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Abstract
Georg Békésy laid the foundation for cochlear mechanics, foremost by demonstrating the traveling
wave that is the substrate for mammalian cochlear mechanical processing. He made mechanical
measurements and physical models in order to understand that fundamental cochlear response. In
this tribute to Békésy we make a bridge between modern traveling wave observations and those of
Békésy, discuss the mechanical properties and measurements that he considered to be so
important, and touch on the range of computational traveling wave models.

1. Introduction
Georg Békésy is the grand-daddy of experimental cochlear mechanics. He studied cochlear
mechanics from many angles, in particular observations of basilar membrane motion,
measurements of mechanical properties of cochlear components, and building and observing
physical cochlear models. Fast-forwarding to the modern world, we are still very much
reliant upon observations of intracochlear motion and measurements of mechanical
properties in order to make further progress in understanding cochlear operation. Békésy got
into cochlear mechanics via the phone company and that aspect of his career is shared with
many auditory researchers.

At the time of Békésy's early measurements in the 1920s, the cochlear anatomy had been
described and the concept of tonotopicity had been introduced. (In his Nobel lecture Békésy
notes Corti, 1851; Kölliker, 1852; Hasse, 1867; Retzius, 1884; Kolmer, 1909; Held, 1926.)
Helmholtz's theory of hearing (Helmholtz, 1885), based on the resonance of micro-
components of the ear, was already out of favor due to the recognition that these micro-
components were viscously damped and moreover, dynamically coupled to each other
(Roaf, 1922; Wegel and Lane, 1924). Helmholtz's independent-oscillator theory was thus
supplanted by “dynamical theories” in which the macromechanics of the cochlea were
considered to work as whole. These theories were discussed in an article by Wever (1962)
who noted that they fell into two groups, those preceding and those following Békésy's
experimental observations of the cochlear traveling wave in 1928 (Békésy, 1928). Békésy's
observations were pioneering, yet by being confined to unnaturally high stimulus levels and
primarily post-mortem preparations, he left some of the best observations to his descendents:
he did not observe the allure and power of cochlear emissions (Kemp, 1978), the beauty of
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cochlear amplification (Rhode, 1978), or witness the fantastic discovery of outer hair cell
motility (Brownell et al., 1985) and the cloning of the prestin protein (Zheng et al., 2000).

In writing this chapter we begin with two topics that were part of Békésy's repertoire and are
still going strong in modern measurements – observations of the cochlear traveling wave,
and measurements of the mechanical properties of cochlear tissues. Békésy started out with
measurements on quantitatively scaled physical models but came to realize that to properly
understand the cochlea and address theories of its operation he should measure the pattern of
motion in the cochlea. His subsequent documentation of the cochlear traveling wave is
probably Békésy's most significant single contribution, and its observation in modern
measurements of basilar membrane (BM) motion (reviewed in Robles and Ruggero, 2001),
reticular lamina motion (Chen et al., 2011), intra-cochlear pressure close to the organ of
Corti (Olson, 1999; Dong and Olson, 2008a), cochlear microphonic (Dallos and Cheatham,
1971; Schmiedt and Zwislocki, 1977) and auditory nerve (AN) responses (Kiang et al.,
1965; Kim and Molnar, 1979; Van der Heijden and Joris, 2006) underscore this unifying
feature of cochlear processing. Thus our first section will be a panorama of in vivo traveling
wave observations made with modern tools.

In his experiments with physical models Békésy found that variations in BM stiffness led to
qualitative differences in behavior, with very compliant BMs giving rise to reflections and
thus standing waves, and less compliant BMs giving rise to unidirectional traveling waves.
In the introduction to the book describing his life's work, “Experiments in Hearing” Békésy
wrote: “Perhaps the most significant measurement in relation to the operation of the cochlea
is that of the volume elasticity of the basilar membrane.” Thus, the macromechanical
properties of cochlear tissues were recognized by Békésy as being of primary importance to
an understanding of cochlear mechanical processing. For our second topic we concentrate on
modern measurements of BM stiffness, and provide some instruction for going between
measured quantities and cochlear computational models. Our last section touches on
cochlear computational models, which build on the traveling wave framework discovered by
Békésy, in order to explore modern questions. In these topics – traveling wave observations,
measurements of macromechanical properties, and the synthesis provided by cochlear
modeling – we hope to pay proper tribute to Békésy and his ongoing significance to our
field.

2. Cochlear traveling wave
2.1. Tonotopic map

Békésy measured the cochlear traveling wave by opening up the cochlea widely, one turn at
a time, and using a strobe light and microscope to observe the motion visually. He
stimulated at high levels, directly to the oval window. He made observations on many
animals – pages 502–509 of his book (Békésy, 1960) contain the menagerie of guinea pig,
chicken, mouse, rat, cow and elephant and earlier in the book he reports measurements on
human temporal bone. Because his techniques for observing were relatively invasive and the
stimulus levels excessive, it is not clear whether his observations represent normal-passive
mechanics, where “normal-passive” stands for a linear cochlea without active behavior. Fig.
1 shows the guinea pig map Békésy reported compared to the modern map determined with
single-unit AN recordings (Greenwood, 1990). If Békésy's map were of normal-passive
responses, one would expect a ∼ half octave shift downward in frequency compared to the
active/healthy map, thus we also present Békésy's results shifted upward by a half octave.
This expectation is based on the well-documented observation that the peak of the response
pattern shifts basally with increased stimulus level (decreasing degree of activity) and post
mortem (reviewed in Robles and Ruggero, 2001). The expectation that AN and BM motion
measurements would line up in a modern low-stimulus level measurement is a reasonable
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approximation, as will be discussed further below (Narayan et al., 1998). In Fig. 1 the
shifted Békésy map differs from the neural map by ∼ another half octave, or equivalently,
by about 1 mm in distance. Overall, that seems quite good, and argues that Békésy's motion
measurements were close to normal-passive. A further indication of his consistency is the
peak frequency that is estimated from his measurement of guinea pig BM volume
compliance at various longitudinal locations (Figs. 12–37 in his book, which is redrawn in
our Fig. 8). When volume compliance and fluid density are known, a rough estimate of the
place-frequency map can be calculated, as described in the “Scale models” section below.
The result of this calculation is included in Fig. 1 and is in reasonable agreement with
Békésy's direct measurement of the guinea pig cochlear map (Fig. 6).

2.2. Human – BM displacement
We introduce our panorama of traveling waves with Békésy's own measurements from the
human cochlea, redrawn from Figs. 12–17(b) in his book and shown in our Fig. 2.
Responses are shown for 200 Hz stimulation at four phases of the cycle. The characteristic
traveling wave pattern is evident, with wavelength shortening as the wave travels toward the
apex.

2.3. Gerbil – BM velocity
Our first two modern traveling waves are measurements in which the spatial pattern was
actually sampled. The first measurement, in Fig. 3, is BM velocity from Ren (2002), made
using a heterodyne laser vibrometer from Polytec (Waldbronn, Germany) coupled to a
custom built microscope and used with a motorized translation stage for scanning. Ren
measured the traveling wave pattern in gerbil over a ∼ 1 mm extent, which was viewed
through the round window opening. The spatial sampling distance was 2.5 μm. The
responses were measured in vivo in an active cochlea. We show responses at two stimulus
levels, 50 and 80 dB SPL, out of several in the original reference. The stimulus was a 16
kHz tone, which peaked within the explored region. Our figure is based on Ren's Fig. 1, in
which the data were presented as amplitude, phase and as a response pattern at one time of
the stimulus cycle. In our Fig. 3 we show the pattern at six times of stimulation by plotting
[amplitude × cos(phase)], [amplitude × cos(phase + pi/6)] etc, through a half cycle of
stimulation (6 “snapshots”). Based on the tonotopic map (Müller, 1996) the basal gerbil
cochlea maps an octave in ∼ 1.5 mm, a value consistent with Ren's observations. Thus the
explored 1 mm region would map between a half and a full octave. As in Békésy's
observations, the wavelength shortened as the wave traveled toward the apex. Comparing
the 50 and 80 dB SPL responses, the peak is further apical in the 50 dB result, thus cochlear
activity allowed the wave to travel further before it peaked. Comparing the peaks, the
normalized response is almost 4 times larger at 50 than at 80 dB SPL. The wavelength did
not change much with level, but the wavelength at the peak was longer at 80 dB than 50 dB.
The responses at these two levels show the trend and when the full range of SPLs reported in
the original paper is considered the level-dependent differences are larger. The wavelength
at the peak was much shorter (∼20 times) than in Békésy's measurements in Fig. 2. One
likely contribution to the difference is that the human measurements were made at 200 Hz,
and the gerbil at 16 kHz. It is well known, and was noted by Békésy too, that higher
frequencies evoke more localized, sharper responses. Also, as noted above, Békésy's
preparations were likely not quite normal-passive. Finally, if Ren's measurements extended
further basal, the 80 dB wavelength at the peak might prove to be longer than it appears in
the limited view.

2.4. Cat – auditory nerve responses
Our second modern measurement is also an actual longitudinal sampling along the cochlea,
and comes from single-unit AN recordings in cat by Van der Heijden and Joris (2006). In
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Fig. 4, the top three panels (A–C) are redrawn from their paper. Circles indicate the unit's
characteristic frequency (CF). (CF is the frequency at which the neural threshold is
minimum. Below we will also use the term CF to indicate the peak of the BM response at
low-stimulus levels.) Fig. 4A shows the normalized amplitude obtained from the responses
to tone complexes. These are amplitude versus frequency curves, with the different curves
representing different ANs – and thus, different locations. Fig. 4B shows the corresponding
phase curves. In Fig. 4C, the phase data are replotted as phase versus location with the
different colors representing various stimulus frequencies. To explain how this is done: For
example, to construct the 1 kHz curve (aqua, with arrow pointing to it), a vertical line is
drawn at 1 kHz in Fig. 4B. Most of the ANs responded to 1 kHz stimulation (their responses
pass through the vertical line), and in Fig. 4C the responses to 1 kHz are plotted versus
location by transforming each AN's CF to location, using the tonotopic map (Greenwood,
1990) (bottom axis of C). The bottom x-axis of Fig. 4C indicates distances from 0 to 10 mm
from the apex in the cat, whose cochlear length is ∼20 mm. In the top x-axis of Fig. 4C the
CF of the location is noted. In the phase data of Fig. 4B there is a question of how much
neural and middle ear delays contribute, but in Fig. 4C these delays cancel out with the
assumption that the delays were the same for all the AN fibers. The authors plotted the data
in Fig. 4C as distance from the apex and in Fig. 4D the Fig. 4C curve corresponding to 1
kHz stimulation is replotted versus distance “toward” the apex (solid line), which reverses
its orientation to the more familiar view. Also in Fig. 4D is an amplitude plot for 1 kHz
stimulation (dashed curve), drawn from the amplitude data in Fig. 4A in a similar manner. In
Fig. 4E we show the traveling wave pattern for 1 kHz stimulation at six times through a half
cycle of stimulation – a “stroboscopic” view. These AN responses are not part of the
mechanical traveling wave, but are a modified read-out of the wave, since mechanical/
electrical and chemical processes occurring between the BM and the AN responses shaped
these responses (e.g., Kidd and Weiss, 1990; Guinan et al., 2005). As an aside, theories of
AN processing incorporate the neural timing that results from the mechanical traveling wave
(e.g., Joris et al., 2006; Carney, 1994). The wavelength is about 2 mm at the peak,
reasonably in line with Békésy's in Fig. 2 and longer than the high frequency region in gerbil
from Fig. 3.

Our final two examples of traveling wave behavior were not spatial measurements; they
were measurements at one place, which we have combined with the tonotopic map and the
concept of scaling symmetry (Zweig, 1976,1991) to extrapolate a traveling wave pattern.
Scaling symmetry is based on the observation that when BM motion was measured at two
locations (x1 or x2), the responses as a function of frequency (call them R(f,x1) and R(f,x2))
were almost identical if each was plotted as a function of f ÷ CF(x). In other words, the
response that we think of as depending on the two variables, frequency and location,
depends more concisely on the single variable f/CF(x).

(1)

This symmetry of response was referred to by Zweig as scaling symmetry, expressed in Eq.
(1). (Zweig noted that the size of the response varied with location and here we do not
include that detail.) Armed with this relationship, once we have the response at one location
and many frequencies (the usual modern measurement, left side of Eq. (2)) and the tonotopic
map of the cochlea CF(x), we can find the response at one frequency and many locations.
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(2)

Fortunately, tonotopic maps exist for many species, often derived from AN response
measurements followed by staining and tracing of the characterized AN fiber (Greenwood,
1990; Müller, 1996; Müller et al., 2010), and sometimes from measurements of local
cochlear microphonic (Schmiedt and Zwislocki, 1977) or locally induced damage (Eldredge
et al., 1981).

As it happens, the mammalian tonotopic map is known to be approximately exponential: CF
= f0e−x/a, where a is a constant, and in that case:

(3)

Eq. (3) explains why the response curve plotted for one location as a function of log f looks
the same as the response curve plotted for one frequency as a function of x. However, the
concept of scaling symmetry does not rely on the form of the CF map, but simply on the
similarity of the responses measured at different locations expressed in Eq. (1). To give a
concrete example of how the conversion works, let's say we measured BM velocity over a
wide range of frequencies at the location with 20 kHz low-level best frequency, which we
equate to CF. We will put the responses in a table with the first column stimulus frequency/
CF (the number that results from the division), the second column the response amplitude,
and the third column the response phase relative to the cochlear input phase. (The phase
reference can be stapes motion, or intracochlear pressure at the stapes. Often the input phase
that is known is the ear canal pressure and in that case the phases should be corrected by
subtracting the frequency-dependent phase corresponding to middle ear delay.) We want to
know the response along the cochlear length to a given tone of frequency f1 . The response
at a given CF's location to our f1 is found by going to the look-up table's first column for the
value corresponding to the value f1/CF, and reading off response amplitude and phase from
that row of the table, then going on to the next CF etc. This gives us R(CF) and the tonotopic
map CF(x) is used to convert this to R(x).

As Zweig pointed out, scaling symmetry is most accurate in the base and over a limited
region (local-scaling symmetry). Accordingly, the last two examples are from the cochlear
base and we plot R(x) at a frequency that peaked within the region of the actual
measurement.

2.5. Chinchilla – BM displacement
The first of these final two, Fig. 5, is a BM displacement measurement by Rhode (2007),
using a phase-sensitive laser vibrometer that measures displacement (Cooper and Rhode,
1992). Rhode's data were from the mid-basal cochlea of chinchilla and the data in the upper
two panels were from the 9 kHz best place. We show data taken at 30 and 70 dB SPL, a
subset of those in the original paper. Rhode attributed the pronounced notches below 5 kHz
to the middle ear and we used a smoothed version of the 70 dB data when calculating spatial
patterns. The chinchilla middle ear delay (Ravicz et al., 2010) has been subtracted from the
phase, which was originally referenced to ear canal pressure. In the bottom panels the
frequency responses are recast as traveling wave responses, using the chinchilla cochlear
map (Müller et al., 2010). Comparing the responses at the two levels, the trends apparent in
Ren's results in Fig. 3 are even more pronounced – at 30 dB SPL the traveling wave peaks
significantly further apical than it does at 70 dB SPL. The wavelength in the peak region is
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substantially longer at 70 than at 30 dB, about 1.5 mm compared to just over a half
millimeter. However, the wavelength shortens similarly with distance at the two stimulus
levels, an outcome that is prescribed by the overall similarity of the phases of the responses
at the two levels. The normalized response peak is ∼ 13 times larger at 30 than at 70 dB
SPL. Comparing responses at the low-level best place, the normalized response at 30 dB is
∼ 35 times larger than that at 70 dB. When the range of SPLs shown in the original paper is
considered, at the CF the ratio of normalized responses differs by almost a factor of 1000. It
is an important and robust observation that in contrast to the dramatic level-dependent
change in amplitude the phase shows only a subtle change. This observation led to the
conclusion that cochlear amplification works by changing the resistance, not stiffness (e.g.,
Kolston, 2000).

2.6. Gerbil – pressure at the BM
Our final traveling wave example comes from measurements of pressure close to (∼ 10 μm
from) the BM in scala tympani, using fiber-optic based micro-pressure sensors that were
developed for this purpose. Two stimulus levels, 50 and 80 dB SPL, are shown (Olson,
1999). As in the Rhode data just presented, the original data are in the top panels, amplitude
and phase, and extrapolated traveling waves below. The extrapolation used the gerbil
tonotopic map by Müller (1996). The phase reference was the intracochlear pressure
measured in scala vestibuli near the stapes – the input pressure of the cochlea. The pressure
measured close to the BM is tuned and nonlinear and the phase shows traveling wave
accumulation. An obvious difference between the pressure and BM motion responses is the
presence of a fairly high-level plateau at frequencies above the BF – this is attributed to the
fast wave pressure (Peterson and Bogert, 1950; Olson, 2001; Yoon et al., 2011). In the
traveling wave panels, the pressure at the BM exhibits the same trends as the BM motion
seen above, with the peak occurring further apical and the wavelength shortening closer to
the apex at the lower-stimulus level. Where the response peaks, the wavelength is ∼ 0.4 mm
at 50 dB SPL and about 0.8 mm at 80 dB SPL. The normalized response peak is ∼ 3 times
larger at 50 than at 80 dB SPL. Comparing responses at the low-level best place, the
normalized response at 50 dB is almost 5 times larger than that at 80 dB. At locations apical
to the peak, the response maintains a plateau of fast wave pressure. At 50 dB SPL the
traveling wave superimposes small ripples on the fast wave plateau, but at 80 dB only the
plateau is observed (Fig. 6).

The figures in this section document the ubiquity of Békésy's cochlear traveling wave in
modern intracochlear measurements. They also underscore the tight connection between BM
motion, pressure at the BM and AN responses, and reinforce the dynamical view of cochlear
operation. The reports of Narayan et al. (1998) and Ruggero et al. (2000) documented the
close similarity between BM motion and AN responses in the base of the chinchilla cochlea.
An example of this important result is included in Fig. 7, with data redrawn from Fig. 2 of
Ruggero et al. (2000).

We close this section with a caveat: The uniform view of the cochlea expressed in the
concept of scaling symmetry is a reasonable approximation for the basal half of the cochlea,
but is less accurate in apical regions. Kiang and colleagues (e.g., Kiang and Moxon, 1973)
showed that the tuning curves of AN fibers with CFs < 3 kHz (close to half of the cochlear
length in cat) were less sharply tuned than the higher CF fibers, with broadening primarily
on the low frequency side. For CFs < 1 kHz, close to the cochlear apex, the AN tuning
curves were often multi-lobed, an observation that does not have a counterpart in
mechanical measurements in the apex. In this vein, the close correspondence between
macromechanical motion and AN responses illustrated in Fig. 7 does not apply to the
cochlear apex, where the mechanical tuning is less sharp than AN tuning, particularly on the
low frequency side where the mechanical tuning is very broad (Dong and Cooper, 2006).
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These observations indicate that in the apical cochlea, micromechanical processing impacts
the stereocilia differently than the BM, leading to a relatively nuanced correspondence
between macromechanical motion and AN responses compared to more basal locations
(Guinan et al., 2005). Techniques to measure micromechanical motion in vivo are advancing
and we look forward to a more complete view of the relationship between BM motion,
micromechanics and AN responses.

3. Mechanical properties
3.1. Scale models

A remarkable characteristic of Békésy was his ability to construct physical models that
demonstrate key features of the cochlea's mechanical response. Since a life-sized model of
the cochlea is difficult, he and many subsequent investigators, e.g. Cancelli et al. (1985),
used models that were larger than life-size. Békésy (p. 406 in his book) realized that two
dimensionless parameters must be preserved for a large model to preserve the correct
response. His two parameters may be recombined as:

(4)

(5)

μ is the viscosity (Pa s), ρ is the density (kg/m3 ), ω is the angular frequency (1/s), ε is the
volume compliance m2/Pa, and L is a characteristic length (m). In this form, γ1 is the ratio
of the viscous boundary layer thickness to L , and γ2 is a ratio of inertia to stiffness. Setting
γ2=1 yields the relation between the local compliance of the partition and the frequency at
which the partition would resonate in infinite fluid. In cochlear models this is not a resonant
point, but it is an indicator of the transition to short wavelengths that occurs near the peak of
the passive BM response. Thus, this simple calculation allows for a rough estimate of the
passive cochlear map.

3.2. Compliance
As noted above, Békésy considered the stiffness of the cochlear partition to be the most
significant measurement for understanding cochlear mechanics. Békésy measured
compliance by isolating 1 mm sections of the cochlear partition by using agar to plug one
side and by cutting back sequentially from the other side. Once a section was isolated, he
applied a static pressures due to ∼ 1 cm of water (corresponding to a pressure ρgh ∼ 100
Pa), and measured the BM area displacement, then he went on to the next section. The result
was presented on p. 476 and 510 of his book as volume of displaced fluid (with 1 mm being
the length of the longitudinal sections). This can be used to determine compliance or its
inverse, stiffness. No one else to our knowledge has measured BM stiffness using Békésy's
method, but stiffness has been measured using other methods by a number of groups. Two
relatively early measurements were those of Gummer et al. (1981) and Miller (1985), in
excised cochlea of guinea pig. Both of these used point stiffness measurements. Point
stiffness has also been measured in gerbil (in vivo: Olson and Mountain (1994); excised
cochlea: Naidu and Mountain (1998); excised hemi-cochlea, with subset in vivo: Emadi et
al. (2004).) The experimental studies of Gummer et al. and Miller were analyzed using
models of simple or complex beams, and Steele and colleagues did a detailed computer
model of the stiffness of water buffalo BM (Steele, 1999), and more recently of gerbil
(Kapuria et al., 2011). In vivo BM stiffness was found through a wide range of frequencies
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with combined pressure and motion measurements (Dong and Olson, 2009) and with
pressure measurements and analysis (Olson, 2001).

In Fig. 8 we present macromechanical measures of stiffness, with a goal to relate diverse
measurements and tie them to the compliance measurements of Békésy. Using the left y-
axis, Fig. 8A shows Békésy's results from his pages 476 and 510. To recast these as a
compliance requires dividing by 100 Pa (the pressure stimulus for 1 cm of water) and
dividing by 1 mm (the distance over which each volume measurement was made).
Converting to SI units give the area compliance reported on the right hand y-axis. The area
compliance is a number that is used directly in some cochlear models (e.g. Zwislocki, 1965).
Many other cochlear models, rather than area/pressure, use displacement/pressure or its
inverse. To present the compliance data in this form it is reasonable to approximate the
displaced area as the BM width × the displacement height/2. Fig. 8B is derived in that way
from Fig. 8A, and it is plotted as the inverse, to give stiffness (Pa/m) rather than compliance.
In Fig. 8B gerbil has been included and several other animals not carried along – from now
on we show gerbil (red), guinea pig (blue) and human (black). In some animals the BM has
a pronounced longitudinal width variation (a factor of five in human and water buffalo,
Tiedemann, 1970), whereas in others (gerbil, Plassman et al., 1987, guinea pig, Fernandez,
1952) the width varies very little. The degree of width variation impacts the longitudinal
variation in Fig. 8B compared to Fig. 8A. The gerbil data in Fig. 8B are from point stiffness
measurements from two groups, Naidu and Mountain (1998) and Emadi et al. (2004). Point
stiffness is measured and reported in N/m, with the point being a blunt needle, of diameter
10 μm (Naidu and Mountain) or 25 μm (Emadi et al.) To get to Pa/m, a simple (but
incorrect) way would be to merely divide by the area of the probe tip. However, the BM is
composed of radial fibers of collagen, and this anatomy asks to be treated as a beam (more
on this is in the “Diversions” section below). With this in mind, a simple (but incorrect) way
to go from N/m to Pa/m would be to assume that the point stiffness force was distributed
over the whole beam. Then to get Pa/m stiffness (we'll refer to it as S_Pa/m) one would
simply divide the N/m stiffness (S_N/m) by (tip width × BM width). The proper way to go
from S_N/m to S_Pa/m is with a beam model as was developed in this context by Gummer
et al. (1981). Here we simply state the answer for a centered probe: As long as the probe tip
is substantially narrower than the width of the BM, S_Pa/m ∼3.75(S_N/m)/(tip width × BM
width) when the beam's edges are clamped, and S_Pa/m ∼ 2.5(S_N/m)/(tip width × BM
width) when the beam's edges are simply supported. Thus, doing the incorrect beam-based
calculation above would introduce an error of a factor of ∼3, and we can think of the factors
of 3.75 or 2.5 as “correction factors.” If the probe is not very small compared to the width of
the BM, the correction factor is reduced. Using a correction factor of 3, and the known BM
and tip width, the S_N/m data of Naidu and Mountain and Emadi et al. were recast as S_Pa/
m to be included in Fig. 8B. In Fig. 8C the same results are replotted with the x-axis
changed to percent of the cochlear length. More data are also included in the plot, because
stiffness has been measured in the base of the gerbil and guinea pig cochlea in several ways.
The Dong and Olson (2009) results were measured in vivo, at acoustic pressures of
moderate value, and are the most direct. The de Boer and Nuttall (2000) and de La
Rochefoucauld and Olson (2007) values were found by combining motion measurements
with a cochlear 3-D box model. (The most basal deLaRochefoucauld and Olson value is
rough, because the gerbil's very basal anatomy is not well approximated by a box model.)
The Olson (2001) results were based on pressure measurements, with pressure gradients
close to the BM used in a calculation to approximate BM motion. As noted with an asterisk
in the key, some of these data sets cover an extensive range of auditory frequencies. The
point stiffness measurements used probes that were much stiffer than the BM in all but the
Emadi et al. measurement, for which the probe had stiffness comparable to that of the BM.
Considering the guinea pig data, Békésy's basal values are about five times less stiff than the
other basal guinea pig results, and the discrepancy is larger when comparing to the gerbil
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results. Even the modern gerbil measurements show substantial variability. Some of the
discrepancy is due to the different methodologies and the approximations used to compare
diverse data sets. While Békésy's guinea pig preparations were fresh, his technique would
have likely have disrupted the cellular structure and this structure increases the stiffness
measured at the BM by a factor of ∼ two (Naidu and Mountain, 1998); see also Cooper
(1999) and Eze and Olson (2011) for evidence for a substantial cellular contribution to
stiffness.

In addition to quantitative measurements of volume compliance, Békésy made qualitative
observations on the relative stiffness of intracochlear structures, and the beginning of his
book's Ch. 12 describes the apparent relative stiffness of Hensen cells (“soft”), the reticular
lamina (“a stiff covering plate from which hair cells hang down”) and the tectorial
membrane (“soft with great internal friction but rigid when touched with a needle moving at
200 Hz”). Modern measurements have provided significant quantitative advances, with
measurements of tectorial membrane with micro-machined probes (Freeman et al., 2003)
and organ of Corti and tectorial membrane with atomic force microscopy (Scherer and
Gummer, 2004; Gueta et al., 2006). The interpretation of these micromechanical
measurements requires relatively advanced analysis – beyond a simple beam model. Modern
observations of micromechanical motion in isolated and semi-intact preparations have both
constrained and suggested new possibilities for what the motion of the organ of Corti is like
in vivo (e.g. Karavitaki and Mountain, 2007; Nowotny and Gummer, 2011; Fridberger et al.,
1998; Ulfendahl et al., 1989; Ghaffari et al., 2007).

3.3. Diversions
Békésy was remarkably thorough and prescient. However, a few of his conclusions were not
correct and may have diverted progress.

Orthotropy of BM – Békésy reported that a probe caused an impression in the BM that was
nearly circular near the probe. This implies that the membrane is isotropic, i.e., with the
same stiffness in radial and longitudinal directions. However, the pectinate zone of the BM
was named for the sharp radial lines that are so pronounced under the light microscope.
These are the “resonating stretched strings” of the Helmholz theory. More recent studies
establish that these lines are radial fibers of collagen II, imbedded in amorphous ground
substance, without longitudinal cross links (Dreiling et al., 2002). So the microstructure
indicates a highly orthotropic structure with low stiffness in the longitudinal direction. Some
modelers remained with the isotropic membrane, because Békésy said so, and some finite
element modelers use an isotropic membrane because it does not require such a fine mesh.
The problem is that this yields a much slower high frequency roll off, which was not
consistent with observations of BM motion. Voldrich (1983) pointed out: “The BM radial
fibers keep the shape of deformation of the living membrane confined to a narrow transverse
groove whereas a fixed membrane or one examined a few dozen minutes after death
becomes deformed over a wide crater-shaped circular area.” He suggested that Békésy did
not use a sufficiently fresh preparation. However, it is difficult to believe that Békésy would
make such an error. It should be noted that for a plate in bending, the ellipticity of the
impression depends on the fourth root of the elasticity ratio, so for a ratio of radial to
longitudinal elastic moduli of 100, the impression axes would have the ratio only around 3 –
thus, the method of evaluation is not very sensitive to the thing being measured, and this
might have contributed to Békésy's erroneous conclusion on isotropy. However, for the
tectorial membrane he observed an impression consistent with the nearly radial collagen
fibers.

Properties of tectorial membrane – Békésy reported that the tectorial membrane is very
compliant for static displacement but almost rigid for a vibrating probe at 200 Hz. The
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recent measurement of the tectorial membrane by Freeman et al. (2003) indicates that in the
range of 10–4000 Hz, there is only a modest increase in stiffness with frequency.

Property of endolymph – Békésy made the observation that the endolymph appeared to be
similar to the vitrous humor. Recent workers have not reported this experience. From
various sources, the protein content in percent by weight is roughly 0.05 for endolymph, 0.2
for perilymph, 1 for vitreous humor, and 1.8 for the tectorial membrane. So the endolymph
is the least gel-like (Thalmann et al., 1992). Typically models use the properties of water for
both endolymph and perilymph. Békésy further explored this by using a model with the
scala tympani replaced by a gel and found no significant effect on the motion response. A
gel has the same inertial properties as water, with the difference being in the damping. So
this reinforces Békésy's point that the governing mechanics are the inertia of the fluid and
the stiffness of the BM. This is further reinforced in the experimental model of Cancelli et
al. (1985) that includes Reissner's membrane and the tectorial membrane. Increasing the
viscosity of the endolymph by a factor of 10 only decreased the amplitude a bit. Also they
found that making the tectorial membrane almost rigid had little effect on the BM response.

4. Theoretical cochlear models – a connection to modern mechanics
This tribute to Békésy's mechanics does not discuss several topics that, while key to our
modern understanding, were not observed during his working lifetime. The prestin/OHC-
motility/amplification/twitching-stereocilia story began in observations starting in the early
1970s, that continue to burst forth with adolescent energy. Similarly, cochlear emissions are
a marvel first observed in the late 1970s, whose observation allows the noninvasive
exploration of cochlear mechanics. Cochlear emissions appear to travel out of the cochlea as
a combination of reverse cochlear traveling waves and pressure transmitted directly through
the cochlear fluid (e.g., Shera and Guinan, 1999; Manley, 2001; Ren, 2004; Dong and
Olson, 2008a,b). The relative proportion of these two exit routes is still uncertain and is of
interest, because the exit route affects the interpretation of major characteristics of the
emissions such as amplitude fine-structure and phase delay. Emissions are used to evaluate
cochlear condition, and a better understanding of the emission process is a fascinating and
clinically important research goal. References for these modern topics are in the book by
Manley and Fay (2008).

Békésy measured passive mechanics, and the cochlea might be a unique sensory organ in
that it “sort of ”works even post mortem, displaying a traveling wave that peaks in the same
general location and with almost the same longitudinal variation in wavelength alive and just
post mortem. Active cell-based mechanics modifies the response tremendously – in
quantitative terms, producing sensory tissue motion of ∼ a factor of a thousand larger than
what obtains in a dead/passive cochlea. Perhaps this is not the remarkable observation
however – after all, the difference between life and death is more than a factor of a thousand.
Perhaps what is most remarkable is the way the living cells build upon the passive
mechanical substrate – how much is unchanged, given how much is changed by active
mechanics. In our final section we show results from two active cochlear models – going
beyond Békésy for sure – to give brief examples of how modern theoretical cochlear
mechanics has built on the foundation he gave us.

Passive cochlear traveling wave models have several basic forms, and are usually
characterized by their dimensionality (1-D, 2-D or 3-D). The wave pattern emerges from
these models by way of a WKB approximation or a finite element calculation (e.g., Steele
and Taber, 1979), a transmission-line calculation (e.g., Peterson and Bogert, 1950), or an
analytical approximation (Zwislocki, 1965). In all cases, the core result is a wave Ψ(x,t) =
Ψ0ei(ωt− ∫k(x)dx) in which x is the longitudinal dimension. k, the wavenumber, is
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proportional to 1/wavelength and represents the curviness of the wave. In a mechanical
wave k depends strongly on the compliance and in the cochlea, the wavelength decreases
from base to apex due to the increasing compliance (Fig. 8) – thus, k is a strong function of
x. As noted in the discussion of scale models above, and apparent in the presented traveling
wave results, the passive traveling wave peaks where k begins its transition to large values
(short wavelength). When cochlear activity is present the wave travels further, into regions
with shorter wavelength, and can peak where the wavelength is only a few hundred
micrometers in length. (As in our caveat on apical/basal differences above, we note that this
pattern is not followed in the apex of the cochlea, where the wave seems to speed up again
after passing through its best place (Rhode and Cooper, 1996). This mechanical behavior is
also apparent in the reverse glides of ANs with CF < 750 Hz (Carney et al., 1999; Shera,
2001).)

There are many “active” cochlear models and they are designed to do different things – for
example, understand the fundamental physics (e.g., de Boer, 1984; Steele, 1999), understand
the emission process (e.g., Shera and Guinan, 1999), incorporate electro-mechanics
realistically (Ramamoorthy et al., 2007; Mistrík et al., 2009), understand the relationship
between AN tuning and BM tuning (e.g., Allen and Neely, 1992). Many models probe how
cochlear amplification works: how it turns on at the right place/frequency (e.g., Hubbard,
1993) and how OHC electro-mechanics might operate to produce it (e.g., Geisler and Sang,
1995). In the below we briefly describe two models that provide two very different views of
cochlear modeling.

4.1. Detailed macromechanical model with longitudinally coupled active force
The first model presented, the feed-forward/backward model of Steele and colleagues,
adheres closely to the known mechanics, treating the fluid in 3-D and incorporating known
anatomical/physical properties such as BM stiffness and width. The 3-D nature of the fluid
was apparent to Békésy: the insensitivity of the BF to scala area in Békésy's physical models
demonstrated that the significant behavior near BF is 3-D. In the cochlea the 3-D character
is apparent in the rapid fall off in pressure with distance from the BM (e.g., Olson, 1999). In
its passive form the model of Steele and colleagues was used to derive the cochlear map and
passive tuning (Taber and Steele, 1981) – this can be contrasted to the many models that
start with the map to derive a stiffness parameter. The active version of the model explores
how active mechanics employs the existing anatomy to provide amplification (Lim and
Steele, 2002; Yoon et al., 2011). OHC electromotility operates within the tilting architecture
of the Deiters processes and OHCs to exert forces on downstream locations, as illustrated in
Fig. 9.

The advantage of this distributed feed-forward/backward system is that its activation is
controlled by a robust property of the traveling wave – its wavelength. In the model the
OHC actuators are turned on all the time, yet in the long wavelength region, the actuators
only have the effect of a small shift in the stiffness of the partition. The actuators become
influential when they are in the vicinity of the best place where the wavelength of the
traveling wave becomes short, because of the phase shift provided by the short wavelength
and the longitudinal tilt of the cellular structure. Then the actuators have the effect of
negative damping, providing amplification of the response by 40 dB or more. This provides
tuned amplification, with the tuning mechanism operating in the wavelength, rather than the
frequency domain. In the model, OHC forcing occurs cycle-by-cycle, independent of
frequency, a reasonable first-order simplification (e.g., Frank et al., 1999; Rabbitt et al.,
2009; Johnson et al., 2011; Dallos and Evans, 1995). BM velocity and pressure predictions
from this model are roughly in agreement with measurements (Yoon et al., 2011). A similar
wavelength-based tuning mechanism has been employed in several other models, for
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example (Geisler and Sang, 1995) and the relationship to time-delay models also explored
(Zweig, 1976, 1991; Homer et al., 2011).

4.2. Time-domain nonlinear model
The second model, by Duifhuis, employs a time-domain model to study activity. Cochlear
activity is included as a true nonlinearity, as opposed to the many models (including the one
above) that employ a linearized-nonlinearity and are run in the frequency domain with the
active component taking different values at different stimulus levels. A time-domain model
is much more costly of computational time than a linearized frequency domain model and
has the added complexity of a nonlinear activity parameter. Other simplifications are made,
however. For example, the model presented here approximates the fluid in 1-D, and so far
does not incorporate measured BM stiffness data. Stiffness is derived, based on the
tonotopic map and a simple value for the mass per unit area. Thus, there are trade-offs. Two
ways to improve the parameter selection are to use the currently available stiffness data, and
to check wavelength responses and data. More realistic parameter selection has been
explored for guinea pig (Schneider et al., 2000).

As is well known, nonlinear systems can behave in ways that are difficult to predict and
time-domain models provide an essential check of the results of the frequency domain
models (Duifhuis, 2012). For studying certain behaviors, such as distortion product and tone
evoked emissions, for example Brass and Kemp's (1991) observation of otoacoustic
emission during constant tone stimulation, nonlinear time-domain models are essential
(Duifhuis and van den Raadt, 1997).

Fig. 10 shows the model's displacement response to a 2 kHz stimulus. Three stimulus levels
are shown: 10, 40 and 70 dB SPL. In the lower panel the responses are normalized to the
stimulus level. Many of the features of the traveling wave patterns in the experimental data
are apparent. The normalized response maximum for 10 dB SPL stimulation is 50 times
larger than the normalized response maximum at 70 dB SPL. Comparing the same
longitudinal location, the wavelength lengthens just slightly as sound level increases.
However, if you compare wavelength at the place of maximum, the higher stimulus curves
peak further basal, where the wavelength is significantly longer. In the results here, the
activity parameter reduced the resistance to almost zero. Reduction below zero (to negative
resistance) results in oscillations that correspond to spontaneous otoacoustic emissions. In
that case the damping is essentially nonlinear for small amplitudes, because increasing
positive damping is required to achieve stability. In that case a local point behaves as an
oscillator (Rayleigh or Van der Pol). If the cochlear parameters change smoothly, then the
direct environment will not immediately dissipate the emission, and it will be transmitted
into the fluid and leave the cochlea with a size that depends on the impedance match:
transmission through the middle ear versus reflection at the stapes.

5. Closing
Békésy laid the groundwork for cochlear mechanics in his observations of the traveling
wave, and his detailed and quantitative measurements on physical properties. In this
contribution we have emphasized modern measurements that are closely related to Békésy's.
Comparing to Békésy's time, the huge step forward in the field of cochlear mechanics has
been the discovery and subsequent exploration of cochlear activity. This activity works
within the framework of passive mechanics and the observations of Békésy are still our
foundation – the roof continues to rise. In writings about Békésy by his contemporaries a
theme is his love of art and of beauty (Ratlif, 1976). His Biographical Memoir recalls that
Békésy wrote that once he saw the beauty of the cochlear anatomy, there was no going back.
Békésy wrote in his 1961 (Békésy, 1961) Nobel lecture that he most appreciated great art
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that used nature as a source of creativity, and this led him to the realization that observing
nature was also the source of scientific creativity. As a scientist he sought to uncover the
beauty of the cochlea. We are fortunate to have had such an inspired and inspiring founder.
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Fig. 1.
Guinea pig tonotopic map from Békésy's BM displacement measurements and the same data
shifted up 0.5 octave, compared to Greenwood's tonotopic map determined with AN
recordings coupled to anatomical staining. Also shown is a theoretical estimate of the
passive peak location using Békésy's BM compliance measurement.
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Fig. 2.
BM displacement measured by Békésy in human, at four points of the stimulus cycle.
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Fig. 3.
BM velocity measured by Ren in gerbil. Amplitude and phase data are combined to give the
response pattern at six points within half a stimulus cycle.
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Fig. 4.
Auditory nerve responses measured by Van der Heijden and Joris in the cat, and their
analysis to find traveling wave patterns. (A) Response amplitudes from nine ANs as a
function of frequency and (B) corresponding phases. (C) Each curve shows phase for
stimulation at one frequency as a function of location, and is derived from data in B. The
phase versus location response for 1 kHz stimulation is emphasized – dashed line at 1 kHz
in B, aqua curve in C. x-axis plotted as distance from apex. (D) Amplitude and phase of the
response to 1 kHz stimulation, with x-axis reversed to distance toward apex. (E) Traveling
wave patterns derived from D.
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Fig. 5.
Basilar membrane displacement measured by Rhode in chinchilla. Upper panels show
amplitude and phase as a function of frequency. In the lower two panels the data are
replotted as the response pattern, assuming scaling symmetry and using the tonotopic map.

Olson et al. Page 22

Hear Res. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Pressure close to the BM measured by Olson in gerbil. Upper panels show amplitude and
phase as a function of frequency. In the lower two panels the data are replotted as the
response pattern, assuming scaling symmetry and using the tonotopic map.
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Fig. 7.
Results from Ruggero et al. (2000) demonstrated the similarity between BM and AN tuning
in the cochlear base.
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Fig. 8.
Basilar membrane compliance and stiffness as a function of location from stapes. (A) Data
from Békésy. (B) Stiffness replotted as Pa/m. Guinea pig and human data derived from
panel A. Gerbil results derived from more recent point stiffness measurements. (C) Same as
B except x-axis is percent distance from stapes, and additional basal measurements of
stiffness included.
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Fig. 9.
Longitudinal anatomy of the organ of Corti. OHCs, outlined in black, are ∼10 μm in
diameter. Gray supporting structures are Deiters cells.
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Fig. 10.
Responses of a time-domain model to 2 kHz stimulation, with responses normalized to the
stimulus level in the bottom panel.
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