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Feed-Forward and Feed-Backward Amplification Model from Cochlear
Cytoarchitecture: An Interspecies Comparison
Yong-Jin Yoon,† Charles R. Steele,† and Sunil Puria†‡*
†Department of Mechanical Engineering and ‡Department of Otolaryngology, Head and Neck Surgery, Stanford University, Stanford, California
ABSTRACT The high sensitivity and wide bandwidth of mammalian hearing are thought to derive from an active process
involving the somatic and hair-bundle motility of the thousands of outer hair cells uniquely found in mammalian cochleae.
To better understand this, a biophysical three-dimensional cochlear fluid model was developed for gerbil, chinchilla, cat, and
human, featuring an active ‘‘push-pull’’ cochlear amplifier mechanism based on the cytoarchitecture of the organ of Corti and
using the time-averaged Lagrangian method. Cochlear responses are simulated and compared with in vivo physiological
measurements for the basilar membrane (BM) velocity, VBM, frequency tuning of the BM vibration, and Q10 values representing
the sharpness of the cochlear tuning curves. The VBM simulation results for gerbil and chinchilla are consistent with in vivo
cochlea measurements. Simulated mechanical tuning curves based on maintaining a constant VBM value agree with neural-
tuning threshold measurements better than those based on a constant displacement value, which implies that the inner hair cells
are more sensitive to VBM than to BM displacement. The Q10 values of the VBM tuning curve agree well with those of cochlear
neurons across species, and appear to be related in part to the width of the basilar membrane.
INTRODUCTION
It is well known that the cochlea of the inner ear transforms
a sound signal input into a neural excitation output. Exper-
iments have shown that for a fixed input frequency, a trav-
eling wave on the basilar membrane (BM) builds to a
peak at a certain point along the membrane and then rapidly
decays beyond that point. The location of the peak depends
on the frequency, so each location on the BM is said to have
a ‘‘best frequency’’ (BF) associated with it that produces
the maximum response amplitude at that point on the BM.

A sensory epithelium attached to the BM, called the organ
of Corti (OC), contains sensory hair cells which respond to
the BM motion and initiate neural excitation. Three rows of
outer hair cells (OHCs) most likely use a piezoelectriclike
mechanism to provide an amplification of the wave for
low input amplitudes, an effect that is known as the active
amplifier mechanism (1). The electromotile force of the
OHCs has been shown to persist to >80 kHz (2). A large-
scale model of the OC (3) emphasizes the spatial arrange-
ment of its components. In particular, the apical inclination
of the OHCs has been shown (4) to provide a spatial ‘‘feed-
forward’’ effect that greatly enhances the wave amplitude
near the BF. Such an approach has been utilized in one-
(1-D), two- (2-D) (5,6), and three-dimensional (3-D) (7,8)
fluid models. These models have a small number of param-
eters, each of which has a clear physical interpretation.
However, the BM velocity simulation results from these
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models (7,8) disagree with in vivo measurements in show-
ing 1), an excessive phase excursion and 2), a shift in the
BF of around an octave for the passive and active conditions,
instead of the measured half-octave shift. In recent work
(9), it has been found that returning to the time-averaged
Lagrangian used in (10) reduces the phase error.

Another prominent feature is an overlapping and repeat-
ing ‘‘Y’’-shaped structure between the reticular lamina and
basilar membrane as the base of each angled OHC connects
with the base of the angled phalangeal process at the top of
each supporting Deiters rod (Fig. 1). This Y-shaped struc-
ture leads to a framework for cochlear amplification in
which the tilted OHCs provide a positive, ‘‘feed-forward’’
force on the BM (the ‘‘push’’) apically toward the heli-
cotrema and the phalangeal processes provide a negative,
‘‘feed-backward’’ force (the ‘‘pull’’) basally toward the
stapes (Fig. 1). The push and pull work together to provide
an increase of two orders of magnitude in the amplitude of
the wave for short wavelengths on the BM, but they cancel
each other out for long wavelengths. For very short wave-
lengths above the BF, the viscosity of the fluid dominates.
Thus, significant enhancement occurs for a narrow band of
spatial wavelengths, without the need for special filtering
or tuning of parameters at each BF.

The relationship between the BF, BM sensitivity, and BM
sharpness of tuning is not well established. In this work, we
elucidate the relationship between these quantities and the
model inputs for the relatively low-frequency cochleae of
human and chinchilla and the relatively high-frequency
cochleae of cat and gerbil. Extensive BM measurements
are available for one species in each group. The calculations
for the simple box model of the cochlea with the push-pull
mechanism and the time-averaged Lagrangian method yield
results very similar to animal measurements of the BM
doi: 10.1016/j.bpj.2010.11.039
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FIGURE 1 (a) Scanning electron micrograph of a longitudinal view of

the organ of Corti of a mole rat cochlea (13), showing a representative

OHC, Deiters rod (D), phalangeal process (PhP), and stereocilia bundle

(S). (b) Schematic of the longitudinal view of the organ of Corti, showing

the tilt of the OHCs based on the scanning electron micrograph. For one

hair cell whose apex lies at a distance x, the base is located at distance

x þ Δx1, whereas the phalangeal process connected to the base of the

hair cell is attached to the reticular lamina at x þ Δx2. q1 is the OHC angle

with respect to the reticular lamina, and q2 is the phalangeal process angle

with respect to the reticular lamina. These structures form the repeating

‘‘Y’’-shaped pattern. The force on the BM through the Deiters rod is Fc
bm,

which, for the OHC whose apex is at x, consists of the downward push

due to an expansion of the OHC at x and an upward pull through the phalan-

geal process due to an expansion of the OHC whose apex is at x þ Δx2.
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velocity (VBM) for gerbil (11) and chinchilla (12). In addi-
tion to the simulations of VBM, BM isovibration and sharp-
ness of cochlear tuning curves are calculated from the
cochlear model presented here, and the model results
are compared against measurements of BM vibration, audi-
tory neural-tuning at thresholds, and tuning sharpness of
cochlear neurons in animals, as well as predictions of audi-
tory-nerve-fiber frequency-threshold curves (ANFTCs) in
humans.
MATERIALS AND METHODS

Theoretical background

Overall features and dimensions of the 3-D hydrodynamic model used in

this study are described in Fig. S1 of the SupportingMaterial. This is a stan-

dard ‘‘box’’ model of the cochlea with an asymptotic Wentzel-Kramers-

Brillouin (WKB) solution method for the differential equations describing

the mechanics of the cochlea. The full mathematical formulation for the

passive model is described in the Supporting Material.
Electromotility of OHCs

Fig. 1 a shows a lateral view of the OC of a mole rat cochlea (13). Prom-

inent are the rows of OHCs and phalangeal processes (PhPs). Each OHC

is attached at its upper end to the reticular lamina, through which the stereo-

cilia protrude. The lower portion contains Deiters cells, each of which

contains a cup that attaches to an OHC and to a PhP that extends to the retic-

ular lamina. Each cup is connected to the BM via a Deiters rod (D). Because

of the attachment of the stereocilia to the overlying tectorial membrane,

the total force acting on the BM (FBM) causes a radial shear force on the

stereocilia that opens transduction channels and causes a change in the

OHC intracellular potential. Because of the electromotility of the OHC
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membrane (1), this causes a change in the length of the cell. A force toward

the scala tympani, downward in Fig. 1, results in a depolarization and

expansion of the OHC. Thus, a downward force on the BM causes an addi-

tional downward push from the OHC through the Deiters rod. It seems that

the electromotility of the OHC would therefore only cause a decrease in the

effective stiffness of the BM, which does not put additional energy into the

dynamic response and thus does not amplify the BMmotion. Consequently,

many authors, beginning with Neely and Kim (14), have introduced various

time-delay mechanisms for different purposes—to stabilize the negatively

damped oscillators, for example (15)—but with scant physical justification.

However, we follow the strong suggestion (3) that the spatial geometry has

significance for cochlear amplification that needs to be explored.
The push-forward/pull-backward active model

Because of their angular orientations, each OHC connects to a PhP and

Deiters rod to form a ‘‘Y’’-shaped structure between the reticular lamina

and the BM. As indicated in Fig. 1 b, a downward force on the BM at

a distance x from the stapes causes a shear on the stereocilia at that point.

Through the transduction process, the OHC expands, but because of the

inclination of the OHC, the downward push on the BM occurs at the

distance x þ ΔΔx1. This is the ‘‘push-forward’’ or ‘‘positive feed-forward’’

effect.

The force of OHC expansion is equal and opposite at the cell ends. The

cantilever arrangement of the reticular lamina and the tectorial membrane

provides little resistance to this upward force, so all that remains to carry

this force is the upper end of the PhP. In Fig. 1 b, the shear of the OHC

at xþ ΔΔx2 causes a tension in the PhP connected at that point and an upward

force on D located at x þ ΔΔx1. This is the ‘‘pull-backward’’ or ‘‘negative

feed-backward’’ effect. Thus, the expansion of an OHC causes a downward

push at a distance ΔΔx1 in the forward (apical) direction, and an upward pull
at a distance ΔΔx2 � ΔΔx1 in the backward (basal) direction. There is also

a ripple effect, extending in both directions, but we consider only the

primary push and pull. Of course, for the response to a given frequency,

all the quantities vary sinusoidally. However, it seems convenient to keep

the ‘‘push-pull’’ designation.

The total force acting on the BM (FBM) is twice the fluid force (F
f
BM), for

fluid on both sides of the BM, plus the OHC force acting through the Deiters

rods, FC
BM:

FBM ¼ 2Ff
BM þ FC

BM: (1)

The fluid force is the same as for the 3-D passive box model. For small

amplitudes, the transduction and OHC motility are linear, so the cell force

is proportional to the total force on the BM. Thus, the cell force acting on

the BM at the point xþ ΔΔx1 in Fig. 1 b depends on the total force on the BM
at x and the total force acting on the BM at x þ ΔΔx2, as expressed by the

difference equation (9)

FC
BMðx þ Dx1; tÞ ¼ a1½FBMðx; tÞ� � a2½FBMðx þ Dx2; tÞ� :

(2)

The constants of proportionality, or ‘‘gains’’, from the OHC push and the

PhP pull are a1 and a2, respectively. Because of the small resistance to

vertical force of the reticular lamina and tectorial membrane, the net

push and pull must be equal, so a1 ¼ a2 ¼ a is assumed. The details of

the OHC compliance, transduction, somatic motility, and possibly stereo-

ciliary active mechanics are all lumped into the a gain, which is assumed

to be independent of frequency.

With the WKB approximation, all quantities are in the form of an expo-

nential multiplied by a slowly varying function,

FC
BMðx; tÞ ¼ e

i

�
ut�

Rx
0

nðx;uÞdx

�
FðxÞ ; (3)



FIGURE 2 Dimensions of the BM width (a), BM thickness (b), and scala

vestibuli (SV) area (c), for gerbils (solid lines), chinchillas (dashed lines),

cats (dotted lines), and humans (dash-dotted lines) versus the distance

from the stapes as a percentage of the total cochlear length. The gerbil

BM thickness is taken not from a physical measurement, but from an equiv-

alent flat plate.
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in which u is the frequency and n(x,u) is the local wave number. With this,

the spatial difference can be approximated as

FC
BMðx þ Dx1; tÞ ¼ FC

BMðx; tÞe�inDx1 : (4)

This is valid when the (complex) wave number n(x,u) does not change

significantly in the distance Dx1. Therefore, the relations Eq. 1 and Eq. 2

reduce to

FBM ¼ 2Ff
BM þ FC

BM ¼ 2Ff
BM

1� a1e�inDx1 þ a2e�inðDx2�Dx1Þ:

(5)

Thus, the box model in Fig. S1 is used, with the elaborate OC in Fig. 1 rep-

resented by the simple terms in the denominator of Eq. 5.

The power series expansion of the denominator is

1� ae�inDx1 þ ae�inðDx2�Dx1Þ ¼ 1� ainDx2 þ . ; (6)

which shows that the feed-forward/backward effect is negligible for long

wavelengths, when the magnitude of n(x,u) is small. The wavelength is

defined as 2p/n(x,u). Since the fluid loading in Eq. 5 is primarily masslike,

the first effect for shorter wavelengths in Eq. 6 is ‘‘negative damping’’. For

a reversed traveling wave, obtained by changing the sign of n, the effect is

an increase in positive damping.

Matching the force from the fluid and the OHCs in Eq. 5 to the

BM stiffness yields the eikonal (dispersion) relation. For a given

frequency, this must be solved at each point for the wave number

n(x,u). A Newton-Raphson method is used, which generally works well.

The full behavior is not transparent from Eq. 6, but can be seen from

the numerical results. For modest values of the gain, a < 0.2, the real

part of n, which gives the phase, is little affected by the push-pull terms.

The imaginary part of n can be substantially modified. Generally, the

imaginary part of n is affected by the viscosity of the fluid and causes

the rapid decrease in amplitude in the region past the maximum response

(the BF). However, the push-pull terms in Eq. 6 can overcome the

viscosity effect and produce a region near the BF where the sign of

the imaginary part of n is reversed, i.e., a region of negative damping.

Apically the fluid viscosity resumes dominance and the amplitude

decreases exponentially. Thus, for a given frequency, the push-pull is

negligible for long wavelengths (small real part of n) and very short wave-

lengths (large real part of n), but very significant for a band of wavelengths

near the BF. This is an important attribute of the feed-forward and feed-

backward model.

The push-pull model for the OC involves just the three parameters Dx1,

Dx2, and a. Reasonable values for the distances Dx1 and Dx2 are used based

on the OC cytoarchitecture, whereas the gain a is adjusted for a best fit with

the experiments. In Lim and Steele (7), the saturation of the transduction is

included by making a amplitude-dependent. From a theoretical consider-

ation (2,16), it appears that transduction and motility of the OHCs are

possible at high frequencies as well as at lower frequencies. A strong argu-

ment is made by Peng and Ricci (17) that both somatic motility of OHCs

and active hair bundle mechanics are necessary for cochlear amplification.

In this work, a gain that is independent of frequency and cochlear location

was used.

The cochlear model was used to calculate the physiological responses of

four mammalian cochleae (gerbil, chinchilla, cat, and human) including 1),

BM velocity (VBM), 2), BM isovelocity and isodisplacement tuning curves,

and 3), sharpness of cochlear tuning curves. The input parameters were the

nominal material properties listed in Table S1; the scala vestibuli area, BM

width, and BM thickness as functions of distance from the stapes (Fig. 2);

and the length of the cochlea, stapes footplate area (Ast), length of the OHCs

(18), and fiber volume fraction (7) in Table S2, based on anatomical

measurements for gerbils (19–22), chinchillas (23,24), cats (25–27), and

humans (28–31).
Basilar membrane isovelocity
and isodisplacement tuning curves

The model BM ‘‘isovelocity’’ and ‘‘isodisplacement’’ tuning curves (see

Fig. 4) were calculated using neural-tuning threshold measurements for

gerbil, chinchilla, and cat, and using psychophysical tuning-threshold

measurements for human. For each threshold-measurement curve, the input

pressure at the frequency with the minimum value (i.e., at the ‘‘character-

istic’’, or ‘‘best’’, frequency) was used to determine, for the appropriate

model, the corresponding BM velocity and displacement. The input sound

pressure level (SPL) and a parameters for a given model were then itera-

tively computed for the other frequencies such that these BM velocity

and displacement values were conserved. The resulting ensembles of input

SPLs that yield the same BM velocity (or BM displacement) for a given

model are then reported as the BM isovelocity (or isodisplacement) tuning

curves.
RESULTS

BF-to-place map

The passive-model calculations of the BF versus place on
the basilar membrane (i.e., the percentage of the total
cochlea length, starting from the stapes) for four species
(gerbil, chinchilla, cat, and human) are shown with their
corresponding measurements in Fig. S2. The computed
Biophysical Journal 100(1) 1–10



TABLE 1 Parameters for the VBM simulation

Gerbil Chinchilla Cat Human

Best frequency (BF) (kHz) 10 7 18 8
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and measured BF-to-place maps are in agreement within 5%
for each species, except in the apical region of the cat
cochlea, where the error is as large as 20% (Fig. S2).
Distance from the stapes (x*) (mm) 4.2 4 5.4 6.4

OHC angle (q1)* 85� (37) 75� 85� 85�

Phalangeal process angle (q2) 30� 22� 25� 25�

Gain factor (a) for VBM 0.11 0.11 0.11 0.11

Listed parameters are for the simulations in Fig. 3.

*The only reported measurement of the OHC angle q1 is for the gerbil (37).
Frequency response of the BM velocity (VBM)

The interspecies cochlear BM velocity (VBM) computed
relative to the stapes velocity (VST) (the relative BM veloc-
ity) is shown in terms of magnitude and phase in Fig. 3 for
the passive and active cochlear models. The relative BM
velocities of the gerbil and chinchilla cochlear models are
compared with in vivo experimental data for gerbil (11)
and chinchilla (12).

The relative BM velocities for the gerbil and chinchilla
passive models (Fig. 3, thin lines) show qualitatively and
quantitatively good magnitude and phase agreement with
the animal measurements (Fig. 3, open squares), which
were measured at a high stimulus level (SPL of 90–100 dB
in the ear canal).

For the relative BM velocity in the active case, the push-
pull active mechanism was added to the passive model, with
the push-pull gain factor (a), the OHC angle (q1), and the
phalangeal process angle (q2) included. Table 1 lists these
additional parameters, as well as the best frequency and
simulation location (x*), for the VBM simulation of the inter-
species cochlear models. The gerbil and chinchilla BM
velocity simulations of the active model (Fig. 3, thick lines)
also show good qualitative and quantitative agreement with
FIGURE 3 Passive (light solid lines) and active (heavy solid lines) models of b

(upper row) and corresponding phase (lower row) for the gerbil, chinchilla, cat, an

data are included for comparison with gerbil (100 dB SPL input for passive and 3

10–20 dB SPL for active) (12). Thick black circles mark the BF corresponding t
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the available data (Fig. 3, asterisks) at low stimulus levels
(SPL of <40 dB at the ear canal), with peak gains of 48
and 76 dB (24 and 38 dB above the corresponding peaks
for the passive condition) for gerbil and chinchilla, respec-
tively (Fig. 3). Similar agreement was noted between the
modeled and measured gerbil transfer functions of ear canal
pressure to scala tympani pressure near the BM, for the
active and passive cases (32) (Fig. S3).

In the relative BM velocity magnitude plot for the gerbil,
the BF for the passive case (Fig. 3, circles) shifts from
10 kHz to 13 kHz, both in the simulation and in the exper-
iment. Similar shifts in BF are seen for the other animals.
This shift is sensitive to the phalangeal process angle (q2)
for all species.

The relative BM velocity phase of the gerbil cochlea
shows agreement with the measurement up to the BF loca-
tion to within 70�, and the phase of the chinchilla cochlea
asilar membrane velocity (VBM) relative to stapes velocity (VST) magnitude

d human cochleae. Passive (open squares) and active (asterisks) experimental

0–40 dB SPL for active) (11) and for chinchilla (90 dB SPL for passive and

o the passive case. Details of the simulation parameters are in Table 1.



TABLE 2 Parameters for the auditory neural threshold

simulations

Gerbil Chinchilla Cat Human

Distance from the stapes (x*) (mm) 5.9 3.9 13.3 18.4

OHC angle (q1) 85� (37) 75� 75� 75�

Phalangeal process angle (q2) 30� 20� 20� 20�

Middle ear gain (dB SPL) 32 32 32 26

Simulation results are seen in Fig. 4.
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shows agreement with the measurement over the entire
frequency range to within 40�. Above the BF location
(10 kHz), the phase of the gerbil BM velocity from the
model shows a steeper roll-off than the phase from experi-
ment, which corresponds to a higher wave number in the
model above 10 kHz. The phase of the relative BM velocity
in both the gerbil and chinchilla cochlear models shows
a phase excursion of around one cycle near the BF location,
which is also observed in the cat and human.

The similarity between the modeled and measured phase
excursions using the model presented here is one of the most
significant improvements provided by the time-averaged
Lagrangian method, compared to the 2.5 and 3.5 cycles of
phase excursion near the BF region using previous cochlear
models for gerbil and chinchilla, respectively (7,8), which
were the only animals tested.
BM vibration and neural tuning at threshold

In this study, the relationship between BM vibration and
auditory neural thresholds is studied by comparing simula-
tions of BM isovelocity and isodisplacement tuning curves
using the current mathematical cochlear models to neural
(or psychophysical) tuning curves at threshold for the four
species (gerbil, chinchilla, cat, and human).

Fig. 4 shows the simulation of the BM isovibration tuning
curves, along with the neural-tuning measurements from the
four species. Neural tuning, BM isodisplacement, and BM
isovelocity threshold measurements for a chinchilla cochlea
(33) are shown, whereas for the other species only neural-
tuning measurements (34,35) for gerbil and cat, and
a psychophysical-tuning measurement (36) for human
cochlea, are shown. For the chinchilla cochlea (Fib. 4 b),
the BM isodisplacement and isovelocity tuning calculations
are compared directly with the in vivo BM isodisplacement,
BM isovelocity, and neural-tuning measurements.

Table 2 lists the parameters for the interspecies cochlear
model that were used for the neural-tuning threshold simu-
lations, including the distance from the stapes (x*), the angle
of the OHCs (q1), the angle of the phalangeal processes (q2),
and the middle-ear gain. Of the q1 angles listed in Table 2,
the gerbil OHC angle was reported by Karavitaki (37),
whereas the other values were merely estimated. The values
for q2 were based on observations of the anatomy (3,13).
In this model, the push-pull gain factors (a) were chosen
according to the stimulus levels determined in the threshold
experiments. Table 3 lists the values of a used for different
input sound pressure ranges for the four species. For small
stimulus levels, a is almost constant across species, and
at its maximum value. As the stimulus level increases,
FIGURE 4 Comparisons of threshold measure-

ments with BM isovelocity and isodisplacement

tuning curve calculations. Measured gerbil (a),

chinchilla (b), and cat (c) frequency-threshold

tuning curves for one auditory nerve fiber (33–35),

and a measured human (d) psychophysical tuning

curve (36) (open circles with thin dash-dotted

lines), are compared to corresponding BM isodis-

placement (heavy solid lines) and isovelocity

(heavy dash-dotted lines) mechanical tuning curve

calculations. Details of the simulation parameters

can be found in Tables 2 and 3.

Biophysical Journal 100(1) 1–10



TABLE 3 Push-pull gains (a) versus input SPL at the ear canal

Input sound pressure at

the ear canal (dB SPL) Gerbil Chinchilla Cat Human

70~90 — — — —

60~70 0.10 0.07 0.07 0.07

50~60 0.12 0.09 0.09 0.09

0~50 0.14 0.11 0.11 0.11

Values shown were used for the calculations in Fig. 4.

FIGURE 5 Comparison of frequency tuning sharpness (Q10) between

experimentally measured and model results, computed by dividing the

BF by the 10-dB bandwidth. Q10 values based on cochlear neuron measure-

ments for gerbil, chinchilla, and cat, as well as predicted Q10 values for

human auditory-nerve-fiber frequency-threshold tuning curves (ANFTCs)

(dash-dotted lines) are compared with model Q10 values based on computed

isovelocity tuning curves (solid lines). Data for animals and humans are

from Ruggero and Temchin (38).
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a decreases toward zero, which is the value for the passive
case.

For the chinchilla cochlea (Fig. 4 b), both the simulated
and measured BM isovibration tuning curves correspond
to a displacement of 2.7 nm at the characteristic frequency,
which at that frequency corresponds to a velocity of
164 mm/s. At frequencies between the BF and 1 kHz, both
the simulated BM isodisplacement (Fig. 4 b, thick solid
line) and BM isovelocity (Fig. 4 b, dash-dotted line) tuning
curves show good agreement with their experimental
measurements (Fig. 4 b, solid circles and open triangles,
respectively). However, below 1 kHz the simulated BM
isovelocity and isodisplacement tuning curves are ~5 dB
SPL lower than the corresponding measurements. The
experimental and simulation results indicate that the BM
isovelocity (164 mm/s) corresponds more closely to the
neural-tuning measurements (Fig. 4 b, open circles) than
to the BM isodisplacement tuning measurements (2.7 nm).

The calculated BM isodisplacement tuning curves of
gerbil, cat, and human cochleae are at 0.1 nm, 3.3 nm,
and 2 nm, respectively, and the calculated BM isovelocity
tuning curves are at 3.7 mm/s, 95 mm/s, and 25 mm/s, respec-
tively. The BM isodisplacement tuning curve for gerbils is
lower than that for the other species by 26–30 dB.

For the cat cochlea (Fig. 4 c), the neural-tuning measure-
ment appears between the calculated BM isovelocity and
isodisplacement tuning curves. However, the calculated
BM isovelocity tuning curve shows generally better agree-
ment with the neural threshold measurement, especially
for frequencies below the BF. In human cochleae (Fig. 4 d),
the calculated BM isovelocity tuning curve shows a better fit
to the psychophysical measurement below the BF (Fig. 4 d,
open circles) than does the calculated BM isodisplacement
tuning curve.
Similarity of Q10 values across species in both
experiment and simulation

To provide a more global view, Fig. 5 shows the experimen-
tally measured sharpness of frequency tuning (‘‘Q10’’) of
cochlear neurons (38) as a function of the BF for gerbil,
chinchilla, and cat, as well as the predicted values based
on human psychophysical tuning data (39) (Fig. 5, dash-
dotted lines), compared with the corresponding sharpness
calculations based on the modeled isovelocity tuning curves
(Fig. 5, solid lines). The Q10 value is calculated by dividing
Biophysical Journal 100(1) 1–10
the BF by the 10-dB bandwidth. The cochlear model param-
eters from Table 1 were used for both the Q10 calculations
and the VBM calculations.

With just a constant a gain factor along the BM in the
model, Q10 values of the cochlear models show good agree-
ment with experimental data within a factor of 2. Model
calculations of Q10 across species generally show better
agreement with experimental data in the low-frequency
region than in the high-frequency region. The similarity of
Q10 values across species is apparent in both the model
and the experimental data, even though the dimensions of
the auditory organs and the hearing bandwidths are very
different. However, the Q10 value for the human VBM tuning
curve is higher than those for other animals by a factor of
~1.5–2 over the whole frequency region.
DISCUSSION

Basilar membrane motion

The BM relative velocity (VBM/VST) calculation for the chin-
chilla cochlea (Fig. 3) shows generally better magnitude and
phase agreement with the in vivo measurement (12) below
the BF than does the gerbil cochlea (11), whereas above
the BF, they both show comparable agreement with the
in vivo data.

It is noted that significant differences exist when
comparing jVBM/VSTj across the two species. The gerbil
jVBM/VSTj is generally lower than that of the chinchilla by
15 dB for the passive case and by 28 dB for the active
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case. This results in the lower BM isodisplacement and iso-
velocity values (0.1 nm and 3.7 mm/s) required to fit the
gerbil neural-tuning curve at threshold (Fig. 4).

One often-stated reason for the lower jVBM/VSTj measure-
ments in gerbil is that surgically induced trauma in the
experimental preparation results in a lower gain for the
active case (40). However, this does not explain the lower
response for the passive case of the gerbil cochlea. One
reason for the relatively poor BM response for gerbil could
be that the simple plate model used is consistent with
measured anatomical values for the BM pectinate zone for
chinchilla, cat, and human, whereas the gerbil actually has
a (somewhat unique) two-layer pectinate zone with a
pronounced arch in the collagen-fiber layer farthest from
the OC (19) that has a substantially different mechanical
behavior and is still under investigation at this time. For
the calculations presented in this study, this equivalent flat
plate model for the gerbil pectinate zone gives the correct
cochlear map (Fig. S2). However, the thickness (Fig. 2 b)
and collagen-fiber volume fraction (7) used in the model
are not consistent with corresponding anatomical measure-
ments for the gerbil cochlea. For the BM motion experi-
ments, the arched BM likely leads to differences in the
measured BM motion on the scala tympani side and the
input to the IHCs. A more accurate model representation
of the gerbil two-layer BM and OC anatomy will likely yield
better agreement between simulation results and physio-
logical measurements of the BM.
Neural thresholds

The neural-tuning threshold measurements for the four
mammalian cochleae appear to be more closely related to
the respective simulated BM isovelocity tuning curves
than to the BM isodisplacement tuning curves (Fig. 4).
This was also observed for measured BM isovelocity and
isodisplacement tuning curves available for the guinea pig
cochlea (41). It appears that the IHCs are more sensitive
to BM velocity than to BM displacement, which is reason-
able, since the stereocilia of the IHCs are not inserted into
the tectorial membrane (TM) and thus are velocity detectors
corresponding to a high-pass-filter-like response (41).
However, the link between the IHC and the BM can be dis-
rupted. This is illustrated in a report of a mouse mutant (42)
in which the OHCs are normal and generate normal emis-
sions but the TM is substantially modified, which causes
a 60-dB loss in hearing. The Hensen’s stripe, normally
near the IHC, and the outer margin are missing. Thus,
a proper TM is needed to deliver the BM motion to the IHC.

Typically, the modeled BM isovelocity tuning curves and
measured neural thresholds are not entirely in agreement
around half an octave or more below the BF, except in the
chinchilla (Fig. 4). This may arise from the model’s simple
treatment of the middle ear as a single gain value for all
frequencies, which tends to overstate the actual middle-ear
gain at low frequencies. Another possible explanation is
that no micromechanics of the OC were included in this
model. Although the modeled BM isovibration tuning
curves and measured auditory nerve fiber threshold curves
appear similar to one another, a number of transduction
processes could affect how the BM velocity excites the
auditory nerve, including some combination of 1), the
micromechanical interactions among the BM, the cellular
structures in the OC, the tectorial membrane, and the subtec-
torial endolymph (43–45); and 2), the electrical processes
of transduction and synaptic transmission of the IHCs
(46,47).
High-frequency plateau

The question often arises in cochlear mechanics discussions
of a plateau in BM motion phase and amplitude where the
phase and amplitude no longer decrease monotonically
above the BF. The plateau never appears in neural record-
ings but is common in measurements of basilar membrane
motion (12,46,48). A phase plateau, but not an amplitude
plateau, is evident in cochlear models with a nonphysical
mass attached to the basilar membrane (50). However, in
our calculations of the traveling wave with the 3-D viscous
fluid and a realistic density for the basilar membrane, from
Steele and Taber (10) to the work presented here, the phase
plateau never appears. This yields the excellent agreement
with neural recordings for high frequencies seen in Fig. 4.
A possible explanation may come from recent work (51)
that includes both the slow traveling wave and the fast com-
pression wave. For the two-chambered box model used here,
with symmetric scala vestibuli and scala tympani areas, the
fast wave has exactly the same behavior in both scalae. The
equal pressure on both surfaces causes zero displacement of
the BM, so the fast wave is usually ignored unless detailed
pressure measurements are considered (8). If the scala areas
are not equal, however, the viscous shear corrections to the
pressure wave in the two scalae are different. As a conse-
quence, the pressure in each scala is slightly different,
causing a displacement of the BM due to the fast wave.
This yields a plateau in both amplitude and phase, without
considering the various propagation modes that could be
present due to the fluid regions of the OC. This asymmetric
fast-wave pressure effect is most likely present in the
cochlea.
Sharpness of tuning across species

As observed in the experimental data, the sharpness of the
cochlear tuning curves (Fig. 5, Q10) in the cochlear model
shows relative uniformity across species, even given the
substantial variations in cochlear structural dimensions
such as BM length and OC microstructure, as well as differ-
ences in hearing frequency ranges. However, Q10 values of
modeled BM velocity tuning curves exhibit deviations from
Biophysical Journal 100(1) 1–10
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experimental measurements that approach a factor of 2 at
some frequencies.

A feature of the plot in Fig. 5 is that the Q10 curves for the
measurements increase smoothly and in general monotoni-
cally with frequency, whereas for the model calculations,
the curves also increase monotonically with frequency, but
not very smoothly. The smooth appearance in the measure-
ments is due to regression-line fits to a large number of
measurements for a given species (36,52). The model calcu-
lations are for a single prototypical representation of a given
species, and thus, there is no averaging across parameters
for that species. With this in mind, we can ask what gives
rise to the model variation of Q10 as a function of frequency.
One possibility is that there is a relationship between the
width of the tuning curve (and thus of Q10) and the local
width of the basilar membrane. Fig. 2 a shows that the
BM width with respect to BM position varies smoothly
for human and cat, but has more curvature for gerbil and
chinchilla. In Fig. 5, we see that the Q10 values also vary
more smoothly for human and cat, whereas the Q10 values
for gerbil and chinchilla have more curvature, supporting
the hypothesis that basilar membrane tuning and basilar
membrane width are correlated. It has been shown previ-
ously (53,54) that the BM width and the ‘‘equivalent rectan-
gular spread’’, a measure of the excitation pattern width
along the BM, are related to each other, and that the latter
is in turn related to the ‘‘equivalent rectangular bandwidth’’.
The BF divided by the equivalent rectangular bandwidth is
an alternative measure of tuning to the Q10 value used in this
study.
Frequency independence of the gain

In this formulation, it is assumed that the feed-forward gain,
a1, and the feed-backward gain, a2, are constant and inde-
pendent of frequency. The gains can be thought of as the
product of two components: 1), mechanical-to-electrical
transduction (MET), and 2), electrical-to-mechanical
transduction (EMT). Model simulations of isolated OHCs
suggest that they can generate high-frequency electromo-
tile length changes and force production at frequencies
>20 kHz (55) if the cell is provided with sufficient changes
in its receptor potential. This assumption of the EMT
component is thought to fall apart if one considers that the
cell membrane of OHCs has capacitive behavior, which
would tend to roll off the receptor potential, and thus, the
active amplification capability of OHCs would diminish as
the frequency increases above a few kHz (56,57). Spector
et al. (58) show that piezoelectric coefficients and the
strain to the membrane capacitance determine the limiting
value of the decrease in receptor potential. Liu and Neely
(59) alternatively suggest that if the receptor current is
sensitive to the velocity of the reticular lamina, then the
receptor potential does not roll off. In addition, active
hair bundle motility can contribute to amplification in the
Biophysical Journal 100(1) 1–10
MET pathway. It is also well established that for knockout
mice lacking the prestin motor molecule, the cochlear
amplifier, and thus hearing, is significantly compromised
(60–62). The assumption is reasonable, therefore, that the
OHC MET and EMT pathways are complementary, and
that the product of the two transfer functions is approxi-
mately flat over the BF region.
CONCLUSION

The cochlear model described in this article, which incorpo-
rates the feed-forward and feed-backward behavior of
the ‘‘Y’’-shaped OC cytoarchitecture, appears to work
well with relatively few free parameters, each of which
has clear anatomical interpretations and physical values.
The cochlear responses simulated were the stapes-to-BM-
velocity transfer function, the BM isovelocity and isodis-
placement tuning curves, and Q10 values of cochlear tuning
sharpness. The model results were shown to be consistent
with in vivo measurements across species, with some noted
discrepancies. The gerbil cochlea appears to be different in
that the BM response is lower than those of other animals
studied. One assumption made throughout is that the
product of the OHC MET and EMT pathways is approxi-
mately constant in the BF region.

Cochlear selectivity and sensitivity can be studied by
using this model with the help of more accurate information
on OC microstructural dimensions across species. This
cochlear model can also be extended by including a more
detailed treatment of OC micromechanics (63,64).
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