term to balance the resistive force. Such a term must beoted when the data were presented that in the healthiest
present and it arises by becoming complex. Physically, cochleae(Fig. 5), in addition to the local distortion we can
this means that in the damped system the fluid pressure at thgalyze with Eq(7), propagating distortion components ap-
OCC is not solely in phase with acceleration, but has a compeared to be present. These components were largest at
ponent that is in phase with velocity. This was observed exstimulus frequencies about one-half of the local b.f., where
perimentally in Olson(200). (This component will also the frequencies of the harmonic components themselves
arise due to resistance within the flui@teele and Taber, were close to the b.f. In contrast, for stimulus frequencies
1979, but fluid viscosity is not included hejeln order to  close to the local b.f. the harmonic frequencies are well
include this component of the pressure in our model, a smalipove the b.f., and propagating distortion components are not
input force at stimulus frequency was added,Fgive  expected to be present. In support of this expectation, at
=Fgcost). This can be thought of as a fluid pressure ar-stimulus frequencies close to the local b.f. the phase-vs-
riving from the adjacent basal segmemye=(Psy aive  frequency data in Fig. 5 are similar to those from Figs. 3 and
—Pst drive A= —2Pg qriveA. This last equation will be used 4, and indicated that the distortion was local. Therefore, the

after solving the model equation in order to fifRd; gve. analysis here is applicable to a healthy cochlea for stimulus

P arive Will be added to theP, found from Eq.(3) in order frequencies close to the b.f. and is still applicable at frequen-

. . . cies quite a bit smaller than the b.f. when the cochlea is in
to predict the measured pressure in scala tympani close to ﬂ?ﬁoderate condition

basilar membrane. The parameter values listed below were based on a 10-

we ezgf),ume a form for .the gctwe force @f[(z pum-long section of OCC, with a width of 20@m. The

_UO)/U"!’] ' The. acuye force |$nor1l|nearly proportional analysis models the s.t. pressure data of Fig. 1. Therefore, the
to velocity by design, in order that it add energy to the SYSstimulus frequency was set at 16  kHz,w '
tem. This choice was based on cochlear models and experi- 100 000 radians/s '
mentfal analyseé\legly aqd Kim, 1986; ngoer and Nuttall, The stiffness was found using the OCC specific acoustic
2000; Shera, 20Q1in which the mechanism that sharpensimpedance data from Olsof2001. In those results the
the cochlear response at low stimulus levels works by addin aginary part of the im edancé had a value that was
energy to the cochlear traveling wave. It is important to note ginary p b

. . . . 10 Pafmm/g at 10 kHz. At this frequency, somewhat be-
that by making the nonlinear force proportional to velocity, . . .
o . . L low the ~20-kHz peak, the imaginary part of the impedance
the possibilities for its waveform are restricted—it will be .

' o . is expected to be primarily determined by stiffness, so we
maximum when the velocity is maximum. The free param- o .
chose to determine its value ther@t frequencies at and
eters of the modelr, A, ex vg, andv,, were chosen to

provide agreement with theagnitudeof the spectral com- above the peak, the imaginqry part of the imped.an.ce might
ponents at one stimulus frequency in the region of the b.fF)e _reduced from that of fs;tlr]ﬁn%s,(sjcdutgﬁto prom(rjm;zﬁ;o a
peak, like the data shown in Fig. 1. The phase of the spectréﬁp”ng_masfc‘ resonance of the DLL stfiness and S

o from this specific acoustic impedande units of

components was not considered. In order to match both the . . : . .
magnitude and phase of the data’s spectral components, tl%es.sure/velolcn)/_to stiffness(in units of force/displacement
form of the active force will need to be relaxed. This is ar_equwes multiplying by the area (2200xm) and by 2r

future study. Finally, the equation that describes the motiorliImes 10000 Hz. The resulting stn‘fngss valqe ®
of the segment is =12 N/m=1.2 uN/um. (The last change is made in order

to work in units that are more natural for the cochleghis
R A Fo value is quite consistertivithin about a factor of Pwith the
71=w? —z— St g[(Z—vo)/vw](ex)Jr — coswt) . turn one stiffness measured with a blunt, A@-wide stiff-
7) ness probégNaidu and Mountain, 1998
The resistance was found in reference to the impedance
When this equation is solved, harmonics of the stimulus fredata from Olson(2001) and those of deBoer and Nuttall
guency are generated. (2000. The high-stim-level impedance data of Olson showed
At this point the observation that the phase-vs-frequencyeal and imaginary parts of the impedance that were similar
curves of the harmonics paralleled that of the fundamentah size, although the imaginary part was usually a little bit
comes into play. The observation means that the harmonidsigger, sometimes about twice the size of the real pSee
arrived at the place of measurement with the same delay dsgs. 15 and 22 of Olsof2001).] If the real part were really
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FIG. 7. Model results. The first two rows show the displacement and velocity of the OCC. The left panels show the time waveforms, the right panels show
the associated spectra. The dashed line in the third row’s left panel shows the drive force. The thin solid line in the third row’s left panel sluahes dtierac
multiplied by m, the mass of both the OCC and fluid. Because the fluid mass is expected to dominate that of the OCC at frequencies below the peak, this is
approximately equal to the acceleration multiplied by the fluid mass alone. Followin@)&md the discussion relating the drive force to fluid pressure above

Eq. (7), the fluid force on the OCE (Pg,— Pg) A = (Fgrive— Mta) =~ (Fgrive— Ma). ma— F ;e is the negative of the fluid force, plotted as the heavy solid line.

The negative of the fluid force is plotted in order to begin to relate the modeling results to the experimental obserPatiofs)(A = —2A Py, andPg is

measured. The fluid force’s spectrum is plotted in the right panel. The fourth row shows the active force, time waveform on the left, associatedrspectru

the right.

as big as the imaginary part the passive cochlea would bkkely to be of general significance because their choice was
rather heavily damped, which is not the view of most co-highly dependent on the specific amplitude of the velocity.
chlear mechanics theory. The results of deBoer and Nuttal\What is significant and of general interest is the resultant size
in the high-stim-level case, showed an imaginary impedancand obvious distortion of the active force’s time waveform.
that was about twice the size of the real pért.both studies, Equation(7) was solved usingyATLAB's ODE45 differ-
both the real and imaginary parts tended to come down witlential equation solver{The MATLAB program is available
frequency). For the purposes of the model here the resistancé&om the author of this papgr
value was chosen so that the resistive impedance was half the
size of the stiffness-based |mpedance at the stimulus fr
quency. SORw= s/2,R=6-10"° uN-s/um. . MODEL RESULTS
The size ofF, was chosen to give typical response mag- The model results are presented in Figs. 7, 8, and 9. The
nitudes in the passive case and to match the data set of Figassive case partneA& Q) for Fig. 7 is in Fig. 10.
1. Its value isF,=0.0082wN. The four rows of Fig. 7 show displacement, velocity,
A, vy, vy, andex determine the size and shape of theacceleration recast as fluid force, and active force. The left
active force. Measurements of OCC impedance showed thatanels show the time waveforms; the right panels show the
at moderate levels of stimuly§0—60 dB SPL, even though associated spectra. The displacement harmonics are at least
the active force was causing substantial enhancement in tu80 dB smaller than the fundamental, which compares favor-
ing, the fundamental component of the active force wasably with Cooper’y1998 result. The velocity harmonics are
small compared to the restoring force of stiffnég&ison, relatively bigger than the displacement harmonics because
2001; deBoer and Nuttall, 20Dand this observation guided velocity scales with displacement times frequency. For the
the values of the active force parameters. Beyond that, thesmame reason, the acceleration harmonics are relatively bigger
parameters were chosen in order that the model resulthan the velocity harmonics. The acceleration in row 3 was
matched the observed scala tympani pressure close to thecast as force by showing not but z(mg.+m;)
b.m. in Fig. 1—the magnitude of the spectral components=2- (s/w?) . If myc<m;, as it is expected to be except pos-
A=0.0014uN, v,=1 um/s, vy=1435um/s, andex= 1s. sibly right at and above the pedkome cochlear models
The individual values of the active force parameters are noargue thatm,. is effectively zero (Steele, 198)4, then
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Pressure in scala tympani at OCC
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FIG. 8. Model results. The fluid force from the third
o0 o 7 row of Fig. 7 is divided by 2 times the area of the model
segment to find the pressure in scala tympani at the
OCC. This can be compared with the experimental
measurements of pressure close to the b.m., for ex-
ample from Fig. 1. The circles show the position of the
spectral peaks in the Fig. 1 data, where the fourth har-
monic component includes the adjustment for the filter
attenuation.
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- (slw?) is the force that accelerates the effective mass ofo resistance=—R-z. FD, the drive force,= Fo cost).

the quid._The drive force_z is als_o plotte_d in this panel, as 8 A, the active force=A[(z2—vo)/v,,]®?. Fm is the mass
dgshed_lme. From the discussion leading to L—?i).and the times acceleratiors(mgy.+me) =2- (S/wz) . Figure 9 makes
discussion on the drive force above Kg), the fluid force on 105 something that is probably obvious—for each harmonic
the OCC, P,—Pg)A, is composed of two parts. One of the ., onent of the force—balance equation, force balance

components;- Mgz~ —2z- (s/w?), is in phase V\_"th negative st occur. For example, the dc force introduced by the
accelgratmn. The second componf—:‘n.t is the drive forcg, whic ffset in the active force is balanced by a small offset in the
was mtrgduced to balance resistive forces. Their Sumposition of the OCC, which produces a dc componerEaf
—2: (/") +Farive= (Pov— PS‘)A:th? fprI force on the Looking at the fundamentaEs is twice the size ofr;
OCC, and the symmetry relationshipPd,~Pg)A= hi by designFm balanceg~s, andFA andFD both
—2PgA relates the fluid force to the measured pressure. Thte IS Was by an- ! . :
. : . . contribute to balancingr. Note thatFA, the active force, is
negative of the fluid force is plotted as the bold curve in theSmall compared witlFs, the stiffness force. This is also by
same panel. The right-hand panel shows the correspondinage . b ] ith its of 'Ol 0 d
spectrum. In Fig. 8 the fluid force is divided by\2to find sign, to be consistent with results of Ols@001 an
the magnitude oPg;, the fluid pressure in s.t. close to the deBoer qnd Nuttal2000. . . .
OCC, which can be compared with the measured pressure. MOVing on to the harmonics, the phase relationship be-
The circles show the positions of the spectral peaks in th&Ve€NFs, Fm, andFr is the same as for the fundamental—
Fig. 1 s.t. pressure data. The agreement is quite good, HyS @ndFm are 180° out of phasér is 90° between them.
design.[As a clarifying note, the fast-wave pressure has nof 10Wever,Fs and Fm are no longer of equal size. That is
been taken into account in the model because in the frd2ecause the fluid mass is such tikah balancesFs at the
quency region close to the b.f. the slow-wave pressure at thgindamentalfrequency; therefore, at the second harmonic
b.m. is bigger than the fast wave pressg@son, 2001  frequencyFm is four times bigger thafs. The discrepancy
Including the fast wave in the model would increase the siz&)€ts bigger as the harmonics gets higher in frequency. The
of the model's fundamental peak by a few dB, but would notactive force must provide force balance fom at the har-
change the harmonids. monic frequencies; i.e., the active force bears most of the
The fourth row of Fig. 7 shows the active force, the timeresponsibility for accelerating the fluid and OCC mass at
waveform on the left and the associated spectrum on thearmonic frequencies. Therefore, in contrast to the funda-
right. In time it has the shape of a brief impulse that occurgnental frequency, where the active force is relatively small,
when the velocity is a maximum. The spectral component&t the harmonic frequencies the active force is relatively
are large, with the second harmonic just a few dB smallefarge, about the same size Bm. With the assumption that
than the fundamental, and the third and fourth harmonicghe fluid mass is much larger than the OCC mdss) is
only decreasing by a few more dB. approximately equal to the fluid pressure times area. So, the
Figure 9 shows the dc, fundamental, and second antarmonics in the fluid pressure give a good measure of the
third harmonic components of all the forces represented ifnarmonics in the active force/area. This is clear in the right-
Eq. (7). The time courses of the forces were found using théhand panels of Fig. 7, in which the harmonics in active force
displacement and velocity solutions shown in Fig. 7. Recallre nearly the same size as the harmonics in the fluid force
thatFs, the force due to stiffness; —s-z. Fr, the force due plotted above it. From the lower panel of Fig. 7, the active
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DC forces vs time Fundamental forces vs time
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force has a value at the fundamental frequency just over flll cochlear model is needed to see its effézly., deBoer
nN, and the second harmonic is just a few dB less; 2 nNand Nuttall, 200D
corresponds to 660 pN in each of the three outer hair cellsin  The shape of the active force in Fig. 7 brings to mind the
the section. This value can be related to the force that anage of a child pumping a swing with a swift motion—a
constrained outer hair cell has delivereth vitro: brief pulse occurring as the swirigr OCQ passes through
~100 pN/mV, with a dc whole-cell voltage clamp stimulus its resting position(Except here it looks more like a parent
(lwasa and Adachi, 1997 and ~30 pN/mV at frequencies pushing the swing, as the force occurs at only one point in
up to at least 50 kHz, with a micro-chamber voltage stimulughe cycle, not both coming and going as a swing-pumper
(Franket al, 1999. would usually do. Some features of the active force’s wave-
Figure 10 shows the displacement, velocity, and fluidform (e.g., its timing were produced by model choices that
forces when the active force is set to zero. Without the nonare not settlede.g., that the active force is proportional to
linear force no harmonics are generated. The active force didelocity) and might need to be revisited. What is generally
not produce much increase in the fundamental response;iustrated by the model is that to get the series of high-level

time wave-forms spectra
€ 20 ,
£ £ 20 b.m. displacement
c =
g —
g 0 o O
3 3
2 -20
© -20
0 0.05 0.1 0.15 0.2 0 50 100 150 200
2
g 2 9 b.m. velocity
S E FIG. 10. Model results. This figure is
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harmonics that is observe@decond, third, fourth, .)?the  Khanna, S.M., and Hao, 1(1999. “Nonlinearity in the apical turn of living
active force is likely a brief impulsgd.A similar point was guinea pig cochlea,” Hear. Re$35 89-104.

- ~ Kiang, N.Y.S., Liberman, M.C., Sewell, W.F., and Guinan, J1P86.
made by Kemp and Browi1983 in a study of two-tone “Single unit clues to cochlear mechanisms,” Hear. R2%.171-182.

emissions. The impulse-like active force might indicate ma- | jgntnil, J. (1981. “Energy flow in the cochlea,” J. Fluid Mechl06
terial decoupling(stereocilia from the tectorial membrane?  149-213.
cyclically, at high levels of stimulation. Or, it might be in- Lighthill, J. (1983. “Advantages from describing cochlear mechanics in

i ; o terms of energy flow,” inMechanics of Hearingedited by E. deBoer and
trinsic to the cellular mechanism that produces the active M.A. Viergever (Martinus Nijhoff, Delft, pp. 63—71.

force. In conclusion, the h?rmon'c content of the pre_ssur%laidu, R.C., and Mountain, D.G1998. “Measurements of the stiffness
response close to the b.m. is a measure of the harmonic conmap challenge a basic tenet of cochlear theories,” Hear. B&%.124—
tent of the active force and can be used to predict its size and131.

; ; : eely, S.T., and Kim, D.0(1986. “A model for active elements in co-
shape. This knowledge can help guide our understanding d\fchlear biomechanics.” J. Acoust. Soc. A8, 14721480,

the cellular and structural mechanics of the active force. Olson, E.S(1998. “Observing middle and inner ear mechanics with novel
intracochlear pressure sensors,” J. Acoust. Soc. A8 3445-3463.
ACKNOWLEDGMENTS Olson, E.S(1999. “Direct measurements of intracochlear pressure waves,”
Nature (London 402 526-529.
This work was supported by NIH DC03130. Thanks to Olson, E.S.(2001). “Intracochlear pressure measurements related to co-

the JASA reviewers and to W. Dong and O. de La Rochefou- chlear tuning,” J. Acoust. Soc. AnL10, 349-367.

cauld for helpful comments on the manuscript and to S_OIso_n, E.S.(ZOQ3. Harm_onlc" c_ilstprtlon in intracochlear pre§sure: Obser-
vations and interpretation,” inBiophysics of the Cochlea: From Mol-

Khanna for fruitful discussions. ecules to Modelsedited by A.W. Gumme(World Scientific, Singapone
pp. 228—236.

Cooper, N.P., and Rhode, W.@996. “Fast traveling waves, slow traveling ~ Peterson, L.C., and Bogart, B.f1950. "A dynamical theory of the co-
waves and their interactions in experimental studies of apical cochlear chlea,” J. Acoust. Soc. Am22, 369—-381. _ N
mechanics,” Aud. NeuroscR, 207—212. Plassman, W., Peetz, W., and Schmidt,(128%. “The cochlea in gerbilline

Cooper, N.P(1998. “Harmonic distortion on the basilar membrane in the rodents,” Brain Behav. Evol30, 82—101.
basal turn of the guinea pig cochlea,” J. Physitlondon 509, 277—288. Ren, T.(2002. “Longitudinal pattern of basilar membrane vibration in the

deBoer, E(1993. “The sulcus connection. On a mode of participation of ~ sensitive cochlea,” Proc. Natl. Acad. Sci. U.S99, 17101-17106.

outer hair cells in cochlear mechanics,” J. Acoust. Soc. A3). 2845— Rhode, W.S(1971). “Observations of the vibration of the basilar membrane

2859. in squirrel monkeys using the Mossbauer Technique,” J. Acoust. Soc. Am.
deBoer, E., and Nuttall, A.L(2000. “The mechanical waveform of the 49, 1218-1231.

basilar membrane. IlI. Intensity effects,” J. Acoust. Soc. Ari7, 1497—  Robles, L., and Ruggero, M.A200]). “Mechanics of the mammalian co-

1507. chlea,” Physiol. Rev81, 1305-1352.

Frank, G., Hemmert, W., and Gummer, A.Y¥999. “Limiting dynamics of Shera, C.A.(200]). “Intensity-invariance of fine time structure in basilar-
high-frequency electromechanical transduction of outer hair cells,” Proc. membrane click responses: Implications for cochlear mechanics,” J.

Natl. Acad. Sci. U.S.A96, 4420—-4425. Acoust. Soc. Am110, 332—-348.

Hu, A., Cuomo, F., and Zuckerwar, A.(1992. “Theoretical and experi-  Steele, C.R(1987. “Cochlear mechanics,” irHandbook of Bioengineer-
mental study of a fiber optic microphone,” J. Acoust. Soc. Ah.3049— ing, edited by R. Skalak and S. ChiégMcGraw-Hill, New York), pp.
3056. 30.1-30.22.

Iwasa, K.H., and Adachi, M(1997). “Force generation in the outer hair cell Steele, C.R., and Taber, L.A1979. “Comparison of WKB calculations
of the cochlea,” Biophys. J73, 546—-555. and experimental results for three-dimensional cochlear models,” J.

Kemp, D.T., and Brown, A.M(1983. “An integrated view of cochlear Acoust. Soc. Am65, 1007-1018.
mechanical nonlinearities observable from the ear canalfléchanics of  Steele, C.R., and Lim, K.M(1999. “Cochlear model with 3-dimensional

Hearing edited by E. deBoer and M.A. ViergevéMartinus Nijhoff, fluid, inner sulcus and feed-forward mechanism,” Audiol. Neuro-Ofol.
Delft), pp. 75-82. 197-203.
J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004 Elizabeth S. Olson: Harmonic distortion in intracochlear pressure 1241

Downloaded 30 Jun 2010 to 156.145.57.60. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



