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impedance, a positive pressure being produced in the
outer branch at the same time as equal negative pres-
sure is produced in the inner branch, and vice versa.

The sources @, and Q;, on the other hand, are each
applied as thoughthe inner and outer branches were con-
nected (approximately) in parallel.®? For free-jet-edge
oscillation, therefore, each produces sound pressure of
the same sign in both branches. Since @, and Q) are
180° out of phase, interference results so that there is
no net sound pressure produced by these sources in the
normal edgetone.

The effect of replacing the inner branch with a reso-
nant air column is to change the symmetry of the branch
impedances. At the resonance frequency the branches
now have impedances of approximately equal magnitude
and opposite sign, being dominated by reactive compo-
nents. This causes a phase inversion in the sound pres-
sure produced by @, relative to that of )}, so that the two
sources reinforce rather than interfere with each other.
The resulting monopole source, represented by the
combined flow (@,+Q}), is a far more efficient radiator
than the edge-coupled dipole at low Mach numbers and
can be counted on to dominate’the field in normal organ
pipe operation.

Two separate mechanisms may thus be distinguished
with regard to the modes of feedback and coupling to the
medium. Phasewise the two are linked by the sequence
of events that take place at the trailing edge. Except
for the case of transients, or for off-resonant oscilla-
tion, however, one or the other mode dominates, de-
pending on the symmetry of the branch impedances. To
avoid confusion, therefore, it would be well if the type
of oscillation where pipe-mode drive and pipe-mode
feedback are dominant were referred to as “pipetone”
oscillation (or perhaps “organ pipe” oscillation, although
this does not have the same ring of generality).
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for spatial frequency analysis within the cochlea
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S

Stiffness z of the basilar membrane of the house mouse against a displacement by sound was calculated
from data on width and thickness of the membrane. Three functions of the kind log,,z = ax + b were
obtained which equally express the stiffness change in dependence on the locus x on the basilar
membrane. These functions were compared with the one for frequency representation. The result is that
the spatial distribution of displacement maxima for frequencies and of stiffness follows the same kind of
place-dependent functions over a large portion of the basilar membrane. From this it can be concluded
empirically that the frequency and stiffness (calculated from width and thickness of the basilar membrane)
scales along the cochlea are generally proportional to each other and that stiffness is a dominant factor for
the determination of the locus of the displacement maximum for a given frequency.

PACS numbers: 43.63.Ds, 43.63.Kz

INTRODUCTION
The frequency-dependent displacement of the basilar -
membrane by traveling waves is the principle basis for
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frequency resolution within the cochlea of mammals.
The mechanical properties of cochlear fluid spaces and
membranes change between base and apex with the ef-
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fect that the displacement maxima for different frequen-
cies are orderly spread along the basilar membrane
with high frequencies represented near the base and low
frequencies near the apex. Many, sometimes compli~
cated mathematical models of cochlear mechanics have
been proposed (see, e.g., Dallos, 1973; Geisler, 19476),
which often build upon v. Békésy’s (1960) measurements
of volume displacement and elasticity gradients along
the cochlea.

In the present paper it will be shown that spatial fre-
quency analysis based on frequency-dependent displace-
ment maxima of the basilar membrane correlates with
a function of changing width and thickness of the basilar
membrane along its major part. Width and thickness
are basic anatomical measures which can be deter-
mined without greater difficulties. However, their in-
fluence on the displacement pattern of the basilar mem-
brane and on frequency representation has not yet been
quantitatively demonstrated.

I. METHODS

Width and thickness were measured in nine cochleas
of the house mouse, Mus musculus (outbred strain NMRI)
with a resolution of one measurement per 0.1 mm [total
length of the basilar membrane, 6.84 mm (Ehret and
Frankenreiter, 1977)]. The insert to Fig. 1 shows that
the basilar membrane of the mouse is divided into two
parts, pars pectinata (d,, w,) and pars tecta (d,, w,).
Both parts can be clearly distinguished from about 2 mm
from the apex down to the base. The thickness of pars
pectinata increases monotonously from the apex up to
about 1 mm from the base, while the thickness of pars
tecta increases somewhat irregularly from 2 mm from
the apex to about 1 mm from the base; the width of both
parts decreases from the apex to the base (Ehret and

- Frankenreiter, 1977). -

For calculating stiffness z of the basilar membrane
one has to consider its mode of displacement. It has
been demonstrated (Ehret and Frankenreiter, 1977) that
a displacement of the basilar membrane of the mouse
happens as a motion at three hinge points (arrows in the
insert to Fig. 1) without any flexion of pars pectinata
and pars tecta (cf. Steele, 1973, mode II). This is true
from about 2 mm from the apex almost down to the basal
end.

The stiffness against a displacement at the three hinge
points is proportional to the stiffness of the material at
the hinges, inversely proportional to the total width w
of the basilar membrane, and in addition depends on
wy/w,y. If w, =w, then the largest displacement should
occur for a given pressure, and the stiffness is smallest.
In the mouse w, is always larger than w,, and it follows
that the stiffness increases with increasing difference
between w; and w,. Thus z is proportional to w,/w,.

The stiffness of the material at the hinges can be as-
sumed to be proportional to the thickness d, of the
basilar membrane. Iurato (1962) showed that numerous
radially running filaments which often are arranged in
bundles are important components of the basilar mem-
brane. In pars pectinata two strata of filaments are
separated by a “cottony” ground substance. At the hinge
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FIG. 1. Three curves (I-III) show the dependence of stiffness
of the basilar membrane [after Eqs. (1)—(3) and (6), left
ordinate] on the locus on the membrane (abscissa). The re-
gression lines follow Egs. (7)~(9). The curve with the open
circles demonstrates the frequency representation on the
basilar membrane of the mouse after Eq. (10) (frequency,
right ordinate). The insert shows a diagram of a radial sec-
tion through the basilar membrane of the mouse, indicating
the measured widths and thicknesses and the three hinge points
(arrows), where a movement of the basilar membrane occurs.

points the ground substance is reduced and the strata
coincide (also Engstrdm, 1955). A thickening of the
basilar membrane is based on an increase in the num-
ber of filaments and the mass of ground substance
(lurato, 1962). It follows that the thicker the basilar
membrane the more filaments can be assumed to run
through the hinges, which means an increase in stiff-
ness. The relation among stiffness, width, and thick-
ness of the basilar membrane can be summarized by the
equation

z =ky(dywy/ww,) (Curve 1) . (1)

The term w,/w, is rather constant along the bagilar
membrane of the mouse so that it can be included into
the proportionality factor, with the result

2 =hy(dy/w) (Curve II) . (2)

- Furthermore, w can be replaced by w,

2 =ky(dy/w,) (Curve IOI) . (3)

The relation among stiffness, width, and thickness of
the basilar membrane can be calculated on the basis of
another consideration including, however, the condition
of no flexion of pars pectinata and pars tecta. The dis-
placement amplitude at the hinge point betweenboth parts
increases on a constant pressure with increasing ex-
tensibility of the basilar membrane in radial direction.
The extensibility can be characterized by Poisson’s
ratio u, which is the ratio between the transverse con-

e
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traction and linear (in this case radial) expansion (Berg-
mann and Schaefer, 1970); )

_Ad/d
b= = aw/w
or
w=~w/d . 4)

Stiffness (z) would be proportional to 1/u, and substi-
tuted in Eq. (4):

z~d/w . (5)

If d in Eq. (5) is replaced by d;, the thickness of pars
pectinata, the final equation follows:

z2 =ky(d;/w) (Curve II) , (6)

which corresponds to the previously derived Eq. (2).

{l. RESULTS AND CONCLUSIONS

In Fig. 1 three stiffness! functions (calculated from
the original data from Ehret and Frankenreiter, 1977)
according to Eqs. (1)-(3) and (6) are plotted against
the length of the basilar membrane. The proportionality
factors ky, ks, k, (k) were always set equal to 1, which
can be done without changing the shape of the curves.
Regression lines (» =correlation coefficient) were drawn
in all three cases and are excellent approximations to
the data points except near the base of the basilar mem-
brane, where z becomes rather constant. The regres-
sion lines follow the equations: '

Curve I: logyz =0.23x-1.8, »=0.9977, (7)
Curve II: logz =0.21x~2.1, r=0.9962, (8)
Curve II: log;z=0.21x-1.9, »=0.8930, 9)

where « is the distance on the basilar membrane from
the apex. The slopes of all three regression lines
differ very little so that all three curves represent the
same relation between stiffness and locus on the basilar
membrane.

These curves have to be compared with the frequency
representation function on the basilar membrane of the
house mouse. This function was derived from psycho-
physical masking experiments (Ehret, 1975, 1976) and
is also presented in Fig. 1. This function follows the
equation

F=3850% (10%2%— 1) ,

'

(10)

which simplifies for values of x= 2 mm, when the term
—1 plays a subordinate role, to

F£=3350%10%2% , (11)

Equation (11) can be transformed into Eq. (12), which
is directly comparable to Egs. (7)-(9):

log;of=0. 21x+108;43350 . (12)

It is evident that the slope factor 0.21 of Eq. (12)
equals the slopes in Egs. (8) and (9), and it is very
close to that of Eq. (7).% This means that stiffness cal-
culated from the width and thickness of the basilar mem-
brane depends on the locus on the basilar membrane
just in the same manner as the displacement maxima
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for frequencies. The conclusion follows that stiffness
of the basilar membrane as calculated from width and
thickness [Eqs. (1)-(3) and (6)] seems to be a crucial
factor in the determination of the locus for the maxi-

mum displacement of the basilar membrane at a given
frequency.

One can combine Egs. (7)-(9) with Eq. (12) by sub-
stituting the term 0.21x and obtain generally

f=cz, (13)

which is the expression for the proportionality between
frequency representation and stiffness. Equation (13)

is valid for 2=x=#6.2 mm. Near the apex and at the
absolute base of the cochlea of the mouse other factors
like the mass and viscosity of fluids and the helicotrema
near the apex seem to have a considerable influence.
Equation (13) expresses an empirical relation derived
from experimental data which are independent from
each other. Although the physics underlying Eq. (13)
may be complicated, the stiffness scale and the frequen-
cy scale show the same kind of gradual variation along
a large portion of the basilar membrane which is an in-
dication for a causal relationship.
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Igtiffness Z, which is the reciproeal of elasticity, is physically
defined as the ratio of force and displacement (Z =F/Al).
The displacement amplitude Al, however, is inversely pro-
portional to the “anatomical” stiffness z defined in this paper
(Al~1/z), and when this is substituted in the above equation
it follows that Z ~ Fz, showing that physical stiffness and
anatomical stiffness are proportional to each other. Thus
stiffness from the width and thickness of the basilar mem-
brane is an adequate measure of the true physical stiffness
of the system. .

’Comparing the slopes of the functions in Fig. 1, one has to
consider that the shown curve for frequency representation
follows Eqg. (10) with the term ~ 1 included. Thus the actual
slope of this curve between 2 mm and the base is steeper
than indicated by Eq. (12) and equals the slope of curve 1

(Eq. (D]
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