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The outer hair cell (OHC) is known to have the ability to change its length in response to 
voltage changes across its membrane. The apparent function of this OHC motility is to enhance 
the tuning of the basilar membrane. The model presented in this paper represents the 
displacement-to-voltage and voltage-to-displacement transducers of the OHC explicitly, each as 
low-pass filter functions. The model results show that this OHC representation is sufficient to 
provide a model of eochlear mechanics with mechanical tuning at the inner hair cell which is 
comparable to the threshold tuning curves observed in single auditory nerve fibers. The 
enhancement of tuning provided by OHC motility can be interpreted as the combined action of 
a cochlear amplifier and a second filter. This model demonstrates that realistic cochlear tuning 
does not require intrinsic resonance in any eochlear structure other than the basilar membrane. 

PACS numbers: 43.64.Kc, 43.64. Bt, 43.64. Ld 

INTRODUCTION 

The cochlea is the principal heating organ of the mam- 
malian auditory system. Sensory cells within the cochlea 
are arranged in rows which extend from one end of the 
cochlea to the other and are capable of detecting incredibly 
small (less than 1 nm) vibrations. These sensory cells are 
called "hair cells" because of tiny (1-/•m diameter) pro- 
jections at one end, through which the cell is able to detect 
motion. There are two groups of hair cells: the inner hair 
cells (IHC) and outer hair cells (OHC}. The role of the 
IHCs is to send messages to the brain about the presence of 
acoustic vibrations at a specific place in the cochlea. The 
role of the OHCs is to influence these mechanical vibra- 

tions before they reach the IHCs. 
Outer hair cells are cylindrically shaped and are 

known to be able to change their length in response to 
changes in the voltage across their cell membrane (e.g., 
Brownell et al., 1985; Santos-$acehi, 1989). In this paper, 
a model of cochlear mechanics is presented in which the 
motility of OHCs has a strong influence on the sharpness 
of both basilar membrane and IHC tuning. The present 
model is a refinement of earlier models of Neely and Kim 
(1983,1986) and incorporates recent information about 
OHC motility. 

I. MODEL EQUATIONS 

The cochlea is a long, narrow, fluid-filled tunnel which 
spirals through the temporal bone. This tunnel is divided 
along its length by a eochlear partition (CP) into an upper 
compartment called scala oestibuli (SV} and a lower com- 
partment called scala tympani (ST}. At the base of the 
cochlea is the middle-ear, where acoustic vibrations are 
transmitted into SV through the footplate of the stapes. A 
flexible boundary called the round window is at the basal 
end of ST. At the apex of the cochlea, SV and ST are 
connected to each other by the helicotrema. 

The equations used to model the mechanics of the 
cochlea are described below in the frequency domain with 

assumed e iot time dependence. A single spatial dimension x 
is used to represent the length of the cochlea (along its 
spiral course) with x=0 at the stapes and x=L at the 
helicotrema. The term macromechanics is used to refer to 

the mechanics of the fluid in SV and ST and the interaction 

of the fluid with its boundaries at the stapes, round win- 
dow, helicotrema, and CP. The term micromechanic's refers 
to the movement and interaction of the structures within 

the CP. 

A. Macromechanics 

To simplify the macromechanics, we divide the co- 
chlea into a large number of thin slices cut perpendicular 
to the x axis. Since the cochlea is spiraled, these slices are 
referred to as radial cross sections {RCS). Each RCS has a 
thickness •, which may vary as a function of place. It is 
assumed (again for simplicity) that the RCSs are mechan- 
ically coupled to adjacent sections only through the fluid 
compartments (SV and ST); any longitudinal coupling di- 
rectly through the CP is ignored (Viergever, 1978). The 
fluid mechanics are typically reduced to one dimension 
assuming a long-wave approximation (e.g., Viergever and 
Diependaal, 1986). The model equation for fluid pressure 
is derived here in order to include dependence on cross- 
sectional area and viscous damping of longitudinal fluid 
motion in a simple manner. 

Figure ! summarizes the representation of the macro- 
mechanics in this model for a single RCS at a distance x 
from the stapes. The combined mass of the SV and ST is 
lumped into a single mass element M/(x). The value as- 
signed to this acoustic mass element is computed as 

M f(x) =2p6//tc(x), ( 1 ) 

where p is the fluid density and At(x) is the "average" 
cross-sectional area of SV and ST. The value of the damp- 
ing parameter Rf(x) iS chosen as required for proper 
cochlear input impedance at low frequencies. The total 
acoustic admittance for the fluid in a single RCS is 

Yœ(x) = [Rœ(x) +icoMœ(x) ] -I (2) 
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FIG. 1. Summary of cochlear macromechanics for one radial cross sec- 
tion. The volume velocity entering this section is •/(x) and the fluid 
pressure at this point is. Pf(x). The volume velocity of the cochlear par- 
tition in this section is •p(x) which is opposed by the acoustic admittance 
Y•,(x). The mass and damping of the scala fluid are represented by Mr(x) 
and Rf(x). (Electrical symbols are used to represent the mechanical 
elements in this and other figures in order to show connections between 
the individual mechanical components more clearly.) 

and defines the relation between fluid pressure and volume 
velocity 

•f(x+8) ---- Yf(x)[Pœ(x) --Pf(x+8) ]. (3) 
The difference between the volume velocity •f(x) entering 
this RCS and the volume velocity •f(x+6) leaving this 
RCS is the volume velocity •p(X) of the CP: 

(4) 
The volume velocity of the CP can also be computed as 

(5) 
where Yp(x) is the acoustic admittance of the CP (de- 
scribed in detail below) and Pf(x) is the fluid pressure 
difference across the CP. 

Therefore, the RCS at x is coupled to the two adjacent 
RCSs by the following equation 

[ + ¾/(x- a) + ¾/(x)lP/(x) 

= Yœ(x- a)Ps(x-/i) + Y/(x)P/(x+•), (6) 
for 0 <x < L. Equation (5) (togeiher with appropriate 
boundary conditions) represents the macromechanics of 
the cochlear model. The RCS at the apical boundary x = L 
is terminated by a damping element R• representing fluid 
passage through the helicotrema: 

[Rn+ Y/(x--6) lP.r(x)= Yf(x--a)P/(x-•5). (7) 
The RCS at the basal boundary x=0 is attached to the 
middle-ear which is described in the next section. 

B. Middle ear 

In order to facilitate comparison of model results with 
experimental measurements, a simple representation of the 
middle-ear is included as summarized in Fig. 2. The input 
to the middle-ear is specified in terms of sound pressure Pe 
at the eardrum. The mechanical admittance of the middle- 
ear is defined as 

Y,, = [K,,,/(io) + R,+iroMr•] -l. (8) 

FIG. 2. Summary of middle-car mechanics. The input to the middle ear 
is specified by the pressure at the cardrum P,. The output of the middle 
ear is represented by the volume velocity of the stapes footplate is • and 
the fluid pressure at stapes P,. The mass, damping, and stiffness of the 
middle-ear ossi½les are represented by the mechanical elements M,,, 
and K,, The lever gain of the middle ear is g,, the effective area of the 
eardrum is A,, and the area of the stapes footplate is 

The middle-ear is coupled to the cochlea by assuming that 
the pressure at the stapes.is P•.=Pf(O) and that the volume 
velocity at the stapes is •s----•S(0). If we also require that 
the CP has zero admittance at x----O, then 

•.f( O ) =g,•eYr•e-- (gr•O •YmP f( O ), (9) 
where g• is the "lever gain" of the middle-ear ossicles, A e 
is the effective area of the eardrum, and A s is the area of the 
stapes footplate. This middle-ear model is a simplified ver- 
sion of the model described by Matthews (1980). Mat- 
thews included flexibility in the connection between 
malleus and stapes which is not included here and which 
will influence the model above 10 kHz. 

C. Micromechanics 

The anatomical structure of a radial cross-section 

(RCS) of the cochlear partition (CP) is illustrated in Fig. 
3. In the present model, the basilar membrane (BM) and 

RL HB OHC 

FIG. 3. Anatomical structure of the cochlcar partition. The outer hair 
cells (OHC) and inner hair cells (IHC) are positioned between the basi- 
lar membrane (BM) and retieular lamina (RL). The tips of the hair 
bundles (HB) of the OHC are embedded in the tectorial membrane 
( TM ). The base of the OHC is resting on the cup of the Deiter cell (DC). 
The IHC and OHCs are separated by rigid pillar cells (PC). The HB of 
the IHC do not touch the TM and are displaced by viscous fluid drag. 

138 J. Acoust So(=. Am., Vol. 94, No. 1, July 1993 Stephen T. Neely: Cochlear mechanics and OHC motility 138 



M t 

FIG. 4. Summary of cochlear micromechanics for one radial cross sec- 
tion. The input to the cochlear parti.tion consists of the fluid pressure Pœ 
and volume velocity of the partition •r' The effective area of the partition 
in this section is dr. (The minus sign on dr is because •p and •b are 
defined as positive in opposite directions. } The upper loop in this figure 
includes the mass, damping, and stiffness of the basilar membrane (BM) 
Mb, R•, and K•. Contraction of the outer hair cell (OHC} is represented 
by a velocity source •c= HAo. The lower loop includes the mass, damp- 
ing, and stiffness of the rectorJul membrane (TM) Mr, Rt, K t . The BM 
and TM are coupled through the lever gain go. The stiffness of the OHC 
hair bundles and the viscous damping of the subteetorial fluid are repre- 
sented by Ko and R o. 

Yb= [K•/(io) + Rt, + koMt,] -•, (13) 

Yt= [K,/(ito) + Rt+ ioMt] -• (14) 

The mechanical impedance which couples the BM and TM 
is 

Zo=Ko/(ko) + ao. (15) 

The displacement •o of the HB is the difference between 
lateral displacement •r of the RL and lateral displacement 
•t of the TM, 

•o=•r--•t' (16) 

The lateral RL displacement •r is assumed to be propor- 
tional to BM displacement • minus any contraction •c of 
the OHC 

•r:go(•-- •). (17) 

From these equations we can derive the acoustic admit- 
tance of the CP 

rp=A} Yt,( 1 + goHoZoYt,) - •, (18) 
where H o is the transfer function that relates •o to 

Ho= o/b=go(l+g,,Hc+ZoY0- (19) 

and H c is the OHC gain function and will be described in 
the next section. 

the tectorial membrane (TM) are each represented as a 
lumped mass with both stiffness and damping in their at- 
tachmerit to the surrounding bone. It is assumed in this 
model that the effect of outer hair cell (OHC) contraction 
is to change the separation between the BM and the retic- 
ular lamina (RL) in a manner similar to the models sug- 
gested by Geisler (1986), by Jones and Kim (1988), and 
by Geisler and Shah (1991). The amount of contraction • 
is assumed to be directly related to lateral deflection •o of 
the hair bundle (HB) at the top of the OHC by an OHC 
gain function He that is described below: 

•=H•o. (10) 

(The x dependence is not shown explicitly in this section in 
order to simplify the equations.) 

Figure 4 shows a summary of the micromechanics for 
a single RCS. The effective area of the CP for this section 
is 

A• = bu•, ( 11 ) 

where b is the effective width of the BM. The velocity • of 
the BM is assumed to be directly proportional to the vol- 
ume velocity •, of the CP 

The minus sign appears in Eq. { 11 ) because • is defined as 
positive for displacement toward ST and •, is defined as 
positive for displacement toward SV. The mechanical ad- 
mittances of the BM and TM are 

D. Outer hair cell 

The motility of OHCs is represented in the model by 
an OHC gain function which describes the ratio of OHC 
contraction to HB deflection. The OHC gain function is 
the product of two separate transducer functions: (1) 
mechanoelectric transduction (forward transduction) at 
the HB and (2) electromechanic transduction (reverse 
transruction) at the lateral membrane of the OHC. In this 
model a first-order, low-pass filter function is used to rep- 
resent each of the two transducers 

T f=g f/( 1 + ior f), (20) 

r•=g,/( 1 + icor•). (21) 

The forward transduction Tf describes the ratio of recep- 
tor potential to HB displacement. The reverse transduction 
Tr describes the ratio of OHC length contraction to recep- 
tor potential. 

The mechanoelectric transduction Tf at the midpoint 
of the CP is similar to what has been observed by Denk and 
Webb (1989) as a result of Brownian motion in a hair cell 
from a frog sacculus. The electromechanic transduction T• 
is similar to that observed by Santos-Sacchi (1991) in an 
outer hair cell from a guinea pig. 

The place dependence of these transducer functions 
was determined primarily by what was needed in the co- 
chlear model to simulate neural tuning curves. The com- 
plete OHC gain function is the product of the mechano- 
electric and electromechanic transduction: 

H•=yTfTr, (22) 

139 J. Acoust. Soc. Am., VoL 94. No. 1, July 1993 Stephen T. Neely: Cochlear mechanics and OHC motility 139 



.__q 

o 

1ooo 

1oo 

1o 

o.1 

o 

-180 

0.2 0.5 I 2 5 10 20 

frequency (kHz) 

TABLE I. Model parameter values as a function of x. Parameter values 
were specified at x=O, x= L/2, and x= L. Values at other locations were 
interpolated by fitting a quadratic polynomial to the log of the parameter 
values at the specified locations. See the text for the values of other 
parameters. 

Parameter x= 0 x = L/2 x = L Units 

A e 5.52X 10 -3 3.17X 10 -3 4.27X 10 -3 cm 2 
a 0.081 0.035 0 

Kv64 p 1.14X 10 a 4.19X 106 5.97X 104 dyn cm -3 
K/At, 1.99X104 2.21)<104 3.16Xi04 dyn am 3 
K•[A• 1.05 X 104 9.23 X 103 1.25 X 104 dyn cm- 3 
M•Ap 9.14X 10 -6 9.60X 10 -6 1.06X 10 -s gcm -2 
M/.4 e 5.64)< 10 -4 !.02X 10 -3 1.06X 10 2 g cm 2 
Rt/Ap 2.08X 10 -2 2.03)< 10 -2 1.88X 10 -2 dyn cm -3 s 
R/A•, 149 63.4 27.0 dyn cm -3 s 
Ro/At, 2037 282 38.0 dyn cm -3 s 
gl 1.42X 10 • 1.05X 104 3.68X 10 • nm -• mV 
gr 0.1 0.1 0.1 nm mV -• 
r/ 1.40X 10 -4 6.92 X 10 -4 5.29 X 10 -3 s 
rr 1.35X 10 -4 3.61X 10 -4 2.50X 10 -3 S 

FIG. 5. OHC gain function. The OHC gain is defined as the product of 
the forward and reverse transduction shown in the previous two figures. 
The curves in this figure describe the decrease in cell length relative to 
hair bundle deflection at three places in the model, x/L=0.3,0.5,0.7. The 
circles on each curve indicate the characteristic frequency for correspond- 
ing place. 

where y is simply a multiplier (normally set equal to I) 
used to demonstrate the effects of impaired OHC motility. 
The OHC gain function used in the model calculation is 
shown in Fig. 5. 

E. Inner hair cell 

To simulate neural tuning, we must also calculate the 
displacement of the HB of the IHC. It is assumed that the 
HB is not in contact with the TM and is displaced by fluid 
drag. Consequently, the HB displacement is proportional 
to fluid displacement at high frequencies and proportional 
to fluid velocity at low frequencies. The transition fre- 
quency will be denoted by 

It is also assumed that the shearing displacement be- 
tween TM and RL in the vicinity of the inner hair cells is 
less affected {by a fraction a) by OHC contraction than is 
the HB deflection of the OHC. This could be due to the 

presence of the rigid pillar cells between IHCs and OHCs. 
Therefore, the displacement •i of the HB of the IHC is 
computed as 

•={go[•o--(1--a)•] --•t}[ l + 2rrf ,/(ko) ] -•. (23) 

The transfer function that relates •i to • becomes 

Hi=•./•t,=Ho(l+agoH½)[l+2rrf•/(io)] -•. (24) 

The observed effect of a being nonzero is that it causes the 
"tails" of the tuning curves to differ between IHCs and 
OHCs. 

II. MODEL RESULTS 

Model parameters were chosen primarily so that the 
IHC hair bundle displacement •i exhibited tuning similar 

to that observed in single auditory nerve fibers in cat. It 
was also required that the model results show reasonable 
agreement with cochlear input impedance, BM displace- 
ment, and OHC receptor potential. 

The values of the chosen model parameters which vary 
with x are listed in Table I. Other parameter values which 
do not vary with x are: y= I, p= l, L=2.5 cm, f•= !.39 
kHz, Km=I.5X 10 • dyn cm -1, Rm=15 dyn cm -1 s, M,• 
=5X10-3 g, As =lX10-2 cm2, Am =15X10-• cm2, gm 
=0.5, Rf=2' 105 dyn cm -• s, b•,=0.01 cm, •=0.005 cm, 
go= 1, and R•=6.94- 104 dyn cm -5 s. The model results 
presented below are based on numerical solution of the 
frequency-domain model equations described above using 
these parameter values. 

A. Input to the cochlea 

The acoustic input impedance Z c to the cochlea was 
computed from the model results according to the formula 

Pf(o) 
z•= yf(0) [Pf(0) -P/(S)I ' (25) 

The model input impedance is shown in Fig. 6 and com- 
pared with a model of Lynch et al. (1981) which is based 
on their experimental measurements in a cat. The ratio of 
pressure at the stapes P• to pressure at the eardrum P• in 
the model is shown in Fig. 7 and compared with the ex- 
perimental measurements of Nedzelnitsky (1980) in a cat. 
Although there is general agreement between the model 
and the data, the reader should note the substantial differ- 
ence at 4 kHz of about 20 dB in magnitude and 90 deg in 
phase. 

B. Neural tuning curves 

The most important result presented in this paper is 
that a cochlear model with plausible OHC transducer 
characteristics is able to simulate the tuning of neural 
threshold tuning curves, as shown in Fig. 8. The dashed 
lines represent the averaged neural response threshold 
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FIG. 8. [HC tuning curves. Isodisplacement curves (solid lines) from the 
model using the criterion •i=0.3 nm are compared with neural threshold 
tuning curves (dashed lines) obtained by Liberman (1978) from single 
nerve fibers of cats. The ordinate indicates the sound pressure (P,) re- 
quired at the eardrum to elicit the criterion response. 

FIG. 6. Cochlear input impedance. The acoustic input impedance of the 
cochlea is defined as the ratio of pressure at the stapes Io volume velocity 
of the stapes footplate. The solid line is derived from the cochlear model 
using Eq. (14) in this paper. The dashed line is from a simple model 
derived by Lynch et al. (1981 ) to fit their measurements of stapes pres- 
sure and velocity in a cat. 

from six chamber-raised cats (Liberman, 1978). The solid 
lines in Fig. 8 shows isodisplacernent curves from the model 
using the criterion •i=0.3 rim. The tuning curves in this 
figure span the seven octaves from 0.25 to 32 kHz and 
show good agreement between the model and the measured 
data. 

In addition to the magnitude of the neural response, it 
is important to also consider its phase and latency. The 
model IHC tuning is compared in Fig. 9 with three neural 
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180 
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-180 
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frequency (kHz) 
20 

FIG. 7. Middle-ear transfer function. The model result (solid line) for 
the ratio of the fluid pressure at the stapes Ps to the sound pressure at the 
eardrum Pe is compared with the pressure ratio observed by Nedzelnitsky 
(1980) in a cat. 

response tuning curves from a cat for which group delay 
(defined as minus the slope of the phase with respect to 
frequency) was also measured (Allen, 1983). In Fig. 10, 
the model results for •i are compared with the magnitude 
and phase responses of a population of cat nerve fibers 
(Kim et al., 1979) at two different stimulus frequencies, 
620 and 1550 Hz. In both Figs. 9 and 10 the model shows 

IOO 

80 

co 6o 

•'• 40 , 

0 .... cot neuroJ response (Allen, 1983) 

8 

"-...._ .-/...._ 
I - -- model: •i = 0.6 nm 

0.2 0,5 I • 5 I 0 20 
frequency (kHz) 

FIG. 9. IHC tuning curves with group delay. The neural response thresh- 
old tuning curves (dashed lines) in the upper panel are similar to those in 
Fig. 8. The model isodisplacement curves (solid lines), however, are for 
•i=0.6 rim, indicating a 6 dB difference in either the sensitivity of the 
nerve fibers or threshold criterion used in their measurement compared 
with the neural data in the previous figure. The group delay in the lower 
panel is defined as minus the slope of the phase with respect to frequency. 
The neural group delay was measured at levels above the threshold level 
indicated in the upper panel and may change as a function of level. A 
constant delay of 1.2 ms was added to the model group delay to compen- 
sate for the acoustic propagation and synaptic delay present in the mea- 
sured data. 
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FIG. 10. IHC response curves at two frequencies as a function of CF. The 
solid lines represent g• for the model with a stimulus level of 20 dB SPL; 
the magnitude is in dB re:0.1 rim. The dashed lines represent the Fourier 
component of period histograms obtained from many single nerve fibers 
in a cat (Kim et ai., 1979); the magnitude is in dB re:spontaneous rate 
(SR) of the fiber. Part of the reason for the difference between the mag- 
nitude of •, and the neural data is the limited dynamic range of the nerve 
fiber between threshold and s•turation. A constant phase of 1.3 ms times 
the frequency was added to each of the model phase curves to compensate 
for the acoustic propagation and synaptic delay present in the measured 
data. 

reasonable agreement with the measured data with respect 
to phase and latency. 

C. Displacements within the cochlear partition 

To illustrate the differences in tuning among the vari- 
ous micromechanical structures of the cochlear partition, 
Fig. 11 shows the frequency response of three displacement 
variables •b, •o, •i at three places x/L=0.3,0.5,0.7. This 
figure illustrates the degree of similarity between the IHC 
and BM tuning. The sharpness of tuning is very similar at 
the characteristic frequency (CF), but the tip-to-tail ratio 
is much larger for the IHC. 

Figure 12 illustrates the point that the sharp tuning in 
this model is due to the OHC motility and not due to any 
resonance in the TM. In other words, this model does not 
incorporate a resonant TM and represents an alternative to 
resonant TM models (e.g., Allen, 1980). The magnitude 
and phase of ratio of •r to •b is shown by the solid lines in 
Fig. 12. These curves describe the additional tuning pro- 
vided by the OHC to the RL in the model over what is 
present at the BM. The ratio of •t to •r is shown by the 
dashed lines in Fig. 12. These curves illustrate the negligi- 
ble contribution of the TM to the tuning of the [He. 

Figure 13 shows the amount of OHC contraction rel- 
ative to BM displacement at three places. The circles on 
each curve indicate the CF for the corresponding place. 
Note that the maximum magnitude of OHC contraction is 
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(i TM I nm 0.7 0.5 0.3 
0.2 0.5 i • 5 10 
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• 60 

• 40 

2O 

20 

FIG. l 1. Comparison of BM, OHC, and IHC tuning. The curves repre- 
sent l-nm isodisplacement offs, •o, and •i at three places x/L=0.3, 0.5, 
0.7. The BM, OHC, and IHC tuning curves are similar in sharpness at 
their tips and differ primarily in their low-frequency tails. 

(at most) about twice the BM displacement. The phase of 
OHC contraction at the CF is approximately --90 deg 
relative to BM displacement. Forces exerted on the BM at 
this phase can be interpreted as negatiue damping forces 
because they are 180 deg out of phase with BM damping 
forces. 

..... •t/•r 0.7 0.5 0.3 

I I 

0.2 0.5 I 2 5 10 •0 

frequency (kHz) 

FIG. 12. Comparison of the tuning of RL and TM. The solid lines rep- 
resent the rado of •, to •a and the dashed lines represent the ratio of •e to 
•,at three places x/L=O.3, 0.5, 0.7. This comparison emphasizes the lack 
of any TM resonance in the present model. 
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FIG. 13. OHC contraction relative to BM displacement. The curves rep- 
resent the ratio of •½ to •b at three places x/L=0.3, 0.5, 0.7. The circles 
indicate the characteristic frequency (CF) of the corresponding place. 
This figure shows that OHC contraction is maximum at a frequency 
slightly below CF and that the phase of OHC contraction at CF is about 
--90 deg, which is the "negative damping" phase. 

D. Loss of OHC gain 

The most physiologically vulnerable part of the co- 
chlear micromechanics is thought to be the mechano½lec- 
tric transduction at the HB. OHC damage can be simu- 
lated in the model by reducing the value of the OHC gain 
parameter y. Figure 14 shows the effect on IHC tuning •i 
of setting y to zero. The loss of the "tip" of the tuning 
curve and downward shift in the "tail" is similar to the 

effect on neural threshold tuning curves observed by Liber- 
man and Dodds (1984) in cats with damaged OHCs. 

Figure 15 shows the effect of loss of OHC gain on BM 
tuning. The upper panel shows isodisplacernent curves for 1 
nm BM displacement based on the MSssbauer measure- 
ments of Sellick et al. (1982). The three curves in the up- 
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FIG. 14. Effect of loss of OHC gain on IHC tuning. The solid line 
represents the normal isodisplaeement of õi=0.3 nm at the 8 kHz place 
with y= 1. The dashed line shows the change in tuning when OHC con- 
traction is completely eliminated by setting •,=0. The change in shape of 
the tuning curve is similar to that observed by Liberman and Dodds 
(1984) due to severe OHC damage. 
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FIG. 15. Effect of loss of OHC gain on BM tuning. The upper panel 
shows Inm BM isodisplacement based on M'6ssbauer measurements in a 
guinea pig (Sellick et al., 1982). The middle and lower panels show 
model results for •b and •½ with y= 1, 0.7, 0.5. The measured change in 
tuning with deterioration in the condition of the cochlea is similar to the 
change in tuning observed in the model with reduction of the param- 
eter y. 

per panel show the loss of sharp tuning as the condition of 
the animal deteriorated. The lower two panels show model 
results for the same isodisplacement criterion for •0 and •e 
with y=l, y=0.7, and y=0.5. The decrease in CF, de- 
crease in high-frequency slope, and decrease in sensitivity 
of the model results when the parameter y was decreased 
are all similar to what is observed in the experimental data. 

Figure 16 shows the effect on the "second filter" (the 
ratio of •i to •0) of setting the mechanoelectric transducer 
gain g/to zero. This second filter improves the tip-to-tail 
ratio of IHC tuning by 20 to 30 dB, but the improvement 
goes away with loss of OHC motility. 

E. OHC receptor potential 

One of the advantages of having an explicit represen- 
tation of the OHC transducers in the model is that the 

OHC receptor potential can also be computed. Figure 17 
shows the computed OHC receptor potential for the model 
at 0 dB $PL. For comparison, Dallos(1986) measured a 
receptor potential in a guinea pig of about 4/iV at 0 dB 
SPL in an OHC with a best frequency of 800 Hz. Similar 
measurements of Cody and Russell (1987) indicate a re- 
ceptor potential of about 2/.tV in a guinea pig OHC with a 
best frequency of 17 kHz. The model results do not conflict 
with these data. 
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FIG. 16. Effect of loss of OHC gain on the "second filter." The solid lines 
represent the ratio of •i to •b at three places for the normal case when 
y= i. The dashed lines show the loss of additional tuning provided by this 
"second filter" when y=0. 

III. DISCUSSION 

The main purpose of this modeling effort is to provide 
a framework for understanding cochlear mechanics. The 
present model does not provide a completely realistic ex- 
planation for how the cochlea works. Some of the strengths 
and weaknesses of the model are discussed in this section. 

n. Strengths 

The cochlear model presented in this paper goes fur- 
ther than any previous model in relating plausible OHC 
transducer characteristics to neural threshold tuning. The 
principal differences between the model described in this 
paper and the model of Neely and Kim (1986) are (1) 
that OHC motility is represented as a change in the dis- 
placement between the BM and the RL instead of as a 
pressure source and (2) there is no intrinsic resonance in 
the TM. The OHCs in this model have a great influence on 
cochlear tuning because of the gain they provide to the 
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FIG. 17. OHC receptor potential at 0 dB SPL. The curves show the 
model results for OHC voltage at three places as a function of frequency. 

mechanical feedback loop within the micromechanics of 
the cochlea. The OHCs are not required to have any in- 
trinsic resonance and would exhibit only a "low-pass" fre- 
quency response when observed in isolation. The explicit 
representation of the OHC receptor potential in this model 
provides an independent check on the appropriateness of 
the assumed OHC characteristics. 

The most significant feature of the OHC gain function 
is that the OHC contraction is greater than the HB deflec- 
tion for frequencies below CF (i.e., the gain is greater than 
1 }. The contraction of the OHC influences the deflection of 
its own HB. The relative phase of this feedback determines 
whether the OHC length change attenuates or amplifies the 
acoustic signal delivered to the IHC. 

The assumed electromechanic transducer characteris- 

tics are generally consistent with the in vitro observations 
of OHC motility of Ashmore (1987), Santos-Sacchi 
(1989), and Evans et al. ( 1991 ). However, the observation 
of narrow, bandpass tuning by Brundin et al. (1989) is not 
supported by the present model. There is no doubt that the 
model is an oversimplification of the OHC and a more 
complete model of the OHC may exhibit bandpass tuning; 
however, the present model demonstrates that bandpass 
tuning need not be present in isolated OHCs. Further in- 
vestigation is needed to determine whether OHCs really do 
possess bandpass tuning in vivo. We need to know more 
about OHC characteristics and how they change from base 
to apex. 

The cochlear model described in this paper builds on 
the works of others. It places active elements near the sen- 
sory detectors, as suggested by Gold (1948). It provides a 
negative feedback loop which influences BM motion, as 
suggested by Mountain et al. (1988). It sets up a regiofi of 
"negative damping" which acts as a traveling-wave ampli- 
tier, as suggested by Kim et al. (1980). And it includes a 
second-filter with a prominent "spectral zero" as suggested 
by Allen. The present model is unique in combining these 
ideas in a single model and in representing "active ele- 
ments" explicitly in terms of OHC transducer functions. 

Model parameters tend to be more sensitive to small 
changes in active models than in passive models because 
the most sensitive model conditions are often on the verge 
of instability. The present model has the advantage of less 
sensitivity to small changes in model parameters when 
tompared to previous models described by Neely and Kim 
(1983, 1986). For example, there is no need for a close 
balance between positive and negative parameters as re- 
quired by the model of Neely and Kim (1983) and the loss 
of tuning curve sensitivity with reduction of the parameter 
y is much smaller than in the model of Neely and Kim 
(1986). 

B. Weaknesses 

Some of the basic modeling assumptions have had sig- 
nificant effects on the model results presented in this paper. 
The long-wave approximation commonly used in most 
models of cooblear mechanics; however, it is probably in- 
adequate in the vicinity of the maximum response where 
the wavelength on the basilar membrane becomes shorter 
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than the height of the sealae. The effect of the long-wave 
assumption has not been investigated in the present model. 

Because there are local sources within the cochlea in 

this model, the stability of model solutions in the time 
domain becomes an important question. The fact that the 
input impedance to the cochlea (shown in Fig. 6) has a 
positive real part for all frequencies suggests stability of the 
model. The fact that the slope of the basilar membrane 
response with respect to place was observed to be negative 
near the base for all frequencies investigated also suggests 
stability of the model. An example of the negative phase 
slope is shown indirectly by the responses at two frequen- 
cies in Fig. 10. The time-domain stability of the present 
model has not yet been established. 

Model parameters were adjusted by a curve fitting pro- 
gram to improve the agreement between the model solu- 
tions and the neural data. Consequently, some of the model 
parameters may be unrealistic. For example, the mass of 
the basilar membrane seems to be unreasonably small. The 
need for such a small mass in this model may be related to 
the inadequacy of the long-wave approximation. The for- 
ward transduction gain parameter is larger at low frequen- 
cies than can be justified from experimental data; however, 
the resulting receptor potential shown in Fig. 17 is not 
inconsistent with experimental measurements. 

The effect of the cochlear amplifier on the driving- 
point impedance of the cochlear partition is to ( 1 ) reduce 
the imaginary part (making it less negative) near the char- 
acteristic place, (2) make the real part negative on the 
basal side of the characteristic place (CP), and (3) make 
the real part more positive on the apical side of the CP. 
One consequence of the negative-damping region (where 
the real part of the impedance is negative) is that the 
cochlear traveling wave experiences a power gain. For ex- 
ample, at 8 kHz the present model provides a 28 dB power 
gain when the total power absorbed by the cochlear parti- 
tion is compared with the total power entering the cochlea 
through the stapes. This power gain may be unrealistic 
since it requires as much as 28 attowatts (10 -•8 W) from 
a single OHC at 20 dB SPL. An alternative modeling strat- 
egy proposed by Kolston et al. (1990) places emphasis on 
reducing the imaginary part of the driving-point imped- 
ance to achieve improved sensitivity with much less (or 
no) power required from the OHC. Such an approach may 
be necessary in order to reduce the power requirement 
placed on the OHC by the present model. 

Any pure delay (latency) associated with OHC trans- 
duction will have a significant influence on the phase of the 
OHC gain function, but has not been represented explicitly 
in this model. Geisler ( 1991 ) has included OHC transduc- 
tion latency in a model of coehlear mechanics and shown 
how it influences mechanical responses. The OHC gain 
function in the present model should, perhaps, be modified 
to include a pure delay. The additional phase lag due to 
this delay will require that one or both of the time con- 
stants rf and rr be reduced to maintain the same combined 
phase at CF. 

The distinction between •o and • in the present model 
was made, primarily, to simulate the "tail" of the neural 

threshold tuning curve. The low-frequency response was 
attenuated too much by the OHC contraction. The defini- 
tion of •i was made in order to obtain a response which was 
not attenuated as much at low frequencies. One interpre- 
tation of the parameter a being nonzero is that the RL 
bends slightly at its attachment to the rigid pillar cells. 
Another possibility is that the OHC gain function in the 
present model is too large at low frequencies. 

Many features of the cochlear model are, in various 
ways, oversimplified and might be represented in more de- 
tail in a more complete model. There is always a trade-off 
in models between complexity and completeness. In par- 
titular, the fluid mechanics and OHC transducer functions 
are probably inadequately represented. However, the 
present model does appear to demonstrate the basic func- 
tion of the OHC, BM, and TM in an appropriate way and, 
consequently, provides considerable insight into how these 
elements function together in the cochlea. Furthermore, 
the OHC gain function shown in Fig. 5 provides a specific 
example of OHC characteristics that would be sufficient to 
implement the proposed cochlear amplifier in the context 
of the eochlear model presented here. 

IV. CONCLUSIONS 

The cochlear model presented in this paper suggests 
that OHCs are primarily responsible for the sharp tuning 
observed in coehlear mechanics. The OHC is modeled by 
explicit transducer characteristics which have only low- 
pass tuning in isolation, but acquire bandpass tuning when 
placed in the cochlea. The enhancement of tuning is due to 
a mechanical feedback loop established within the cochlear 
partition in which contraction of the OHC directly influ- 
ences displacement of the OHC hair bundles. At low fre- 
quencies, OHC contraction is in-phase with BM displace- 
ment toward scala vestibuli and, therefore, suppresses the 
shearing between TM and RL. As the frequency ap- 
proaches CF, OHC contraction lags behind BM displace- 
ment. When OHC contraction becomes in-phase with BM 
displacement toward scala tympani, it adds to the shearing 
between TM and RL. In this way, OHC motility amplifies 
the vibration of the BM and, at the same time, sharpens the 
tuning of the mechanical vibrations delivered to the inner 
hair cells. 
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