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VOORWOORD,

s

Het verschijnen wvan dit proefschrift verschaft mij de
gelegenheid mijn grote erkentelijkheid te betuigen aan U,
Hoogleraren, Lectoren en Privaat-Docenten, die tijdens mijn
studiejaren leden waren van de Medische en Natuurphilo-
sophische Faculteit te Utrecht voor de academische vorming,
die ik van U mocht ontvangen.

Hooggeleerde van Gilse, tijdens mijn specialistische opleiding
is dit proefschrift onder Uw leiding begonnen en het is mij
een bizonder voorrecht, dat Gij thans mijn Promotor kunt
zijn. Met grote erkentelijkheid denk ik terug aan de tijd, die
ik bij U in de kliniek werkzaam heb mogen zijn. Tijdens die
voor ons allen zo zorgelijke ocorlogsjaren hebt Gij steeds
getracht de band tussen allen die op Uw afdeling werkzaam
waren te verstevigen en heb ik mogen profiteren van Uw
uitgebreide kennis en rijke ervaring op het gebied der Oor-,
Neus- en Keelheelkunde.

Toen de oorlogsomstandigheden het verrichten van experi-
mentele onderzoekingen op het gebied der physische en
physiologische acoustick zeer bemoeilijkten, heb ik, op Uw
aansporen, de mij door de Organisatiecommissie Gezond-
heidstechniek T.N.O. geboden gelegenheid tot het samen-
stellen van een samenvattend overzicht over theorieén en
experimenten betreffende de gehoorzin gaarne aanvaard.

Gij, hooggeschatte Promotor, hebt steeds mijn belangstelling
voor de problemen der acoustiek aangewakkerd en mij aange-
spoord deze vaak hopeloos schijnende taak tot een einde
te brengen, Voor deze steun ben ik U ten zeerste erkentelijk.

Een woord van bizondere dank moge hier worden gericht
aan de Organisatiecommissie Gezondheidstechnick T. N. O.
en in het bizonder aan de Geluidcommissie dezer Organi-
satie, voor de financiéle en morele steun, waardoor het
mogelijk werd, dat dit overzicht als afzonderlijk rapport
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der Commissiec en tevens als proefschrift kon verschijnen.

Bij de uitwerking der physische problemen mocht ik grote
hulp ondervinden wvan de waarnemend Voorzitter van
de Geluidcommissie T.N.O, Dr I+ C. W. Kosten, alsmede van Drs
J. J. Groen en Mevrouw E. Kraak-Cramer, waarvoor ik hen op
deze plaats gaarne mijn erkentelijkheid wil betuigen.

Het secretariaat van de Organisatiecommissie Gezondheids-
technick T.N.O,, alsmede de Universitaire Pers Leiden breng
ik bizondere dank voor hun medewerking bij de technische
uitvoering dezer publicatie.

Met dankbare herinnering denk ik terug aan de prettige
samenwerking tijdens mijn assistentschap met mede-assi-
stenten, zusters en ander personeel van de Oorheelkundige
Afdeling van het Academisch Ziekenhuis te Leiden, waarbij
ik in het bizonder denk aan Mejuffrouw Nieuwenhuyse,
Zuster Molenkamp, alsmede aan de heren Brouwer en Piena.

Tenslotte mag ik allen, die op enigerlei wijze aan het tot
stand komen van dit proefschrift hun medewerking hebben
verleend van harte dank zeggen voor hun zeer gewaardeerde
hulp, zonder welke de uitvoering van deze taak mij vrijwel
onmogelijk zou zijn geweest.

Oegstgeest, Maart 1950
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CHAPTER I
INTRODUCTION

The explanation of the sense of hearing is undoubtedly
one of the most difficult problems in science. Numerous
otologists, anatomists and physiologists, as well as many
physicists have been engaged in solving this problem. The
great amount of clinical experience and the vast number of
experiments, the observations of which often were conflicting,
have led to the formation of a great many theories of hearing,

This has made it hitherto practically impossible to come
to any one theory capable of explaining all the characteristics
of the sense of hearing.

In order to arrive at a classification of all the facts and
data available, it will be necessary to analyse the different
processes which go to form the auditory sensation.

Whereas in the case of the cutaneous senses and the special
senses of taste and smell, the stimulus affects the Sensory
elements directly, in the case of the senses of vision and hearing
the stimulus has first to pass through a series of media before
arriving at the sensory organ proper. The various physical
constants of these conductive systems will influence the
nature of the stimulus, and changes in these constants may
alter the final perception of this sensory stimulus. Only after
the physical energy has been transferred into nervous energy
will the impulse pass along the nerve to the cerebral cortex,
where a final interpretation of the stimulus takes place. The
whole process can therefore be divided schematically into
three stages, namely:

1. the transference of the physical energy of the stimulus
to the sense organ proper. In the ear this is achieved by the
sound-conducting system, which consists of the tympanic
membrane, the chain of ossicles, and the fluid of the inner
ear. The air in the middle ear, the membrane of the foramen

I
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rotundum and the membranes suspended in the cochlear fluid
also have to be considered as part of this system.

2. the conversion of the physical energy into nervous im-
pulses by the sense organ of CORTI (“transformation system’).

3. the conduction of nervous impulses along the nerve-
tracts to the nerve centres in the auditory cortex.

In studying the sense of hearing we shall have to decide
with which of the above systems certain peculiarities of this
sense are connected. In early days this study was almost
entirely limited to the sound-conducting system, including
the basilar membrane, and most of the auditory theories of
that time attempted to deduce the function of the ear chiefly
from the anatomical structure and the physical characteristics
of this system. Whereas the function of the middle ear in
man could be traced with some degree of certainty, it was
almost impossible, on account of the minute dimensions and
inaccessibility of the eochlear system, to examine the physical
and biological peculiarities of the inner ear apparatus. Thus
many contradictory hypotheses were formed concerning the
function of the inner ear, but the values of the various physical
constants of this organ (e.g. the viscosity and density of the
fluid, damping, mass, and elasticity of the basilar membrane),
were frequently estimated arbitrarily. von BfkEsy in his
ingenious investigations, making use of an extremely accurate
experimental and microscopical technique, was the first to
try to correlate all these physical characteristics of the inner
car in order to lead to a better insight into the working of
this part of the auditory organ.

After the anatomical discovery of the spiral organ by
ArpronsE Corti in 1851, its function in relation to the normal
process of hearing was soon recognized. Though, later on, some
doubt was expressed as to the absolute necessity of an intact
organ of Corti for the perfect sense of hearing (WITTMAACK (2),
Runce, Kepes, v. GILSE) we may now assume that the
inteerity of this organ is indispensable for the normal function
of the organ of hearing. At first conclusions regarding the
function of the organ of Corti could be drawn only from the
study of the microscopical structure of this organ after the
death of the human being. Since experimental physiology was
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f:ftil] in. its infancy and no reliable method for testing thg hearing
in an‘mmals existed it was only in the human being that a
fl.l].’lCi‘.IOIl.a] examination of hearing could be made.

j:%.nd It was only possible after the death of the human
being that a correlation between this functional examination
and ‘the pathological-anatomical changes in the organ | of
1.1ear1_‘r.1g could be established. Drawing conclusions about the
function of an organ from its microscopical structure, however
s etnly possible to a certain extent, and owing to technicai
dlffu.:ulties, this is particularly limited in the case of the
hearing organ. The investigations of HAMBERGER et al.
however, seem to have opened the way to correlate the result;
of functional tests with biochemical changes in the nerve-cells
of the cochlear and vestibular ganglia. |

Not until methods were developed which permitted the
testing of hearing in animals, was the way opened to a cIose:j
study_ of the physiology of hearing. Since the experimental
techmqge was at first limited to the examination of the sound-
cond}lctlng system, it was practically impossible to investigate
the inner ear and the auditory nerve in the same mantr}mr.
Only the discovery of the electrical activity of the cochlea
and the auditory nerve, by WEVER and Bray (1), opened the
way to a better understanding of the function of the inuér
ear, apd central interpretation of the nerve impulses, As the
follmxfmg chapters will touch repeatedly upon these animal
experiments, the principal methods are now described briefly.

1. the acoustic veflexes — animal experiments have revealed
jchat certain groups of muscles contract in response to sound
%mpulses of sufficient intensity. Preyer, for instance, described
in rode.n.ts the so-called pinna-reflex, consisting of a short
contraction of the auricle which can be recorded on a kymo-
graph. Of much greater importance, hoﬁvever, appeared to
be the contractions of the intra-tympanic muscles in response
to sound stimuli (acoustic reflex contraction). This reflex
has been studied by a great many authors (Karo, KoBrak (s,
2,4), LorenTEDENG (1, 2), Prirte, Harrpikzand several others).

It WaS.ShOW]l that in various animals both muscles respond
to sound impulses of sufficient intensity, the reflex mechanism
of the stapedius muscle being the more sensitive (Karo). The
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strength of contraction at a certain i11tensi.1:y—le:vel_ ?f the
stimulus varies widely in different animals and individuals,
but as in each individual it is directly proportional to the
intensity of the stimulating sound, this reflex may be used
as an index of auditory function. Any alteration in the per-
ception of sound impulses will change the rate of contraction
of the intra-tympanic muscles. Since even in response to a
unilateral stimulus the reflex appears in both ears, the cochlear
function in one ear may be studied by the contractions of
the muscles in the opposite ear. _

Luscrer (1) demonstrated the stapedius reflfax in man; and
many subsequent investigations have contributed to. the
elucidation of the characteristics of this particular auditory
reflex contraction. (KoBRrax (2); Linpsay, Koerak and
PzriMAN; Porrer; PERLMAN and Case (1) ). .

9. the vestibular reflexes — another form of motor reflex is
the reaction first described by Turrio (reaction of Tul]io).
If, in an animal, the pigeon for instance, the_ s'tatic organ is
opened by making a fistula in one of the semlmrf:ular canals,
movements of the head and eyes result as a reaction to sound
impulses of sufficient intensity. These experiments have been
confirmed and carried further by several others. Though
this reflex cannot be considered as a means of measuring the
cochlear function, because it is still maintained after toFal
abolition of the cochlea, it may well serve as a means to examine
the hydrodynamic behaviour of the inner ear before and
after the sound-conducting apparatus has been subjected to
various kinds of surgical interventions (HU1ZINGA, V. EUNEN.).

3. the conditioned veflexes — when, in an animal a certain
stimulus evokes a certain reflex and simultaneously a SOL_tnd
impulse is delivered, the animal, after some time an.d pra{:tlc?,,
will exhibit the reaction only when the sound impulse is
given and the original stimulus is omitted (PAVLC.!V). This
method appeared well suited for studying the physiology of
hearing (CuLLER, BROGDEN et al., Dworkin), and has, for
instance, brought forward evidence for a cerebral tonal
localization (Apzs, MeTTLER and CULLER).

4. electrical phenomena — In 1930 WEVER anc‘l Bravy (1_.)
reported upon their classical experiments in which electric
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potential oscillations could be derived from the auditory
nerve of an anaesthetized animal in response to sound waves
activating the ear. The next year Aprian (1) showed that
these potential waves could be easily detected from the area
of the foramen rotundum by opening the auditory bulla. The
investigations of Davis et al. (1934) soon showed that two
different phenomena had to be distinguished :

a. the electrical response of the cochlea (cochlear activity,
cochlear potentials, cochlear response, cochlear microphonics)
-— as this phenomenon disappears after the death of the
animal, Wever and BrAv concluded that it must be of a
biological nature. The characteristics of the sound impulse,
such as frequency, intensity and phase, are almost accurately
followed by the electric potentials generating in the cochlea
and spreading to adjacent areas, such as the foramen rotundum
and the cochlear nerve, The cochlea thus works as a type of
microphone (microphonic action of the cochlea).

Davrs and his co-workers interpreted the cochlear response
as arising in the sensory cells of the organ of Corti as a result
of mechanical distortion of these cells (piezo-electrical effect),
Contrary to this hair-cell theory, stands the theory that these
cochlear potentials have a purely physical origin in movements
of fluids, or polarized membranes in the inner ear (E¥STER,
Bast and Krasno, Havrrpike and Rawpon-Surra (2), Fiori-
RaTTr and ManrFreDI). The many investigations which have
since been carried out have established, with a fairly high
degree of certainty, that the cochlear potentials have their
origin in the hair-cells of the organ of Corti (SteEvENs and
Davis, Hinven, Warze (1), Juur).

Though the cochlear microphonics may not be considered
as an absolute measure of the hearing sensation of the animals,
since, even with total dissection or destruction of the auditory
nerve, the electrical activity of the cochlea remains unchanged
(GurtMANN  and Barrera (1, 2), Rawpon-Suite  and
HAwkins), it must be regarded as a highly valuable means
of measuring the cochlear function during life. The influence
of alterations in the sound-conducting apparatus as well as
in the sensory organ can easily be studied by this method.
(Summarijes: STevENs and Davis, Kerraway).
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Since it is fairly clear that the structures responsible for the
cochlear microphonics are an essential link in the process of
hearing, any marked alteration in these structures will result
in a similar alteration in the auditory acuity. The attempts
to correlate the hearing sensation in animals, as measured by
the conditioned reflex method, with the occurrence of cochlear
microphonics, as well as the study of cochlear activity in
man (PErLMAN and Case (2), LEMPERT et al. — cochleogram)
may carry us towards the solution of how close the relationship
is, which exists between the cochlear microphonics and the
hearing sensation.

A similar effect to that which can be derived from the
cochlea may be elicited by the crista in the ampulla of the
static organ, if an opening is made in the corresponding semi-
circular canal and a sound wave activates the ear (BLEEKER).
This microphonic action of the crista has nothing to do with
the cochlea, as it can also be generated if the cochlea is
destroved or extirpated.

b. action curvents of the audifory merve — these action-
currents in general exhibit the same phenomena which electro-
physiology has already demonstrated in all other sensory
nerves (ADRIAN, (2)). The further study of these action-
currents has of recent years furnished valuable data regarding
the manner in which the sound impulses are conducted to
the central nervous system by the nerve fibres of the auditory
nerve (Warzt (2), WoorLsey and Warzr, TuNTURI, GALAMBOS
and Davis (1,2) ).

It is not intended, however, to enter further into these
investigations here since they are but indirectly concerned
with the subject under discussion. In the following chapters,
after a short summary of the principal anatomical facts, an
attempt will be made to give a review of the historical develop-
ment of the theories of hearing leading up to our present
knowledge as far as it concerns the first phase of the auditory
process. At the same time a distinction will be made between:

1. Theories and experiments respecting the sound framns-
mission in middle and inner ear.

2. Theories and experiments respecting the sound analysis
by the auditory organ.

CHAPTER 1I

THE STRUCTURE OF THE INNER EAR AND
THE CHARACTERISTICS OF THE INNER
EAR FLUIDS

Since most theories of hearing are based on the various
anatomical features of the organ of hearing the principal
facts regarding these features, as far as they are in relation
to its function, will now be described.

From the anatomical point of view the ear may.be divided
into three parts (fig. 1):

1. External ear, which includes the auricle and the external
auditory meatus. According to v. BExgsy (4) the average
volume of the external auditory meatus amounts to 1.04 cc
and the average depth to about 2.7 cm.

2. Middle ear, consisting of a cavity filled with air separated
from the external ear by the tympanic membrane, to which
is attached the chain of ossicles, namely the hammer or
malleus, the anvil or incus and the stirrup or stapes.

The pressure in this cavity under normal conditions is
equal to that of the atmospheric pressure of the external
ear, and is regulated by means of the Eustachian tube. As
the acoustic properties of the tympanic membrane are mainly
determined by the cushion of air within the tympanic cavity,
a slight change of its pressure may cause an important altera-
tion in the acoustic impedance of the membrane, To the
malleus and to the stapes are attached two small muscles,
the M. tensor tympani to the malleus and the M. stapedius
to the stapes, A contraction of the stapedius muscle may
cause a slicht displacement of the stapes (Luscur). No
| displacement of the malleus or the tympanic membrane has,
'however, been observed in the acoustic reflex contractions
lof the tensor tympani in man (Waag).
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3. Internal ear, which consists of two parts, the static
organ, or vestibule together with the three semicircular
canals, and the cochlea, which is a spirally coiled tube, wound
round an axis for two and a half turns (fig. 2). In some animals
the number of turns of the cochlea is greater, that of the
guinea-pig, for instance, has four turns.

EXTERNAL MIDDLE [INTERNAL
\ TYMPANIC CAVITY

\ / SEMICIRCULAR
\ CANAL

\ FENESTRA
__/ OVAS

/’i; :

EUSTACHIAN
\

\ TUBE
FORAMEN ROTUNDUM

Fig. 1. Schematic diagram of the structures of the external, middle
and internal ear,

Briefly the inner ear is contained in a complete cavity of
the temporal bone, known as the osseous labyrinth, which
is filled with fluid known as perilymph, and in this fluid
is suspended the membranous labyrinth, a series of communi-
cating sacs and ducts, containing another fluid, the endolymph
(fig. 5).

Two openings in the osseous labyrinth or the labyrinthine
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capsule lead from the middle ear into the inner ear. These
openings are known as the fenestra ovalis or oval window
and the foramen rotundum or round window. Whereas nearly
the whole of the fenestra ovalis is occupied by the footplate
of the stapes, a flexible elastic membrane is stretched in the
bony ring of the foramen rotundum. On account of the mem-
branous connection of the stapedial footplate with the margin
of the fenestra ovalis, the stapes can make a to and fro
movement. Because this fixation is much stronger at one
side than at the other, the stapes does not move like a piston
in a cylinder, but makes a pivoting movement, with the axis
of rotation at the lower posterior pole (fig. 8). The movements
of the stapes in connection with its shape have been elabo-
rately studied by Stunimaw (2, 3) and FumAGALLIL

The cochlear partition. :

The cochlea, throughout almost its entire length, is divided
into two separate parts by a partition, partly bony, partly
membranous. At the apex of the cochlea the membranous
part of the partition is deficient, so that an opening is formed
between the two separate portions of the tube. This opening,
measuring about 0.1 sq. mm is called the helicotrema (fig. 2).
The bony part of this partition is in the form of a shelf, the
osseous spiral lamina, and is attached to the axis of the spiral,
called the modiolus, whereas the membranous portion stretches
from the free border of the osseous lamina to the outer wall
of the canal. This membrane is known as the basilar membrane,
and, as it is of great importance in most theories of hearing,
a more detailed description of its anatomical features is
necessary.

The basilar membrane consists of three layers, two covering
layers and one intermediate layer. Since the investigations
of Hensex (1863) and Nuzr (1872) it is generally held that
this intermediate layer consists of a great number of adjacent
fibres running radially in a homogeneous ground substance.
Avzrs (1) and SuamBavucH (1) described in the human specimen

' not one, but four layers of fibres, three of which ran in a
' radial direction and a fourth which ran at right angles to

~ the other three. In some animals (cat and rabbit) two layers
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of fibres do occur, separated by a homogeneous substance
(Herp (3) ).

As the result of anatomical investigations HARDESTY (1)
assumed that the fibres were built up of numerous fibrils,
tightly connected with each other through a richly branched
network of connective tissue, so that the whole layer of fibres
showed a great resemblance to a very thin tendinous plate.
Because the fibres in the outer part of the bagilar membrane

QS5EOUS SPIPAL LAMINA
VESTIBULE

HELICOTREMA BASILAR MEMBERANE

ROUND WINDDw NICHE

Fig. 2. Lateral view of the osseons labyrinth. The lateral wall of the cochlea with
the oval window has been partly removed to show the cochlear partition and the
helicotrema.

are much thicker than those in the inner part, the membrane
is divided into two zones, the zona pectinata and the zona
arcuata. In the latter the fibres are thin and branched, forming
a delicate network, whereas, under ordinary microscopical
technique the much thicker fibres of the zona pectinata are
distinctly separated from each other. According to Rerzius
(1884) there are approximately 24.000 fibres in the zona
pectinata, whereas Hensen estimated this number at 13.400.
The whole layer of fibres may be lacking at the base of the
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cochlea as well as at the helicotrema. Mvyeinp, who has
investigated a great number of labyrinths regards these fibres,
however, as being a histological artefact.

Dimensions of the basilay membrane.

1. length — Hensen, in 1865, adopted an average length
of 35.6 mm. By making use of Guild’s reconstruction method,
Harpy investigated 68 cochleae of individuals varying in
age from 10 weeks to 85 years. By measuring along the line
of the pillar cells, she found the average length to be 31.52 mm,
with a variation from 25.26 mm to 35.46 mm.

Using an entirely different method, Keen (2) estimated the
length in man to be 32 mm, measured along a line indicating
the attachment of the basilar membrane to the spiral ligament.

2. width — Whereas the width of the cochlear canal gradu-
ally decreases from base to apex, the basilar membrane grows
wider as the bony part of the partition tapers away (fig. 2).
The investigations of GuiLp (2) and WEevER, however, have
shown that at a considerable distance from the apex (from
half to one turn) the basilar membrane instead of growing
wider tapers away rapidly again, and that its width at the
apex may vary considerably in different individuals.

The accounts relating to the width at different places of
the membrane vary considerably in the works of wvarious
authors. In 1863 Hensen recorded for the newly-born a
variation in width between base and apex of 0.041 to 0.495 mm,
this being a 12-fold increase in width. Keita and HeLp only
found a 3-fold increase. WEVER, who investigated a great
many human cochleae by the graphic reconstruction method
of GuiLp (1), found the width at the basal turn to be fairly
constant (about 80 micra) but that great variations occurred
in other parts of the membrane. An average of the maximal
width was found to be 0.498 mm, with a variation from 0.423
to 0.651 mm. Thus his measurements, with a 61-fold increase,
lie between those of Hensen and later authors.

Wever pointed out that a theory of hearing which postulates
a differentiating role for the width of the basilar membrane,
must allow for a wide range of normal variation in the apical
region.
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base middle maximum
HEHSe i <o wesias 0.041 0.495
Retzius oonn oot 0.210 0.340 0.360
T AL e i 0.160 0.520
| R el 0.176 0.304 0.480
WEVEr Jinnicni sars 0.080 0.498

The cochlear duct.

A very delicate membrane, Reissner’s membrane, stretches
from the inner spiral shelf to the outer wall of the canal. At
base and apex the basilar membrane and Reissner's membrane

Fig. 3. Diagram of axial section of the cochlea.

are connected; giving rise to a separate closed canal, which,
on cross section, shows a triangular form (fig. 3).

The size of this canal, known as the scala media or cochlear
duct, seems to vary little in different species of animals
(Keen, (2) ). At birth the cochlea has already reached its
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definite form and adult size (Axsox et al.), a fact which may
possibly be related to the wave-length of the acoustic fre-
quencies.
The scala media is filled with a viseid fluid, the endolymph,
Qdiffering in physical as well as in chemical characteristics
| from the perilymph, which fills up the remaining part of the
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Fig. 4. Dimensions of the scala vestibuli in relation to the distance
from the oval window. (After ZwisrLocgi)

a. parallel to the basilar membrane; the lined area indicates the basilar membrane
b, perpendicular to the basilar membrane

c. the approximately calculated cross-sectional area.

original tube. These parts are known as the scala vestibuli
and the scala tympani. Thus two separate spaces are formed,
both filled with fluid, the perilymphatic and the endolymphatic
space (fig. 5). According to Zwisrocki the cross-sectional
area of the scala vestibuli and scala tympani in the same
individual varies considerably at various distances from the
fenestra ovalis (fig. 4).

The periymphatic and endolyniphatic fluid systems of the inner ear.

The perilymphatic space of the inner ear is connected with
the subarachnoid space at the base of the brain by a small
canal. As early as 1761 Cotugno showed that the bony canal,
the cochlear aqueduct, forms a free communication between
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the two spaces, but the question as to whether the membranous
canal, the ductus perilymphaticus, which passes through the
aqueduct, is open to the passage of fluid, has long been
disputed. Although most investigators have maintained that
a free communication exists between the perilymphatic and
subarachnoid spaces (a.0. PERLMAN and Linpsay, AHLEN),
WALTNER again questions the patency of the cochlear aqueduct.
In human temporal bones a barrier membrane was found,
separating the inner opening of the cochlear aqueduet from
the scala tympani. A direct flowing of spinal fluid into the
cochlea is therefore denied, but histological evidence points
to a fluid exchange, if any, that takes place by diffusion
through the membranous barrier. Another tiny canal, the
ductus endolymphaticus, passing through the aquaeductus
vestibuli, leads from the endolymphatic space to the saccus
endolymphaticus outside the petrous bone (fig. 5). This sac
forms a blind pouch, so that no free communication exists
between the endolymph and the cerebrospinal fluid.

The very small dimensions of the cochlea and the exceedingly
small quantities of fluid which it contains, make it very
difficult to give a detailed analysis of these fluids. Never-
theless some data respecting their physical and chemical
attributes have been obtained. In the pigeon Rossi found

the viscosity of perilymph in relation to water to be 1.7, that

of endolymph 2.9, whereas SzAsz demonstrated that the
refraction of the perilymph is less than that of the cere-
brospinal fluid.

According to v. BEkgsy (1) the viscosity of the perilymph
is 0.0197 c.g.s. (at 20° C. water has a viscosity of 0.0101 c.g.s.)
and the density 1.034 grams/ee. at 37° C. The osmotic pressure
of the fluids has been measured by ALprep, HALLPIRE and
Lepoux. They found an average osmotic pressure (expressed
in gram/NaCl. per 100 Gr. of water) of 1.058 for the endolymph
and 1.046 for the perilymph. For the cerebrospinal fluid and
the blood, values were found of 1.017 and 0.994 respectively.
On account of technical difficulties which prevail regarding
the measurements of the endolymph, these authors, however,
assume that endo- and perilymph are virtually isosmotic at
a level equivalent to about 1.052 ¢, NaCl.
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The question of the origin and circulation of both fluids
forms a very difficult problem. As regards the endolymph,
it is generally agreed that this fluid is at least partly secreted
by the stria vascularis.
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Fig. 5. Schematic diagram of the membranous labyrinth and the perilymphatic space
(After Werner).

Guirp (3) injected a solution of iron-salts into the cochlear
ducts of living guinea-pigs, and the distribution throughout
the endolymphatic space in each case was studied by the
precipitation of Prussian blue granules, after the use of acid
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in the fixation fluid. Since these granules were eventually
recovered in the saccus endolymphaticus, it became apparent
that there was a flow of endolymph from the ductus cochlearis
through the ductus reuniens and the ductus endolymphaticus
to the saccus, where, in the loose vascular tissue of its wall,
resorption of the fluid occurred. Since these experiments
make a flow of endolymph highly probable, this fluid must be
secreted somewhere in the endolymphatic space. The stria
vascularis, a vascular tissue along the outer wall of the coch-
lear duct, being structurally well adapted for this purpose
was regarded by Guild as the principal source of the endolymph.

The investigations reported by Surava, SecreTan and
AnNDERSEN have essentially confirmed the assumption of
Guild, that the epithelium of the saccular wall in the pars
intermedia has an absorptive function. This hypothesis
implies that an obstruction to this route of the circulation
should be followed by a general distension of the endolym-
phatic system, in front of this obstruction. Experiments
performed by MacNaLrLy and Linpsay, however, seem to
contradict this hypothesis of Guild. The latter, working on
monkeys, destroyed both the saccus and ductus endolym-
phaticus by means of a fine drill. Even after a period of several
months the endolympathic system in the cochlea, vestibule
and semicircular canals was found to be quite normal, in-
dicating that the maintenance of a normal quantity of en-
dolymph is not dependent upon the integrity of the saccus
endolymphaticus. These findings support the vieuw of voN
Freanprt and Saxin (1, 2, SaxEn) who stated that absorption
of endolymph, and particles suspended in this fluid, takes
place ad different places of the endolymphatic system. In
the cochlear duct the epithelium of the external spiral sulcus
was regarded as being such an absorptive area, whereas it
was stated that in the static labyrinth the absorptive function
was carried out by the epithelium of the saccus endolym-
phaticus. On the other hand, LuriEe (3) showed that in con-
genitally deaf dogs an extensive atrophy of the stria vascularis
was associated whit a collapse of the ductus cochlearis and
saccule, but that the endolymphatic system of the utricle
and semicircular canals showed no sign of collapse. It is
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thus highly improbable that the stria vascularis exists as the
sole source of the endolymph fluid.

This controversy may again be explained by the investi-
gations of v. Fieanor and Saxgén. For, according to these
writers, secretion of endolymph not only occurs in the stria
vascularis, but also in the marginal epithelium of the saccule
and the utricle, as well as in the plana semilunata of the
cristae in the semicircular canals.

The source, flow and ultimate fate of the perilymph is also
not adequately vxplaim‘d According to WErNER three possi-
bilities of th{, origin of the perilymph must be considered,
namely :

1. the perilymph being derived from the endolymph by
way of diffusion through the walls of the membranous
labyrinth: *

2. the perilymph being formed as a transudate from the
perilymphatic blood-vessels (e.g. from the modiolus).

3. the perilymph being derived from the fluid in the
subarachnoid space.

Numerous experiments have been carried out, in which
various dyes, iron-salt solutions and solutions containing
particles in suspension have been injected into the bloodstream,
and the subai rlCh]‘lOl(l space, and their distribution throughout
the inner ear studied (AarLEN, PeErimaN and Linpsay,
GisseLsson). On the grounds of new experiments performed
on rabbits, ALTMANN and WALTNER state that the perilymph
is rrainly derived from the cerebrospinal fluid, reaching the
perilymphatic space principally through the ductus perilym-
phaticus, and to a lesser extent through the internal auditory
meatus, GISSELSSON arrives at a similar conclusion on account
of his experiments upon the passage of fluoreseein to the
labyrinthine fluids.

Although the last possibility is the one most generally
accepted, the analytical studies of AvLprep et al., which
demonstrated that the endolymph and perilymph are virtually
isosmotic, leave the possibility of a derivation of the perilymph
from the endolymph. The experiments of ArTmany c.s., in
which iron salt solutions easily penetrated Reissner’s membrane
lend credit to the assumption that a passage of fluid through

2
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the walls of the membranous labyrinth is possible. Resorption
of perilymph was thought to take place in the tissue spaces
of the spiral ligament and the crista spiralis, from where the
fluid passes into the venous system. These findings are thus
largely in accordance with the earlier experimental results
obtained by Quix and v. EcmonD.

The organ of Corti and the tectorial membrane (fig. 6).

In the ductus cochlearis, resting on the basilar membrane,
is the organ of Corti. This structure consists of a framework
of supporting cells, between which hair-cells are situated.

REISSNER'S
MEMBRANE

LIGAMENT

BASILAR MEMBRANE

Fig. 6. Diagram of cross section of a cochlear turn with the organ of Corti.

These cells derive their name from the hairs, or cilia, pro-
jecting from their surface. The hair-cells are divided into
two rows by the pillars or rods of Corti, forming the inner
and outer pillars of the tunnel of Corti. There is one row of
inner hair-cells and from three to five rows of outer hair-cells.
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Resting on the hair-cells is the membrana tectoria. This
membrane is attached at its inner margin to the superior
lip of the osseous lamina. 1t is a semifluid structure, probably
consisting of keratin in gelatinous form, in which are embedded
delicate fibres of uniform size (Harprsry (1, 2) ). According
to Harpesry its density is only slightly greater than that
of the endolymph in which it is submerged. The true nature
of the tectorial membrane is still unknown, as post-mortem

Fig. 7. Diagram of the innervation of the organ of Cortr (After LoRENTE DE NO).

EH.C. — external hair-cells;
I.H.C. — internal hair-cells:
R.F. — radial fibres;

ESTF. — external spiral fibres.

coagulation, as well as fixation and preparation for microsco-
pical study, may greatly alter the colloidal structure of the
mass. The membrane is narrow and thin in the lower part
of the basal turn, but widens and thickens towards the apex
of the cochlea (according to Harprsty (2) in the pig the
size of the membrane near the apex is nearly a hundred times
greater than its size near the beginning of the basal coil).

Whether the membrane is co-extensive with the spiral
organ, as was originally held by Retzrus and also accepted
by Kisui, SuamsaucH (1, 3), PrenTiss and WiTTMAACK (3),
or whether it is merely floating on the tiny hairs of the spiral
organ (HarpesTy, HELD) is still an open question.
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In a recent contribution on the structure of the tectorial
membrane pE VriES has shown that the membrane does not
end with a free margin, but that it is most probably attached
to the cells of Hensen by means of a very delicate network
(,,Randfasernetz”).

The innevvation of the hair-cells.

The hair-cells are connected with the fine terminals of
the nerve-fibres. These fibres pass through the osseous lamina,
to collect in the modiolus and form the main bundle of the
cochlear nerve.

According to LorRENTE DE N6 (3) each innei” hair-cell is
innervated by one or two nerve-fibres, and each nerve-fibre
gives off terminal branches to only a few cells (radial fibres).
The nerve-fibres innervating the outer hair-cells, when they
have reached the radial level of the outer hair-cells, turn
sharply in a direction at right angles towards the base of
the cochlea. They may continue for as much as one half
turn downwards, making connections with numerous hair-
cells, whereas each hair-cell may be connected with several
of these nerve-fibres (spiral external fibres.)

CHAPTER I11

HISTORICAL SURVEY OF THE THEORIES OF
HEARING UP TO THE MIDDLE OF THE
1gmt CENTURY

An idea was formed about the function of the hearing
organ with the aid of anatomical findings at a very early
date. At the beginning of the 16th century the knowledge
of the structure of this organ scarcely went beyond the
tympanic membrane. Only by the notable investigations
of the Italian anatomists of the Renaissance was the
knowledge of the macroscopical structure of the auditory
organ considerably enlarged.

Andreas Vesalius (1514—1564) gave a description of the
tympanic membrane and the ossicles, of which only the
hammer and the anvil were known; it was he who introduced
the names of malleus and incus respectively for the two
ossiclés, and recognized the promontory with its two windows.
His description of the inner ear and the auditory nerve was,
however, still very superficial and incomplete. Giovanni
Ingrassia (1510—1580) at the same time, with other Italian
andtomists, discovered the third ossicle, the stirrup or stapes.
He also peinted out that sound-vibrations were capable of
being conducted to the hearing organ via the teeth.

The greatest anatomical discoveries in this field, however,
were performed by the anatomists IFallopius and Eustachius.
The first (1523—1563) described the oblique position of the
tympanic membrane and gave to the middle-ear cavity the
name of “tympanum”. He divided the inner ear into two
cavities: the vestibule with the semicircular canals and the
snail-shell, for which he introduced the names respectively
of “labyrinth’” and “cochlea”. According to Fallopius the
cochlea started at the foramen rotundum and consisted of
three turns. He was the first to deseribe the osseous spiral
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lamina, and he already pointed out the fact, that the inner
ear, with respect to form and size shows little change after
birth. ”

A better description of the inner ear than Fallopius had
given, came from Bartholomeus Eustachius (1510—1574), He
recognized the cochlear galleries and gave a detailed description
of the modiolus with the osseous and the membranous spiral
lamina, and he also accurately deseribed the anatomy and
function of the auditory tube (called after him, the Eustachian
tube) and the tensor tympani muscle. (“Epistola de auditus
organis’’ 1563).

The structure of the membranous labyrinth was still un-
known, and it was held that the spaces of the inner ear were
filled with air instead of with fluid (“aér ingenitus or agr
implantatus’). ;

At that time there was no question of a well-founded theory
of hearing and the indications in that direction did not go
beyond the statement, that the tympanic membrane and the
ossicles were set into vibration by sound (Eustachius).

In 1587 the first monograph about the organ of hearing
“De auditus instrumento” of Volcher Koyter (1534—1600)
was published. Although this work does not give a deeper
insight and only consists of a compilation of the conceptions
of earlier investigators, it presents a good representation of
the position of science at that time. According to Koyter the
sensation of sound was elicited by the sound collected by
the pinna, reinforced in the external auditory canal and
transmitted to the oval and round windows by the tympanic
membrane and the ossicles. He held that in the cochlea, as
in musical instruments, the sound was intensified and pro-
pagated by the presence of the ‘“aér ingenitus’’, picked up
by the branches of the auditorynerve and transmitted furthe on.

In comparison with the 16th century the first half of the
17th century brought few important discoveries about the
structure of the ear. The conceptions regarding the physiology
of hearing at first did not go further than the views of Koyter,
but later on they were considerably widened on account of
a better understanding of the physical properties of sound,
and of its propagation in different media.
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Only the appearance in 1683 of the work of the French
anatomist Guichard Joseph Duverney (1648—1730) entitled :
“Traité de lorgane de l'ouie, contenant la structure, les
usages et les maladies de toutes les parties de I'oreille’ brought
an entirely new advance in the field of otology.

In his description Duverney mentioned nearly everything
that could be achieved with the methods of preparation
available at that time. The vestibule with the semicircular
canals, the two and a half turns of the cochlea and the modiolus
with the spiral lamina were so accurately described, that later
times could add but little to his description. According to
Duverney the spiral lamina originates in the vestibule, and
the continuation of the osseous spiral lamina into a mem-
branous partition, already suggested by Eustachius and again
described~in 1600 by Julius Casserius (1561-—1616) was
confirmed by Duverney: “The spiral lamina, being attached
to the centre with its base, and with its other extremity to
the wall of the canal opposite the centre, divides this canal
(cochlea) in two by means of a very delicate membrane, much
thinner than the lamina, which does not continue in the same
level, but somewhat lower than the lamina”.

He also described accurately the passage of the auditory
nerve, in the modiolus with its small ramifications in the
spiral lamina. The presence of a communication between the
two galleries of the cochlea as described independently by
Thomas Willis (1622—1675) and Jean Méry (1645—1722) was
denied by Duverney.

In his physiological descriptions Duverney clearly indicated
the inner ear as the place where the sensation of sound origi-
nated, because in this organ a structure was found which
was able to vibrate with the different tones according to
the principle of resonance. In this idea he was supported by
the French physicist Mariotte : “This lamina is not only capable
of receiving the vibrations of the air, but its structure makes
it appear credible that it is able to answer to all their different
characters: for it being larger at the beginning of its first
convolution than it is at the extremity of the last, where
it finishes as in a point, and its other parts diminishing pro-
portionately in bulk, we may suppose that the larger parts
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may be vibrated without the others participating in that
vibration, and therefore are capable of receiving none but
the slower undulations which consequently answer to grave
tones and that on the contrary its narrower parts being
agitated, their undulations are quicker and consequently
answer to acute tones, in the same manner that the larger
parts of a steel spring form its slowest undulations and answer
the grave tones and so its narrower parts form quicker and
more frequent vibrations and consequently answer to acute
tones. So that in short the spirits of the nerve, which expanded
over its substance, receive different impressions which represent
in the brain the different appearances of tones 4ccording to
the different vibrations of the lamina spiralis’”. Because of
the difference in size between the ampulla and the semi-
circular canals, Duverney also attributed a hearitg function
to these structures,

On three points the theory of Duverney-Mariotte is in
conflict with modern conceptions, because it assumes:

1. that the sound-vibrations in the inner ear are propagated

by air;

2. that the low tones are perceived in the basal turn of

the cochlea and the high tones in the apical turn;

3. that the semicircular canals and the wvestibule are

concerned with the interpretation of sound.

The opinion of Antonio Valsalva (1666-—1723) differed
from that of Duverney in that he looked upon the mem-
branous part of the cochlear partition, as opposed to the
bony spiral lamina, as being the essential organ of sound-
perception. In his work “Tractatus de aure humane’ which
appeared in 1704, he described the spiral lamina as consisting
of rather thick, casily broken bone, attached to the modiolus
and a thinner membranous part, which he called the “zona’’.
According to Valsalva this “zona cochlea” was composed of
the finest terminations of the auditory nerve. Like Duverney,
Valsalva attributed to the semicircular canals an acoustic
function and he still held the opinion that the labyrinth was
filled with air, although he had already noticed the presence
of fluid in the inner ear. He also suggested the use of the
words scala vestibuli and scala tympani instead of the old
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words “upper” and “lower” galleries. Although apart from
Valsalva, Vieussens (1699), Cassebohm (1735) and Morgagni
(1740) had recognized the presence of fluid in the inner ear,
it was Domenico Cotugno (1736—1822), who in his work “De
aquaeductibus auris humanae internae anatomica disser-
tatio’ (1760) was the first to prove that the whole cavity of
the inner ear was filled with fluid and he definitely broke
with the existing theory of the “aér ingenitus'’. That this
theory held sway for such a long time can probably be explained
by the fact, that up to the beginning of the 18th century,
it was assumed that a liquid, because of its incompressibility,
was not able to transmit sound-vibrations. Not until 1742
was it definitely shown by Mollet that this assumption was
wrong, and Cotugno made use of this fact in his physiological
descriptions of the hearing organ. According to him the sound-
vibrations were transmitted to the labyrinthine fluid via the
stapes, which in turn set the spiral lamina into, vibration.
Cotugno for the first time noticed and described correctly
how the long “chords’ of the spiral membrane were situated
at the apex and the shortest ‘“chords” at the base of the
cochlea. Like Duverney Cotugno assumed that these “chords”
were set into resonance by the sound-vibrations.

Apart from the fact that Cotugno was the first to recognize
the importance of the labyrinthine fluid as well as that of the
cerebrospinal fluid, he also was the discoverer of both aqueducts
of the inner ear (cochlear and wvestibular aqueducts) and
recognized their significance in connection with the flow of
the intralabyrinthine fluid.

That at the time of Cotugno the resonance-hypothesis was
fairly generally spread, may also appear from what Albrecht
van Haller (1708—1777) in his work “Primae lineae physio-
logiae in usum praelectionum academicorum’ (1747) wrote
about the function of the organ of hearing:

“The following conjecture is attractive. Since the lamina
spiralis forms a triangle ending in a sharp point toward the
tip, one may conceive that the lamina contains an indefinite
number of chords, continually shortening in their length, and
thus harmonically resounding the wvarious high and deep
sounds as they vibrate to the numerous sounds, namely the
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longest chords in the base of the cochlea with the sonorous
sounds, and the shortest chords nearer the tip with the sharp
sounds’’. Haller referred to what his famous teacher Boerhaave
in 1740 wrote in his “Praeclectiones academicae’: “But we
have such an indefinite number of chords, that they may
vibrate harmoniously with innumerable tones: the longest
chords with the lowest tones, those of medium length with
the middle tones and the shortest with the high tones.

Boerhaave himself mentioned Claude Perrault (1613—1688)
as the original founder of this theory. Although Perrault
knew of the osscous spiral lamina which he described as being
very thin and flexible (and which he named “membrane
spirale’) he failed to recognize the membranous partition,
so that he assumed that both galleries communicated over
their entire length. In his “Essays de Physique” (2nd volume
entitled “on sound”), which appeared in 1680 Perrault, after
deseribing the anatomical situation of the osseous spiral
lamina, wrote about the function of the cochlea: ¢, ... and
indeed, this situation seems very favorably to the function
which this organ must have, that is to be easily brought
into vibration by the movements of the air which cause the
sound”

A definite statement of a resonance-theory of perception
of sounds of different pitch was also made by Petrus van
Musschenbroek in 1729 (SHAXBY).

The notable anatomical discoveries of Cotugno were little
appreciated, for instance, more than a century elapsed before
the existence of the aqueducts was confirmed; and also his
conception about the gradually increasing length of the
“fibres” is nowhere found to have been confirmed during
this period.

Though in the second half of the 18th century the resonance-
hypothesis is mentioned in several works about the hearing
organ, owing to the deficient knowledge of microscopical ana-
tomy, the vibrating function was either attributed to the
nerve fibres or to the elastic bone fibres in the spiral lamina.

Through the development of experimental physiology in
the 19th century criticism soon rose against this conception
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and physiologists like Magendie, Joh. Miller and E. H. Weber
ardently disputed the resonance-hypothesis, so that at last it
was totally discredited.

In 1817 e.g. Magendie wrote in his “Précise élémentaire
de physiologie”

“The osseo-membranous pqrtition which separates the two
scalae of the cochlea, has given rise to a hypothesis, which
no one believes at the present day”’

And Harless, describing the science in the middle of the
19th century wrote in the “Handbook of Physiology" of
R. Wagner (1847): “When we finally try out the possibility
of a direct perception of the various tones, we must at first
break with a conception, already disputed by Joh. Miiller,
and which maintains, that the nerve fibres with their different
lengths, e.g. on the spiral plate of the cochlea, are compared
with strings of variable length, whereby the nerves themselves
are considered as the musical instruments and the tone-
perceiving chords at the same time. When a partn.uldr arrange-
ment for the perception of different tones at all exists in the
hearing organ, it can only be looked for outside the nerves
in their direct neighbourhood”.
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CHAFTER IV

THEORIES AND EXPERIMENTS ON THE
CONDUCTION OF SOUND IN THE EAR

From the foregoing chapter it may be concluded that up
to the middle of the last century, little was known about
the function of the inner ear. Through lack of microscopical
technique the detailed structures had still escaped notice.
The old conception respecting some resonating structure was
purely theoretical, and experimental physiology was still in
its infancy. A theory which was able to explain the propagation
of sound-wawves in the inner ear did not exist. In 1851, however,
E. H. WEBErR made a statement which may be considered
as the beginning of experimental physiology of the inner ear.
Because of its historical significance Weber’s statement will
be partly quoted here:

“He demonstrates, that the air-borne sound-waves are not
conducted by the external ear, tympanic membrane and
ossicles to the membranes suspended in the labyrinthine fluid
in the form of compressions and rarefactions, but that for
this purpose the following mechanism exists, which structure
and mode of action has not yet been acknowledged. With
the tympanic membrane is connected a lever-system, con-
sisting of hammer and anvil, of which the axis of rotation
passes through the points of attachment of the processus
Folianus and short crus of the incus. Both ossicles are connected
by an articulation, which however, is so constructed that
no differential movement is possible in a plane perpendicular
to this axis, so that they can only move as if no articulation
existed and the ossicles formed one bony mass. The transverse
vibrations of the tympanic membrane set up by the vibrating
particles of the air, are communicated by this lever-system
to the other lever-arm (long process of the incus) connected
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with the stapes, which is attached by its base in the oval
window and consequent to the transverse vibrations of the
tympanic membrane moves to and fro. Such a movement
would, however, be impossible if the incompressible fluid
filling up the osseous labyrinth had no way of escape. For
this purpose a second opening in the labyrinth, the round
window, closed by a delicate membrane exists, which, cor-
responding to the movement of the stapes is moved in and out
by the pressure-variations of the fluid. The movement of
this membrane may even be observed by the naked eye, if
the stapes is moved in the oval window. In this movement
of the stapes, which is communicated from the oval to the
round window, the whole labyrinthine fluid necessarily
participates. The vibrations of the fluid set in motion the
in this fluid suspended parts of the membranous labyrinth
and the nerves embedded in this structure. The spiral lamina
of the cochlea is stretched in the labyrinthine fluid between the
oval and round window,and the vibrations in passing to the round
window have to traverse the membrane of thespiral lamina and
thus encounter the nerve-terminals embedded in this lamina”,

So Weber still held the opinion that the nerve-terminals
ended freely in the basilar membrane. In the following year
Alphonse Corti published his excellent investigations con-
cerning the hearing apparatus of mammals, in which he
described the finer construction of the lamina spiralis mem-
branacea and the sense organ, the organ of Corti, resting upon
it. In this structure he not only discovered the pillar cells,
but also the cylindrical hair-cells, and he was the first to
describe the tectorial membrane resting upon this organ.
Hermuortz (2) accepting Weber’s explanation and attaching
great value to the tympanic membrane and the ossicular
chain for the conduction of sound in the ear, gave to many
points a physico-mathematical explanation of this theory. In
this way the original conception of Weber found an important
expansion and what may be called: “the theory of Weber-
Helmholtz”' originated.

This theory has held sway for almost a century, despite
much criticism on various peints.
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Weber assumed that the reactions of sound in the ear at
physiological intensities would be the same as those observed
in his specimen. Weber’s experiment, however, must be looked
upon as a very rough imitation of these indubitably very
small movements. PoHLMAN (1, 2, 3, 4) especially has con-
stantly criticized Weber's interpretation of the mechanics of
the inner ear. He is certainly correct where he states that:
‘“the fact that one opens a door by pushing on it, does not
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Fig. 8 Schematic diagram of the vibratory movements of the tympanic membrane,
the ossicles and the structures of the inner ecar. Instead of coiled the cochlea, is
represented as a straight double canal (After SteveNs and Dawvis),

mean that it will open when one says “Boo”, or in other words
the conclusions of Weber and Helmholtz may not be wvalid
for sound-vibrations of physiological intensity, and the whole
question must be submitted to a further critical examination.
For this purpose the various hypotheses upon which the
theory has been founded must be considered separately and
their value estimated with regard to the great number of
clinical and experimental data which have since been esta-
blished. These wvarious hypotheses may be delineated as
follows (fig. 8):
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I. The air-conducted sounds set the tympanic membrane
into vibration;

II. The vibrations of the tympanic membrane are
conducted to the inner ear by the chain of ossicles;

I11. Owing to the peculiar construction of the tympanic
membrane and ossicles the sound-vibrations are
conducted to the inner ear with increased force;

IV. The vibrating movement of the stapes induces a
movement of the fluid in the inner ear;

V. This periodic displacement of the fluid brings about
a movement of the basilar membrane;

V1. The membrane of the round window serves as a
way of escape for the pressure exerted on the cochlear
fluid ;

VII. The membrane of the round window is the only way
of escape for this pressure;
VIII. The labyrinthine fluid is incompressible; .

IX. The bony capsule of the labyrinth has to be con-

sidered as a non-elastic container.

The wvarious hypotheses mentioned above will now be
further commented upon, both from a theoretical and an
experimental point of view.

I. The oscillations of the tympanic membrane in response to
air-conducted sounds.

Since it is impossible to observe with the naked eye periodic
movements taking place in less then 1/10 of a second the
attempts at direct visualization of the vibrations of the
membrane, even with the use of high optical magnification,
have never met with great success.

Waar used a microscope in observing the tympanic mem-
brane of human beings, but even at a magnification of
146 x he failed to notice any oscillatory movements of the
membrane in response to very strong sound stimuli. To
visualize the rapid movements of the tympanic membrane
at the audible frequencies we have to make use of the method
of stroboscopic observation. With this method a light source
illuminating a vibrating object is interrupted in nearly the
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same frequency as the vibration frequency of the sound
source. The result is an apparent slow movement of the
vibrating object making direct observation possible. Macu
and KgsseL (1, 2) in using a specially constructed speculum
with a magnification of 40 X were the first to employ this
method in their investigations on the human tympanic mem-
brane and the sound-conducting system of fresh human
cadavers., Thus Krsser (1874) succeeded in observing the
acoustic oscillations and mode of vibration of the membrane
in fresh cadaver-specimens at physiological intensities. In
later years Lucar (1901) applied the stroboscopic method to
the clinical examination of the ear.

Recently this method has been made useful by PeErrymax (2)
in a simple manner for clinical application. 1t appeared that
the posterior portion of the tympanic membrane moved much
more than the anterior part (Mach and Kessel computed a
ratio of approximately 4 :1). The greatest excursion was to be
seen between theumbo and the posterior-superior portion of the
annulus. The least movement was made by the malleus. Its
movement was, however, always in the same phase as the
movement of the pars tensa (Perlman: “The drum in response
to an acoustic stimulus entering the canal does not appear
to move with equal excursions but does appear to move in
equal phase”). The acoustic oscillations of the tympanic
membrane have recently been registered with the aid of
stroboscopic light and moving picture-film by Kosraxk (7).

Besides this direct observation various indirect methods
have been designed to demonstrate the vibrations of the
tympanic membrane. KGHLER for instance, had a very small
mirror stuck to his tympanic membrane and recorded photo-
graphically the movements of this membrane in response
both to air- and to bone-conducted sounds. In a similar way
Wapa attached small mirrors to various parts of the tympanic
membrane of different animals, and was able to record its
vibrations.

The fact that we may not draw the same conclusions from
experiments with dead and living material becomes evident
when we learn that in the experiments of Wada the tympanic
membrane of the pigeon, which vibrated with tones of a certain
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intensity when alive, did not respond to the same tones of
same intensity after its death. A similar effect was obtained
by Wada after severing the M. tensor tympani. In recent
studies on the vibrations of the tympanic membrane and the
sound-conducting apparatus, PERLMAN (5,6) made use of a very
sensitive equipment to register the oscillations of this system.
Electronic means, used by physicists for detecting minute
acoustic displacements, were adapted to the special conditions
prevailing in the ear, A piece of metal foil of 2 sq. mm was
made to adhere to the surface of the tympanic membrane,
and a capacitive probe was advanced towards the foil at a
distance of 1 mm. With this equipment it was possible to record
the oscillations of various parts of the tympanic membrane,
in response to various frequencies, on the screen of a
cathode-ray oscilloscope.

A very ingenious method of demonstrating the vibrations
of the tympanic membrane, and at the same time obtaining
an impression of the amplitudes occurring at the auditory
threshold, was employed by WiLskaA.

Whereas in all the above-mentioned experiments the tym-
panic membrane was set into vibration by a sound-source,
Wilska succeeded in inducing movements of the membrane
mechanically in the living. A light wooden shaft, 8 cm long,
was fastened at one end to the umbo of the tympanic
membrane and at the other to the moving coil of an electro
mechanical transducer, which was tightly fixed to the side
of the subject’s head. The electro-dynamic system was driven
by a sinusoidal alternating current with a frequency ranging
from 45 to 9.000 ¢/s. The strength of the current needed to
generate a just-audible tone was measured. The amplitude
of the wooden shaft was determined separately with the aid
of a microscope at the same magnitude of current. In this
way only amplitudes down to' 0.001 mm could be measured.
Since the amplitudes for most frequencies at the threshold of
hearing are much smaller, only the amplitudes at low fre-
quencies could be determined, whereas the values for the
higher frequencies had to be extrapolated. Thus it was cal-
culated that in the region where the ear is most sensitive
(2000—3000 c¢/s) the amplitude of the tympanic membrane

3
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at the threshold of hearing amounts approximately to:
0.0045 my or less than the diameter of a hydrogen molecule.
At 2000 ¢/s it amounts to 10~° and at 10.000 ¢/s 5. 107° cm

With a similar technique FRENCKNER has also attempted to
obtain an impression about the amplitude of vibration of the
tympanic membrane. The only difference from Wilska was that
the membrane was set into vibration by sound-waves. In the
first series of experiments the free end of a shaft was observed
under 2 microscope and magnified 600 times. It was not
possible, however, either with direct observation or wilth the
different methods of registration attempted, to obtain any
decided measure of the magnitude of the reactions.

In a second series of experiments use was made of the
much more sensitive micro-oscillometer.

When the measuring coil, fastened to the rod, vibrates in
a magnetic field, the electric energy producc_:d in the coil is
amplified and a certain reading can be taken from the output-
meter : “After the ear has given a certain reading in the output-
meter, it is replaced by an ear-phone, whose mcmk?rane takes
the place of the tympanic membrane. The rod is fastened
between the membrane and the measuring coil. The ear-phone
is fed from the audio-frequency generator with the same
frequency as that used in testing the ear. The audio-frequency
voltage of the ear-phone is regulated until the output-meter
gives the same reading as that obtained in the test .w1th
the ear. The amplitude of the vibration is measured with a
microscope mounted over the glass rod. The value thus ob-
tained may then be considered equal to the amplitude_ of the
vibrations in the tympanic membrane in the test with the
ear itself, as the measuring coil in the microtoseillometer
gives the same potential in both cases. With this apparatus
it was possible to read vibrations to 0.000007 mm at
1000 ¢/s”. :

This size of the movements varies greatly according to
the point at which the glass rod is fastened, but it varies
even more according to the frequency of the tone which
produces the vibration. ' :

It appears that tones which lie at a level with the me_mbra.ne S
own oscillations, thus around 1000 ¢/s produce many times
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greater amplitudes than others, probably because of resonance-
phenomena. In a normal case, in which the glass rod was
attached about midway between the umbo and margo in the
normal light reflex, a movement of 0.00013 mm was obtained
with 1100 cfs, and in another in which the glass rod was
fastened directly in front of the umbo, the value of 0.000015 mm
was obtained with 500 ¢fs, These values are not claimed to
bee xact measurements of the amplitude of the vibration of
the tympanic membrane. They only suggest the approximate
size of what has to be reckoned with. FRENCKNER, for instance,
does not say what intensity of sound stimulus must be employed
to obtain these amplitudes.

From all these experiments, however, we may well draw
the conclusion that the tympanic membrane executes oscillatory
movements as a reaction to sound impulses, and that the
amplitudes of these vibratory motions are extremely small.

Il. The vibrations of the tympanic membrane are transmitted
by the chain of ossicles to the inner ear.

Whereas it has long been accepted that the vibrations
actually follow this route there has always been contention
in the literature regarding the manner in which these vibrations
are transmitted to the oval window. Opposing the opinions of
Savart, Joh. Miller, and others, who assumed that the sound-
vibrations were propagated by the chain of ossicles in the
form of compressions and rarefactions (Bezorp), was the
view taken by Weber who stated that this conduction took
place by a mass movement of the whole apparatus.

Hrimuortz (2) concurred with this latter conception, and
explained mathematically that, considering the small dimen-
sions of the ossicles relative to the wave-lengths of the acoustic
frequencies (for a tone of 40.000 cfs the wave-length in bone
is approximately 50 mm) every point in the chain must always
be in the same phase of vibration and that the system must
therefore be regarded as one mass moving as a whole. Although
this view must be considered as the one most generally
accepted, in the more recent otological literature the con-
ception of molecular vibrations is again met with (PaiLip),
it being held that owing to the very small amplitudes initiating
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a sound-sensation, there can be no mass movement. Because,
we have only to deal with mass movements in acoustics,
there can only be a quantative and not a qualitative difference
between mass and molecular vibrations. The amplitudes may
thus very well be of molecular dimensions.

The first experiments demonstrating the vibrations of the
chain of ossicles in response to sound-waves were made by
PoriTzEr (2). By fixing tiny hairs on hammer and an'v:ril,
vibration curves of the ossicles were registered on a rotating
cylinder, To avoid the load with such small levers Buck (1870),
in Helmholtz’s laboratory, used tiny luminescent points upon
the ossicles whereby the vibration curves appeared to have
the form of Lissajous figures. MacH and KessEeL (2) studied
the movements of the ossicles stroboscopically. In the later
investigations of FRANK, Krainz, DaumANN and PERLMAN (3)
small mirrors were mounted on the different ossicles and
the results registered by means of light-beam levers, whereby
Trank and Broemser demonstrated that loading of the ossicles
with these small mirrors of negligible mass had little influence
upon the moment of inertia.

Daumany, by attaching minute mirrors to the ossicles at
their centres of rotation, was thus able to measure the angular
displacement of the rotation-axis of the ossicles in response
to static pressure-variations in the outer ear canal, and to
sound stimuli of physiological intensity. In this way Dahmann
demonstrated the following facts:

1. All the ossicles respond with measurable vibrations to
both high and low tones.

9. All the ossicles may move in several planes, one plane
‘however’ predominating, namely that corresponding to the
in- and outward movement of the handle of the malleus and
the long process of the incus.

3. As far as moderate pressure-variations are concerned,
malleus and incus have one common axis of rotation extending
from the anterior ligament of the malleus to the fan-shaped
ligament of the incus. With stronger stimuli small sideways
movements may occur, thus illustrating that the ossicles may
vibrate with several axes of vibration.

4. As long as weak stimuli are used, and the amplitude of
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vibration of the ossicular chain remains small, so that the
stapes can readily follow these movements, and as long as the
elastic capsular tissues connecting the ossicles offer more
resistance than the attachment of the stapes in the owval
window, the whole chain vibrates as one solid unit. But as
soon as the amplitude of the tympanic membrane and malleus
exceeds the limited rate of mobility of the stapes, a decrease
of amplitude from the malleus via the incus to the stapes is
observed. The frictional resistance of the stapes is then greater
than the forces set up by the elastic tissue connecting the
ossicles, In the transmission of more powerful vibrations the
ossicular chain can no longer be considered as one unit, a
great deal of the acoustic energy being eliminated by diffe-
rential movements between the ossicles.

The investigations of Mach and Kessel were repeated by
Koerax (6, 7,8) with an improved technique. In earlier
experiments (5) the movements of the exposed structures of
the middle ear of fresh human cadaver specimens were
magnified optically. For the purpose of observation and analysis
the speed of the vibrations was reduced. This was accomplished
by the use of sinusoidal airpressure changes of subacoustic
frequencies (below 16 c¢/s) and ‘“slow motion” pictures of the
acoustic frequencies (about 120 c¢/s). In taking the “slow
motion" pictures with stroboscopic illumination a further
analysis of the ossicular movements was made possible. It
was shown that for moderate intensities, an increase of in-
tensity of a tone was followed by a corresponding increase
of amplitude of the ossicular movement, but at higher inten-
sities a change of the axis of vibration was observed. These
experiments again reveal the complexity of the ossicular
movements in response to sounds of higher intensity. According
to Prrrman (b) the acoustic oscillations of the component
parts of the sound-conducting mechanism can only be seen
if the sound-intensity is sufficiently great (about 100 db)
and the movements are observed with stroboscopic light.
Low-frequency sounds are best used, since in general the
oscillations are reduced in amplitude as frequency is raised,
so that at about 1000 c/s very little is seen.

Dahmann’s description of a change in the rotation-axis of
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the stapes at a high level of stimulation, has been confirmed
by v. Bk#sy (7). At low acoustic pressures the stapes makes
a rocking motion, like a bell-crank lever, around the posterior
end of the footplate; but at high acoustic pressures a change
of 90° may be observed to a rocking motion about the longitu-
dinal axis of the footplate. This change of vibration serves as a
protective mechanism, as the resulting movements of the
fluid of the inner ear are greatly reduced. PERLMAN (4),
however, using both shock pulses and sustained sound waves
of high intensity could not observe this change of axis in
his experiments.

All these investigations, however, were performed upon
the dead ear and the question arises whether we may apply

CENTRE OF ROTATION €3  CENTRE OF ROTATION —

Fig. 9. Diagram of the movements of the stapes at moderate (@) and at very
high intensities of stimulation (b) (After v. BExfsy).

the results obtained, without reserve, to the reactions oceurring
in the living ear. It will thus be necessary to ascertain what
factors might undergo a change in regard to the living ear.

1. In all the experiments the middle-ear cavity was exposed ;
as long as minimum interference with the important structures

" is attempted, this factor will have no appreciable influence.

In the living animal WEvER, LAwWRENCE and Smita showed
that opening of the auditory bulla when the system remains
otherwise intact has only a minor effect upon cochlear sen-
sitivity.

2. A drop of the arterial and venous pressure to zero.

3. Change of the elastic properties of tympanic membrane,
capsular and suspensory ligaments and cochlear windows.
The investigations of FrRaNk and v. BEkEsy (8) have demon-
strated that the elasticity of the tympanic membrane is but
little influenced by death. Frank measured the volume-
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elasticity coefficient of the tympanic membrane by placing
a water column in the outer ear canal. As the walls of the
canal and the fluid were regarded as incompressible, the
displacements of the fluid column due to pressure-changes
were considered to be equal to the volume of bulging of the
tympanic membrane. It was found that the volume-displace-
ments in the human living ear and in the fresh cadaver ear
were identical.

v. BEktsy demonstrated that both the resonance-frequency
and the damping of the tympanic membrane remain the
same after death.

4. Loss of tonus and regular reflex-contractions of the
intra-tympanic muscles.

The influence of loss of this muscular activity can only
be ascertained if we know its influence upon the vibration
faculty of the normal sound-conducting apparatus in the
living.

According to Kosrax (10) lack of muscle tonus in the
cadaver has no important bearing upon the elastic qualities
of the tympanic membrane; and physiological contraction of
the muscles does not alter the natural frequency of the ossi-
cular chain.

A vast number of experiments carried out on man, animals,
fresh human temporal bones as well as on models, has shown,
however, that a contraction of the intra-tympanic muscles
may greatly influence the relative position of the ossicles,
as well as their movements and the transmission of sound-
vibrations to the inner ear. The results of these investigations
will now be discussed in four groups, in which the influence
of muscular contraction upon the sound-conducting mechanism '
is viewed from different angles.

1. Effect of contraction upon the relative position of the ossicles :

According to StunHLMAN (3) a contraction of the tensor
tympani pulls the malleus inward, upward and forward,
thus applying tension to the lower segments of the tympanic
membrane and to the ligaments attached to the malleus. At
the same time a tension is exerted upon the capsular ligaments
bridging the malleus-incus articulation, which pulls the
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articulating surfaces apart. Thus the coupling in this joint
becomes smaller, the degree of coupling depending upon the
tension exerted by the intra-tympanic muscles and the stiffness
of the elastic capsular ligaments opposing this tension.

In the living human being Waar failed to observe any
displacement of the tympanic membrane in response to sound
stimuli even of very high intensity. A distinct inward move-
ment of the membrane was, however, observed in persons
who were able to contract the tensor voluntarily. The acoustic
reflex-contraction of the tensor tympani in man must therefore
be regarded as being an isometric, rather than an isotonic
contraction.

In various animals, however, an acousticreflex-contraction of
the tensor causes a distinct inward movement of the tympanic
membrane (Karo, PuiLip, Tsukamoro et al. (1936)).

Poritzer (1) demonstrated that the stapes is pressed deeper
into the oval window during this tensor contraction. This
inward movement of the stapes was confirmed by the experi-
ments of WIGGERS.

In a contraction of the stapedius muscle the stapes is
shifted in the incudo-stapedial joint and the capitulummoves in
an inferior-posterior direction. The inferior and posterior edges
of the footplate are pushed into the oval window, whilst the
anterior and superior margins are forced out. Since the annular
ligaments attached to the anterior margins are much longer
than those attached to the posterior edge: the outward thrust
is greater than the inward movement. The resultant diagonal
motion of the capitulum carries the attached lenticular process
of the incus with it and pushes the posterior end of the short
crus of the incus into a shallow depression (fossa incudis)
where a fan-shaped ligament anchors this end of the incus
to the fossa in the posterior wall. This motion puts the liga-
ments of the malleus-incus articulation under tension, pro-
ducing a loosely-coupled malleus-incus joint (Stuhlman).

The middle-car muscles are thus exerting an antagonistic
tension on the capsular ligaments of the malleus-incus arti-
culation, but are synergistic in separating the articulating
surfaces of malleus and incus, The movements of the stapes
in response to a sound stimulus of sufficient intensity may be
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observed in the animal experiment (Kato, ParLipa.o.)aswellas
in the living human being (LtscuER (1), PERLMAN and CasE (1) ).

In Kato’s experiments the reflex-contractions of the tensor
caused no compensatory movements of the round window
membrane, as long as the stapedius muscle functioned. As
soon as this muscle was severed, however, these compensatory
reactions appeared.

2. Effect of contraction upon the amplitude of movement of the
ossicles:

This effect can be studied by applying tension to the exposed
muscles or tendons and pulling gently in the direction of
physiological contraction. The experiments of Dahmann have
clearly shown that muscular traction reduces the amplitude
of the acoustic oscillations. This traction mainly influences
the negative phase of the movement as has been recently
demonstrated again by PERLMAN (4). -

These experiments on dead material were werified by
Tsukamotro in the living rabbit. The oscillations of the intra-
labyrinthine fluid in response to acoustic stimulation were
greatly reduced during the contraction of the intra-tympanic
muscles.

Inactivation of the muscles will therefore abolish this
reduction of amplitude and the delicate cochlear structures
may become exposed to excessive fluid displacements at tones
of very high intensity.

Karo demonstrated that his test animals became deaf much
sooner, in consequence of the impact of continuous loud sounds,
when the middle-ear muscles were incapacitated than did
those animals in which the muscles were left intact.

In the experiments of SteveEns, Davis and Lurie (1935),
in which the organ of Corti was dislodged from the basilar
membrane following the exposure to sounds of very high
intensity, the intra-tympanic muscles were previously put
out of action by the local application of chloroform.

One of the possible symptoms of facial palsy, the hyper-
acusis, may in this light be explained as being caused by a
paralysis of the stapedius muscle, resulting in increased
volume-displacements of the inner-ear fluid (PErRLMAN (1) ).
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3. Effect of contraction upon the transmission of sound to the
inner ear:

This influence has been exhaustively studied by StunLMAN(1)
with an accurate 20-1 scale metal model of the ossicles. It
appeared that the form of the transmission characteristic of
the malleus-incus articulation, representing the relation between
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Experimental transmission characteristics of the malleus-incus coupling obtained

from a 20 x model. Shift of the operating peint of the characteristics from A to

C shows increased coupling, The linear characteristic D indicates rigid coupling.

The typical basic operating curve for the malleus-incus articulation is sigmoid

shaped, as A, where the dotted line shows unstable condition attained as a

result of a slight dislocation when force directed inward becomes too large
(I'rom Stuhlman, 3).

the angular displacement of the malleus and the force developed
at the lenticular process of the incus, is strongly influenced
by the degree of coupling of the malleus-incus articulation.
For small deflections the displacement of the malleus proved
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to be a linear function of the force transmitted to the lenticular
process of the incus. Should the joint be closely coupled, so
that no slip is possible (no action of the intra-aural muscles)
the curve shows an almost linear relationship (fig. 10). With
increasing intensity the shape of the transmission curve depends
upon the degree of coupling of the malleus-incus articulation.
A more loosely-coupled joint (increasing influence of the
intra-aural muscles) produces a curve showing more asym-
metrical and non-linear distortion (fig. 10 B, C). Stuhlman
has thus provided evidence that a simple sinusoidal motion
of sufficient amplitude, impressed at the end of the lever-arm
of the malleus is transmitted to the long end of the incus,
after having undergone both asymmetrical and non-linear
distortion.

The effect of contraction of the muscles upon the sound-
transmission to the inner ear has been investigated several
times with the cochlear response method.

Hucuson and CrowE (2) putting the tensor tympani under
mechanical tension showed that with increasing load the
transmission of low-frequency sounds was more and more
suppressed. A load of 50 grams eliminated all the low tones,
so that only tones above 2048 c/s were transmitted. The high
tones were less affected, while if the tension was relieved the con-
duction immediately returned to normal. Similar results were
obtained by WicGErs. During contraction of the muscles a
100 cycle tone showed a loss of 45 db, between 100 and 1000 c/s
this loss decreased with increasing frequency, so that at
about 1100 c/s the electrical output of the cochlea was not
reduced by contraction. At 1500 cfs even augmented cfficiency
in the transmission system was noted.

Wever and Bravy (5, 6), applying tension to the stapedius
tendon found the reduction greatest for the low frequencies
and growing less with increasing frequency. For the tone of
2000 cfs slight tension even increased the response.

From these animal and model experiments Stuhlman con-
cluded that:

“Tight coupling of the malleus-incus articulation due to
the relaxation of the intra-tympanic muscles and consequent
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close fitting of the articulating surfaces is favourable to the
passage of the low-frequency, low-intensity sounds; whereas
contraction of the intra-tympanic muscles, producing a looser-
coupled malleus-incus joint is favourable to high-frequency,
high-intensity transmission’.

4. Effect of contraction upon the intralabyrinthine fluid:

Tsuxamoro demonstrated that in the living rabbit an
adequate tonal impulse caused a distinct rise of labyrinthine
fluid in a capillary labyrinthine manometer. It was assumed
that this rise was produced by a contraction of both the
tensor tympani and the stapedius muscle and it was calculated
that the displacement of the stapedial footplate averaged
0,027 mm. This effect is in seeming contradiction to the
assumption that the stapedius muscle pulls the stapes outward.
This controversy can, however, be explained by the experiments
performed by Wiceers. Applying the relation which Davis et
al. discovered to exist between the polarity of cochlear response
and the pressure-gradient set up by the motion of the stapes,
Wiggers succeeded in analysing these movements more
accurately. Davis and his co-workers established that an
inward movement of the stapedial footplate, consequent to
a positive pressure in the external auditory canal, generates
a positive potential in the scala wvestibuli and the apex,
whereas a negative potential is caused on outward move-
ment,

From fig. 11 the relations existing between the intra-
labyrinthine pressure-variations and the movements of the
stapedial footplate may be seen. The five slow deflections
were interpreted by Wiggers as follows:

a. Contraction of the stapedius muscle — the footplate

moves outward — small increase in negative potential;

6. Contraction of the tensor tympani muscle, overpowering

the stapedius-contraction and forcing the footplate
inward; the steep pressure-gradient at the footplate
causes a steep rise of positive potential;

¢. Drop of positive potential after adjustment of the

cochlear fluid via the helicotrema;

d. Relaxation of stapedius muscle — the continued con-
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traction of the tensor tympani thrusts the anterior
edge of the footplate further inward, creating a second
positive deflection at the apex;

¢. Relaxation of the tensor tympani — the footplate
returns to norma position ; a negative potential is created,
as the pressure in the scala vestibuli is again reduced.
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Fig. 11. Graph showing the changes in potential at the apex of the cochlea from
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The rise of the fluid in Tsukamoto’s experiments must
therefore be explained as being caused by a contraction of
the tensor tympani, rather than by a contraction of both
muscles.

The above considerations lead us to decide upon the ultimate
function of the intra-tympanic muscles in the process of
hearing. It may be stated that the muscles act morphologically
as antagonists, but physiologically as synergists.

For a long time two diametrically opposed hypotheses
regarding their function have been advanced:

1. The “‘accomodation”-theory regarded the muscles as a
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mechanism to adjust the sound-conducting apparatus
to the best possible absorption of sound-energy (MaAcu
1863, recently again defended by TuMmARkIN (1) ).

2. The “profection’’-theory assumed that both muscles by
their contraction protect the inner ear against strong
sound-vibrations by restricting the movements of the
transmission mechanism.

For a long time experimental evidence was in favour of
this ‘“‘protection’-theory and the “accomodation”-theory was
regarded as untenable. The experiments of WIGGERS, WEVER
and Bray et al., however, have demonstrated that the intra-
tympanic muscles may have several functions:

a. Reduction in the efficiency of the system for transmitting
loud tones of low frequency (i.e. below 1000 c/s); the
contraction thus affords a certain degree of protection
against low tones and noises of considerable intensity;

b. Increase in the efficiency of transmitting tones of medium
frequency — by the increase of tension in the system
tones between 1300 and 1800 c¢/s (in the guinea-pig)
are transmitted more efficiently during contraction than
during rest. In the experiments of Hughson and Crowe
division of the tensor tympani tendon resulted in a
marked reduction of the volume of all tones above
1024 c/s. An accomodation or “tuning up’' of the auditory
apparatus may thus be accepted for certain frequencies.

¢. Prevention of aural harmonics — though the investi-
gations of v. Bexisy (6,8) and WeveEr and Bray (4)
point to the inner ear as the locus of auditory distortion,
it is highly probable that the non- linearity of the middle-
ear mechanism (Stuniman) will also be responsible for
the generation of aural harmonics. It was suggested by
Wiggers that contraction of the intra-tympanic muscles
eliminates the masking effects of low tones and their
harmonics, and thus improves the auditory acuity for
higher tones. In Tsukamoto’s experiments the non-
linear distortion of the sound-vibration was corrected
by a contraction of the intra-tympanic muscles.
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The afore-mentioned objections (p. 38) to experiments on
dead material could largely be overcome by experiments in
the living. An investigation of the mechanical properties of
the entire sound-conducting apparatus in the living human
being is, however, impossible. Owing to differencesin structure
of the middle ear in man and animals experimental physiology
gives us a suggestion, but no evidence of what occurs in
man. Moreover the acoustic reflex-contractions of the
middle-ear muscles disappear under deep anaesthesia (Karo,
Harreike) and at physiological intensities the displacements
of the ossicles are so small as to be scarcely visible.

In the living rabbit Puirip was unable to observe any
vibratory movement whatever of the stapes, either with low
or high tones of high intensity, although movements could
be observed to an amplitude of 8 p. It is possible, however,
that the rapid periodic movements, as in the case with the
tympanic membrane, escaped the notice of the observer, but
that with stroboscopical illumination a vibratory movement
might have been seen. From these researches Philip drew
the wrong conclusion that the transmission of the higher
frequencies at least, might take place by molecular movement
in the ossicles.

Apart from the observations of the oscillations of the
ossicles in response to acoustic stimulation several experiments
have indicated the importance of the ossicular chain in the
transmission of the sound-vibrations to the inner ear.

voN Eicken had already found that in guinea-pigs the
injury to the organ of Corti after exposure to strong sound-
stimuli was much less pronounced after removal of the incus than
under normal conditions of the sound-conducting apparatus.

HucusoN and Crowe (2) in using the cochlear response
method, stated a distinct influence of interference with the
joints on the output of the cochlear response. WEVER,
Lawrexce and Smrre found the elevation of threshold, resul-
ting from disarticulation of the incudo-stapedial joint and
removal of a small piece at the end of the incus, to be about
60 db on the average.

van Eunex found in the pigeon a considerable reduction
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of the reaction of Tullio after severing the columella (the only
ossicle in birds, directly connecting the tympanic membrane
with the oval window) without injuring the columella-
footplate.

It may thus be assumed that the chain of ossicles is in
some way of great importance for the transmission of the
sound-vibrations from the tympanic membrane to the inner ear.

Long before Weber assigned to the membrane of the round
window the function of compensatory area for the vibrating
fluid column of the inner ear, it was supposed that the sound-
vibrations entered the inner ear through the round window,
and the term “membrana tympani secundaria” was introduced.
This view was already held by DuvernNey (1683), ScuELL-
HAMMER (1684) and Scarpa (1791), and later defended by
Jou. MtLLER, CLAUDIUS and recently again by Mac NAuGHTON
Jones and PorpeR. This view seemed to be confirmed by the
experiments of WEBER-LIEL, who severed the incudo-stapedial
joint and slightly dislocated the incus.

In response to sound-stimulation distinct excursions of the
round window membrane were observed, disappearing as
soon as the glass covering the tympanic cavity was removed.

WeBER-L1eL thus concluded that the round window mem-
brane could be set into vibration mechanically by the air
of the tympanic cavity. Kreinscamint likewise assumed that
the membrane could transmit sound-vibrations much more
easily by means of the closed air-chamber of the middle ear
than by the system of ossicles which, in view of the rapid
vibrations, would have too great ‘an inertia,

Already from a comparative anatomical point of view it
is very improbable that the round window is the way for
the sound-vibrations to enter the inner ear. There are different
species of vertebrates (amphibians and reptiles) in which the
round window is lacking, whereas in most vertebrates an oval
window and a perilymphatic duct are always present
(TumMaARKIN, (2)). The pressure-escape takes place here through
an opening into the cranial cavity. During the course of
evolution this saccus perilymphaticus migrates to the pharynx,
and the tubo-tympanic cleft. If in this trend the entodermal
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mucous membrane is reached then the foramen rotundum
appears (DE BUrrLET, TuMmArkIN (2) ). The cochlear aqueduct
narrows more and more and the foramen rotundum takes
over the function for the equalisation of pressure. The aqueduct
is thus phylogenetically older than the foramen rotundum
(de Burlet). With the lower orders of animals where there is
a large epitympanic space with many additional cavities (as
in birds, crocodiles and some species among the mammals
with a large bulla tympanica) or where the epitympanic space
is connected by a wide opening with the pharynx, it does
not seem probable that the round window membrane plays
any important réle in the transmission of sound to the inner
ear. It is therefore illogical to assume suddenly this route in
the human, and other forms of vertebrates, with a small
epitympanic space.

Only very few experiments have been performed concerning
the possible réle of the round window in the transmission
of sound. Link, using fresh human temporal bones, investi-
gated how far the membrane could be set in motion by sound-
vibrations. By placing a wall of plastic material between
the round window and the rest of the tympanic cavity the
former was isolated without the transmission mechanism being
affected. The wvibration amplitude of the round window
membrane, when the sound was conducted via the external
auditory meatus and tympanic membrane, proved to be
absolutely unaltered, although any possibility of the sound
being transmitted to the membrane via the air of the middle
ear was precluded. At the same time Link was able to demon-
strate that the membrane exhibited no vibrations when the
sound-source produced a tone of very high intensity, in the
immediate proximity of the round window membrane. More-
over the previously mentioned experiment of Weber-Liel
was repeated. After interrupting the incudo-stapedial arti-
culation the long crus of the incus was slightly dislocated.
When the audiometer tone was transmitted to the inner
ear via the external auditory meatus and tympanic membrane
the round window membrane was set into vibration, although
the amplitude was less than before the manipulation.

As long as there was any contact between incus and stapes,

4
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however, vibrations in the latter were observed, although
these were smaller than those of the round window membrane.
But whenever the incus was removed, no excursions were
observed, either of the stapes or of the round window membrane,
although the amplitude of the tympanic membrane with the
hammer became appreciably larger by the removal of the
damping influence of the incus.

In this connection must also be mentioned the various
experiments in which the round window membrane was
isolated from the middle-ear cavity, by plugging the niche
with some material, and the influence upon the hearing function
tested (see page 69). These experiments, indicating that
blocking of the niche has little influence upon the cochlear
function, make it appear highly improbable that the round
window membrane has under normal conditions any important
function in the delivery of sound-vibrations to the inner ear.

The question, however, rises whether under abnormal
conditions the sound-waves may enter the inner ear by way
of the round window. Frank, who studied the problem of
sound-transmission via the middle ear, mathematically and
empirically (with models and preparations), stated that when
the sound-pressure acts equally upon both fenestrae there
cannot be any movement of the cochlear fluid. This is only
possible if the round window lies at a sufficient distance from
the oval window. Since the distance between the two windows
is small the resulting pressure-difference will also be rather
small (v. BEkEsy (16) ). Another contingency according to
Frank, is that the round window will be protected from the
interference of air-borne sound-waves. This screening is
effected in his opinion, in two ways, viz.:

1. By way of the tympanic membrane and the chain of
ossicles, whereby an orderly delivery of the wvibrations
to the oval window is effected;

2. By the position of the round window membrane behind
the wall of the promontory in a deep niche, the fossula
fenestrae cochleae. Since the dimensions of the niche are
small, relative to the wave-lengths of the audiofrequencies,
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this screening is the more effective the higher the
frequency is.

Although wvarious cases are known of patients who,
after a so-called radical mastoid operation (whereby
tympanic membrane, malleus and incus have been
removed) still retained a fairly good hearing function,
most of them experience a great loss of hearing, especially
in the low-tone range. The same holds good for cases
where an inflammation of the middle ear has left a
great defect in the tympanic membrane. Now, it has
long been known that these patients, as a rule, report
improved hearing when the environment of the round
window is isolated from the rest of the cavity of the
middle ear by means of a wet plug of cotton-wool, or
a drop of fluid (artificial tympanic membrane).

In this way BARANY obtained improved hearing by covering
the round window with mercury, and HueHson (1,.2) putting
the results of his animal experiments into practice, achieved
in patients, with or without defect of the tympanic membrane,
a hearing improvement in various types of deafness by applying
periosteal grafts of tissue in the round window niche. In such
cases it is probable that, according to Frank’s supposition,
the screening effect will be enlarged, since a total immobili-
sation of the round window membrane by the presence of a
remaining air-cushion between prosthesis and membrane is
hardly conceivable. v. BExgsy (7), now, has endeavoured to
show that in cases with one normal ear and the other ear
lacking tympanic membrane and ossicular chain, the sound-
vibrations do enter the inner ear through the round window.
For this purpose he used the subjective directional hearing.
‘When the sound-vibrations set in motion the basilar membrane
via the round window, its phase of vibration will be opposite
to the phase of vibration when the sound-waves are carried
in by a normal ossicular chain. This phase-difference has no
influence upon the sensation of sound, but it has upon the
directional hearing. To the normal ear a tone of 200 c/s was
directed, while to the other ear a tone of the same loudness,
but slightly different frequency (200, 3) was delivered. Under
these conditions the observer experienced a tone that seemed
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continually to shift its position as the phase of the sound-
waves reaching the two ears varied, and which seemed to
make a circular movement round the head, so-called “‘Dreh-
tone’’. If the observer was asked to indicate in which direction
the apparent source of sound was moving, it was shown that
the direction of movement in the abnormal ear was opposite
to that in the normal. When the abnormal ear was then pro-
vided with an artificial tympanic membrane, touching the
promontory, the sound-source now moved in both ears in the
same direction, indicating that the phase-relations were
restored to normal.

Apart from the fact that the auditory localization besides
being dependent on a phase-difference, depends mainly on a
difference in intensity, Pourman (4) has advanced against
this hypothesis that in cases of progressive fixation of the
ossicular chain, when the amount of sound-energy conducted
through the oval window will exactly equal that conducted
through the round window membrane, the patient must be deaf to
both air- and bone-conducted sounds, because no differential
pressure in the two scalae would be developed. Later, as the
fixation becomes more pronounced, the hearing acuity should
again return to some degree as the round window takes over
the function. A case of this variety, however, has never been
reported. The same holds true for the experiment of v. BEKESY.
A theoretical position of the prosthesis might be conceived
in which the sound-energy acting on both windows will be
equal and no hearing sensation can be elicited.

This controversy has been experimentally analysed by
Lowy (1). It was shown, employing the cochlear response in
animal experiments, that interference with the sound-con-
ducting mechanism causes a gradual shift of the aural micro-
phonic, but that a sudden reversal of phase does not exist.
In another series of experiments Lowy (2) analysed the action
of the pellet-type of artificial tympanic membrane. Lowy
believed the mechanism in the improvement of the response
to be composed of two effects:

a. a screening effect and 6. an increase in the stiffness of
the vibrating system.

Recently two sets of experiments have brought forward
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evidence that the round window may form an alternative
path for the sound-waves to enter the inner ear.

In a first series of experiments, performed by WEVER,
LawreNcE and Swmite the output of cochlear potentials in
response to stimuli applied to the cochlea, either by way of
the round window or by way of the ovalwindow, was compared.
After removal of the middle-ear structures, in which only
the footplate of the stapes remained in the oval window, a
sound tube was alternately sealed over the oval and the
round window. The cochlear response from both windows
was remarkably similar in form, the differences between the
two response-curves never exceeding 4 db. The sound-trans-
mission via the oval window was in general slightly favoured.

These experiments indicate that when the middle-ear
mechanism is absent the cochlea may be stimulated, almost
as readily by way of the round window as by way of the
oval window. ’

In a second series of experiments, carried out by KoBrax (12)
the oscillations of the incus in fresh human temporal bones
were recorded in response to sound stimuli conducted by tube
to the round window (fenestral sound conduction).

At the same intensity-level of the sound stimulus the
vibrations of the incus were about equal in ossicular and
fenestral conduction.

In the living animal, in which the tensor reflex of the
opposite ear was used as an indicator of cochlear function,
it was shown that a good reflex was obtained for sounds
conducted into the round window niche.

Clinical and experimental evidence thus points to the round
window as an alternative path for the sound-vibrations to
gain access to the cochlear fluid.

Ill. Owing to the peculiar structure of the tympanic membrane
and the ossicular chain the vibrations of the membrane are
transferred with increased force to the fluid of the inner ear.

Since the fluid of the inner ear is a much denser medium
than the air, it reguires considerable force to transmit the

vibrations of the air to the fluid of the labyrinth. HeELmMaOLTZ (1)

attributing great value to the system of tympanic membrane



54

and ossicular chain in the transference of sound-waves,
formulated this as follows: “In this transference of the vi-
brations of air into the labyrinth it must be observed that
although the particles of air themselves have a comparatively
large amplitude of vibration, yet their density is so small
that they have no very great moment of inertia, and conse-
quently when their motion is impeded by the drumskin of
the ear, they are not capable of presenting much resistance
to such an impediment or of exerting any sensible pressure
against it. The fluid in the labyrinth, on the other hand, is
much denser and heavier than the air in the auditory passage,
and to move it rapidly backwards and forwards, as in sonorous
oscillations, a far greater exertion of pressure is required than
was necessary for the air in the auditory passage. On the
other hand the amplitude of the vibrations performed by the
fluid in the labyrinth is relatively very small, and extremely
minute vibrations will in this case suffice to give a vibratory
motion to the terminations and appendages of the nerves,
which lie on the very limits of microscopic vision’.

“The mechanical problem which the apparatus within the
drum of the ear had to solve, was to transform a motion of
great amplitude and little force, such as impinges on the
drumskin, into a motion of small amplitude and great force,
such as had to be communicated to the fluid of the labyrinth”.

The middle-ear apparatus is thus represented as a type of
impedance-matching transformer.

According to Hermmorrz (2) this transformer action is
accomplished by three mechanisms, viz.:

1. By the peculiar structure of the tympanic membrane.
The fibrous layer of this membrane is built of circular and
radial fibres. Its form resembles a shallow cone, slightly
curved towards the periphery. This form was considered by
Helmholtz as being caused by the elastic circular fibres curving
the non-elastic radial fibres outward. Helmholtz, now suggested
that a relatively large deflection of the membrane, in the
direction of the pressure exerted upon it, causes a relatively
small displacement of the malleus-handle (manubrium). In his
opinion the excursions of the free portion of the tympanic
membrane are at least 3 times greater than those of the
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handle of the malleus. From this he deduced mathematically
that a slight pressure on the convexity, in other words, on
the middle of the radial fibres, already exercises considerable
pressure upon the malleus-handle, whereby the radial fibres
act as long lever-arms (“tympanicmembrane lever hypothesis”).

FrANK has shown, however, that if the tympanic membrane
be considered as a membrane under tension, only part of the
pressure exerted on the membrane is transferred to the handle
of the malleus.

Moreover, v. Bxk¥sy (9) has demonstrated that the elasti-
city of the tympanic membrane is the same in different
directions. If the membrane was pressed on with a fine
probe this caused a fairly round impression, whereas in mem-
branes stretched more tightly in one direction an elliptical
impression results.

The mode of vibration of the tympanic membrane has
been studied anew by v. Bfx#sy (9) with a special method.
By means of a probe whose end-surface consisted of a condenser
about 1 sq.mm he was able to measure the amplitude of a
nearby surface from a change of capacity in the condenser.
He was thus able to detect movements as small as 107 cm.
At a distance of about 0.5 mm from the object only the
amplitude of a surface of about 1 sq.mm could be measured.
By determining the contours of uniform amplitude over the
tympanic membrane it was found that the membrane, up to
a frequency of 2400 cfs, vibrates as a rigid cone, rotating
round an axis at its upper margin. As a consequence of this
rotation the amplitude of the membrane becomes greatest
at the edge of the tympanum opposite this axis of rotation
(see fig. 12).

It means that the membrane at this peint, as in a dynamic
loudspeaker, must be freely movable. Indeed v. Békésy found
a fold of the membrane, with a radius of curvature of 0.5—
0.8 mm at the lowest margin of the tympanic membrane,
allowing great excursions of this part (fig. 13). It enables the conic
part of the membrane to move without noteworthy defor-
mation. v. Békésy determined the stiff part of the membrane
to be 55 sq.mm against a total surface of 85 sq.mm. The
results of these investigations are thus largely at variance
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with Helmholtz’s opinion that the convexity of the tympanic
membrane plays any important role in the amplification of
forces delivered to the malleus.

9. By the peculiar structure of the chain of ossicles which
acts as a lever-mechanism (‘“ossicular lever hypothesis’).

If malleus and incus are considered as forming one close
unit, rotating around a common axis, perpendicular to the
plane of these ossicles, this unit may act as a lever-system.
Helmholtz assumed its axis of rotation as passing through

-
Do
Fig. 12. Fig. 12.
Contours of uniform amplitude of The mobile fold at the margin of
the tympanic membrane below the tympanic membrane which

permits the central part to move
as arigid cone, (After v, BERESY).

2000 c/s (After v. BEKEsSY].

the anterior suspensory ligaments of the malleus to the point
of fixation of the short crus of the incus (fig. 14). Since the
long crus of the incus is shorter than the long crus of the
malleus, its amplitude of movement will be smaller than
that of the malleus handle.

Helmholtz computed that on inward movement the dis-
placement of the lenticular process of the incus was 2/3 of
that of the end of the malleus-handle, and that consequently
the force acting upon the stapes would be 1.5 times greater
than the force exerted upon the manubrium of the malleus.

The efficiency of such a lever-system will, however, be
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largely dependent on the degree ow coupling between the
ossicles. In his experiments with a model of the middle ear,
StunLMAN (1) found this ratio to be 1.27 to 1 if the malleus-
incus articulation was closely coupled. If the joint was loosely
coupled the centre of rotation of malleus and incus, on inward
motion, was located at the lower edge of their articulating
surfaces. The ratio of the lever-arms was nearly 2 to 1. On
outward motion a similar centre developed at a diagonally

SUSPENSORY LIGAMENTS

Fig. 14. The axis of rotation passes through the centre
of gravity of the ossicles.

opposite point just below the superior edge of the incus. The
ratio of the lever-arms now became 1 : 1.

The determination of the lever-ratio will, however, not
only depend upon the degree of coupling of the ossicles, but
also upon the exact knowledge around which axis of vibration
the ossicular chain moves.

The vibratory mechanism of the sound-conducting apparatus
was recently again subjected to an extensive study by
FumacarLr. The structure of the tympanic membrane and the



58

middle-ear system and their mechanisms of vibration were
studied in different mammal species from a morphological
point of view. It was demonstrated that the incudo-malleolar
joint in man and other mammals constitutes a diarthrosis,
developing very soon into an ankylosis. For the small displace-
ments occurring in sound-vibrations malleus and incus may
be considered as one unit, whereas for larger displacements
(mechanical injuries) the joint may retain a certain degree
of elasticity. In rodents the joint is either a synchondrosis
(rabbit) or a synostosis (guinea-pig), which excludes any
mobility between the ossicles mutually, In all the species
examined the incudo-stapedial joint, however, was a mobile
diarthrosis. The hammer-anvil block is ‘suspended to the
walls of the tympanic cavity by the anterior process of the
hammer and the short crus of the anvil. Only in man
and the guinea-pig is the anterior process fixed to the tym-
panum by means of a ligament, in other species it is fixed
by a bony lamina (synostosis).

In considering these morphological data with the results
of experiments Fumagalli comes to the following con-
clusions:

The hammer-anvil block possesses two principal axes of
rotation, The gravity axis, which passes through the centre
of gravity from the anterior process of the hammer to the
lenticular process of the anvil, while the rotatory axis passes
from the anterior process of the hammer to the point of
fixation of the short process of the anvil. The whole system
can vibrate alternately around either one or other of these
axes. The anterior process of the hammer must, in all
species, be considered as the pivot upon which the system
moves and through which pass both the gravity and the
rotatory axes. In cases of small vibrations the system vibrates
around the gravity axis. The elastic ligaments of the posterior
anvil joint do not check the displacements of the short process,
as long as these movements are smaller than the limit set by
the ligaments or the surface of the articulation. As soon as
the size of the displacements becomes larger than this limit
the joint becomes automatically blocked and the system starts
vibrating around the rotatory axis.
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A detailed analysis of the lever-systems of both axes showed
that the ratios of the lever-arms had the following wvalues:

for the rotatory axis: man 1.3, dog 1.3, ox 2.6, horse 2.0
for the gravity axis: ,, 10.0, , 167, . 127, , 227

A change in these vibrating axes will therefore result in
strong variations for what concerns the ratios between the
lever-arms. It is assumed that this change takes place
gradually and that under normal conditions the chain vibrates
around an infinite number of intermediate axes, between the
gravity and the rotatory axes,

Almost all investigators, who have studied the vibratory
mechanism of the ossicular chain, have demonstrated that the
excursions of the ossicles in response to sound-vibrations
gradually decrease in size from the malleus through the
incus to the stapes. Dahmann showed, however, that if the
system malleus-incus together with the tympanic membrane
was separated from the labyrinth in the incudo-stapedial
joint the amplitude of the long crus of the incus was the
same as that of the umbo. Similar results were obtained by
PerLMAN (5), who demonstrated that the stapes moves with
a much greater amplitude when driven by an intact chain,
after removal of the elastic, restoring force of the annular
ligament.

From his experiments Dahmann came to the conclusion that
the decrease in amplitude of the positive phase of the sound-
wave cannot be caused by the lever-mechanism, but that
the mobility of the joints and the resistance of the annular
ligament of the stapes are largely responsible for this reduction
of amplitude (see p. 36).

From all these experimental data the conclusions may be
drawn that the vibration-mechanism of the ossicular chain
i1s very complex and variable, that an accurate determination
of the ratio of amplitudes and lever-arms is extremely difficult
and that it is still questionable whether the reduction in
amplitude, if existing at all, plays any important réle in the
transfer of pressure from the tympanic membrane to the
fluid of the inner ear, or whether it is caused by the resistance
of the middle-ear system.
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3. Of far greater importance seems to be the difference in
cross-sectional area between the tympanic membrane
(85 sq.mm) and the footplate of the stapes (the hydraulic
ratio). According to the measurements of WricnTson and
Kerru, which have been confirmed by Stuniman (1) the
average area of the stapedial footplate is 3.2 sq.mm. Frank
already had stated that on account of the ielatively large
arca of the membrane, in comparison with the area of the
stapedial footplate, a 20-fold increase in force might be expected,
though this force might be considerably reduced by a fairly
good mobility between the ossicles.

This pressure-transformation by the middle-ear mechanism
and the tympanic membrane has been experimentally checked
by v. Bik#sy (9),

In fresh human temporal bones access to the vestibule of
the labyrinth was obtained through the internal auditory
meatus. The same capacity probe as was used in determining
the amplitude of the tympanic membrane, was inserted close
to the vestibular side of the stapedial footplate. A sound-
pressure was delivered simultaneously to the tympanic mem-
brane and to the footplate. The pressure needed to keep
the stapes at rest was measured and correlated with the
pressure of the same frequency delivered to the tympanic
membrane. It was shown that up to a frequency of 2400 cfs
the sound-pressure needed to keep the stapes at rest was
about 20 times greater than the sound-pressure at the tympanic
membrane,

v. Békésy states that the transfer of pressure from the
tympanic membrane to the footplate of the stapes is indepen-
dent of frequency up to 2400 c/s and represents a 20-fold
increase in force.

The physical problems related to this transformer-action

of the middle ear will be discussed in more detail in
Chapter VII.

IV. By the vibrations of the stapes the fluid of the inner ear is
set in motion.

Weber introduced the principle of mass movement of the

cochlear fluid, ie. the pressure-pulse momentarily spreading
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over the fluid, which is displaced in its entirety. The physical
explanation of this view was that the wave-lengths of com-
pression-waves are large in proportion to the size of the
cochlear system (in water for 20000 c/s-7.25 cm). For this
reason it was held that all parts of the column of fluid were
in the same phase of vibration. It is difficult to say, if this
is in agreement with Helmholtz's original conception. He
indeed spoke of “a sort of wave movement”, but he did not
state the true nature of this movement. According to the
adherents to the resonance-theory the mass movement of
the fluid would set the basilar membrane in transverse vibration.
Opposed to this theory is the group of the so-called “wave-
theories” (TErR KuiLe, Ranke and others), who assume that
a travelling wave travels up the vestibular scale.

Whether we accept the one possibility or the other, a certain
quantity of fluid will have to be displaced, and this must
have an outlet somewhere for the pressure exerted ‘upon it.
To demonstrate the fluid displacements in the cochlea at
physiological intensities of sound is, on account of the very
small amplitudes involved, a problem presenting utmost
difficulties. The investigations of PoritzeR (1), HELMHOLTZ (2),
BezorLp and others had already proved that displacements
in the labyrinthine fluid occur with pressure-variations in the
auditory meatus (measured with glass capillary manometers
inserted into the semi-circular canals of the labyrinth). All
the investigations revealed that when the air in the meatus
was compressed the manometer recorded a rise of the fluid.
In the living rabbit Tsukamoro found with this technique
a rise of the fluid in response to an adequate tone stimulus.
According to him this rise was caused by a contraction of the
intra-tympanic muscles (see page 44).

Although the capillary manometrical methods may give
us a record of the static pressure-variations in the ear, yet,
since the sinusoidal fluid displacements in a capillary decrease
with constant pressure proportionate to the frequency, they
furnish no insight into the rapid dynamic pressure changes
of the audiofrequencies. Capillaries cannot be used for measure-
ments in audiofrequencies, but only for static pressure-
measurements,
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An attempt has now been made to demonstrate the move-
ment of the fluid in the labyrinth with the aid of vestibular
reactions. Since it is generally accepted that a fluid movement
in the endolymph canal is the adequate stimulus for the
cristae in the semi-circular canals, the induced vestibular
reactions may be used as an index of this fluid movement.
Under normal conditions, however, a sound-impulse will
cause no movemnent of the fluid in the vestibular organ. Behind
the oval window is situated the vestibulum from which issue
several ecanals, namely the semi-circular canals and the scala
vestibuli of the cochlea (fig. 5). Each of the 3 semi-circular
canals empties into the vestibulum not merely at its beginning
but also at its end, and both lie close to each other. An inward
movement of the stapes will thus exercise an equal pressure
on the beginning and end of the fluid column in the canals,
The fluid remains at rest. When, however, an opening is made
in one of the semi-circular canals thus forming a way of
escape for the perilymph, then a flow of fluid can be easily
produced. In patients with a fistula in one of the semi-circular
canals BEnjAMINS was able to obtain distinct vestibular
reactions to sound. This was still easier when in test animals
(e.g. the pigeon) an opening was made in one of the semi-
circular canals (reaction of Tullio).

Since the head reactions initiated in this way disappear
again immediately as soon as the fistula is closed, HuiziNcaA
explains the reaction as being caused by a fluid displacement,
exerting a pressure against the crista of the canal.

After removal of the plug, the reaction appears again
immediately. The fistula thus would perform a similar function
to the membrane of the round window in the cochlea. If the
operational cavity with the fistula was isolated from the
external auditory canal, so that the sound-vibrations were
prevented from reaching the new fistula, the reaction remained
unaltered (vANx Eunex). In this connection mention must also
be made of the interesting facts that have been established
during recent years in the operation on patients suffering
from so-called “otosclerosis”. In patients afflicted with this
disability the impairment of hearing is mainly due to a fixation
of the stapes by a newly formed bony mass. Consequently
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the possibility of bringing the cochlear fluid into motion by
way of the ossicular chain is greatly reduced. As soon as a
new fenestra has been created somewhere in the vestibular
part of the labyrinth, or in the promontory, a sudden im-
provement in hearing is achieved.

In creating this new fenestra mobility of the perilymph is
reestablished and a shuttle-action of the fluid between the
two windows again becomes possible. It is generally understood
that the new window acts as a new entrance for the sound-
vibrations into the labyrinth, but evidence supports the view
that the possible route may be: tympanic membrane-air of
the tympanic cavity-round window-labyrinth. Making use of
the method of the “Drehténe’’, described by v. Békésy (see
page 51), Mor, for instance, found a definite phase-reversal
in cases, which had undergone succesfully the fenestration-
operation. This makes it highly probable that in these cases
the newly created opening does not act as a new oval'window
(fenestra nov-ovalis), but as a compensatory area for the
vibrating labyrinthine fluid, or as a new round window in the
sense of Weber. When the new opening (which is usually made
in the horizontal semi-circular canal) closes” again by the
growth of new bone, the improvement in hearing is lost,
and only a revision of the operational area may sometimes
restore the hearing again. From this evidence it seems neces-
sary, that a shuttle-action in the fluid of the labyrinth between
the two windows is essential to audition.

By means of the reaction of Tullio, van EUNEN was able
to observe the influence upon the sound-transmission of
manipulations on the conduction-apparatus of the pigeon.
First of all he established that the optimum of the reaction
was attained in the frequency region of 600—800 ¢/s. A sound-
intensity of 70 db in this region was needed to excite a reaction.
For higher and lower frequencies greater intensities were
required to obtain movements of the head. The curve re-
presenting graphically the threshold values for the frequency
range from 100—3200 c/s always had a characteristic form,
and showed a certain conformity with the human audiogram.

The optimum of the reaction, however, lay much lower
than the region of highest sensitivity in man, which, according
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to van Eunen, might be explained by the fact that the upper-
limit of hearing in the pigeon is much lower than in man
(WevER and Bray (2) ). Section of the columella-stem without
damaging the stapedial footplate led to a great reduction of
response. The same effect resulted from removal of the
tympanic membrane and fixation of the columella-footplate
in the oval window. In all these cases the curve was shifted
to higher values and this was the case for all frequencies.
Blocking of the round window had no appreciable effect
upon the reaction.

Van Eunen's experiments are thus all in favour of a sound-
transmission through the ossicular chain and oval window,
and make it seem highly improbable that the sound-waves
under normal circumstances enter the inner ear through the
round window.

On human temporal bones v. BExtsy (1) observed strobo-
scopically movements of the labyrinthine fluid and the basilar
membrane, but the intensities vequired were so high that
the stapes was disrupted by the vibrations of the electro-
magnetically driven tuning fork placed on the stapes.

The whirlpool movements of the labyrinthine fluid, which
v. Békésy observed in his specimen, have also been demonstrated
by LeoNARDELLI in the guinea-pig; and KoBraAx (9) was able
to register and measure the amplitude of fluid-vibration in
the cochlea of human temporal bones at various frequencies
and intensities of a tone.

Finally, as evidence of a possible displacement of the fluid
mention must be made of the experiments in which the move-
ments of the round window membrane in response to sound-
vibrations are registered. These movements will be discussed
in detail sub. 6.

VY. The movements of the fluid set the basilar membrane into
vibration.

If, according to the fairly generally accepted conception,
it be assumed that the fluid is incompressible and surrounded
by rigid bony walls, then there is but one possible way for
it to evade the pressure of the stapes namely, by bulging the
membrane of the round window into the middle-ear cavity.
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For this purpose the fluid has a choice of two routes (fig. 8),
namely:

1. Through the narrow opening (helicotrema) in the apex
of the cochlea;

9. Via the scala vestibuli, membrane of Reissner and ductus
cochlearis, through the basilar membrane to the scala
tympani.

The slow equalisation of pressure would then take place
via the helicotrema, while the very small diameter of the
helicotrema and the high frictional resistance of the perilymph
make a volume-displacement of the fluid through the helico-
trema impossible for the rapid periodic displacements of the
fluid in sound-vibrations.

Direet evidence of a vibrational movement of the basilar
membrane is extremely difficult to obtain. In the experiments
of v. BEkEsy (1) the cochlea was exposed over a large area,
and the vibrations of the membrane were followed: strobo-
scopically. As stated above, however, very high intensities
of stimulation were required. In his experiments on guinea-pigs
Lurik (1) found a disruption of the whole organ of Corti
from the basilar membrane after exposure of the animals
to sounds of very high intensity. This was taken as evidence
of the vibrations of the membrane.

MveInD, however, points out that the chloroform used for
the purpose of eliminating the influence of the intra-tympanic
muscles may already have caused great alterations in the
histological structure of the organ of Corti.

It is questionable whether, from these experiments with
abnormally loud tones, conclusions may be drawn respecting
the reactions occurring in the basilar membrane under normal
conditions. When other ways of escape are open to the fluid,
it would not seem impossible that movements in the fluid
might appear without the basilar membrane being set into
motion,

V1. The membrane of the round window serves as a low-resistance
pathway for the vibrating fluid of the inner ear.

The movements of the round window membrane have been

repeatedly studied on human temporal bones. In 1841

5
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WeBER (1) seems first to have pointed to the round window
membrane as a probable compensatory area for the fluid. If
pressure were applied to the stapes in the preparation, the
membrane bulged outwards. Macu and Kesser (2) were able
to follow stroboscopically the movements of the membrane,
and demonstrated further that these were always in opposite
phase to the movements of the stapes. In the laboratory of
Helmholtz Buck and Burnerr measured these excursions
with the aid of an ocular micrometer. Although these researches
were done in the same Institute, their results were not quite
the same. Whereas Buck established that the movements of
the round window membrane were greater than those of the
stapes, Burnett was not able to show any difference. Weber-
Liel used a 40 x magnification, and confirmed the observation
that when the air in the outer auditory canal is compressed,
the membrane bulges outwards., He further found that the
excursions of the membrane were greater than those of the
stapes. In all these investigations, however, it must be borne
in mind that comparatively large mechanical movements of
the air were used, and not the microscopical, or even ultra-
microscopical amplitudes as occur under physiclogical con-
ditions.

Link repeated these experiments, withan improved technique,
on a large number of human temporal bones. Besides evaluating
the influence of a change of elasticity and the elimination
of muscular activity in the dead material, Link attached
great importance to the maintenance of the intra-labyrinthine
pressure. It was shown that a change of this pressure highly
influenced the vibration amplitude of the fluid and the mem-
branes. By selecting fresh preparations, in which the aqueducts
were not destroyed and the whole preparation covered with
paraffin to prevent the perilymph flowing away, he endeavou-
red to keep this pressure as constant as possible.

In Link’s experiments the middle ear was carefully exposed,
the edges of the round window filed off and a tiny mirror of
minute dimensions (0,5 x 1,5 and 0,5 mm thick) attached to
the membrane. The excursions of this little mirror were
registered optically with a lightbeam-lever of 30—50 cm.
An audiometer was used as a sound-source and the sound
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carried to the tympanic membrane by a tube 8 cm long.
In order to register the excursions of the other components
of the conducting system, tiny mirrors were also attached
to tympanic membrane (umbo), head of the malleus, incus
and stapes.

By means of this technique, Link was able to demonstrate
the following :

The round window membrane reacts to sound impulses in
the same manner as the various parts of the ossicular chain,
its vibration amplitude being partly smaller, partly larger,
than that of the different ossicles. For instance, it is less than
the amplitude of the head of the malleus, but greater than
that of the stapes. With equal intensity and variable frequency
the amplitude shows a certain characteristic response. With
low frequencies it appeared to be already fairly large, with
increasing frequency the amplitude increased, tc reach a
maximum between 500 and 900 ¢/s and then to fall*rapidly.
Above 2000—3000 cfs, even with the greatest intensity and
a highly sensitive method (2 m long lightbeam-lever) no
movement could be observed. For the various frequencies
the minimum intensity was also determined which was
required to cause a just-noticeable vibration of the round
window membrane. This intensity appeared to be smallest
for the frequencies between 500—900 c¢fs and the curve
obtained by representing graphically the various intensity
values for different frequencies showed a certain resemblance
to the normal human threshold curve. Thus, s sort of
air-conduction audiogram could be made for the cadaver ear.
KoBraK (9), using a similar technique, also demonstrated in
a moving picture film how the round window membrane can
be used as a ‘“‘dynamic manometer’’ of the cochlea. It was
further shown that the inward movement was larger than the
outward motion.

v. BEkEsy (12) endeavoured in an entirely different way
to measure the vibration amplitude of the round window -
membrane. Since the round window has a surface of 2 sq.mm
and moreover, is very concave, lying hidden in a deep niche,
v. Békésy held the opinion that with the optical methods
at our disposal it would not be possible to measure in a direct
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way the extremely small amplitudes occurring at physiological
intensities. v. Békésy measured the volume-displacements
caused by a vibration of the membrane with an indirect or
“nul” method. For this purpose the middle ear of a freshly
prepared temporal bone was opened from below, and a short
T-piece cemented upon the niche of the round window. A
small loud-speaker was attached to one end while the other
was connected to a hearing tube. The opening in the middle
ear was again closed with cement. If the tympanic membrane
sinusoidal preparation was supplied with sinusoidal pressure-
variations, the round window membrane also carried out
sinusoidal volume-displacements. The sound produced in this
manner could be listened to via the hearing tube. This sound
could be compensated with a compensation loud-speaker by
a current of the same frequency, but of opposite phase.

By gauging, the volume-displacement of the loud-speaker
membrane and that of the round window membrane could
also be determined. By this method wv. Békésy found that
the amplitude of vibration of the round window membrane,
in response to a constant sound-pressure at the tympanic
membrane, iz almost independent of frequency, so that in
his opinion the peculiar form of the hearing threshold curve
must be ascribed to the sense organ itself.

Practically all the investigators who have studied the
movements of the round window membrane have observed
that the amplitude of the stapes is smaller than that of the
round window membrane. According to Link this can be
explained by taking into account that the area of the stapedial
footplate is about twice as large as that of the round window
membrane (resp. 3.2 and 2 sq.mm). If the latter was the
only way of escape for the fluid then its amplitude would
have to be also twice as great as that of the stapes. The ratio
between the amplitudes of stapes and round windew membrane,
however, depends largely upon the intra-labyrinthine pressure.
If this pressure be reduced by allowing the fluid to flow
away, the amplitude of the stapes increases, and contrarily
that of the round window membrane decreases rapidly. This
is probably the reason why the results of the different in-
vestigators do not entirely agree. Increase of pressure will

69

have exactly the reverse effect. With bone-conduction Link
could not observe any vibrations either of the conducting
system or of the round window membrane.

What will be the influence of immobilisation of the
round window membrane upon the function of the inner ear?

Various clinical and experimental data indicate that an
undisturbed mobility of the membrane is not essential to a
normal hearing function. Oprrikorer described the presence
of fat in the round window niche (16 9% of 234 cases) without
the hearing function being affected to any degree, even when
the fat filled up the whole niche. Harvpixe and Scort deseribed
one case in which a hearing test made shortly before death
had revealed no abnormalities, and the pathological-anatomical
investigation showed an almost total calcification of the
round window. In animal experiments attempts have repeatedly
been made to ascertain the effect of blocking the npiche upon
the hearing function. As a test for the cochlear function
Hucuson and Crowe (1) utilized the cochlear response derived
from an electrode on or near the auditory nerve. No change
in the responses was noted as a result of blocking the window
with wax or plaster, but an enhancement (ranging from
10—30 db) was reported when pressure was exerted on the
window with plugs of moist cottonwool. Since the potential
fluctuations occurring in the cochlea spread via the round
window in all directions over the mucous membrane of the
middle ear, it is not precluded that the moist pledgets improved
the conduction of the potentials from the round window to
the electrode lying in the vicinity of this window.

CuiLreERr, Finca and GIRDEN repeating these experiments,
and utilizing the conditioned response method in dogs, found the
cochlear function invariably impaired after plugging of the
niche. The average reduction of responses was about 10 db.
After removal of the plug, this function was immediately
restored to normal.

Harrpixe and Scorr, using the action-currents of the
contralateral auditory tract, failed to notice any significant
alteration in the cochlear function after a very effective
closure of the niche with plaster of Paris.
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These contradictory results led Wever and Lawrexce
to another study of this problem. With various forms of
blocking it was shown that only minor alterations of cochlear
sensitivity were caused. The reduction of responses rarely
exceeded 10 db and was usually of the order of 5 db, With
the middle ear intact the high frequencies were more affected
than the low frequencies whereas after removal of the middle-
ear structures the blocking of the round window mainly
reduced the responses to low tones.

The experimental results obtained by Hughson and Crowe
led Hucnson (1, 2) to attempt to improve the hearing of
patients suffering from a hearing loss by closing the round
window with a tissue-graft. According to him, in most cases
an improvement in hearing was noticed. It was suggested
that the membrane would absorb much of the energy of the
sound-vibrations, and that this loss of energy under normal
conditions will be even detrimental to the auditory perception.
Conforming to this conception the round window membrane
functions as a sort of safety valve for sounds of high intensity.

vaN EunEewN, after closure of the round window niche in
the pigeon found practically no difference in the reaction of
Tullio.

MiLisTEIN used as a test the degree of impairment of the
immner ear caused by exposure to loud tones. If the round
window were closed off on one side, a sound trauma occurred
only on the non-operated side. From this Millstein deduced
that closing of the round window niche has a protective
effect upon the cochlea. Ling, also studied the influence of
a closure of the round window niche upon the fluid-displace-
ment in the cochlea. At a distance of 4—6 mm from the
round window an opening was made in the basal turn of
the cochlea, till the membranous wall was exposed. Upon
this “membrane’ a tiny mirror was placed, and its excursions
registered optically. When the niche was closed with paraffin
the amplitude of the fluid remained the same. If any pressure
were applied to the membrane, however, the vibration ampli-
tude of the membranous labyrinth showed a decided increase
in the tonal range up to 3000 cfs. If this increase corresponds
to a better perception of the sound then the conclusion might
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be drawn that closure of the niche alone is not sufficient to
influence the hearing. If, however, pressure be applied to the
membrane a slight improvement in hearing might result.

At the present state of our knowledge it is still impossible
to give a satisfactory explanation of the function of the round
window membrane. It has been conclusively shown, that
under normal conditions the round window has no important
bearing upon the conduction of sound to the inner ear and
since obstruction of the membrane impairs the cochlear
function only to a minor degree, the round window cannot
be regarded as the only significant low-resistance pathway.

As an alternative explanation it has been suggested that
the round window membrane operates as a pressure-stabilizing
device in response to slow displacements of the stapedial
footplate (PonLman). To this assumption Haripike and
Scorr add the possibility of a connection between the move-
ments of the membrane and the flow of perilymph. If no
distensible vent in the wall of the bony labyrinth, such as
the round window would be present, the bulk modulus of the
labyrinth would attain very high proportions approximating
to that of water itself; and the circulation of cerebrospinal
fluid through the cochlear aqueduct in response to pressure
changes in the subarachnoid space would thus be brought
to a standstill.

VIl. The round window forms the only compensatory area for
the pressure exerted upon the fluid.

Theoretically besides the round window there are other
ways of escape for the pressure-variations in the labyrinth.
HERMANN, in his handbook, names the following possibilities :

1. The aquaeductus vestibuli — in this case the fluid will
flow along the otoliths and set the fluid in the sacculus
in motion (fig. 5).

2. The aquaeductus cochleae — a capillary tube, by which
the perilymphatic space communicates with the cere-
brospinal space.

KoBrax (3) has studied in how far the differences in
pressure between the labyrinth and the cerebrospinal
space can be equalised, and arrived at the following results :
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The static pressure-variations (as with a contraction of
the intra-tympanic muscles) are entirely equalised. The
dynamic pressure-variations (as in periodic sound im-
pulses) are only equalised at very slow movements of
the stapes.

Since the sinusoidal pressure-variations in a capillary
decrease proportionally with the frequency, the labyrin-
thine fluid, in rapid movements of the stapes, canno
longer escape towards the cramial cavity, so that this
way of escape for the rapid sound-vibrations may be
disregarded.

STAPES

’“ S8\ BASILAR MEMBRANE
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TYMPANIC CAVITY

Fig. 15. Release of pressure in the cochlea in the case of a normal middle-ear system
(left] and in a case where the tympanic membrane and the outer ossicles are missing,
according to v, Békésy (7).

3. The blood- and lymphvessels of the labyrinth — the very
abundant blood- and lymph supply of the inner ear
indeed afford the fluid a certain opportunity of pressure-
escape (Pourman (3) ). This factor is extremely difficult
to determine experimentally. Considering the mechanics
of the internal ear in cases where the tympanic membrane
and ossicles are lacking, v. BExesy (7) attached great
importance to the possibilities mentioned above (see
fig. 15).

Where the tympanic membrane is missing the sound-
pressure thrusts the round window membrane inward,
whereas the stapes is regarded as fixed. Under these
conditions the wvents become operative. According to
v. Békésy the upper system of vents connected with
the scala vestibuli is more effective than the single vent
(ductus perilymphaticus) connected with the scala tym-
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pani. Accordingly the fluid-displacement would take
place toward the upper system of vents and the basilar
membrane would respond in a phase opposite to that of
the normal (see page 51).

VIIl. The fiuid of the labyrinth is incompressibie.

From the physicist’s point of view a liquid cannot be
considered as being incompressible. FFor every material has a
certain compression modulus, and although this for most
fluids and solids is great, there are an immense number of
substances which are capable of propagating sound-waves in
the form of compression-waves.

WarTzZMANN (1) has written on this question:

““We must, however, understand clearly that in so far as
a detailed consideration is concerned, the liquid cannot be
regarded as a completely incompressible medium, because
otherwise variations in density would be impossible, and the
rapidity with which a pressure applied to one area could be
conducted would be infinitely great”. A liquid, however,
enclosed in a very elastic suwrrounding may be regarded as
being practically incompressible with respect to pressure-
variations affecting such a system. We may therefore assume
that the elasticity of the inner-ear system is set up by the
compensatory areas and not by the compressibility of the
fluid.

IX. The labyrinth capsule is to be regarded as a non-elastic con-
tainer of the fluid.

v. Bfkusy’s (3) investigations have rendered it probable
that sound-vibrations which reach the cochlea by means of
bone-conduction partly set the fluid of the internal ear directly
in motion, by means of compression of the labyrinthine fluid.

Now PomrmaN (2) postulated that if the bone-conducted
vibrations are directly transmitted to the fluid, then the
air-borne vibrations can also be transmitted from the fluid
to the osseous capsule of the labyrinth. Thus he assumes
that a relatively free transfer of acoustic energy through
the bony wall of the labyrinth is possible.

In connection with their experiments concerning the blocking
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of the round window niche, HaLipixe and Scorr examined
physically this possibility, They proceeded from the formula
for the transfer of acoustic energy from a fluid to a solid

dr
medium ;g = m in which % is the ratio between the
acoustic energy of transmitted and incident wave and r is
the ratio of the acoustic resistances in fluid and solid media.
If the value of the acoustic resistance for water is taken as
14. 10* and the same physical constant of the living labyrinth
capsule is estimated at 22.10* (which represents the wvalue
for certain hard woods- e.g. beechwood), then the probable
value for m on the boundary between fluid and bone in the
ear, would be 0.95.

Hallpike and Scott, however, held the opinion that “a
considerable difficulty in assuming any free transmission of
sound through the bony labyrinth wall lies in the extreme
attenuation of sound, air-conducted to one cochlea, in its
transmission through the skull to the opposite cochlea. The
figure given by Fletcher (1923) for this attenuation is 60 db.
According to Pohlman’s hypothesis, the first cochlea, might
be regarded as a point source transmitting to a point receiver
in the opposite cochlea. In these circumstances the resulting
attenuation would follow the law of inverse squares. If the
source be taken as the stapes footplate, then the approximate
distances to the nearest points of the cochlear spirals in the
same and opposite ears are 2.8 and 80 mm respectively,
giving an ecxtreme attenuation of some 30 db. For these
reasons it would appear to be impossible to accept Pohlman’s
hypothesis."

CHAPTER V
THEORIES AND EXPERIMENTS CONCERNING
FREQUENCY-ANALYSIS IN THE EAR

In 1863, more than 100 years after the publication of
Cotugno’s dissertation, Hevmuorrz published his famous
book “Die Lehre von den Tonempfindungen”, which may be
regarded as the foundation of physical and physiological
acoustics.

In the first part of this work Helmholtz, in a detailed
description of the composition and analysis of the various
sounds, gives a possible explanation for the sound-analysing
function of the ear. Although he neither refers to ecarlier
opinions about the existence of a resonance-system in the
ear, nor mentions the conceptions of Cotugno, it is undeniably
to his great merit that he furnished a better and more scientific
foundation to the resonance-theory and that he gave it a
physico-mathematical treatment.

Sound-Analysis by way of mathematics and,of physics.

In a simple harmonic vibration the air-particles execute a
periodic movement, the motion curve of which can be represen-
ted graphically by a single sinusoidal wave, whereby the
amplitude corresponds with the intensity, and the periodicity
with the frequency of the vibration. Now, a complex sound
is composed of a number of such periodical vibrations, each
component having a particular frequency. If the movements
of the air-particles in a complex sound-wave are represented
graphically the curve obtained is generally neither sinusoidal
nor even periodical. If we restrict ourselves to the complex
sound showing a periodic motion curve, such a curveis obtained
by the superposition of a number of sinusoidal vibrations,
each component having a particular frequency. The form
of such a motion curve depends upon the frequency- and the
intensity-, as well as upon the phase-relations of the partials.
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Mathematically, a sound can be analysed according to the
theorem of Fourier, which states that any periodic motion
can be analysed, and only in one way, into a number of single
sinusoidal waves of various amplitudes and periods.

By a physical method Helmholtz succeeded in analysing
the various.sounds of musical instruments and the vowels
of the human voice into their single components. For this
purpose he made use of the physical principle of resonance.
By means of glass or metal globes of various diameter and
provided with an opening at each side (the so-called resonators
of Helmholtz) this analysis could be carried out in 2 simple way.

One opening of the resonator, furnished with a neck, was
inserted into the outer ear canal, while the other opening
was turned towards the sound-source.

By resonance, that tone, whose frequency corresponds to
the natural frequency of the vibrating air-column in the
resonator, is reproduced more strongly than the other com-
ponents of the complex sound.

Sound-analysis by the ear.

Even without making use of the resonator a suitably trained
ear is also capable of performing a sound-analysis. This fact,
so important in the physiology of hearing, was established by
G. S. Onum in 1843, in a law, the so-called acoustic law of Ohm,
which states: that sinusoidal vibrations are perceived as a
pure tone, that a complex sound is analysed by the ear into
its different sinusoidal components, and that these components
will be perceived as pure tones having a pitch determined
by the respective frequencies. This law was again tested and
confirmed by Helmholtz, who demonstrated at the same

time that the phase-relations between the various sinusoidal

components have no influence upon the sensation of a complex
sound. The ear, thus performs in a way, an analysis of sound
in accordance to the theorem of Fourier. These two funda-
mental characteristics of the ear were for Helmholtz the
basic principles for formulating his auditory theory with the,
now classic, resonance-hypothesis. Since no physical method
of sound-analysis was known to him other than that by
resonance, he tried to explain the subjective sound-analysis
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by the ear by means of resonance-phenomena in the auditory
organ. When looking for a structure, which might be responsible
for the resonance-phenomena in the ear, Helmholtz made use
of the anatomical data which had been published a decade
earlier by the Italian anatomist Alphonse Corti. At first the
vibrating function was ascribed to the rods of Corti formed
by the supporting cells, but when Hasse demonstrated that
these rods were lacking in birds and amphibians, Helmholtz
followed the conception of HEnseN, who had already expressed
the view that the basilar membrane might be taken as the
resonant system. For this membrane has a structure which,
as regards the width at least, exhibits a certain progressive
differentiation from base to apex, while also the nerve-ter-
minals that finally conduct the stimulus to the brain terminate
in the organ of Corti. The task of conveying the vibrating
energy of the basilar membrane to the auditory cells was left
to the apparatus of the pillar cells. Helmholtz thus regarded
the basilar membrane as a set of resonant clements, each
possessing a certain natural frequency and each capable of
vibrating with a particular tone in the auditory scale. Helm-
holtz tried to make this acceptable by a mathematical treat-
ment of a membrane with the characteristics of the basilar
membrane. The difference in tension in radial and longitudinal
direction was considered to be one of the most important
features of the basilar membrane. From the fact that the
radial fibres possess a high degree of tenacity, but may be
easily separated from each other, Helmholtz concluded that
the basilar membrane displayed a certain tension in radial
direction, but not in a direction longitudinal to the membrane.
Now, a membrane stretched only in one direction behaves
quite differently from one tensed equally in all directions.
Whereas the latter possesses a very particular natural fre-
quency dependent on the size, tension and other qualities of
the material, Helmholtz came, by way of a complicated
mathematical analysis, to the conclusion that a membrane
with the characteristics of the basilar membrane, when acti-
vated by a periodic force, may approximately be regarded
as a system of parallel stretched chords. Such a membrane
possesses numerous natural periods, and when it is activated
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by a simple harmonic vibration, that part of the membrane
whose natural period corresponds with the frequency of the
vibration will be set into strong oscillatory movement. The
adjacent resonance-areas, whose natural periods are not
entirely in concordance with the frequency of the forcing
vibration will also be moved more or less, their rate of move-
ment depending upon the degree of damping of the membrane
(fig. 16).

Thus Helmholtz in fact assumed a vibration of a radial
segment of the basilar membrane with maximal displacement
in the centre, and not a selective vibration of mutually in-
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Fig. 16. The fibre oc is set into strong vibration to a given tone. The fibres on cither
side of this resonance-area are also activated but to a much smaller degree,

dependent fibres, as may be seen from what Helmholtz wrote
in the third edition of his work:

“But if the tension in the direction of its length is infinite-
simally small in comparison with the tension in direction
of the width, then the radial fibres of the basilar membrane
may be approximately regarded as forming a system of
stretched strings and the membranous connection serving
only to give a fulecrum to the pressure of the fluid against
these strings. In that case the laws of their motion would be
the same as though every individual string moved indepen-
dently of all others, and obeyed, by itself, the influence of
the periodically alternating pressure of the fluid of the labyrinth
contained in the vestibule gallery. Consequently any exciting
tone would set that part of the membrane into sympathetic
vibration, for which the proper tone of one of its radial fibres
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which are stretched and loaded with the various appendages
already described, corresponds most nearly to the exciting
tone; and thence the vibrations will extend with rapidly
diminishing strength on to the adjacent parts of the
membrane."

Whereas Helmholtz deduced the characteristics of the
basilar membrane theoretically, WaGNER succeeded in con-
structing model membranes with the above properties, the
so-called “polyphonic membranes” of Wagner. If, in a metal
plate, a fenestra be cut along two short parallel and two
long exponentially running lines, and owver this fenestra a
membrane be fastened in such a way that it is attached only
on the sides of the exponential lines and ends freely towards
the parallel sides, then such a membrane will have tension
in the transverse direction, but no tension in the direction
of its length (fig. 17).

If, now, a vibrating tuning-fork be moved backwards and
forwards above the membrane a very particular part of the
membrane will be set in resonant vibration. The position of
this part, characterised by a vibrating segment, is governed
by the forcing frequency in such a way that low tones set
into vibration the wide part and high tones the narrow portion
of the membrane. A complex sound is analysed by such a
membrane into its components, so that differently localised

" maxima of vibration occur for the different tones.

These experimental data may not, however, be applied
unreservedly to the basilar membrane, as the model membrane
of Wagner and the basilar membrane do not vibrate under
the same conditions. Whereas the former can vibrate freely in
the air, the basilar membrane lies enclosed in a small space
filled with fluid, and the physical properties of the latter may
greatly influence the mode of vibration of the basilar
membrane,

Under the conditions assumed by Helmholtz the parts of the
membrane resonating with the low tones will be found at the
apex of the cochlea, while the high tones will set into vibra-
tion the parts of the membrane situated at the base of the cochlea.
This conception was thus in agreement with the opinion expres-
sed by Cotugno 100 years previously, while Hensen also
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arrived at a similar conception. (For a further study of these
carly theories of hearing .the reader may be referred to the
article of Bast and Shover, in which the various stages in
the development of Helmholtz’s resonance-theory are elabo-
rately discussed).

=

i

|

\
\
\

8

Fig. 17. "Polyphonic membrane’ after WAGNER.
M — membrane,
R — margins where the membrane is attached to the metal plate P,
The position of maximal vibration shifts from 1 towards § with lowering frequency
of stimulation,

The theory of Helmholtz may in fact be considered as

being built up of different parts, namely:

1. the analysis of a complex sound by the ear is performed
in a physical manner, by resonance of the radial fibres
or segments of the basilar membrane (resonance hypo-
thesis).

2. every tone sets into vibration a particular part of the
membrane, in such a way that the high tones are
localized in the narrow portion, i.e. near the round
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window and the low tones at the apex, on the wide
portion of the membrane (localization hypothesis).

3. each hair-cell or group of hair-cells will, when stimulated,
produce invariably the same pitch-sensation. This is
the so-called principle of “specific energy” of Jom.
MuoLLER, which implies that a nerve-fibre, no matter
how it is stimulated, produces a specific sensation,
differing for each nerve-fibre. Thus, stimulating the
terminal organ of a certain auditory nerve-fibre in-
variably produces the same pitch-sensation. This prin-
ciple deprives the nerve-impulse of any qualitative
character.

Although the theory furnished a simple explanation for
several facts, e.g. the capacity of sound-analysis, the com-
bination-tones and the beats, some facts remained difficult
to explain and a number of theoretical objectigns against
this theory were soon advanced.

These arguments were mainly directed against the resonance-
hypothesis and were of an anatomical as well as a physicalnature.

They are chiefly:

L. That it is difficult to understand that an organic fibre,
only /30 mm in length which is part of a membrane, will
respond in the same way as a stretched string one meter
in length. Helmholtz has already attempted to meet this
objection by pointing to the investigations of HEeNseEN, who
demonstrated that tiny hairs of this length on the tail of the
opossum shrimp were set into sympathetic vibration, so that
different groups of hairs were activated by different tones.

At the same time he advanced that the fluid of the inner
ear and the solid structures of the organ of Corti may be
considered as loading the basilar membrane, whereby the
natural period of a certain area of the membrane will be
lowered :

“That such short strings should be capable of corresponding
with such deep tones, must be explained by their being loaded
in the basilar membrane with all kinds of solid formations;
the fluid of both galleries in the cochlea must also be considered
as weighting the membrane, because it cannot move without
a kind of wave-motion in that fluid”.
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This weight, however, exercises a great damping effect
upon the system, so that the process can have little in common
with resonance in the physical sense. For, according to
Helmholtz’s computation, a sharply demarcated radial zone
of the membrane will vibrate only when the damping is
small enough.

2. The anatomical structure of the basilar membrane makes
an independent vibration of individual segments very unlikely.
The investigations of Harpesty (1) had already revealed
that the various elements of the membrane, and the supporting
apparatus of the organ of Corti, are so interlocked as to make
individual movement impossible. In various animals, especially
in birds, the basilar membrane is a dense membrane with the
fibres running in several directions, which apparently makes
it unsuitable as a selective response-mechanism.

When a tone scts into vibration a particular part of the
basilar membrane the arcas on either side will also vibrate
but to a much lesser degree. Not only the nerve-fibre belonging
to that particular “resonator’ will be stimulated, but also
the adjacent fibres. While we adhere to the principle of
specific energy of senses, however, we shall have to accept
auxiliary hypotheses in order to explain why no more tones
are heard. Such a hypothesis was first formulated by Gray,
who assumed that only the nerve-fibre which is maximally
stimulated will transmit the impulse to the brain (“principle
of maximal stimulation'). Even if we accept this hypothesis
we are still lacking a satisfactory explanation.

From the work of Garamsos and Davis (1,2) on the
electrical activity of single nerve-fibres we now know that
a given tone at threshold stimulates a localized area of the
organ of Corti. With increasing intensity of this pure tone
a greater part of the adjacent structures is stimulated. This
spread of response is not symmetrical, but mainly towards
the higher frequency side, so that at 100 db a 300 cycle tone
stimulates the whole region between the response-areas of
the 250 and the 2500 cycle tonme.

3. It is difficult to understand that the resonating elements
of the ear may respond to a range of 10—11 octaves. In order
to explain this fact, it will have to be made acceptable that
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the physical properties of the membrane show a large degree
of progressive differentiation from base to apex. The natural
fltequency of a stretched string is determined by three factors,
viz. length, tension and mass per unit length, and that according
to the formula:

= _1_ E =5 1 l/ tension
= —orn=———— |}/ —

2L ¥ m 2 X length ' mass per unit length

The frequency is thus inversely proportional to the length
and the square root of the mass per unit length, and dil‘(i(;tly
proportional to the square root of the tension of the string.

Does the basilar membrane possess these necessary requisites
of length, tension and mass to justify the application of this
formula to the cochlear structures?

The only factor which Helmholtz was able to determine
was the difference in width of the basilar membrane between
base and apex (and therefore the difference in length of the
resonating ‘““chords’’ or membrane segments), but he indicated
also that the load or mass from base to apex will vary. In
spite of the fact that the mechanical continuity is preserved
ir& all directions, we may regard a membrane stretched in one
direction as a series of parallel tensed strings (Wagner) and
apply to it the formula for the stretched string.

HARTRIDGE, as well as WiLkinson and GRrAY especially
have attempted to show that the physical properties of the
membrane allow for a progressive differentiation of the three
factors along the length of the basilar membrane.

a. length of the ‘fibres’ — The accounts of the ratio of the
length of the ‘fibres’ at base and apex differ widely with
various authors. Whereas Helmholtz proceeded from the
measurements of Hensen, who found the ratio to be 1 :12,
later investigators demonstrated that great individual diffe-
rences occur and that the increase in length may be very
irregular (see Chapter II).

If we assume an average ratio of 1 :6, this would only
account for an acoustic spectrum of 24 octaves at the most.

The primeimportance of the difference in length of the radial
fibres as the underlying mechanism for the sound-analysis
was already questioned by DENKER on account of his in-

n
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vestigations of the auditory apparatus in the parrot. This
bird has a basilar membrane of relatively even width
throughout, its total length not being more than 2.6—2.7 mm.
The parrot, however, has not a very limited frequency-range
and frequency-analysis seems to be quite good. The number
of radial fibres was estimated at 1200.

b. lension of the ‘fibres’ — The computations of Helmholtz
had led him to the conclusion that well-defined segments of
an elongated triangular membrane could only be brought
into vibration when the tension in transverse direction con-
siderably exceeded the tension in the direction of its length.
Helmholtz made no mention, however, of any difference in
tension between base and apex. Gray’s anatomical investi-
gations, which demonstrated that the thickness of the spiral
ligament increases very considerably from apex to base, led
him to the conclusion that the tension exerted by this ligament
would increase correspondingly. The short ‘fibres’ at the base
would thus have a much greater tension than the long ‘fibres’
at the apex.

With regard to the actual tension of the basilar membrane
we possess very few experimental data. BErenDES determined
the tension in a fresh cadaver ear to be a few dyn/em? in the
second turn from the base. v. BExEsy (11) demonstrated
that the basilar membrane displays no tension, and may
be compared with a gelatinous layer. With a thin glass rod
the basilar membrane at the apex was gently impressed, the
deformation being practically the same in every direction,
whereas with a difference of tension in two directions a more
oval indentation might have been expected. v. Békésy thus
concluded that the tension in transverse direction cannot
exceed that in longitudinal direction. These experiments
make one of the basic principles of the resonance-theory
valueless, and in this light the theory becomes scarcely
tenable. _

¢. mass of the ‘fibres’ — While Helmholtz had already
assumed that the fluid of the inner ear may be considered
as loading the basilar membrane, WiLkINsON (2) attempted
to demonstrate that the mass of the fluid loading the ‘fibres’
must be greater at the apex than at the base. A vibrating
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segment of the basilar membrane would have to displace a
double column of fluid. This column stretches on one side
from the oval window to the vibrating segment, and on the
side of the scala tympani from here to the round window.
A segment at the apex of the cochlea would thus be loaded
by a longer fluid column than a segment near the oval window.
The factor m in the formula would thus acquire a greater value.

4. If the analysis of the sound is achieved by resonance-
phenomena in the cochlea, the characteristics of the auditory
organ must correspond with the physical behaviour of reso-
nance-systems, Under the influence of a forcing frequency
a system capable of vibration, e.g. a series of resonators
will be set into forced vibration. Owing to resonance, that
part of the system whose natural frequency corresponds with
the forcing frequency, will be set into vigorous motion and
will respond to a higher degree than when the same force is
applied statically. The greater the difference betweeri resonant
and forcing frequency the smaller will be the forced vibrations.
The displacement amplitude of the resonator, whose natural
frequency equals the forcing frequency is dependent upon
the damping of the system. When the damping is increased
this amplitude decreases, so that at critical damping no
magnification of amplitude due to resonance is present, and
all resonators respond equally to all vibrations (fig. 18).

The system loses its analysing function. We may thus
conclude, that in any resonance-system selectivity (i.e. magni-
fication due to resonance) and damping are closely related
to each other. A highly selective system willshow small damping
and a highly damped system will have poor selectivity. With
small damping and its accompanying high degree of selectivity,
time is required for a resonance-system to come to a steady
state in response to an applied force and a relatively long
time is required for the system to return to the quiescent
state after cessation of the driving force.

We will now examine whether the characteristics of the
ear correspond with these properties of physical frequency-
analysers. Should we accept a resonance-mechanism, acting
as a harmonic sound-analyser, to exist in the human ear, it
must possess a high degree of selectivity. For the ear, especially



86

in musical persons, is capable of distinguishing very slight
differences in pitch. It was shown that at 80 db a 1000 cycle
tone is different in pitch from an equally intense stimulus
of 1003 cycles (Smower and Bippurpm). On the other hand
the system must be highly damped for the subjective persistence
of a discontinued sound is of very short duration, which
enables us e.g. to distinguish clearly the slightly different

tones of a rapid trill (up to 10 times a second).
The experiments designed by HARTRIDGE in which a test-
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Fig. 18. Graph showing the amplified vibrations due
to resonance. The amplitude is plotted against the
frequency. The maximum displacement amplitude,
which occurs at resonance, becomes less pronounced
as the damping is increased (indicated by smaller
values of the parameter Q). At critical damping am-
plification due to resomence is completely annulled.
(After Trendelenburg).

person noticed at a sudden phase-reversal of a steady tone
a momentary period of silence (the “phase-change” beat),
were taken as evidence of the transient arrest of some tuned
resonant structure in the inner ear with less than eritical
damping. Many efforts were made to determine the damping
factor of this resonant structure, but the values obtained do
not represent the damping of the resonance-mechanism in
the inner ear solely, because they concern the damping of
the overall auditory mechanism, in which the physical charac-
teristics of the whole sound-conducting apparatus, and the

87

behaviour of the central nervous system also play an
important réle.

Objective evidence of the phenomenon described by Hartridge
was sought by means of the Wever and Bray technique (HALL-
PIKE, HARTRIDGE and RAwpon-Smir (1) ). It was shown that :

a. the cochlear response followed the phase-change accurately
without any “silent period’” — the mechanism in which these
potentials are generated must therefore possess critical damping,

b. the action-potentials, however, showed some faltering
in the response, comparable with the periods of silence reported
in the subjective tests. From these experiments the authors
concluded that the auditory action-potentials are generated
by a structure possessing definite resonance — namely the
basilar membrane (or rather the hair-cells on this membrane),
whereas the cochlear microphonics arise in a structure pos-
sessing little mass and no resonance. Reissner’s membrane,
as a polarized membrane, was proposed as the most likely
source. STEVENS and Davis (1), however, adhering to the
theory that the cochlear potentials are generated by the
hair-cells of the organ of Corti maintain that this structure
and the underlying basilar membrane are critically damped,
and provide an alternative explanation of the ‘‘silent period”’
of the action-potentials.

Whether the damping of the resonance-mechanism is critical
(as maintained by the American school) or not (as accepted
by the English school) we are still facing the problem of a
possible resonance-mechanism exhibiting apparently two
incompatible properties, i.e. high selectivity and heavy or
almost critical damping. A resonating system, however, if
critically damped, loses its characteristic frequency and a
set of such systems, if eritically damped, can no longer act
as a harmonic analyser (Tumarxin (1) ).

Only two ways may lead out of this dilemma., We must
either abandon the resonance-hypothesis (as is suggested by
Stevens and Davis and others) or introduce alternative ex-
planations. Ever since Max WieN in 1905 pointed to the
paradox, attempts have been made to reconcile the heavy
damping with the high selectivity of the ear.

Jung demonstrated that the combination of high selec-



88

tivity and large damping may be realised in an electrical
system. Recently TumMarkIN (1) argued that the heavy damping
may not be solely due to frictional losses. Any other process
which can irreversibly extract energy from a vibrating system
will damp it. Tumarkin suggested that the greater part of
the sound-energy dissipates by way of reverse radiation.
The same impedance-matching function of the middle ear,
which enables the ear to absorb energy so readily from the
air, equally enables it to radiate energy back into the air.
Thus even in the extreme case of a completely frictionless
inner ear, giving ideal selectivity, the residual energy is ex-
pected to be so rapidly dissipated as to approach critical
damping.

Another study dedicated to this problem was presented
by GorLp and Pumpurey. After discussing elaborately the
physical properties of a system of mutually independent
resonators, experimental evidence was submitted that the
degree of resonance of the various receiving elements of the
basilar membrane must be high. In the frequency-range from
1000 to 10.000 cfs the values found for the parameter Q,
defining the quality of a resonant system, varied from 60
to 2560. These values were taken as proof of a comparatively
high degree of resonance of the receiving elements of the
basilar membrane.

The authors strongly argue against the prevailing opinion
of nearly critical damping of the basilar membrane, and the
experimental data which have been supposed to be evidence
of high damping of the cochlear structures were found to
be irrelevant. It is stated that only the resonance-hypothesis
of Helmholtz is consistent with the observations made and
that the cochlea contains an array of linear resonant elements
ranged in serial order of resonant frequency, and that these
elements are the agents which individually excite those hair-
cells of the organ of Corti which are in apposition to them.

In a subsequent paper Gorp dealt with the physical arguments
against the resonance-hypothesis. If the cochlea is regarded
as a ‘passive’ mechanism, whose elements are brought into
mechanical oscillation by means of the incident sound-waves,
the high viscous damping of the basilar membrane indeed
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presents an important physical argument against resonance
of sufficiently high peak-values in such a small fluid-filled
space.

If, however, this resistance may be counteracted by a
supply of energy from another source (negative resistance),
then oscillations with a high resonance peak-value again
become possible. This is a well-known prineiple in radio-
engineering, in which receivers employing it are called ‘regene-
rative receivers’.

A similar ‘regeneration’-mechanism is suggested by Gold
to exist in the inner ear, the 'regencrating’ forces being
derived from the cochlear microphonic potential, which has
hitherto been regarded as an unexplained by-product of
cochlear activity. This supply of electrical energy may then
be regarded as counteracting the high damping caused by the
physical qualities of the basilar membrane and the fluid.

5. One of the basic principles on which the resonance-
hypothesis was formulated, is the capacity of the ear to resolve
a complex sound into its composing clements. Apart from
the fact that many persons are unable to perform such an
analysis, several observations have revealed that this analysing
function is limited. The loudness of a tone of constant in-
tensity and frequency may be considerably influenced by
the presence of other tones. High-frequency tones are effec-
tively masked by low-frequency tones, whereas conversely
the low tones are but little influenced by the high ones. The
loudness of the partials of a complex sound will thus be less
than when they were sounded separately with equal intensity.

The investigations of Scmourzn, which confirmed the
observations made by SeeBEck more than a century ago,
have shown that for the subjective sound-analysis Ohm’s law
has but a limited validity, and that some extensionis necessary
to explain the phenomena first described by Seebeck and
later again by Schouten. Should a periodic sound containing
a great number of higher harmonics be presented to the
untrained ear a sound of a sharp tone quality with a pitch
equal to that of the fundamental tone is perceived. Now a
suitably trained ear is able to perceive the lowest dozen har-
monics separately in the sound. The higher harmonies, however,
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cannot be perceived separately but are perceived collectively
as one component (which was called the ‘residue’) with a
pitch determined by the periodicity of the collective wave-
form, which is equal to that of the fundamental tone. Schouten
suggests Ohm'’s law of subjective sound-analysis to be extended
as follows:

1. the ear analyses a complex sound into a number of
components each of which is separately perceptible.

2. a number of these components corresponds with the
sinusoidal oscillations present in the inner-ear sound-field.
These components have a pure tone quality.

3. Moreover, one or more components may be perceived
which do not correspond with any individual sinusoidal oscilla-
tion, but which are a collective manifestation of some of those os-
cillations which arenot, orare scarcely, individually perceptible.
These components (residues) have a sharp, impure tone-quality.

While numerous theoretical objections have been advanced
against the resonance-hypothesis, clinical and experimental
evidence is strongly favouring the conception of tonal loca-
lization in the cochlea (place-theory of frequency-reception).
As evidence of such a spatial arrangement of the various
tone-receptors in the cochlea may be mentioned :

1. Embryologic evidence — in the developing opossum
LArseLL and co-workers found the appearance of the cochlear
response to be closely correlated with the differentiation of
the organ of Corti to an apparently functional stage. In this
animal the development of this structure is not a simultaneous
process. It was found that the organ of Corti reaches maturity
first in the upper part of the basal coil of the cochlea. During
the period in which the opossum continues to develop the
differentiation of the organ of Corti extends both apically
and basally from this initial zone. Functional activity of the
cochlea was found to be closely related to the development
of this sensory mechanism. The cochlear response begins on
the fifteenth day and is at first limited to one frequency of
approximately 1300 c/s. A spread of this response in both
directions was noted on completion of differentiation of the
organ of Corti.
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2. Histo-pathologic evidence — by histologic study of a great
number of human temporal bones Crowe, GuiLp and PoLvoeT
were able to demonstrate that the lesions in the human ear,
responsible for abrupt high-tone deafness, may be located in
the basal turn of the cochlea,

3. Evidence from prolonged stimulation with loud tones —
the observation of HaBErRMANN, who in a case of professional
deafness found destruction of the organ of Corti, led to a
great number of experiments, in which a more or less local
destruction of the organ of Corti was obtained after long
exposure to intense tones (Wrrrmaack (1) ). Mild degrees of
damage are localized, but abnormally loud stimuli produce
widespread damage. This damage tends to be located nearer
to the helicotrema when caused by low tones, and nearer to
the round window when caused by high tones. (Summaries
of these experiments may be found with Srevexns-Davis and
WERNER). ‘

4, Fuvidence from cochlear wmicrophonics — experiments
made by wvarious investigators (HarrLpike and Rawbpon-
Syitu (2), CurLLer, Kemp and Jounson) have demonstrated
that each frequency is characterized by a focus of maximal
electrical activity in the cochlea. Relatively greater potentials
were obtained from the round window in response to high
tones, and to low tones from the apex. CuLLER in plotting the
positions of optimal response for various frequencics was thus
able to construct a map of the cochlea (fig. 19). Application
of certain chemical substances to the round window resulted
in an impairment of the response to high tones and a local
destruction of the hair-cells in the basal turn of the cochlea
(FowLER and FoRrBES).

5. Evidence from surgical lesions — various attempts have
been made to obtain impairment of cochlear function for
particular tones by destruction of localized regions of the
organ of Corti, The first experiments date from 1883, when
Bacinsky observed that removal of the apical turn of the
cochlea in the dog resulted in the loss of response to low tones.
Herp and Kreingnecur made little holes in the bony capsule
over the spiral ligament, and by depressing this structure
tried to distend locally the basilar membrane. In using Preyer’s
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reflex as an indicator of cochlear function they found a loss
of response for certain tonal areas. These experiments were
taken as confirmatory evidence for the resonance-theory of
Helmholtz, asit was assumed that a local distension of the fibres
of the basilar membrane was responsible for these tonal losses.

Similar experiments were performed by Warzr and BorpLEY
in which small localized lesions were made in the cat’s organ
of Corti by drilling away the bony capsule over the spiral
ligament without opening the endolymphatic space. Lesions
in the basal coil caused high-tone loss, and lesions toward
the apex caused low-tone loss. It was found that at threshold

Tig. 19, Map of the cochlea indicating
the position of maximum response to
pure tones (from ILETCHER).

there is sharp localization of tones along the spiral organ,
but that as the intensity is raised, there is spread of response
to adjacent areas. In none of the experiments, however, was
there a complete loss for any tone, though subsequent histolo-
gical examination showed that the organ of Corti was com-
pletely destroyed at the site of operation.

The regions of optimal response for successive octaves were
found spaced at equal distances along the organ of Corti.
The results of these experiments are slightly at variance
with the results of Culler’s experiments, which indicated that
the low octaves were relatively more and more compressed
toward the helicotrema.

Additional evidence was obtained from psychophysical
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measurements, which led to the construction of maps almost
identical to those derived from the physiological experiments
(FLercHER (2), STEVENS and VOLEMAN).

On the basis of these independent supporting data it is
now possible to accept with confidence the pitch maps of
the cochlea. With the aid of these maps Fletcher has calecu-
lated the “auditory patterns” produced by various types of
sound (fig. 20).

These experimental data, are thus all in favour of a fixed
pattern of pitch-localization along the basilar membrane. A
reservation must, however, be made as to the localization of

Fig. 20. Auditory patterns of steamboat whistle (left) and street noise (right)
(from FLETCHER).

very low tones (Symposium: ‘“Is there localization in the
cochlea for low tones?”. Ann. Otol. 44, 1935). Whether this
pattern is a vibratory pattern or a pressure-gradient pattern
will be discussed in the following chapter.

The various objections raised against the resonance-theory
led to the construction of other theories of hearing. The
“telephone-theory” of Rutherford, first presented in 1886,
assumed that the sound-pattern was transmitted directly to
the auditory cortex, without being analysed by the cochlea.
The overwhelming evidence in favour of localized pitch-
perception in the cochlea makes this theory of historical
interest only.

An experimental approach to the problem was made by
EwaLp (1) in 1899. A loosely stretched rubber membrane
submerged in water was set into motion by means of
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tuning forks. Though the membrane had a longitudinal form
and their dimensions were chosen as far as possible in accor-
dance with those of the basilar membrane, Ewald failed to
observe a local vibration-maximum as was suggested by
Helmholtz. Instead, under the influence of a tone, numerous
zones of maximal vibration were noted. Every tone was
characterized by a resulting vibration-pattern of standing
waves on these membranes. (“Schallbilder’ or sound-patterns).
With low tones the nodes of these waves lay farther apart
than with high tones.

Ewald postulated that in the ear the basilar membrane
reacted in the same way as these model membranes. It was
suggested that the sound-pattern on the basilar membrane
was transferred to the brain in toto. Like Rutherford, Ewald
considered the nerve-fibres functionally alike and able to
transmit any vibration. Apart from the fact that the physical
constants of Ewald’s car-model (“camera acustica”) were very
arbitrarily chosen, two serious objections make this theory
untenable :

1. the sound-pattern of the basilar membrane must be
dependent upon the phase-relations of the component
frequencies in a complex sound. A phase-shift of oné
of these components would cause a change in the pattern
of vibration of the membrane and a consequent change
in the sound-perception. This is not borne out by the
experiments, which have demonstrated that the sound-
sensation is independent of the phase-relations of the
composing elements of a complex sound.

2. the various experiments respecting the localized pitch-
perception in the cochlea are not in conformity, neither
with Rutherford’s nor with Ewald's theory,

Both the theory of Helmholtz and that of Ewald, formulated
to explain the characteristics of the auditory organ, are
based upon a particular mode of vibration of the basilar mem-
brane. Whereas Helmholtz deduced this vibration-form by
a physico-mathematical analysis, Ewald arrived empirically
at an entirely different conception. Although Ewald endeavou-
red to deduce the vibration-form of his model membrane

analytically, he does not seem to have succeeded in doing so,
KocH, in a physico-mathematical treatment of Ewald’s mem-
brane, has tried to find out the reasons for the different mode
of vibration in both theories. Helmholtz, in his calculations,
proceeded from an elongated triangular membrane of constant
mass and constant damping with no longitudinal tension,
activated by a sinusoidal force, which affected the whole
membrane equally. Only if the damping was small enough
could a particular tone set into vibration a localized area of
the membrane and only when these conditions are fulfilled
will the membrane be able to react as a series of independent,
parallel stretched chords (as the model membranes of Wagner
have demonstrated). Should the physical constants be mo-
dified, however, the mode of vibration will also be different.

In the camera acustica of Ewald the periodic force acted
perpendicularly upon the membrane, while the mass and
damping could be regarded as constant. Only the tensions
in radial and longitudinal directions probably differed little
from each other. The vibration-form of the membrane now
becomes totally different and it is clear that slight differences
in the physical constants may entirely modify the result.

Koch, in his computation proceeded from a rectangular
membrane with constant mass and damping, acted upon by
a periodic external force. The longitudinal tension was taken
as bheing very small compared with that of the radial tension.
Koch, by applying the computations of Helmholtz along a
boundary transition, showed that the difference between the
two theories could not be due to a different form of the
membrane.

According to him the different behaviour of the membrane
in the two theories may be explained by taking into conside-
ration the fact that Helmholtz used the natural periods of
the different zones of the basilar membrane to explain its
vibration-form, whereas in Ewald's experiments the lowest
natural period of the membrane was higher than the frequency
of the forcing vibration. According to the theory a standing
wave-pattern may be formed on such a membrane, the
vibration amplitudes of the waves being smaller towards the
middle of the membrane, a fact which had already been



96

observed by Ewald in his models. The physical properties,
which the membrane had to possess, to allow the entire range
of audiofrequencies to come to lie below the natural period
of the membrane, were determined by Koch.

Whereas Ewald himself stated that the basilar membrane
in the ‘sound pattern’-theory is set into vibration by ‘reso-
nance’ (in which no distinction was made between the forced
vibrations in general, and the resonance-vibrations as a
particular form of these vibrations), Koch renounced com-
pletely the conception of resonance-phenomena in the cochlea
in response to tone-stimulation,

Though Koch’s work must be regarded as an important
contribution to membrane-vibrations in general, the various
physical conditions in the cochlea were not fully recognised
(e.g. the characteristics of a membrane vibrating in a fluid
were not adequately examined) and the same objections as
were raised against the theory of Ewald may be advanced
against his views. The argument of a spatial distribution of
tone-perception in the cochlea was met by GILDEMEISTER
and Kocu by assuming that under certain conditions the
greater part of the standing waves may be suppressed. These
conditions are:

1. the membrane, on one short side, must end with a free

edge.

2. the driving force must not act equally on the entire mem-

brane, but only in the proximity of one of the short sides.

3. the damping must increase from one side to the other.

Whereas the first two conditions are satisfied by the ana-
tomical structure of the cochlea, Gildemeister assumed that
the damping increased rapidly in the direction of the helico-
trema. It was held that under these conditions a series of
standing waves will be formed along the basilar membrane,
with rapidly decreasing amplitude towards the helicotrema.
This decrease in amplitude will entirely depend upon the
damping of the system, which is determined by the viscosity
of the fluids, the mass of the membranes and fluid as well
as by the tension of the basilar membrane. This damping
was regarded as being so high that in all probability only
one, or at the most two vibration-maxima are found.
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Since the distance of the nodes of these waves is inversely
proportional to the frequency, the lower the forcing fI'EC_{I:leTlCY
is, the further will the first, and practically the only, maximum
of vibration be located from the oval window.

In this way the theory, like that of Helmholtz, may furnish
an explanation of the sound-analysis, the phase-independence
of the sound-sensation and the tonal localization, based upon
the theory of forced vibrations, without making use of the
special case of resonance-vibrations.

This theory forms a gradual transition towards the.group
of hydrodynamic theories, which will be discussed in the
next chapter.



CHAPTER VI

HYDRODYNAMIC THEORIES RESPECTING
FREQUENCY-ANALYSIS IN THE EAR

Helmholtz as well as Ewald assumed that a particular mode
of vibration of the basilar membrane was responsible for the
sound-analysis in the inner ear. In their statements they
almost entirely ignored the movements of the cochlear fluid.
Helmholtz merely wrote: “the fluid of both cochlear galleries
must also be considered as weighting the membrane, because
it cannot move without a kind of wave-motion in that fluid”,
but Helmholtz does not mention either the true nature of
this wave-motion, or the way in which the different parts
of the membrane are set into vibration by a displacement
of the fluid. Though Ewald’s membrane was made to vibrate
under water, the way in which the membrane was set into
motion by a periodic force was not indicated by him. If,
however, the sound-vibrations set the basilar membrane in
motion, this is only possible through a movement of the fluid,
as both the basilar membrane and the fluid are to be considered
as a coupled system. When a vibrating system is coupled
to another system the motion of the first system is communi-
cated to the second, and the second system is said to execute
a forced vibration. A study of the movements of the basilar
membrane will thus be impossible without considering in
detail the movements of the inner-ear fluid.

Hydrodynamic- or “Wave’'-theories:

Four theories, which originated almost at the same time
at the end of the last century, constituted the first attempts
to deduce the motion-form of the basilar membrane from the
movements of the cochlear fluid (HursT, TER KuIiLe (1, 2),
Bonnier, MEvVER). These theories are similar in that they
attempt to analyse the possible movements of the basilar
membrane resulting from a wave-front initiating at the stapes.
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If the stapes is pressed deeper into the oval window by a
positive pressure in the external auditory canal, it will tend
to compress the perilymph in the scala vestibuli. The fluid
will then try to escape by virtue of its relative incompressi-
bility. For slow movements the fluid may find a way of escape
through the helicotrema, but with rapid vibrations of the stapes
the frictional resistance in the narrow part of the cochlea
and the inertia of the mass of fluid in the apical turns make
an altermative pathway necessary, Since it is held that the
walls of the cochlea are rigid the pressure can only be relieved
by bulging the basilar membrane into the scala tympani,
whilst the pressure in the scala tympaniisrelieved by a yielding
of the round window membrane into the middle-ear cavity.
The elastic qualities of the basilar membrane will tend to
counteract this bulge by bringing pressure to bear on a con-
tiguous part of the membrane. On account of the increasing
width of the basilar membrane, and its accompanying decrease
in elasticity, a travelling wave is thus generated along the
membrane (like a pulse-wave is propagated along the arterial
wall). The different writers, however, diverged in their opinion
about the progress of this wave and the way in which the
frequency-analysis was effected (summaries: WAETzZMANN (1)
and Bast-Smover). Although these theories refuted the con-
ception of a frequency-analysis in the ear by resonance, they
were little more than theoretical attempts to take into account
the existence of a wave-motion in the perilymph (“wave
theories” or ‘“hydrodynamic theories’). No physico-mathe-
matical treatment or experimental evidence, however, suppor-
ted these theories.

Only when all physical constants having influence on the
movements of the fluid and membranes in the cochlea are
known, will we be able to form a clear concept about the
hydrodynamic behaviour of the cochlea, The small dimensions
and the Inaccessability of the cochlear system make an exact
determination of these factors as yet extremely difficult and
so little is known about their values that in theoretical state-
ments on this subject, rather arbitrary values for these magni-
tudes were usually introduced.

During recent years, however, many experimental and
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theoretical attempts have been made to solve the problem
of the mechanism of the inner ear by a better evaluation of
the various physical constants involved.

In 1928 the Hungarian physicist von Bfxkgsy (1) made an
experimental approach to the problem with the aid of a
simplified model of the inner ear. The considerations which
led to the construction of this model were summarized as follows :

“The essential difference between the various theories is
that on all occasions different values were accepted for the
mechanical properties of the basilar membrane, the elasticity
and friction. This made it possible, that for the same size of
the membrane and the same way of stimulation all possible
vibration-forms of the membrane were represented. Only
when the vibration-form of the basilar membrane is known
will we be able to accept a particular theory. As the direct
observation of the vibrations of this membrane in the cochlea
meets with exceptional difficulties, an ear-model is first
constructed, which must be adapted by all possible means
to the original circumstances, if the results obtained are to
be decisive''.

Models of the cochlea had been made earlier than this,
in order to study the vibration-form of the basilar membrane.
In 1899 Ewarp was the first to construct a model in which
the basilar membrane was represented by a rubber membrane
(“camera acustica’). The model of WiLkINson (1), illustrating
the resonance-theory of Helmholtz, consisted of a series of
separate chords of phosphor bronze, making it possible to
vary the tension and consequently the natural period of these
chords by loading them with small weights. The various
resonators were connected by a gelatinous layer, thus giving
a certain resemblance to the basilar membrane.

Various other models were constructed to study the be-
haviour of the inner-ear fluid, but the physical constants
of the inner ear and of the model, however, usually bore such
little resemblance to each other, that the true motion-form
of the basilar membrane could hardly be inferred from the
results obtained.
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v. Békésy attempted to circumvent this difficulty by
bringing into accordance as far as was possible the physical
constants of the model and those of the inner ear.

1. Geometrical resemblance between inner ear and model.
This demand could not be fully satisfied owing to the small
dimensions of the cochlea. An enlargement of the model of
4 to 5 times was necessary. The spirally coiled cochlea was
represented in the model as a straight double canal. A further
simplification was the omission of Reissner’s membrane and
consequently of the cochlear duct containing the endolymph.
In later models v. Békésy again introduced this membrane,
which, however, but little influenced the mode of vibration
of the basilar membrane.

2. Hydrodynamic resemblance — in order to maintain an
accurate correlation between the cochlear fluid and the fluid
in themodel some of the physical characteristics of the perilymph
were determined by v. Békésy (viz. its density and viscosity).

It was found that the density of this fluid is 1,034 grams/c.c.
at 37° C and its viscosity 0.0197 cgs. units. According to
v. Békésy accurate hydrodynamic correspondence between
cochlea and model was obtained if the viscosity of the glycerine
solution, used in the models, amounted to approximately
4 times that of water.

3. Resemblance in elasticity of the membranous partition.
Since the vibration-form of the basilar membrane is mainly
determined by its elasticity, its characteristics had to be
accurately imitated in the model. We have no information
on the tension of the basilar membrane in the living, although
Berendes did carry out a few measurements in the basal
turn of the cochlea on human cadavers, In some way or
another v, Békésy had to bring into alignment the tensions
of the model membrane and the basilar membrane. For this
purpose he made use of the experiments of WirTmaack (1)
and others, in which localized lesions of the basilar membrane
and the organ of Corti in animals were caused by exposure
to very strong sound-stimuli over a long period of time.

In a similar way circumscribed holes were produced in
the model membrane as a result of strong vibrations of the
“stapes’. The localization of these holes depended upon the
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frequency of the sound-stimulus and the mass of themembrane.
As long as the membranes were thin, irregular holes occurred
in the narrow part of the membrane (near the “stapes’).
When the membranes were made thicker, the number of holes
was limited to one, which with increasing thickness shifted
its position in the direction of the helicotrema. With constant
thickness of the membrane and constant frequency the hole
always occurred at the same place. The thickness of the
membrane was selected in such a way that the location of
the hole at a certain frequency corresponded with the damaged
area in the animal experiments.

Two vibrations of slightly different frequency also produced
two holes near together, leading to the conclusion that even
considerable irregularities of the membrane do not essentially
affect the movement of adjacent areas.

This simplified model in some ways corresponds more
accurately to the natural basilar membrane than did Ewald'’s
membrane, which with a small irregularity no longer exhibited
good “wave-patterns’’.

The model of v. Békésy:

The actual model consisted of an oblong brass box sealed
on both sides by glassplates. A thin metal partition separated
the cavity into two equal parts (‘‘scalae’). In this partition
a long wedge-shaped opening was covered with a rubber
membrane (“basilar membrane”).

The two separate parts communicated by an opening at
the end of the membrane (“helicotrema’’). On the outside the
“scalae’ were shut off by rubber membranes (“windows”’) and
a short metal shaft (‘“stapes’’) was attached to one of the
membranes. The whole cavity was filled with fluid, the visco-
sity of which was regulated by the addition of glycerine. In
this fluid were suspended fine coal-dust and gold-particles
in order to visualize its movements.

It was shown that when the stapes was set in motion,
the powder suspended in the fluid was brought into violent
movement. From a further analysis of this movement v. Békésy
inferred that series of waves sweep progressively along the
membrane in the direction of the “helicotrema’’. Since, even
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with high magnification and sufficiently high frequency, no
movement of the fluid was noticed near the ‘“helicotrema’,
it was assumed that these waves were highly damped.

The motion of the membrane, however, tends to produce
small vortices, or eddies, in the fluid at a certain position
on either side of the membrane. The diameter of these eddies
was always equal in magnitude to the height of the fluid-
column above the membrane, whereas their angular velocity
appeared to be proportional to the amplitude of movement
of the “stapes’ (fig. 21).

With a change of the stimulating frequency a shifting of
these eddies was noticed, high frequencies tending to produce
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Fig. 21. v. BErfsy’s model of the inner ear.

eddies in the neighbourhood of the stapes and low frequencies
in the region of the helicotrema.

A more detailed analysis of the movement of the membrane
was made possible by stroboscopic illumination. It was shown
that the membrane did not vibrate in standing waves, but
that travelling waves spread along the membrane in the
direction of the helicotrema,

With a momentary aperiodic outward displacement of the
“stapes’’ the first part of the membrane momentarily bulges
up, while the region in the neighbourhood of the helicotrema
remains in rest. After the “stapes” has swung back this part
also swings back aperiodically to its position of rest, whereas
a flat travelling wave is generated spreading towards the
helicotrema, This wave is highly damped, and only with very
low frequencies is the wave reflected at the helicotrema and



104

are standing waves generated in the apical portion of the
membrane,

If the stapes is allowed to make a complete single vibration
the first part of the membrane exactly follows the movement
of the stapes and moves in almost equal phase. At the region
of maximal displacement a phase-shift occurs and from this
point two or three highly damped travelling wave-peaks may
be observed. If elasticity and damping are well-chosen these
waves may even be fully suppressed, which apparently seems
to be the case in the cochlea. The velocity of propagation
of the travelling wave tends to decrease rapidly in the direction
of the helicotrema. -

At the position of maximal displacement the above-
mentioned vortices occur, while in the region of the helicotrema
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Fig, 22.

the fluid is only moved to and fro by the highly damped
travelling waves (fig. 22).

v. Békésy subsequently tried to verify this mode of vibration
of the basilar membrane in dissected human ears. The apieal
cochlear turn of freshly prepared human temporal bones was
exposed, so that approximately one third of the basilar mem-
brane could be observed, without damaging the delicate
structures of the cochlear duct. Fine coal-dust was suspended
in the cochlear fluid to visualize the transparent membranes.
A small glass tube, provided at one end with a rubber mem-
brane was inserted into the oval window, and the membrane
set into motion by the strong vibrations of a 200 cfs tuning
fork, With stroboscopic illumination travelling waves were
observed, but owing to the high damping only a singular and
simultaneous movement of both membranes occurred. At
high frequencies the only visible part of the apex of the inner
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ear remained quiet. The observations on the model were thus
confirmed under more natural conditions.

In v. Békésy's model the whole membrane vibrated at
not too high a frequency with a high, nearly critical damping,
which could be further enlarged when Reissner’s membrane
was imitated and the space between both membranes (“ductus
cochlearis'’) was filled with a viscid liquid. v. Békésy thus
regarded the cochlea as being a trequency-analyser with a
very high, almost critical damping and this theory of frequency-
analysis was called the ‘theory of aperiodic analysis’.

The position of maximal displacement of the membrane
and consequently of the eddies is determined by the stimulating
frequency. Both the maximal displacement of the membrane
and the angular velocity of the eddies are directly proportional
to the stapedial movements, The periodic movements of the
stapes are thus transformed into an aperiodic whirlpool
movement; or in other words are rectified in the ear.

v. Békésy explained the formation of these eddies by
assuming the membrane to consist of a great number of radial
sections of constant width, but wvarying in length along
the membrane. The various sections with their corresponding
fluid columns were regarded as scparate ‘“‘resonators’’ with
decreasing natural periods in the direction of the helicotrema.
As long as these natural periods are higher than the stimu-
lating frequency the membrane moves as a whole. Where
this frequency corresponds to the natural period of one
of the sections of the membrane, a local vibration maximum
occurs, If a sinusoidal force activates such a system of “‘reso-
nators” their amplitudes of vibration at successive intervals
during one complete cycle of a steady tone may be represented
by fig. 23.

On outward movement of the stapes the basilar membrane
momentarily bulges up to its maximal position, whereas on
inward movement of the stapes the membrane bulges into
the seala tympani until it again reaches its maximal excursion.
From the interjacent curves it appears, that during this
movement of the membrane the fluid to the left will be moved
in the direction of the arrow. When the membrane moves
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back the dotted curves show that an equal amount of fluid
will be shifted to the right. Thus a constant flow of fluid
in the direction of the lower tuned “resonators” will occur
at the position of maximal displacement of the membrane.
The displaced fluid must flow back at another point, thus
giving rise to the whirlpool movement. On the other side of
the membrane a similar process occurs only in an inverted
direction.

v. Békésy suggested that the pressure exerted by the eddies
against the cochlear duct might form the adequate stimulus
for the organ of Corti.

Fig. 23. Diagram of the pattern of vibration of the basilar
membrane during one complete cycle of a steady tone
(After v. BExtsy).

Mathematical trealments of the hydrodynamics of the tnner ear:

Various attempts have also been made to treat the hydro-
dynamic behaviour of the cochlea from a theoretical point
of view,

Kucnuarski, in a mathematical treatise, computed the wave-
propagation in a theoretical model corresponding as far as
possible with the original conditions in the cochlea. The
variable elasticity of the cochlear partition was taken into
accouni, with the result that travelling waves were found to
have a local vibration maximum, the position of which was
governed by the frequency.

Travelling waves with maximal displacement at a certain
position were also found by FrercrEer (1) in a theoretical
study of the mechanics of the inner ear.

Another extensive theoretical study, in which the experi-
mental results of v. Békésy were treated mathematically,
was made by RawnxkE (1, 2).
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Ranke proceeded from the assumption that the cochlea
may be compared with a hydraulic system contained in a
tube with elastic walls. To such a system may be applied
the theory of propagated disturbances in fluids constrained
by elastic boundaries.

Generally sound-waves in a fluid propagate in the form
of compression-waves. As the wave-lengths of these com-
pression-waves, even for the highest frequencies, are large
relative to the dimensions of the cochlea, (at 20.000 c/s the
wave-length in water is still 7.25 ¢m) the adherents to the
resonance-theory generally assumed that with a sound-vi-
bration the fluid in the cochlea moved as one mass. On that
count wave-movements in the cochlear fluid were held to
be impossible. Though the theories of ter Kuile, Meyer, Hurst
and Bonnier were a first attempt to consider wave-movements
(in the form of travelling waves) in the cochlea, they possessed
little conclusive power, because they lacked every physico-
mathematical foundation. Now Ranke made a definite distinc-
tion between compression-waves and ‘“Schlauchwellen”, by
which the first are propagated on account of the compressi-
bility of the fluid and the second on account of the elasticity
of its boundaries.

The cochlea now may be considered as a tube with a
partially elastic wall (scala media) so that “Schlauchwellen”
may be produced in the inner ear by an oscillatory movement
of the stapes. Whereas the wave-lengths of the compression-
waves of the acoustic frequencies are large in comparison
with the dimensions of the cochlea the wave-lengths of the
“Schlauchwellen’’ can only be computed if the various physical
constants of the cochlea viz. its dimensions and shape, the
density of the perilymph, and the elasticity of the basilar
membrane, are known.

Ranke made use of the computations of FRANK (2) regarding
the pulse-wave, which were concerned with the waves occurring
under the influence of a periodic force and long wave-lengths
in a cylindrical vessel with elastic walls.

In the blood-vessels with practically incompressible content
travelling waves also occur, which propagate on account of
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the elasticity of the wall of the vessel. The conditions in the
cochlea, however, differ considerably from the fundamental
conditions set by Frank. The cochlea consists of a narrow
double-canal with a partially elastic wall, whereas the diameter
of the scalae decreases from base to apex and the elastic
partition broadens in the same direction, owing to which the
physical characteristics of the canal continually vary.

Ranke first proceeded from a double-canal with invariable
diameter and constant dimensions of the elastic partition.
In considering the membrane as being composed of two parts,
of which each layer cooperates with the adjoining fluid in
the corresponding canal, the computations of Frank may be
applied to the cochlea.

If the anatomical dimensions of the cochlea, such as the
diameter of the scalae and the length of the basilar membrane:
and the physical characteristics, such as density of the
perilymph and the mass and elasticity of the basilar membrane
are known, the wave-lengths and speed of propagation of
these waves in the cochlea may be computed, Whereas the
anatomical dimensions and the density of the fluid are ap-
proximately known, information about the tension of the
basilar membrane is hard to obtain.

Ranke estimated this tension, by assuming that it could
not be more than the breaking strain of the fibres of connective
tissue, namely 500 kg/cm? (it will probably be considerably
less). With an estimation of the tension at a maximum of
500 kg/em?® and a minimum of 50 kg/em? the wave-lengths
of the acoustic frequencies could be calculated as follows:

tension 500 kg/em?| tension 50 kg/cm?

frequency
at base at apex | at base at apex
20 2650 em|20 om (835 om|6.3 cm
10.000 53 ecm| 0.04 cm 1.67 ¢m | 0.0126 cm

From this it appears, that the wave-lengths of these waves
are generally small, not only with respect to the total length
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of the cochlea, but also with respect to the diameter of the
scalae.

For each frequency the wave-lengths rapidly decrease from
base to apex. According to Ranke we may thus expect in the
cochlea, for the major part of the tonal range, wave-lengths
that are long at the base and short at the apex with respect
to the diameter of the scalae. Since the computation of Frank
was only valid when the wave-length was long in proportion
to the diameter of the canal, Ranke has examined the diffe-
rences from the theory of Frank that appear when the wave-
lengths become short. He arrives at the following conclusion :

The velocity of propagation of “long’ waves is for each
arbitrary canal with partially elastic walls independent of
the frequency. As soon as the wave-length with increasing
frequency approaches the value of 2 = the diameter of the
scale the velocity of propagation diminishes, to decrease
rapidly for shorter wave-lengths. The bigger the. canal is
with respect to the width of the membrane the greater will
be the fall in the velocity of propagation. Now Ranke has
attempted to explain the behaviour of these “short’ waves
with the aid of the phenomena of surface-waves.

“Short” waves only set the water in motion superficially,
whereas “long” waves effect the water to a greater depth
(waves of ship-length are only possible in open sea, whereas
in a shallow pond only small wave-lengths occur). Ranke
thought to be able to convey these differences, without too
many difficulties, to the double-canal of the cochlea. Whereas
the “long”’ waves at the base of the cochlea set in motion
the whole fluid content, the fluid movement is entirely limited
to the direct neighbourhood of the elastic membrane as soon
as the wave-lengths are short with respect to the diameter
of the canal. At the point of the canal where the wave-lengths
and the 2 = diameter of the canal correspond, the lines of
flow are forced to curve off in the direction of the membrane
(fig. 24). In this transition-area various hydrodynamic forces
arise, to the right of this area an over-pressure, and to the
left an under-pressure or suction (see arrows). These forces
form together a rotation-moment that will set the fluid into
a rotatory motion. They always act in the same direction,
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that is to say they donot change with the phase of the frequency.
There arises in this way a rectifying effect in the sense of
v. Békésy. The magnitude of these forces, and consequently
A the angular velocity of the eddy,

i
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: is dependent upon the amplitude
) of the stapes, whereas the position
2\ of the eddies is determined by the
5 44 . 1B stimulating frequency.
s A Ranke suggested that a shift of

the tectorial membrane in longitu-
dinal direction with respect to the
basilar membrane, caused by the

¢ ﬁmi pressure-gradient in the transition-
V=% area might form the proper stimulus
: for the sensory cells of the organ
of Corti.
- !B
: P : : “A  The hydrodynamic computations
= of Ranke made it possible to give a
satisfactory explanation of various
s well-known  facts concerning the
s : : sm° hearing function, e.g.
Yo i 1. the frequency of a tone deter-

7 mines by a series of travelling

waves the position of the

\ : ¢ I “transition-area’’ with its over-
T

and under-pressure. Low tones

Fig. 24. Diagram of the transi- give rise toa ‘‘transition-area’’

tion-areas for various frequerncies

Atcoiding fo Raves The: aceows at the apex, high tones to one
indicate the direction of pressure at the vestibulum;
on the fluid (from RankE). 2. the loudness of a tone corres-

A — wall of the canal; . . .
B ponds with its amplitude of

vibration. Over- and under-

pressure are directly proportional to this amplitude;
3. the selectivity is almost independent of the damping,
as it is only determined by the pressure-gradient in the
transition-area ; which in turn depends upon the changes
in the volume-elasticity coefficient of the membrane
and the diameter of the scale. The principal objection
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of Wien against the resonance-theory thus loses its
importance;

4. at least 8 octaves of the audiofrequency range starting
with a tone of 20 c¢/s, produce waves in the cochlea,
which have their first vibration maximum on the basilar
membrane.

Ranke'’s computations thus led to a physico-mathematical
explanation of the local vibration maximum on the basilar
membrane, in response to stimulation by a continuous tone,
and the occurrence of eddies in the adjoining fluid, as was
found experimentally by v. Békésy. In various aspects, how=-
ever, the conceptions of these authors are at variance,
Whereas v. Békésy still assumed that the localization of pitch-
perception in the cochlea was achieved by resonance-pheno-
mena in the basilar membrane, Ranke argued that physical
resonance of parts of the basilar membrane in the way that
Helmholtz proposed, is impossible. The system does not
possess definite natural periods but may vibrate with all
frequencies, without one frequency being selected.

According to Ranke the part of the membrane between
the stapes and the transition-area vibrates in almost equal
phase. In an elastic tube an equal-phase vibration means a
standing wave. Since a standing wave is generally attained
by reflection of a travelling wave, Ranke considered the region
where the waves curve off from the canal wall as the reflection-
area. Because reflection at a denser medium increases the
pressure-amplitude of the wave at the reflection-area the
maximal displacement of the membrane in this area can be
readily explained.

In his experiments v. Békésy, however, found no standing
wave with a node at the transition-area, as was suggested
by Ranke.

Whereas v. Békésy supposed that the eddies, observed in
model and cochlea exerted a pressure upon the structures of
the cochlear duct, Ranke maintained that these eddies canunot
exert a pressure, but must be regarded as the result of pressure-
disturbances generating in the cochlea during sound-stimu-
lation. The resulting forces, acting as rotation-moments, are
responsible for the formation of the eddies.
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The eddies may therefore be regarded as secondary pheno-
mena having no influence upon the wvarious processes of the
inner ear.

In his computations Ranke attached great importance to
the diameter of the scalae. Later experiments of v. BExEsy (12)
have, however, shown that the influence of the dimensions
of the cochlea is of little importance on the vibration-mechanism
of the inner ear,

Another attempt to treat the cochlea as a hydrodynamic
system contained in a conical vessel with a partially elastic
wall along which a pressure-disturbance is propagated, was
made by Resouw (1, 2).

In making reasonable assumptions for the various physical
constants of the cochlea Reboul deduced a differential equation
relating the displacement of the membrane at any point with
the velocity of the wave at that point. For, owing to the
variability of the elastic partition and the diameter of the
vestibular scale, the speed of propagation of the pressure-
pulse in the cochlea may not be regarded as being constant.
This speed is greater at the stapes and diminishes steadily
in the direction of the helicotrema. It was calculated that
points of peak-displacement occur at positions governed by
the frequency of the stimulating tone. In addition to the
maximal displacement there is a maximal pressure-gradient
across the membrane, the location of which is also governed
by the frequency. This pressure-gradient will not be in the
same phase and at the same position as the displacement of
the membrane. Reboul suggested that this pressure-gradient
constituted the adequate stimulus for the organ of Corti
rather than the displacement of the membrane. It was further
shown that at low frequencies the basilar membrane is displaced
“like a wvibrating reed”. The sound-analysis can only be
accomplished in this case by the time-pattern in the brain,
as was suggested by the telephone-theory of Rutherford. At
higher frequencies the membrane shows maximal displacement
at a point which moves steadily downwards to the stapes as
the frequency rises, thus conforming with the general concep-
tion of a distribution of pitch-perception along the basilar
membrane.

113

The wvarious theories considering the acoustic stimulus as
a propagated disturbance in an elastic tube, give a different
explanation of the movements of the fluid and the basilar
membrane. Although these theories generally state that a
local vibration maximum occurs in response to a steady tone,
they are not in complete conformity with the experimental
findings of v. Békésy.

Zwisrock1, who recently again dedicated an extensive
study to this problem, subjected the existing theories to a
critical discussion and concluded that none of these theories
can be regarded as adequate. He also considered the propa-
gation of vibrations in the cochlea to be of a predominantly
hydrodynamic nature, exhibiting great similarity to that of
surface-waves arising at the interface between two liquids.
In contrast to an ideal surface, in which only capillary forces
with an elastic character arc concerned, the surface in the
case of the cochlea is represented by the ductus eochlearis,
which possesses both mass and damping. In addition, its
elasticity is subject to local variations, a fact which is respon-
sible for the specific character of vibrations in the cochlea.
Zwislocki deduces a dynamic differential equation containing
all the physical factors influencing the propagation of vibrations
in the cochlea. This differential equation is independent of

the shape of the canal and the course of the vibrations with
respect to time.

The factors contained in the equation are:

1. the demnsity and viscosity of the perilymph;

2. the dimensions of the canal;

3. the impedance of the ductus cochlearis — in evaluating
the components of this impedance, viz. its mass, damping
and elasticity, Zwislocki for the first time gave a detailed
description of the dynamic behaviour of the ductus
cochlearis.

The damping and elasticity components were taken from

the experiments of v. Békésy (13).

This investigator found in human temporal bones a loga-
rithmic damping factor of 1.4 to 1.8 independent of frequency
for the vibrations of the basilar membrane. The mass and
damping may thus be regarded as constant for the entire

8
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length of the canal. The elasticity, however, diminishes
rapidly as the distance from the base of the cochlea increases.
v. B#xfsy (14) determined the volume-displacement and
accordingly the elasticity of the cochlear partition over its
entire length. It was shown that the flexibility of this partition
increases from base to apex in a rate of approximately 1 to 100.

An approximate solution of the differential equation of the
cochlea shows that the amplitude and wave-length of the
waves which are propagated in the cochlea change without
discontinuity. A single local vibration maximum is produced.
This requires neither resonance nor wave-reflection within
the ductus cochlearis, The maximum is caused by the combined
effects of the inconstant flexibility of the basilar membrane
and its damping. It occurs at a point where the impedance
of the ductus cochlearis possesses an elastic character and,
on account of the presence of damping, cannot arise at the
point of resonance.

The flat local vibration maximum moves down from the
apex to the base as the frequency increases, which accounts
for a frequency-analysis in the cochlea. This can only be a
rough resolution of frequencies and it appears necessary to
accept a finer frequency-analysis in the central nervous
system, as was already suggested by v. BExr#sy (2).

This calculation leads to results which are in better agreement
with the experimental findings of v. Békésy than former
theories.

Zwislocki further demonstrated that the eddies which
occur at the place of maximum vibration, as was demonstrated
by v. Békésy, have a mathematical foundation.

They are to be attributed to quadratic terms in the hydro-
dynamic equations, which at the amplitudes occurring in
acoustics, represent small magnitudes of the second order.
Accordingly, the eddies are to be regarded as a secondary
phenomenon having no noteworthy influence upon the other
Processes.

Zwislocki refutes the possibility of a stimulation of the
sensory cells by a pressure exerted by the eddies (v. Békésy),
or a displacement of the membranes caused by a pressure-
disturbance at the vibration maximum (Ranke), but draws
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attention to the forces of mass arising in the ductus
cochlearis.

As a final conclusion about this group of theories we may
quote STEVENS and Davis (1, page 445) where they state that:
““These theories regarding the dynamics of the cochlea which
consider the acoustic stimulus as a propagated disturbance
in an elastic tube, rather than as a forced vibration impressed
upon a set of resonators, have the additional advantage that
they enable us to see how the cochlea can behave as an analyzer
in spite of a large damping factor. A simple system which is
critically damped will not have a maximum in its resonance-
curve and a set of such systems could not, therefore, serve
as an analyzer, Hence if we were to treat the cochlea as a set
of resonant systems, we should have to assume a damping
less than eritical. No such restriction is necessary, however,
when we treat the cochlea as a hydrodynamic system in an
elastic tube, for a maximum of displacement of the basilar
membrane can be obtained in spite of a large damping factor.
Thus it is possible for the basilar membrane to act as an
analyzer, and at the same time show no free vibrations after
a stimulus has ceased”.

By inserting small manometers into the cochlea of human
temporal bones, which made it possible to register the pressure-
variations in the scala vestibuli, ScuuLze attempted to provide
experimental evidence of a local increase of pressure, as was
suggested by v. Békésy and Ranke to occur in the cochlea
during sound-stimulation. At wvarious positions along the
cochlear turns drillholes were made, without damaging the
middle- and inner-ear structures.

At a distance of 8 mm from the oval window a maximum
was found for a tone of 580 cfs, at 12 mm for 270 c/s, whereas
a frequency of 140—150 c¢/s caused a pressure-maximum at
a distance of 18—19 mm from the oval window. From these
experiments it was inferred that the vibration maxima for
the high tones are relatively compressed in the basal coil of
the cochlea.

In comparison with the overwhelming evidence in favour
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of a fairly regular distribution of pitch-perception along the
basilar membrane, the experiments of Schulze do not indicate
a definite correlation between the pressure-maxima and the
various tone-perception areas in the cochlea.

Two-place theories of hearing:

Though the results of various animal and psycho-physical
experiments are highly favouring a one-place theory of pitch-
perception some psycho-acoustic phenomena are difficult to
explain by the acceptance of one local stimulation-mechanism
in the inner ear.

Experiments on the fatiguing effect of prolonged tone
stimulation led GOoraN DE MARrE to the construction of a
two-place theory of hearing, which was based on the experi-
mental results of v.Békésy and the theoretical computations
of Ranke. It was demonstrated that on pure tone stimulation
there is a rapid decrease in the perception of the stimulating
tone. The subjective harmonics, however, which attained a
considerable loudness, with the intensities employed for the
stimulating tone, did not give rise to any ‘fatigue’-effect.

It was assumed by Goran de Maré that the decrease in
loudness of the test-tone was due to the receptive elements
being adapted to the pressure of the eddy, whereas the sub-
jective harmonics are not generated by an eddy-pregsure but
by a so-called phasic stimulation-mechanism, that Aisg"hy that
part of the organ of Corti that is situated between the stapes
and the position of the eddies.

It was further stated, that the structure of the inner ear and
the different innervation of inner and outer hair-cells (LORENTE
pE N6 (3) ) suggests that the former are chiefly stimulated by the
eddy-pressure, the latter by the phasicstimulation-mechanism.

v. Békésy had already suggested that with a tone of 125
c/s the eddies occur right down at the helicotrema. For fre-
quencies lower than 125 cfs it was assumed that a movement
of the whole fluid and a corresponding movement of the
whole basilar membrane would occur, and that the pitch of
these tones was determined by the time-pattern in the brain.
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In this case only the phasic stimulation-mechanism of de
Maré would be active.

On account of their experiments on the effect of stimulation
with very intense tones on the hearing function RUEDI
and Furrer also described a two-place theory of hearing. It
was suggested that pitch-perception only occurs in the inner
hair-cells, whereas the sound-intensity was only perceived
by the outer hair-cells.

This theory was also based on the difference in innervation
of both groups of cells. This distinction in function between
inner and outer hair-cells was already suggested in 1936 by
LuriEe (1), though this author started out from entirely diffe-
rent premises.



CHAPTER VII

BIOPHYSICS OF THE CONDUCTION OF
SOUND IN THE EAR

The study of the physiology of the sound-conducting appa-
ratus has furnished many interesting data regarding the way
in which the system responds to the air-conducted sound-
vibrations.

Since it has been established that the system may be regarded
essentially as a complicated mechanical system, capable of
vibration, the entire mechanism will now be considered from
a physical point of view. After a discussion of the charac-
teristics and the physical behaviour of acoustic receivers in
general, the physical properties of the ear, as a special form
of acoustic receiver, will be dealt with.

. Some physical aspects of sound-receivers.
Electrical, mechanical and acoustic impedance.

According to Ohm’s law in a direct current circuit the
current is determined by the electromotive force (E.M.F.)
and the resistance (R): Current = E.M.F./Resistance, i.e.
I = E/R.or E =1R

Ohm's law can be generalised in order to include alter-
nating current circuits. In this case the maximum values of
both current and E.M.F. must be introduced into the formula,
since both magnitudes are a function of time (sine-function).
The generalised resistance is in this case called the impe-
dance. It is dependent upon the elements composing the
circuit, and as a rule upon the frequency. For example in the
case of a series connection of a seclf-inductance, a condenser
and an ordinary resistance, the impedance has the formula:

Z =V R?+ (0L —1/wC)? in which

® = circular frequency = 2rf,
L = the coefficient of self-inductance,
C = the capacity of the condenser.
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For a certain value of ®, oL and 1/eC will be equal and
for that frequency Z = R. The impedance is now a minimum
and therefore the current is maximal, if the voltage is kept
constant. This is called the phenomenon of resonance.

Where in an alternating current circuit the current is
influenced by the impedance, similarly any oscillating mecha-
nical system presents a certain resistance or an impedance
to vibratory energy delivered to it (mechanical impedance).

If a steady, non-oscillatory force acts upon an elastically
fixed mass (e.g. a mass attached to a steel spring) the displa-
cement is proportional to the applied force (Hooke's law).
The displacement in the case of a constant force will depend
upon the stiffness of the spring which tends to restore the
mass to its original position (stiffness = the restoring force
per unit of elongation).

When a periodic force is allowed to act upon this system
the displacement will be almost equal to that in, the case of
the constant force, as long as the period is great in comparison
to the natural period of the system. The stiffness is deter-
minative for the displacement of the system, or the system
is said to be stiffness-controlled.

If the frequency of this to-and-fro motion is increased
beyond the frequency where the system is stiffness-controlled,
and the amplitude of the driving force is kept constant, the
displacements of the system will become gradually larger.
Maximal displacement amplitude occurs when the forcing
frequency equals the natural frequency of the system. (oL =
1/wC). In this case another force opposing the vibrations
of a mechanical system, i.e. the frictional resistance offered
by the medium in which the system is vibrating, constitutes
the limiting factor for the vibration amplitude of the system,
which is now said to be friction- or resistance-controlled.
With increasing frequency of the driving force the mass,
which must be accelerated each time, presents a considerable
inertia; at sufficiently high frequencies the stiffness forces,
as well as the resistance forces, are megligible in comparison
with these inertia forces. The system is now said to be mass-
controlled (fig. 25). With very high frequency of vibration
(frequency o) the amplitude of thesystem will decrease to zero.



120

Vibrating mechanical systems can be treated mathemati-
cally along the same lines as electric systems. If the following
transformations are made the equations of vibration of these

systems are analogous to the equations of alternating current
circuits :

electrical mechanical

Current I Velocity V

E.M.F. E Force K

Resistance R Friction r

Inductance ity Mass m

1/Capacity 11C Stiffness s
=Bl

AMPLITUDE

|
|
|
|
|
|
|
|
|
|
1
|
|
|
|
|
|
|
|
|
|

N— R e

Fig. 2h. Diagram of the response of a vibrating system to a

periadic force of varying frequency. The amplitude of dis-

placement is plotted against the frequency. R indicates

the resonance-frequency of the system. At A the system is

stiffness-controlled, at B friction-controlled and at C mass-
controlled.

According to Ohm’s law the electric impedance is defined
as the ratio of the amplitudes of the voltage and the current.
In close analogy a mechanical impedance can be defined as
the ratio of the amplitudes of the alternating force applied
to the system and the velocity resulting from it.

This definition of the mechanical impedance, however,
does not completely describe the behaviour of the system,
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as it only gives the ratio of the maximum values (amplitudes)
of force and velocity. Usually these magnitudes do not attain
their maximum value at the same time; the quantities that
are sinugoidally dependent upon the time are then said to
be differing in phase. A complete description of the mechanical
impedance must therefore take into account this difference
in phase be.ween force and velocity. Its magnitude may be
given by the phase-angle ®, which is defined by the equation

d = 360°. % ; in which At is the time interval between the

moments that both quantities attain their maximum value and
T is the period of the vibration.

If K and V represent the maximum values or amplitudes
of force and velocity the momentary values of these quan-
tities are given by the equations K = K cos ot and V=V
cos (et — ¢) respectively. "

The use of these trigonometric magnitudes may, however,
lead to complicated computations and the introduction of
the so-called complex quantities into the formulas facilitates
these computations considerably.

Complex figures are obtained by addition of real and ima-

ginary figures. The unit of imaginary figures is j = v —A,
These complex figures may be represented graphically, in
which the real figures are plotted against the axis of abscissae
and the imaginary figures on the ordinate. In the figure
26A a point P represents the complex figure:

a' =w -+ jqg = a. (cos ot + j.sin wt)

Since coswt 4+ j.sinet = ei®t or exp jot, in which e is the
base of the natural logarithms, the equation may also be
written as:

a' =w + jqg = a.exp jut
Now both the above-defined mechanical impedance and
the phase-angle between the force and velocity may be found

easily by using these complex quantities.
If we write K’ = K exp jot and V' =V exp j (ot — @),
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and consequently the complex impedance is defined as the
ratio of the complex momentary values of force and velocity,
then:

e K eXp j&)t
V oexp j(ot—o)

Since exp j (ot — ¢) = exp jot . exp ( — j»), Z’' may be
written as:

L= §ﬂ-gl——qj'm Z’:%ei@

The use of complex quantities in vibration problems has
several advantages. In the equation of motion and continuity
momentary values are used. If real quantities are used diffi-
culties are encountered in the calculations of the ratios of
these quantities, since the ratios of two momentary values
are generally functions of the time and do not bear a simple
relation to the ratio of the amplitudes. Hence if we are inte-
rested in the ratios of the amplitudes and the quantities
are considered to be real we are compelled first to determine
the amplitudes of the quantities under consideration. Where
the quantities are taken as complex quantities any ratio of
momentary complex values will be independent of time and
bears a simple relation to the ratio of amplitudes of the quan-
tities, without having recourse to amplitudes themselves.
In the case of the complex impedance as defined above, the
phase-angle may be seen directly from the formula

Ga .
= — . X
Z e

Another advantage of the use of exponentials instead of
circular functions is that differentiation znd integration of
circular functions is much more complicated than that of
exponentials.

The usefulness of the complex impedance for the special
case of a vibrating mechanical system consisting of a mass
attached to a spring and opposed by a frictional resistance
r will be demonstrated in the following calculation.
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If K is the force acting upon the mass, the total of forces
opposing this force is given by the equation
K =sx +rx +mx
If the displacement «x is substituted by the velocity v, we
find
K=3sg f vdt 4+ rv 4 mv

If v depends sinusoidally upon the time (v = ¥ exp jot),
substitution gives

| VR -+ jo mv
jo
i 7—K Z=" friom
According to the definition Z = —or L= - j

If this expression is represented in the complex plane
(figure 25B) it may be seen that the length of the arrow (_the
magnitude of the impedance, its module or its numerical
value | Z |) is given by

[Z]:Vra—i—(com——(—ji 5 o AR

The phase-angle between force and velocity, Whit-_:h is
called the argument, apparently follows from the relation

@m—s/w

BrE—

The unit of mechanical impedance is the mechanical ohm,
which is the impedance of an oscillating, mechanical system
which vibrates with a velocity amplitude of 1 cm/sec under
the influence of a force of 1 dyne (1 mech. ohm = 1 dyne
sec/cm).

Like the vibration-form of an oscillating mechanical system
is governed by the mechanical impedance,_ a sound-wa_we
travelling in a medium will find a certain resistance opposing
its progression. In analogy to the mechanical impedance
this is called the acoustic impedance. In acoustical problems
a distinction is made between the acoustic tmpedance, and the
specific acoustic impedance. These concepts will be elucidated
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with a system consisting of a number of plane parallel layers
of different materials. The system will be supposed to be
acted upon by a periodical pressure p at the beginning. At
the same site a velocity » will be found, the amplitude of
which (%) will be proportional to that of the pressure (p).
As a rule » will not be in phase with p. Taking v and p as
complex quantities the specific acoustic impedance is defined
as: z = pfo.

Obviously a system has the unit of specific acoustic impe-
dance (the specific acoustic ohm), if it responds with a velocity-

R bty
I
I3
P k===t
K"‘"'"'" o I
i p fom~ 2 [
S wt ' : 3@ ® 4 I
=
4 3 r i
Jo
A i Y

Fig. 26.

amplitude of 1 cm/sec to a pressure-amplitude of 1 dyn/cm?.

.The ratio pfv, ie. the specific acoustic impedance will
differ at different points of the system mentioned above i.e.
the specific acoustic impedance will, as a rule, be a function
of the site. It depends upon the system in front of the site
under consideration and describes the behaviour of the system
at that site in acoustical respect. Should the system under
consideration be a semi-infinite medium, z will obviously
be independent of the site, since we then have at any site
an infinite layer of the same medium in front of us. Now the
ratio pfv only depends upon the medium. This very important
specific acoustic impedance is called the wave impedance
of the medium. Calculations show that it is equal to pc,
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where p = density and c = sound-velocity. For atmospheric
air p ¢ equals about 42 cgs units. In materials with internal
friction damping of the progressive wave occurs, which can
be accounted for by taking the velocity of propagation com-
plex. The wave impedance pfv remains equal to pc, which
is now a complex quantity, i.e. pressure and velocity are no
longer in phase in such materials.

It should be clearly understood that the wave impedance
is the ratio pfo for one single plane progressive sound-wave
through the medium. If e.g. two identical waves are considered
in opposite direction the velocities will extinguish each other
at certain places. At these places the sound-pressures will
be added and the specific acoustic impedance will be zero.
The concept of the acoustic impedance is useful e.g. in cases
of the wave propagation in tubes. We are then only interested
in the wave propagation across the cross-section of the tubes
and the ratio

sound-pressure P P

velocity X cross section  v.S

= acoustic im-

pedance is very practical. It is merely S times smaller
than the specific acoustic impedance. Like 2 Z will be as a
rule a function of the site in the tube.

For a system consisting of mass, stiffness and resistance
the numerical value of the acoustic impedance may be repre~
sented by the formula:

|Z|=]/:L‘2—}—(oam—i)§=
()

In this formula # is called the acoustic resistance and
(om — s/w) is designated as the acoustic reactance, consisting
of a mass reactance and an elastic reactance.

Damping.

If the periodic force acting upon a vibrating system is
suddenly removed, the system will come to rest after a certain
lapse of time. The vibration dies out or is damped. Its energy
will gradually dissipate. This loss of energy is entirely due
to the mechanical resistance, and the total energy of the
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system is entirely transferred into heat by the resistance in
the case under consideration.

The amount of resistance or damping determines the time
and the way in which the mass of the system will return to
rest after being displaced.

If the resistance to the motion is high the damping will also
be high and the system comes to rest sooner. Theresistance may
become so high that the system, coming back from its dis-
placed position, just reaches its equilibrium position without pas-
sing this position. In this case the damping is said to be critical.

Correlation between impedance, reflexion-coefficient and phase-
change.

When a plane travelling sound-wave passes from one medium
to another the transmission of energy will depend upon the
difference of the physical properties of the media. The ratio
of the incident energy to the transmitted energy is dependent
upon the ratio of the wave impedances of the media. Should
the stiffness and density of the second system be greater
than those of the first system its acoustic impedance will also
be greater. In this case only part of the incident energy will
be transmitted into the second medium, while part is reflected
back on its course. Simultaneously a phase-shift may take
place between the sound-pressure of the reflected, and the
pressure of the incident wave.

Where a system is activated by an external periodic force
no noteworthy phase-difference exists between the driving
force and the velocity of the forced system, as long as the
forcing frequency is far below the resonance-frequency of the
system. (w<<wy). At resonance (o = w,) the forced vibration
lags 90°, and at very high frequency (w>»w,) even to 180°
behind the phase of the driving force.

Now the acoustic impedance of a sound-receiving system
is completely determined by the energy-reflexion-coefficient
R (i.e. the ratio between the intensity of the reflected sound-
wave and the intensity of the incident wave) and the phase-
difference « between the reflected and the incident wave.

When V'R, the amplitude-reflexion-coefficient, is the corres-
ponding ratio between the sound-pressure amplitude of the
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reflected and the incident wave the correlation between
V/R. and « is given by the equation:

: Zy—Z
VR, et = e S
Zy + Zy

where Zy, is the impedance of the receiver and Z, the wave
impedance of the medium in front of it.

When Z,, VR and « are known Zy may be calculated
from this formula,

From the impedance-formula the argument ¢ of Zy may
be determined. ;

In the case of a4 system consisting of a mass, stiffness and
resistance the phase-lag between pressure and wvelocity is
given by the equation
@m — s/

t —3
8¢ o

the magnitudes of resistance and reactance (wm-sfw) are thus
determined.

From the energy-reflexion-coefficient the energy-absorp-
tion-coefficient may be calculated, as a=1—R.

Response of vibrating systems to various frequencies.

The equation of motion of a system consisting of an elasti-
cally fixed mass, the movements of which are counteracted
by a frictional resistance, is represented by the formula:

Ko =sxm+rXm+mE~ . . . . . (2

in which K ~ is the sinusoidal external force, x ~ the elon-
gation, X ~ the velocity and X ~ the acceleration of the
system and s, #m and r the stiffness, the mass and the resistance
of the system respectively.

The reactions of the system to the external force will depend
upon the frequency of this force, At a certain value of this
frequency the factors em and sfe in formula (1) are equal.

Since in this case Z =7 the system is said to be friction-
controlled and the formula (2) may be reduced to K~ =rx,

This is the condition of resonance, which occurs if the forcing
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frequency equals the resonance-frequency of the system

1 S
2r I'' m

f

At this frequency the greatest elongations of the system
occur, since the impedance will be minimal. The transmission
of energy will thus be maximal, if the external force is kept
constant.

The way in which the amplitude of the system wvaries
with the frequency depends upon the period of the forcing
frequency. For on either side of the resonance-frequency
the impedance will be larger and the transfer of energy less.
For frequencies far below the resonance-frequency the term
mX in the equation (2) becomes predominant, whereas for
higher frequencies the term sx is dominant. The following
approximations may thus be made:

@ << 0y mx~ =K~ (3)
®=wy: Ix~=Kn~(4)
®» 0y sx~=Km~(5)

In the case of sound-waves impinging on some material
capable of vibration, the amount of sound-absorption will
therefore depend upon the correlation between the frequency
of the incident sound-wave and the resonance-frequency of
the material.

When the values of sound-absorption by a sound-receiver
are plotted against the frequency there originates what might
be called a frequency-characteristic of the material. In this
curve may occur several peaks indicating the various reso-
nance maxima of the system (fig. 27).

Special sound-receivers or microphones are used for the
reception and reproduction of sound-vibrations. The periodic
movements of the air-particles are converted into movements
of a membrane or ribbon, which consequently give rise to
an electromotive force in the microphone-circuit:
vibration of air-particles — vibration of membrane — E.M.F.

The electromotive force may be either a frequency-inde-
pendent function of the elongation, or a frequency-indepen-
dent function of the velocity of the membrane.
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When the electromotive force is a frequency-independent
function of the displacement of the membrane the same
relation must exist between the elongation and the sound-
pressure. When the E.M.F. is a frequency-independent function
of the weloeity of the membrane the ratio between the velocity
of the membrane and the velocity of the sound-wave must
be independent of frequency. This behaviour of the micro-
phone membrane makes it possible to divide the microphones
from an acoustical point of view into:

1. pressure-driven microphones — if the membrane of a
microphone is only exposed on one side to the sound-pressure
variations we speak of a pressure-microphone (e.g. coal-,
condenser- or crystalmicrophones). From the equations (3),
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Fig. 27. Frequency-dependence of sound-absorption of wvarious materials. Left
porous material, right 3 mM woodlayer. (From Trendelenburg).

(4) and (5), in which K ~ equals the product of the surface
of the membrane and the sound-pressure K~ =Op ~ =
Op,p cos o t, it may be seen that at frequencies lower than
the resonance-frequency the ratio elongation/sound-pressure
is independent of frequency. In the neighbourhood of the
resonance-frequency the ratio velocity/sound-pressure and at
higher frequencies the ratio acceleration/sound-pressure beco-
mes independent of frequency.

In the pressure-microphone the E.M.F. is a frequency-
independent function of the elongation. For ideal reproduction
the ratio clongation/sound-pressure must be chosen inde-
pendent of frequency. As was shown above, this condition
is fulfilled when the frequencies to be recorded are far below
the resonance-frequency of the microphone-membrane (w<«ey:
sx ~ = Op, cos wt). The membranes of this type of micro-

9
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phone are usually so constructed that the resonance-maxima
lie far beyond the recorded frequency-range. When, however,
it is to be used in its resonance-range the damping must
be made very high in order to suppress the disturbing reso-
nance, which may occur in this area., Above the resonance-
range the sensitivity of a pressure-microphone diminishes
rapidly with growing frequency (fig. 28).

2. velocity-drviven microphones or pressure-gradient micro-
phones (electrodynamic or electromagnetic microphones) —
in these microphones the membrane or ribbon is exposed on
both sides to the sound-pressure variations. The pressure-

logx

T
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Tig. 28. Response curve of a membrane with only one degree of freedom. The
logarithm of elongation is plotted against the logarithm of the frequency.
(from Philips Techn, Rev.).

difference or pressure-gradient between the sides is propor-
tional to the driving force. They respond to the velocity of
the air-particles and reproduce the sound-vibration accurately
when the ratio between the velocity of the membrane and the
velocity of the sound-wave is independent of frequency, for
in these microphones the electromotive force is a frequency-
independent function of the velocity of the membrane. These
microphones have their resonance-area below the frequencies
to be recorded. Whereas a velocity-driven instrument reacts
well at a pressure-antinode and badly at a node, the reverse
is true for a pressure-driven instrument. In the latter the
direction of the wave with regard to the surface of the micro-
phone membrane is of minor importance, whereas the velocity-
driven microphones are highly directional.
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Il. The ear as a sound-receiver.

Since it may be assumed that the whole mechanism of the
sound-conducting apparatus (tympanic membrane, chain of
ossicles and the fluid of the inner ear) is capable of vibration
the system may be regarded as a complicated sound-receiver;
and the question arises whether some analogy exists between
the ear and the acoustic systems constructed for the recep-
tion and reproduction of sound (microphones).

Under normal conditions the tympanic membrane is only
exposed on one side to the pressure-variations of the atmos-
phere. The deflections of the membrane in response to these
pressure-variations in the outer ear canal are very small.
The experiments of KoBrax (11) have revealed that a rotation
of the malleus-handle of only 1° takes place at a pressure of
8 em water. The sound-pressure variations at low frequencies
will thus give rise to very small deflections of the tympanic
membrane, a fact which was experimentally cliecked by
WILSKRA.

These small excursions of the membrane at low frequencies
are essentially caused by the stiffness of the system, which
is mainly established by the cushion of air in the middle-ear
cavity (v. BExfsy). The tension of the tympanic membrane
is in this frequency-region of minor importance. For the low
frequency-band the pressure-variations are thus transmitted
with minimal displacement, and the ear may in this region
(up to 1000 cfs) be regarded as acting as a real pressure-
receiver,

“As was shown above a faithful reproduction can be achieved
in a pressure-microphone when the resonance-area is far
above the frequency-band to be recorded.

Various methods have been used to trace this resonance-
area in the hearing organ. The natural frequency of the tym-
panic membrane was determined by v. BEkgésy (5) as being
1000 c/s and PeriMaN (3) recorded an over-all resonant
frequency of about 750 cfs.

Frank (1) estimated the resonance-frequency of the middle-
ear system at 1200 cfs.

In another set of experiments, in which the amplitude of
oscillation of the head of the malleus versus frequency was
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recorded in preparations of dead human ears, Perrman (5)
showed that at constant sound-pressure there was not uniform
amplitude of vibration. The maximum amplitude appeared
at about 500 to 600 ¢/s. The resonance-peak was quite broad
suggesting considerable damping.

The vibrating system of the tympanic membrane, ossicles
and the inner ear is very complex and it is likely that the
system will have several resonance-frequencies. Since there
is some evidence that the internal friction of the system is
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Fig. 29. Graphs showing the response of the component parts of the sound-
condiicting apparatus to a sound-pressure.

rather high the effect of resonance is, however, not very
pronounced,

The experiments of v. Bexisy (12) in which the phase-
relations existing between the displacements of the sound-
conducting apparatus and the sound-pressure at the tympanic
membrane were studied, revealed that there was little differ-
ence in phase between the sound-pressure and the volume-
displacements of the round window membrane at low fre-
quencies. In the frequency-band of 1000 to 3000 c¢/s there
was a phase-difference of 90° and above this frequency-range
the phase of the round window membrane lagged more and
more behind the phase of the sound-pressure (fig. 29).

These experiments indicate that between 1000 and 3000
c/s the system is friction-controlled and that this area must
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be regarded as the resonance-area of the ear. Additional
evidence for this assumption may be derived from the impe-
dance-measurements of the ear. On the over-all curve for
the impedance several resonant points appear as a minimum
on this curve in the frequency-band of 800 to 3000 /s (TROGER).

A pressure-microphone with a small damping factor shows
an increased sensitivity in its resonance-area. This may
ause resonance, which disturbs the faithful reproduction of
the sound-vibrations.

Owing to the high rate of damping in the ear practically
no increased sensitivity in the resonance-area can be expected,
and the ear acting as a pressure-microphone in the low fre-
quency-band remains a pressure-microphone in the mid-tonal
region.,

TumarkIN (1) also argues that the middle ear is pressure-
driven. His argument is that in a standing wave the antinodes
indicate maximal velocity and maximal displacement, whilst
pressure changes are zero. At a node the converse is true.
Now in a standing wave the human ear detects sounds at
a node and not at an antinode, i.e. it is pressure-driven. More-
over the ear is equally sensitive to sounds coming from different
directions. Whereas the velocity-microphone is highly direc-
tional, the pressure-driven instrument will record equally
well at any angle because the pressure changes in a sound-
wave are the same in all directions. As the tympanic mem-
brane will act just as efficiently, whatever its angle with the
direction of the sound-waves may be, the oblique position of
the diaphragm serves as a means to increase its effective area.

Since the ear operates essentially as a pressure-receiver,
it is of great importance to know the pressure at the tympanic
membrane, as well as the pressure-transformation to the
inner ear by the sound-conducting system.

1. the pressure-distribution in the auditory canal:

When the ear is placed into a free progressive sound-field
the sound-waves will impinge upon the head and enter the
external auditory canal. As the surface of the head and the
walls of the canal are to be regarded as entirely rigid the waves
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are almost completely reflected (v. Bék#sy, 4). This diffrac-
tion of the head causes an increase of sound-pressure at the
entrance to the external auditory canal.

Another change of pressure occurring in the outer ear canal
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Tig. 30. Tncrease of pressure at the entrance to the external auditory canal in com-
parison with the pressure in the undisturbed sound-field as computed by v. Bxgsy.

is the result of the resonance-activity of this small chamber,
v. BExEsy (4) computed this pressure-increase, which depends
not only upon the dimensions of the canal but also upon
the impedance of the tympanic membrane. When this mem-
brane was regarded as completely rigid a sharp pressure-
peak was obtained at a frequency of 38005;[5..
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Fig. 31. Pressure increase in the Fig. 32, Total increase of sound-
external anditory canal with nor- pressure at the tympanic mem-

mal tympanic membrane. brane as computed by v. Bixtsy.

(After v. Bixgésy).

Taking into account the data of the impedance measure-

ments of the ear by TROGER a pressure-curve was calculated
as is shown in fig, 31.

The total increase of pressure produced by the head and the
external auditory canal is represented by the curve of fig. 32.
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The pressure-distribution in the auditory canal was deter-
mined experimentally by KunL and recently again by WiENER
and Ross. These investigators inserted a small, flexible probe
at various positions deep into the auditory canal. It was
affirmed that over most of the frequency-range the ear canal
acts as an acoustic pressure-amplifier, the sound-pressure
at the tympanic membrane being greater than that of the
free field pressure (fig. 33).
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Tig. 33.
Ratio of the sound-pressure at the eardrum to the sound-pressure in the free field
at the centre of the observer’s head. The average of 6—12 male ears is shown for
various azimuths as a function of frequency (From Wiener and Ross}.

A maximum gain of 17 to 22 db was found near a frequency
of 3000 c¢/s. Since the average length of the canal is 2.3 cm
the peak occurs at 4 frequency where the length of the canal is
approximately equal to one-quarter wave-length. From the
above it may be concluded that the impedance of the tym-
panic membrane, and the associated structures, is of great
mmportance for the pressure-distribution in the auditory canal.
Since the acoustic impedance of the over-all auditory mecha-
nism is for the major part of the frequency-range greater
than that of air, only part of the tendered sound-energy will be
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absorbed, another part being reflected. This reflected sound-
energy also contributes to the above-mentioned pressure increase
at the tympanic membrane.

2. The pressure-transformer action of the middle-ear structures:

Where a sound-wave passes from air to water the amount
of energy absorbed by the water depends upon the ratio of
the impedances of air and water, Because these media differ
widely in density and compressibility the values of their
impedances also differ considerably. Taking the impedances
of water Z, = 145.000 c.g.s and of air Z, = 42 c.g.s. the
ratio between the amplitude of sound-pressure of the reflected

and the incident wave is given by VR = 2‘-’—__—!‘* = (),9994.
Zw _l_ LA

The ratio between the absorbed and the incident ENErgy
is given by a =1 —R =1—(0,9994)2 = 0,0012 or expressed
in decibels 10 log 0,0012 = — 29 db: so the sound level of
the absorbed wave is about 30 db less than the level of the
incident wave,

It has not been possible yet to determine the impedance
of the inner ear experimentally, but it is probably much
less than the impedance of water. ZwisLock: calculated the
impedance at the entrance to the cochlea to be of the order
of 9.10° dyn.secfem® It was further computed that this
impedance was independent of frequency. Introducing this
value into the formula it may be calculated that from asound-
wave directly incident on the stapes the sound-energy entering
the cochlea will be 18 db less than the intensity of the incident
wave. These calculations, however, are based on the assump-
tion of an infinite medium. But the cochlear fluid must be
regarded as a finite medium, surrounded by a rigid capsule.
The effect of this enclosure is to raise the stiffness which
increases the loss accordingly:.

It is the primary function of the middle ear to meet this
energy-loss and to match the wave resistance in air to the
acoustic impedance of the inner ear. To this transformer
action of the middle ear two principles may contribute:
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1. an increase of pressuve on the stapedial footplale

It has already been stated that the concept of Helmholtz, viz.;
that the peculiar structure of the tympanic membrane con-
tributed to this pressure-transformation, was not substan-
tiated by the experiments. The main factor in this pressure-
transformation will therefore be the difference in area between
the tympanic membrane and the footplate of the stapes (trans-
former ratio). The cross-sectional area of the tympanic mem-
brane in man is approximately 90 sq. mm, that of the
stapedial footplate 3.2 sq. mm.

Helmholtz estimated the transformer ratio for man to
be between 15 and 20, WeveRr, LAwreNcE and SMmitia deter-
mined it in one specimen as 18.2 for the left and 19.1 for the
right ear. They pointed out, however, that large variations
may exist in the ratio tympanic membrane — stapedial foot-
plate among species and among ears of one species.

WuarrtLe found for the guinea-pig a mean value of 28.1,
in the cat a result of 36.5 was obtained.

Since the tympanic membrane is a conical flexible struec-
ture fixed at the edges it cannot move as a simple piston,
and only part of the whole area of the membrane will actually
contribute to the préssure-transformation. This part is called
the effective area of the membrane. The very complicated
structure of the tympanic membrane only makes an approxi-
mate estimation of this effective area possible. WEvER and his
co-workers estimated it to be about three fourths of the total
area, whereas WaeTzmMaNN and KEemps give a value of only
one third.

The shallow conical form of the tympanic membrane makes
the effective area larger than it would be for a flat mem-
brane of the same diameter. In its form it resembles the com-
mercial loudspeaker cones. Contrary to a flat membrane a
conical shaped membrane improves the output at high fre-
quencies. At certain frequencies these conical shells exhibit
concentric nodal circles. The response characteristics of such
a cone may, however, be considerably modified by changing
its construction.

The mode of vibration of the tympanic membrane is still
a question waiting solution. Since the tympanic membrane
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is asymmetrical in shape and unsymmetrically loaded by
the attached malleus, the loudspeaker is only a very rough
approximation of a very complex unsymmetrically loaded
membrane, whose response characteristics are still unknown
(StunLMAN, 3). The question whether the membrane resembles
a diaphragm subjected to partitioning in nodes and antinodes
might be solved by further stroboscopic observation of the
oscillating membrane. So far the observations of PERLMAN
(2) have revealed that the various parts of the membrane
vibrate in equal phase.

v. BExgésy (9) has shown experimentally that the central
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Fig. 34. Graph showing the pressure-transformer action of the middle-ear structures.
The broken line represents the pressure-ratio between the entrance to the anditory
meatus and the stapedial footplate, whereas the solid line indicates the same ratio
between the tympanic membrane and the stapedial footplate, (After v. BExEsy),

portion of the tympanic membrane involving the manubrium
mallei up to a frequency of 2400 c/s, vibrates as a rigid cone.

At the same time this investigator determined the pressure-
transformation by the middle-ear structures experimentally.
It was shown that for the frequency-range of 100 to 2400
¢/s the ratio between the pressure at the stapedial footplate
and the constant sound-pressure at the tympanic membrane
varied from 10 to 20. If regard was being paid to the pressure
increase at the tympanic membrane this factor may even
become more than 30 for certain frequencies (fig, 34).

It was indicated that this transformer ratio might be
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greatly reduced by pathological changes in the sound-con-
ducting apparatus. When the mechanism of the middle ear
is intact a 20-fold increase of pressure equals a gain of 26 db.

These findings are in accordance with the experimental
results of WEVER, Lawrence and Smita, who found the drop
in transmission-efficiency following the elimination of the
whole middle-ear structure, except the footplate of the stapes
to be of the order of 33 db for the mid-tonal range, 24 db for
the low and 26 db for the high frequency-range. A loss of 28
db was taken as an over-all figure.

The pressure-ratio therefore seems to be almost sufficient
to meet the difference in impedance between the air and the
iner ear. An additional increase of force may, however, be
provided for by:

2. The ossicular lever-mechanism.

Helmholtz suggested that the movements of the stapedial
footplate were smaller in amplitude than those of the malleus-
handle. A corresponding increase in pressure was assumed
to result from this lever-mechanism. From measurements
of the lever-arms and estimations as to their axes Helmholtz
adopted a lever-ratio of 1.5 to 1, which would only account
for a gain of 2.5 db.

In two sets of experiments -Wever, Lawrence and Smith
have tried to evaluate the significance of this lever-mechanism
for the pressure-transformation of the middle ear. Their final
conclusion concerning the ossicular lever-problem is that
if the lever-action is present at all, it is only of minor impor-
tance.

In the foregoing regard has only been paid to the difference
in impedance between the air and the inner ear, and it was
tacitly assumed that the structures of the middle ear offered
no resistance to the sound-waves. In the following a more
detailed discussion will be given of:

The impedance of the over-all auditory mechanism.

Between the pressure of the incident and the reflected
sound-wave a phase-change usually exists. Since the impe-
dance of a sound-receiver may be calculated from the reflected
sound-energy and the phase-difference between the incident

]
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and the reflected wave, the impedance of the over-all auditory
mechanism may be determined if both these factors are
known. The determination of pressure-amplitude and pres-
sure-phase of the reflected wave was made possible by the
methods developed by TrocErR and GerrckEeN, the latter

using Tréger’s method with a slightly modified technique.
More reliable methods were used by Warrzmann (2), Kerss,
TrHorsEN, MENzEL and MeTz. These

PR - investigators adopted the acoustic

measuring bridge of Schuster, which

AR O was originally constructed to deter-

{ww A ISE N mine the sound-absorbing efficiency
e L 7 of different samples of material.

| i From the reflected sound-energy

i and the phase-change both the

Al reactance and the resistance com-

ponents of the impedance may be

el calculated. When these components

are plotted in a diagram the abscissa

ol or real axis shows the frictional

resistance, while the ordinate or

201- imaginary axis represents the reac-

i tance, The positive ordinate indicates

\" the mass reactance and the negative

% ordinate the elastic reactance. The

Tig. 35. Impedance-diagram iMmpedance consists of a real part OX
after GEFFCKEN. and an “imaginary” part OY repre-
senting the difference between the
mass and elastic reactances. The impedance value is given by
the length of OA. The impedance diagram of fig. 35 was given
by Geffcken as the result of measurements on a test person.
From the diagram it may be seen that the impedance for
the low frequencies is very great and essentially an elastic
reactance. The active mass of the tympanic membrane and
the ossicular chain is, at these frequencies, of minor impor-
tance. It was already stressed that the impedance of the ear
at very low frequencies is mainly determined by the cushion
of air in the middle-ear cavity (v. BEgresy, 13).
With increasing frequency the elastic component of the
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reactance decreases. From about 700 c¢/s the curve has a very
complicated, tortuous course, sometimes showing several
loops within each other. Between the frequencies of 1800 and
1900 ¢fs the curve passes the real axis. Theoretically the
point where the curve passes this axis indicates the resonance-
frequency of the ear. For, at resonance, the mass and elastic
reactances cancel and the system is friction-controlled.

It has already been stated that the sound-conducting appa-
ratus does not possess one natural period, but that several
resonance-frequencies may occur, owing to the fact that
the system has an unlimited number of degrees of freedom.
These resonance-points account for the capricious course
of the impedance-curve. In the area between the frequencies
of approximately 1000 and 3000 c¢fs, measurements of the
ears of various observers may differ considerably from one
another, each subject showing various points of resonance.
This area may therefore be regarded as the resonance-area
of the system, in which the values for the impedance are low,
lying in between 40 and 100 c.g.s. The impedance of the
over-all auditory mechanism here is closely matched to that
of air. The efficiency of energy-transfer must be high, since
the air and the ear show almost the same numerical value
for their impedances. Metz found agreement between the
magnitude of the impedance components previously deter-
mined with other methods. The course of the impedance-
curve at lower frequencies is essentially the same in normal
ears. Owing to unstable experimental results at higher fre-
quencies, impedance-measurements of the ear are only reliable
over a limited range of frequencies (the upper limit being
approximately 1200 to 1300 c/s).

The structures of the middle and inner ear in their velation to the
factors wmass, stiffness and friction.

Since the acoustic impedance of a system is determined
by the factors mass, stiffness and resistance, it is important
to know which structures of the ear contribute to these factors.
The whole sound-conducting apparatus is made up of several
masses connected by a number of stiffnesses.
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mass : in general, the sound-stimuli in air have so little energy
that this factor must be as small as possible in order that the
system may react to these stimuli. The structures contributing
to the mass factor are mainly the tympanic membrane, the
ossicles and the intra-labyrinthine fluid.

The particular manner of suspension of the tympanic
membrane, malleus and incus tends to reduce the influence
of this mass. Its axis of rotation passes through the centre
of gravity of this unit and is so placed as to apparently balance
out the mass of the membrane and the ossicles, The relative-
ly large mass of the head of the malleus and incus appears
to be necessary to bring the centre of this ossicular unit into
the axis of rotation. According to E. Béardny, this symmetrical
distribution of the mass around the axis of rotation is found
in all mammals.

stiffness: this factor is mainly influenced by the tension of
the tympanic membrane and the capsular and suspensory
ligaments of the ossicles, the air-pressure in the tympanic
cavity and the action of the middle-ear muscles. For the inner
ear the tension of the basilar membrane and the membrane
of the round window must be accounted for.

PerLmAN (5) states that removal of the elastic, restoring
force of the annular ligament allows the stapes to make a
much greater amplitude when driven by the intact chain.

frictional resistance: v. BExgsy (9) found the amplitude of
vibration of the stapedial footplate at constant sound-pressure
decreasing proportionally with the frequency up to 2000 cfs.
This decrease in amplitude was taken as evidence for the
assumption that the movements of the ossicles in response
to tones of the mid-tonal region are essentially determined
by the frictional resistance of the ossicles, and not by the
stiffness of the annular ligament of the stapes, as was pre-
viously assumed. The middle-ear structure was regarded as
a cone moving with a high frictional resistance, the forces
of friction being chiefly caused by the middle-ear muscles. From
measurements on fresh human temporal bones a resistance of
1000 c.g.s. was determined for tones of the mid-tonal region.
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The response of the various constituent parts of the
sound-conducting apparatus to a delivered sound-stimulus
were studied by v. BEg¥sy (12) in determining the phase-
shift between the volume-displacements of these parts, and
the sound-pressure of the stimulus (fig. 29). With both
windows removed the cochlear fluid vibrated as a mass-con-
trolled system throughout most of the frequency-range tested.
With the round window intact and the oval window removed
the vibrations were stiffness-controlled up to a frequency
of 1400 c/s. With both stapes and round window intact the
system vibrated as a stiffness-controlled system up to a fre-
quency of 800 cfs. Between this frequency and the 2500 ¢fs
the system became friction-controlled. When the entire sound-
conducting system with the tympanic membrane, the ossicles
and the inner fluid were stimulated, the vibrations of the
system were stiffness-controlled in the lower frequency-range,
at 800 cfs it was friction-controlled (the resonance-frequency)
and for the higher frequencies it resembled a mass-controlled
system.

Application of the impedance-formula to the vibrating
system of the ear is only possible to a certain extent. The
condition for the determination of the impedance from the
formula for the various frequencies is that the factors s
and » are kept constant. The very complicated structure of
the middle- and inner-ear system, however, make it very likely
that the factors m and s are not constant, and will depend
upon the frequency. Only in a very limited frequency-range
may we assume these factors to be constant and is it possible to
determine the resistance and reactance parts from the formula.

From the impedance-diagram of fig 35 it may be inferred
that the factor s mainly influences the impedance for the
low frequencies and that the factor m chiefly affects the high
frequencies. An increase in stiffness in the middle- or inner-
ear structures will therefore result in an increase of the impe-
dance for the low frequencies, whereas an increase in mass
will cause greater impedance for the high frequencies. In
general, an increase in mass tends to reduce the response for
the higher frequencies and lowers the resonance-frequency
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of the system. The effect of an increase of mass upon hearing
was studied experimentally by LUscuer (2, 3) and by v.
Disuoeck and pE Wit and in the preparation by PERLMAN
(5,6). On loading the tympanic membrane with water or mercury
the hearing was markedly affected for the high tones (mass
curve). An increase of stiffness on the other hand, reduces
the response for low frequencies and tends to increase the
resonance-frequency of the system. In the experiments an
over- or underpressure of the air in the tympanic cavity
resulted in an impairment of hearing for the low tones (v.
DisoEcK—DE Wit and RASMUSSEN)-stiffness curve. This
relation existing between the impedance-formula and the
hearing function obtained under these experimental conditions
was further studied by Jomansen. Regarding the influence
of friction it may be seen that in Geffcken’s diagram the
frictional resistance drops from 200 to 25 c.g.s. for the fre-
quency-range of 300 to 1900 cfs. It may be noted that
these values are much smaller than those determined by v.
Békésy for the friction of the middle ear in fresh human
temperal bones for tones of the mid-tonal region (1000 c.g.s.),
and are in conflict with previous investigations. Whether
this difference must be attributed to post-mortem alterations
remains uncertain. It is to be concluded therefore that lesions
of the sound-conducting apparatus may produce a great
variety of auditory threshold curves, depending upon the way
in which the masses, the stiffnesses, and the resistances of the
component parts are affected.

Correlation between the impedance-curve and the audilory
threshold curve.

It may be noted that in the frequency-range where the
ear is most sensitive (between 1000 and 3000 cfs.), the
values of the over-all impedance of the auditory mechanism
show a minimum.

In this area a pressure of only 3 x 10~* dyn/ecm? evokes a
hearing sensation.

GErFrFcKEN even gives for a certain case a threshold pressure
of 5 x 1075 dyn/cm? which is in the direct neighbourhood
of the spontaneous pressure-variations in the air caused by
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the Brownian molecular movement (107° dynfem?). The
amplitude of an air particle at the threshold pressure is appro-
ximately 8 x 107" em. Since the diameter of an air-particle
is about 4 X 107° em, a hearing sensation may be experienced
if the displacements of the air-molecules are smaller than
1/100 times their diameter. The movements of the tympanic
membrane at auditory threshold must therefore be of mole-
cular dimensions. Indeed Wilska found the excursions of the
tympanic membrane at threshold to be less than 10~ em at
2000 efs. In this connection it is clear that the impedance
of the auditory mechanism for the just-audible energy must
be very small. The minimum-audible energy for high and
low tones is, however, much larger.

GeFrFcKEN pointed out that these variations in the sensi-
tivity of the ear at different frequencies might be attributed
to variations in impedance of the sound-conducting system.
Tumarkin (1) also states that it is quite possible that the
different response-areas of the organ of Corti are equally
sensitive for a given amount of energy entering the cochlea.
The shape of the auditory threshold curve would thus mainly
be determined by the characteristics of the sound-conducting
apparatus, and not by the sense-organ proper. Experiments
of Wever, Lawrence and Swmirh, in which after removal
of the middle-ear structures the sound was conducted directly
to the oval window, seem to support this view. Almost equal
responses at constant sound-pressure were obtained over a
wide range of frequencies.

Stgnificance of impedance-measurements of the ear.
: These measurements may provide information as to three
important questions:

1. the minimum audible energy at the tympanic membrane
— the determination of auditory threshold may be possible
in two ways. Either the amount of cnergy tendered at the
entrance to the outer car canal, which is partly absorbed and
partly reflected at the tympanic membrane, or the amount
of energy actually absorbed at the tympanic membrane is
taken as a measure for the threshold value. The second method
is more accurate because regard is being paid to the pressure-

10
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increase in front of the tympanic membrane (WAETZMANN
and Keiss). The necessary data for the caleulations of this
auditory threshold curve in an absolute measure are obtained
from the results of impedance-measurements.

2. the construction of artificial ears and electrical hearing
aids.

3. the vibration-efficiency of the sound-conducting appa-
ratus — direct and objective information about the vibration
faculty of the tympanic membrane, and the attached malleus
may only be obtained by impedance-measurements of
the ear.

It was shown by METz that a complete fixation of the stapes
and the round window, in fresh human temporal bones, only
produced a very slight change in the impedance of the tym-
panic membrane, whereas a fixation of the malleus gave
almost a complete absence of sound-absorption. In case of
stapes-fixation the greatest amount of the absorbed energy
apparently will be lost in differential movement between the
ossicles. The influence of a change in the sound-conducting
apparatus on the impedance of the tympanic membrane
will thus be greater, the nearer this change is situated to the
membrane. Factors influencing the vibration faculty of the
tympanic membrane and the malleus will then also have
an influence upon the impedance. Possible factors may be
regarded as being:

1. the pressure in the middle-ear cavity:

Metz demonstrated that even small differences between
the pressure in the middle ear and the atmospheric pressure
produced distinct and considerable changes of the impedance.
At first negative or positive pressure gives rise to a strong
increase of the reactance component of the impedance (increas-
ing stiffness). With growing difference in pressure the resis-
tance component decreases and the impedance gradually
changes in the direction of a pure reactance. The increase
of the impedance and the corresponding hearing-loss seem
to be of the same range of magnitude (v. Békésy).
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2. the contraction of the intra-tympanic muscles:

It was further shown by Metz that the acoustic reflex-con-
traction of the intra-tympanic muscles gives rise to a distinet
change .of the impedance of the tympanic membrane, This
Chan_ge is, however, rather small. With a strong sound-sti.mulu;;
applied to one ear only a reduction of the zl‘bsorbed amount
of energy of maximal 5 db could be demonstrated Iin the
opposite ear. This reduction will mainly be due té a con-
traction of the tensor tympani muscle. Whereas the con-
tractions of the stapedius muscle have been studied several
times in the human living ear, movements of the tensor
tympani have never been observed under these conditﬂ)m
Even ux_lr.ler high magnification and strong sound-s;fimu.li'
Waar failed to detect any movement of the tympanic mem-
brane.

In persons showing a voluntary contraction of the tensor
tympani, however, a distinct inward movement of the membrane
may be observed. A corresponding change of the impedance
in the same direction, but more pronounced than in the acoustié
reflex-contraction was found.

3. pa:!ﬁo!og.r'cal changes in the sound-conducting apparatus :
Lesmns of the conducting apparatus due to inflammations
or its sequelae, give a great reduction of the amount of energ-h
a‘bsorbf:d. A similar reduction was found in otosclemsisr
The r:hscrepancy between the change of impedance in thf;
exper_lmental fixation of the stapes and in otosclerosis is
expllalned by a decrease of differential mobility between the
ossicles in the case of otosclerosis. |
Becaflse of Fhe decrease of the real component, the impe-
dan:ce 1s nearing the condition of pure reactance, which is
mainly due to the increased stiffness of the sound-conducting
apparatus.
: While the functional diagnosis of a conduction affection
is only possible by means of subjective methods (tuning-
forks, audiometer) the impedance-measurements may be used
as a direct, objective method to demonstrate the vibration
faculty of a major part of the sound-conducting apparatus,
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IIl. The ear as a sound-transmitter:

The function of the middle-ear apparatus is to deliver the
sound-energy received by the tympanic membrane to the
inner ear. The way in which this energy-transfer is effected
has already been discussed in detail sub IL.

Not the whole amount of energy received by the tympanic
membrane is, however, transmitted to the labyrinth. Part
of this energy is lost on its way to the sense-organ proper.
Possible factors responsible for this absorption or loss of
energy may be:

1. the middle-car cavity and the adjoining air-filled cells
of the mastoid process — because of the tenseness of the tym-
panic membrane and its minimal excursions, this factor is
only of minor importance.

2. the pars flaccida of the tympanic membrane — the
vibrations of this part of the membrane do not effectively
contribute to the energy-transfer to the labyrinth.

3. part of the pars tensa of the tympanic membrane — the
effective area of the pars tensa is smaller than the total surface
of the membrane.

This effective area was estimated by v. Békésy at 55 sq.
mm against a total surface of 85 sq. mm.

The remaining part of the membrane consists mainly of a
very mobile fold at the lower border of the membrane, allow-
ing the stiff cone-shaped part to move without noteworthy
deformation.

It must be assumed that this mobile part will be able to
continue to carry out vibrations and thus absorb sound-energy
even after complete fixation under pathological conditions
of the malleus, and the cone-shaped part of the tympanic
membrane (METz).

L. frictional resistance of the middle ear — it has already
been stated that loss of energy in a vibrating system is entirely
due to friction.

5. differential mobility of the ossicles — though at very
low intensities of the sound-stimulus the movements of the
ossicles have still escaped notice it may be assumed that,
under these conditions, the whole chain vibrates as a single
unit (Dammann). The amplitude of the stapedial footplate
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is, under these conditions, almost a linear function of the dis-
placements of the handle of the malleus.

With increasing intensity a gradual shift from linearity
takes place (StunLmanw, 1). At an intensity of 50 to 60 db
the outward movements of the whole sound-conducting
apparatus are greater than the inward thrusts (Kosrak,
9, 11), whereas the middle-ear muscles already display their
action at this intensity. Apart from influencing the impedance
of the system this contraction will affect the transfer of energy
to the labyrinth. Though the vibration-mechanism is in this
case already complex, the movements of the chain are becoming
even more complicated with growing intensity.

Partly through the action of the middle-ear muscles several
axes of rotation may develop and even a complete change
of axis may occur in the stapes. It is clear that under these
conditions the transport of energy to the labyrinth is greatly
reduced; this may serve as a means to protect the inner
ear from sounds of too high intensity, which tend to produce
too great a displacement of the vulnerable structures of the
inner ear.

From the above it may be concluded that impedance-
measurements may only yield direct information about the
sound-absorbing function of the tympanic membrane and
part of the ossicular chain, but give no information about
the ultimate amount of the absorbed energy reaching the
inner ear.

Changes of the impedance may be present without any
change of the energy-supply to the labyrinth (i.e. increased
stiffness of parts of the tympanic membrane which are not
essential for the energy-transfer to the inner ear), whereas
changes of the energy-supply may exist without a marked
change of the impedance of the tympanic membrane (i.e.
stapes-fixation).



CHAPTER VIII
CONCLUSION

The entire process of hearing may be regarded as being
built up of three consecutive stages:

1. the conduction of physical energy to the organ of Corti.

2. the transformation of the physical energy into nervous
energy.

3. the conduction of the nerve-impulses to the auditory
cortex, The second and the third stages are inherent to struc-
tures of a true biological nature (the hair-cells of the organ
of Corti and the auditory pathways), whose normal actiﬁty
ceases after the death of the individual, The structures involved
in the first stage, however, show few biological aspects and
may rather be regarded as forming a complicated mechanical
system, which under the influence of a periodic external
force is capable of executing forced vibrations. The properties
of this system, and hence its activity, remain essentially unal-
tered after the death of the individual. It is small wonder
that tht?se structures, to which the laws appertaining to both
11?ec]1an1cs and hydrodynamics may be applied, have several
times drawn the attention of physicists, The study of bic-
physics of this part of the hearing process is now taking its
place. beside the study of normal physiology of the audit;,ory
functhn. The whole sound-conducting apparatus, which
comprises the tympanic membrane with the ossicular chain
'.the intralabyrinthine fluids and the membranes suspended,
in thes_e fluids as well as the membrane of the fenestra rotun-
dum, 1s composed of two systems with an entirely different
function.

1. the widdle-ear system, which includes the tympanic
membrane and the chain of ossicles.

i%. the inner-ear system, which consists of the intralabyrinthine
fluids and the various membranes.
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The middle-car system is essentially a mechanical system
capable of vibration. The vibrating air-particles in the canal
of the outer ear form its source of energy. It has been con-
clusively demonstrated by various procedures that the tym-
panic membrane and the chain of ossicles are set into vibra-
tion by these air-borne sound-waves. Owing to its complicated,
conical structure the mode of vibration of the tympanic mem-
brane in response to various frequencies has not yet been clarified.

According to v. Békésy the central portion of the tympanic
membrane up to a frequency of 2400 c¢/s moves as a rigid
cone, rotating round an axis at the upper margin of the mem-
brane. Above this frequency the conical part of the mem-
brane loses its rigidity and the malleus-handle lags behind
the movements of the adjacent parts of the membrane.

Also the complex structure of the ossicular chain and its
suspension by various ligaments make an accurate deter-
mination of the axes of rotation extremely difficult. The
study of the vibrating ossicular mechanism by stroboscopic
illumination and slow motion picture (Kobrak) has revealed
the very. complex nature of this oscillating system.

The results of various experiments support the view that
the middle-ear system delivers the sound-energy to the fenestra
ovalis in preference to the foramen rotundum.

In reptiles, amphibians and birds this energy-transfer is
effected by one ossicle, the columella, which connects the
tympanic membrane directly with the inner-car system.
The complicated structure of the middle-ear system in mammals
can only be looked upon as a protective device for the vul-
nerable structures of the inner ear. It is not likely that the
efficiency of conduction is improved by this structure, For
low intensities of stimulation the system operates as a whole, .
the stapedial movements being almost the same as the move-
ments of the tympanic membrane (Dahmann). With increas-
ing intensity of the sound-stimuli, however, various mecha-
nisms may cooperate in restricting the movements of the
ossicles and thus reducing the transmission of dangerously
large amplitudes to the inner ear.

These mechanisms are:
the relative mobility between the individual ossicles;
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the change of axes of rotation with large amplitudes of vibration :
thf_a acoust'ic reflex-contraction of the intra-tympanic :rnmsclﬁsi

The primary function of the middle-ear system is,
however, to match the impedance of the inner-car systen{
to the wave resistance of sound-waves in the air, If two media
d1_ffer considerably in acoustic impedance, the sound-waves
will not readily pass from the medium with low to the medium
with high acoustic impedance. In this case the greater part
of the sound-energy is reflected back from the boundary be-
tween the two media. Owing to this difference in iImpedance
?)et.ween the air and the inner-ear system a sound-wave directly
incident on the stapes would be almost completely reflected
and only a very small portion of its energy would actually
enter the inner ear (approximately 1/1000).

From the estimated difference in impedance it may be
+ computed that the energy of the transmitted wave will be
approximately 30 db less than the energy of the incident
wave. Removal of the whole middle-ear sy_stem in the animal
experiment indeed resulted in a loss of cochlear function of
the same order of magnitude (Wever and co-workers).

' Thlr_s impedance-matching function of the middle-ear system
i1s mainly based on the difference in areas of the tympanic
membrane and the footplate of the stapes. h

If the ratio of these areas (the transformer ratio) is known
the power-transfer may be calculated. Not the whole aree;
of the tympanic membrane, however, contributes to this
power-transfer. v. Békésy determined the effective area of
the_ tympanic membrane (55 sq. mm), to be about two thirds
of its total area (85 sq. mm).

Sincelthis effective area is the rigid, conical portion of the
t}fmpanlc membrane the whole pressure-force exerted upon
this part of the membrane will be transmitted.

If the total surface of the stapedial footplate is taken at
about 3 sq. mm an effective ratio of about 20may be computed.
T]:IC pressure per square mm. exerted upon the footplate
will thu_s theoretically be about 20 times greater than upon the
tympanic membrane. Indeed v. Békésy found experimentally
a 20-fold pressure-transformation between the tympanic
membrane and the stapes. This equals a gain of 26 db,
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If the pressure-increase effected by the diffraction of the
head and the resonance-activity of the external auditory
meatus was taken into account, and the pressure-ratio deter-
mined of the pressure at the entrance to the canal and the
stapedial footplate, this factor would become even more than
30. Both conditions may therefore be regarded as efficiently
aiding the pressure-transformation by the middle-ear system.

It is thus clear that the mechanical efficiency of the middle-
ear system results mainly from a pressure-transformer action,
which almost completely meets the difference in acoustic
impedance between the air and the inner-car system. The lever-
mechanism of the ossicular chain, if existing at all, seems to
be of very little importance.

Since the main function of the middle-ear system is to
receive the acoustic energy from the vibrating air-particles
and to transmit this energy to the inner-ear system, it shows
a certain resemblance to the acoustic devices constructed
for the reception and reproduction of sound-vibrations. In
this light the system can best be regarded as a pressure-receiver
for the lower and the middle frequency-range. v. Békésy's
statement that the pressure-transformation by the middle-
ear system is independent of frequency up to 2400 cfs is in
accordance with this view. The small displacements of the
tympanic membrane in response to sound-vibrations, and
its oblique position can readily be explained when the middle-
ear system is considered to be pressure-driven. In the area
between 1000 and 3000 c¢fs, the resonance-area of the ear,
the acoustic impedance of this recciver is closely matched
to that of air, so that a relatively free transfer of acoustic
energy from the air to the middle-ear system is made possible.

The inner-ear systewm is essentially a hydrodynamic system.
Since the hearing function is still maintained to a certain
extent after total removal of the middle-ear system, it may
be considered as an independent system with the stapes as
its source of energy. Under abnormal conditions, when the
sound-waves have free access to the foramen rotundum niche,
it is not impossible that the sound-waves may eventually

enter the inner ear by way of the foramen rotundum (Wever,
Kobrak).
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On account of the small dimensions and the inaccessability
of the cochlear system, the study of the hydrodynamic beha-
viour of the inner-ear system constitutes a problem presenting
utmost difficulties.

Since the cochlear fluids must be regarded as incompres-
sibly enclosed in a rigid capsule, the system must have some-
where a low-resistance pathway where the pressure-varia-
tions communicated to the fluid by the oscillatory movements
of the stapes can be compensated. Ever since Weber the
membrane of the foramen rotundum has been regarded as
such a compensation-area. Oscillations of the membrane
in response to air-conducted sounds have been repeatedly
observed,

If this assumption is valid, it is to be expected that immo-
bilisation of this membrane will result in an impairment of
the hearing function. Experiments carried out by wvarious
observers, however, indicate that blocking of the foramen
rotundum membrane does not markedly interfere with the
cochlear function. We are thus confronted with the necessity
either to accept alternative routes for the pressure release
in the inner-ear system, or to abandon the theory that ashuttle-
action of the cochlear fluid between the oval window and
some low-resistance pathway is necessary to evoke a hearing
sensation.

Though a great amount of experimental work has been
carried out on the problem of the significance of the foramen
rotundum membrane in the process of hearing, its ultimate
function has not yet been fully elucidated. In this connection
also, may be mentioned the conception of Hughson, who
postulated that the membrane may operate as a safety-valve
for sharp pressure-pulses occurring in the cochlea. Such a
shock-absorbing function, which was also defended by Pohl-
man, may be regarded as a means to protect the vulnerable
structures of the inner ear for shock-pulses of dangerously
large amplitude.

In our opinion the hydrodynamic behaviour of the inner-
ear system is still open to considerable question, and more
experiments will be needed before the problem may be regarded
as being completely solved.
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Based on the assumption that the pressure-waves initiated
at the stapes can be compensated in the inner-ear system,
two principally different conceptions about the propagation
of a pressure-pulse have been advanced:

1. mass movement — the physical basis of this view was
provided by the great length of compression-waves in fluid
relative to the dimensions of the cochlea. Even for the high-
est audible frequencies the wave-length in water (at 20.000
cfs still 7.5 cm) is great compared with the length of the
fluid column between the fenestra ovalis and the foramen
rotundum, via the helicotrema (about 60 mm). The phase-
difference between the two windows would thus be less than
1°. Hence every part of the moving fluid column was regarded
as being almost in equal phase and the movement of the
windows and the intervening fluid was virtually considered
to be a mass movement (Weber, Helmholtz).

9. wave movement — if the inner ear is treated as a hydro-
dynamic system contained in a vessel with partly elastic
walls, the theory of wave-propagation in media constrained
by elastic boundaries may be applied to the system. In such
a system travelling waves may oceur, whose wave-length
and velocity of propagation are much less than the corres-
ponding magnitudes of compression-waves in the same fluid.
It may thus be computed that for most of the audiofrequencies
these travelling waves have a wave-length which is smaller
than the dimensions of the cochlea. (Ranke, Reboul). Though
some early theories of hearing suggested the occurrence
of travelling waves in the ,cochlea, experimental evidence
supporting this view was first provided by v. Békésy, who
observed the movements of the membranous partition in a
scale model of the cochlea and in the inner ear of cadavers
under stroboscopic illumination. If the various anatomical
data, and the physical constants of the inner ear structures,
such as the dimensions of the cochlear canal, the density and
viscosity of the perilymph, and the variable impedance of the
ductus cochlearis are known, it must be possible to deduce
the dynamic differential equations describing the wave-
movement in the inner-ear system. Such a mathematical
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treatment of this wave-propagation has been undertaken
respectively by Ranke, Reboul and Zwislocki.

Closely related to the problem of wave-propagation in the
cochlea is the question of the sound-analysis function of the
ear. Ever since Ohm described this characteristic property
of the ear, its explanation has formed a basic principle for
any theory of hearing,

The first well-founded theory of hearing propounded by
Helmholtz in 1863, attributed this analysis function to the
structures of the inner ear, the underlying mechanism being
the resonance-activity of selective parts of the basilar mem-
brane in response to tones of varying frequency.

By this mechanism a spatial distribution of pitch-perception
along the basilar membrane could be accounted for, the
high tones being located at the base and the low tones at
the apex of the cochlea.

More than half a century elapsed before experimental
confirmation of this theory of localized pitch-perception could
be obtained.

The evidence for tone-localization in the cochlea has now
become formidable and is quite conclusive for such a place-
theory of frequency-reception. At the same time it has been
demonstrated that the different responsive areas for the
various tones of the auditory range are fairly regularly distri-
buted along the basilar membrane.

Many objections have, however, been raised against Helm-
holtz’s resonance-hypothesis, the most important having
always been the inconsistency of a high selectivity of the
ear combined with its almost critical damping. No physical
resonant system can, however, exhibit both phenomena at
the same time and many auxiliary hypotheses appeared to
be necessary toregain confidence in the resonance-theory and to
explain this damping versus selectivity paradox. (Chapter V).

The travelling wave-theories, which entirely refute the
resonance-hypothesis of the basilar membrane, account for
the frequency-localization by a local vibration maximum of
the basilar membrane resulting from the peculiar physical
behaviour of the inner-ear system (Chapter VI).
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Although these theories may give a satisfactory explanation
of the frequency-discrimination in the cochlea, we have still
to face the problem of the stimulating mechanism for the
sensory cells of the organ of Corti. Whereas both the resonance-
theory and the travelling wave-theories attribute this function
to the structures involved in the first phase of the hearing
process, Pohlman (4) postulated that the sensory cells of the
organ of Corti react directly to the vibrations applied by the
cochlear fluid, In this theory the sound-analysis function
is referred to the structure involved in the second phase of
the hearing process.

Not until more evidence for this assumption, which does
not give a plausible explanation of the complicated structure
of the inner-ear system is provided, can this theory be accepted.

If, however, the frequency-analysis is effected outside
this sensory organ by the cooperation of the various physical
constants of the inner-car system, the stimulating mechanism
for the hair-cells must be looked for in the structures'in direct
contact with these sensory cells, As such our attention is
drawn to the tectorial membrane, whose lower surface is in
direct contact with the “hairs” protruding from the upper
surface of the hair-cells. Either a displacement of this mem-
brane in a longitudinal or radial direction relative to the
surface of the sensory cells or a pressure-traction mecha-
nism may constitute the source of hair-cell stimulation.

The first mechanism would be effective if the inner ear
operated as an acoustic receiver of the so-called displacement
type, whereas the second mechanism presupposes that the
inner ear acts more or less as a pressure-receiver.

v. Békésy suggested that the eddies, generated in the
cochlear fluid at the local vibration maximum of the basilar
membrane, form an adequate pressure-stimulus for the organ
of Corti. In Reboul's theory the pressure-gradient in the
cochlear fluid resulting from the travelling wave-movement
is regarded as the determining factor of hair-cell stimulation.

In this connection mention must be made of the experi-
ments of Davis and his co-workers, which established that
the negative phase of the sound-pressure wave constitutes
the proper stimulus for the nerve-endings in the cochlea,
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In all the theories discussed above the basilar membrane
plays a primary réle in the explanation of the hearing func-
tion. Various anatomical objections, such as the variable
structure in man (Wever) and in different animals (Sham-
baugh, Hardesty) may, however, be raised against the basilar
membrane holding such a predominant place in most theories
of hearing. Moreover, if we accept that sound-waves enter
the inner ear by way of the fenestra ovalis, the tectorial mem-
brane lies nearest to the incoming wave-movement and it
seems logical to assume that this membrane is first and more
casily activated by this movement than the basilar membrane,
which is covered by a thick layer of cells. The primacy of the
movements of the tectorial membrane as the stimulating
factor for the hair-cells was already put forward by Kishi
and Shambaugh, both writers ascribing a resonant function
to this structure. On account of its anatomical structure,
however, Hardesty thought it very improbable that the
tectorial membrane was capable of acting as such a sympa-
thetic resonator,

The view that the tectorial membrane may form the prin-
cipal vibrating element has recently again been advanced
by Mygind. Proceeding from the assumption that the cuti-
cular membranes covering the cupula, the otoliths, as well
as the organ of Corti operate as pressure-transformers, a theory
is developed which accounts for a localized pitch-perception
in the cochlea.

The primacy of the movements of the basilar membrane
as the sole source of hair-cell stimulation is also questioned
by Larsell and co-workers. It was shown that in the developing
cochlea of the pouched opossum young the tectorial and the
basilar membrane are well differentiated long before coch-
lear function appears. This applies also to the hair-cells and
the nerve-fibres. Not until the pillars of Corti and the remainder
of the supporting apparatus which undergo a slower differen-
tiation, have reached adult state was this function established.
The supporting apparatus may thus be regarded as a resiliant
apparatus between the two membranes, acting as a cushioning
and tension mechanism. In such a conception pressure in the
perilymph of the scala vestibuli, transmitted through Reiss-
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ner’s membrane and the endolymph, and localized according
to the pressure-gradients, as was suggested by Rebgu], would
impinge on the tectorial membrane and, through it, on the
hair-cells. This conception does not deny movements of the
basilar membrane in response to vibrations of the perilymp}},
but it does not assign to the basilar membrane alone the sti-
mulating function. .

Whereas the function of the middle-ear system relative to
its structure is now fairly well recognized, the functional
mechanism of the inner-ear system has not yet been fully
elucidated. )

If the hair-cells of the organ of Corti are to be considered
as the receptive elements for the physical energy of the sound-
impulse, any theory of hearing must now provide for a loca-
lized stimulation mechanism of these sensory cells. E_ver
since Helmholtz the basilar membrane has played a domina-
ting réle in the explanation of such a localized receptivity.

In these theories concerning the movements of the basilar
membrane the intricate structure of the organ of Corti has
usually been disregarded. But since this structure is capa!ale
of receiving the very minute mechanical stimuli occurring
at threshold intensity of the audiofrequencies, the prime
importance of the basilar membrane in th.is refined mechanism
is open to considerable question. Not until methods are fo.uncl,
which allow of an experimental approach tc this delicate
structure, can the ultimate function of its different parts
be evaluated and the real basis be found for a theoretical
approach to the problem of the mechanism of the cochlear
system.

SAMENVATTING.

Het is mogelijk het gehele gehoorproces scha:nmtisch in
dric phasen te verdelen. Door het geluidsgelei_dmg.ssysteem
wordt de geluidsprikkel naar het eigenlijke zmtuigorgaan,
het orgaan van Corti, gevoerd (phase I). Hier wordt de phy-
sische energie in zenuwenergie omgevormd (phase 1), waarna
tenslotte het zenuwgeleidingssysteem de impuls overbrengt
naar de acoustische centra in de grote hersenen (phase 11I).

Na een korte beschrijving van de anatomische structuur
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van het binnenoor en een historisch overzicht over de ont-
wikkeling van de gehoortheorieén tot het midden der 19de
ceuw, wordt in dit proefschrift hoofdzakelijk de eerste phase
van het proces, die der geluidsgeleiding, beschreven. Hierbij
is onderscheid gemaakt tussen:

a. theorieén en experimenten betreffende de geluidsgeleiding en
b. theorieén en experimenten aangaande de geluidsanalyse
in het oor. :

Bij de bespreking van de eerste groep werd uitgegaan van
de theoriec van Weber-Helmholtz, waarbij de verschillende
hypothesen, waarop deze theorie is gegrondwest, in het licht
der experimentele gegevens nader worden bezien (Hoofdstuk
IV). Het uitgangspunt voor de tweede groep vormde de
klassieke resonantictheorie van Helmholtz, die tracht de
geluidsanalyse, als een der fundamentele eigenschappen van
het gehoororgaan, te verklaren door resonantic van verschil-
lende segmenten van de basilairmembraan. De diverse argu-
menten voor en tegen deze opvatting worden in Hoofdstuk
V nader besproken, waarbij mag worden geconcludeerd, dat
een geluidsanalyse door resonantie in de oorspronkelijke
zin van Helmholtz, als zeer onwaarschijnlijk mag worden
beschouwd, doch dat de gelocaliseerde toonperceptie, zoals
door Helmholtz aangegeven, door een groot aantal experi-
menten overtuigend is bewezen.

De hydrodynamische theorieén, die de geluidsanalyse in het
algemeen trachten te verklaren zénder gebruikmaking van het
principe der physische resonantie, gaan uit van de gedachte,
dat als gevolg van een beweging van de stapes zich een lopende
golf langs de basilairmembraan voortplant. Een plaatselijk
optredend drukmaximum, bepaald door de wverschillende
physische factoren van de cochlea, zou dan als prikkel voor
het orgaan van Corti fungeren. De modelexperimenten van
von Békésy, waarbij inderdaad deze lopende golf kon worden
aangetoond, alsmede de wverschillende physisch-mathema-
tische berekeningen over de voortplanting van een golf in
een ten dele elastische buis worden in Hoofdstuk VI besproken.

Tenslotte is getracht, uitgaande van de gedachte dat het
geluidsgeleidingssysteem een mechanisch systeem is, dat in
staat is gedwongen trillingen uit te voeren, in Hoofdstuk VII
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de verschillende physische ecigenschappen van dit systeem
na te gaan, waarbij de eigenschappen van geluidsontvangers
in het algemeen als uitgangspunt werden genomen.

SUMMARY.

The entire process of hearing may be divided into three
stages. The sound-conducting system transfers the sound-
stimulus to the sensory organ proper, the organ of Corti
(stage I). Here the physical energy is transformed into ner-
vous energy (stage Il), and the acoustic pathways finally
conduct the impulse to the acoustic centres in the brain.

After a short description of the anatomical structure of
the inner ear and a historical survey of the development of
the theories of hearing up to the middle of the 19th century,
this thesis deals essentially with the first stage of the hearing
process. A distinction has been made between :

a. theories and experiments concerning sound-conduction and
b. theories and experiments concerning sound-analysis in
the ear.

In the discussion of the first group an attempt was made
to proceed from the theory of Weber-Helmholtz, in which
the wvarious hypotheses on which this theory is founded are
studied in the light of experimental data (Chapter IV). The
starting-point for the second group was the classic resonance-
theory of Helmholtz, which tries to explain sound-analysis, as
one of the basic principles of the hearing organ, by means
of resonance of various-segments of the basilar membrane.
The arguments for and against this conception are discussed
in Chapter V, and it may be concluded, that sound-analysis
by resonance in the original sense of Helmholtz is highly
improbable, but that a localized frequency-reception, as
indicated by Helmholtz, has been confirmed by a great number
of experiments,

The hydrodynamic theories, which attempt to explain
sound-analysis without making use of the principle of physical
resonance, proceed from the idea that consequent to a move-
ment of the stapes a travelling wave travels up the vesti-
bular scale, along the basilar membrane. A local pressure-

11
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maximum, determined by the various physical characteristics
of the cochlea, would then constitute the stimulus for the
organ of Corti. The experiments by von Békésy on models,
in which such a travelling wave could actually be demon-
strated, as well as the various physico-mathematical com-
putations of the propagation of a wave in a partly elastic
vessel, are discussed in Chapter VI.

Finally an attempt has been made, originating from the
idea that the sound-conducting system is a mechanical one,
capable of executing forced vibrations, to determine the
various physical properties of this system, in which the pro-
perties of sound-receivers in general were taken as a starting-
point.

RESUME.

Schématiquement il est possible de diviser le processus
de perception auditive en trois phases. Par l'appareil de
transmission, I'excitation sonore est transmise a l'organe
spécifique de l'audition: l'organe de Corti (Phase I). Celui-ci
transforme 'énergie physique en énergie nerveuse (Phase II).
Enfin I'influs est transmis par voie nerveuse au centre acoustique
du systéme nerveux central (Phase III).

Aprés une courte description de la structure anatomique
de l'oreille interne et quelques considérations historiques sur
I'évolution des théories de l'audition jusqu'au milieu du
dix-neuviéme siécle, l'auteur dans sa thése ne prend en consi-
dération que la premiére phase du processus auditif: celle de
la transmission des sons & 'organe de Corti. Il faut distinguer:

a. les théories et expérimentations touchant la transmission

des soms.

b. celles touchant 'analyse des somns dans l'oreille.

La premieére partie est traitée en prenant comme point
de départ la théorie de Weber-Helmholtz. Les diverses hypo-
theses, sur lesquelles la théorie repose seront étudiées de
plus prés a4 la lumitre de données expérimentales, (Chapitre
1V). La seconde partie est basée sur la classique théorie de
résonance de IHelmholtz. Celle-ci tend & expliquer l'analyse
des sons, propriété essenticlle de l'organe de l'audition, comme
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résultant de la résonance de différents segments de la mem-
brane basilaire. Les divers arguments pour et contre ce point
de vue sont traités dans le Chapitre V. Par suite on peut
conclure, qu’une analyse des sons par résonance dans le sens
ot Helmholtz l'entendait originalement, ne peut plus étre
considérée que comme peu vraisemblable, bien que 1’on reste
vaincu de la perception localisée des sons telle qu'il ’avait
consignalée et telle qu'elle a été démontrée par nombre
d’expériences.

Les théories hydrodynamiques ou ondulatoires, qui en
général tendent & expliquer analyse des sons sans l'aide du
principe physique de la résonance, partent de l'idée qu’ &
la suite d’'un mouvement de l’étrier une onde se propage le
long de la membrane basilaire. L'apparition d'une pression
maximale & localisation déterminée par la fréquence des
vibrations et les propriétés de la cochlée, fonctionnerait comme
excitant de l'organe de Corti. .

Les expériences de v. Békésy sur un modeéle de loreille
interne, par lesquelles fit en effet démontrée 'existence de
cette onde de propagation, ainsi que les différents calculs
physico-mathématiques de la propagation d’une onde sonore
dans un canal partiellement élastique, seront traitées au
Chapitre VI.

Partant du principe que 'appareil de transmission des sons
est un systéme méeanique,. apte d’exécuter des vibrations
forcées, l'auteur poursuit enfin au Chapitre VII I'étude des
diverses propriétés physiques de ce systdme comparées aux
propriétés des récepteurs du son en général.

ZUSAMMENFASSUNG.

Der ganze Horprozess lasst sich in drei Phasen einteilen:
Durch das Schalleitungssystem wird der Schallreiz nach dem
eigentlichen Sinnesorgan, dem Corti'schen Organ, geleitet
(Phase I). Hier wird die physikalische Energie in nervése
umgewandelt (Phase II), worauf schliesslich das nervdse
Leitungssystem den Impuls nach den akustischen Zentren
im Grosshirn {iberfithrt (Phase III).

Nachdem der anatomische Bau des Innenchres kurz be-
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schrieben und in einem geschichtlichen Ueberblick die Hor-
theorien in ihrer Entwicklung bis in die Mitte des 19. Jahr-
hunderts dargestellt wurden, kommt in der vorliegenden
Dissertation hauptsichlich die erste Phase des Prozesses,
die der Schalleitung, zur Behandlung. Dabel sind zu unter-
scheiden Theorien und Experimenten

a. tber die Schalleitung

b. uber die Schallanalyse im Ohr.

In der Besprechung der ersten Gruppe wird ausgegangen
von der Weber-Helmholtz’schen Theorie. Die verschiedenen
Hypothesen, auf die sich diese Theorie stiitzt, werden im
Hinblick auf die experimentellen Ergebnisse nidher betrachtet
(Kapitel IV). Den Ausgangspunkt fiir die zweite Gruppe
bildete die klassische Resonanztheorie von Helmholtz. Dieselbe
sucht die Schallanalyse — als eine der fundamentalen Eigen-
schaften des Gehororgans — zu erkliren als Resonanz ver-
schiedener Segmente der Basilarmembran, Die fiir und wider
diese Auffassung sprechenden Argumente werden in Kapitel
V niher auseinandergesetzt. Dabei darf wohl die Schlussfol-
gerung gezogen werden, dass eine Schallanalyse durch Reso-~
nanz im urspriinglichen Sinne Helmholtz’s als sehr unwahr-
scheinlich zu betrachten ist, dass jedoch die lokalisierte
Tonperzeption, wie sie durch Helmholtz angegeben wurde,
durch eine grosse Anzahl Untersuchungen uberzeugend be-
wiesen ist.

Die hydrodynamischen Theorien suchen die Schallanalyse
im allgemeinen zu erkldren, ohne auf das Prinzip der phy-
sikalischen Resonanz zuriickzugreifen. Sie gehen aus wvon
dem Gedanken, dass infolge einer Bewegung des Steigbtigels
sich eine laufende Welle entlang der Basilarmembran fort-
pflanze. Ein lokalisiert auftretendes Druckmaximum, be-
stimmt durch die verschiedenen physikalischen Eigenschaften
der Cochlea, soll dann als Reiz fiir das Corti'sche Organ
dienen. Die Modelversuche von Békésy’s, mittels derer tat-
sachlich diese sich fortpflanzende Welle nachgewiesen werden
konnte, samt den verschiedenen physikalisch-mathematischen
Berechnungen iiber die Fortpflanzung einer Welle in einem
teilweise elastischen Rohr, werden in Kapitel VI besprochen.

Von dem Gedanken ausgehend, dass das Schalleitungs-
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system ein mechanisches System ist mit der Fahigkeit, er-
zwungene Schwingungen auszufithren, wird in Kapitel VII
schliesslich versucht, den verschiedenen physikalischen Eigen-
schaften dieses Systems nachzugehen. Als Ausgangspunkt
dieten dabei die Eigenschaften der Schallempfinger im
allgemeinen,
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innervation of, 20
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mechanical, 118
acoustic, 123
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diagram, 140
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ratus, 147
Inner-ear system, 150
Intralabyrinthine fluid
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effect of contraction of middle-car
muscles on the, 44
movements of the, 60
incompressibility of the, 73

Mass
influence of — upon movements of
middle and inner ear, 142

Mass-controlled system
characteristics of a, 119

Mass movement of cochlear fluid, 35

Mass-reactance, 125

Middle-ear muscles
reflex-contractions of, 3, 40, 47, 53
effect of contraction upon:

relative position of ossicles, 39

amplitude of movement of ossicles, 41
sound-transmission, 42
cochlear response, 43
intralabyrinthine fluid, 44
acoustic impedance of the ear, 147
functions of the, 46

Microphones
pressure-driven-, 129
velocity-driven-, 130

Microphonic action of cochlea, 5

— — of crista, 6

Organ of Corti
function in hearing process, 2
anatomy, 18
QOscillations
of tympanic membrane, 31
of ossicular chain, 36
of round window membrane, 48
of basilar membrane, 64
Ossicles
effect of coupling on sound-trans-
mission, 43
relative mobility between the, 58
Ossicular chain
in sound-conduction, 35, 47
oscillations of, 36
axes of rotation of, 36, 38, 58
transformer action of, 53, 60, 139
vibration-mechanism of, 59
lever-hypothesis of, 56, 139

Perilymph
physical characteristics, 14, 101
circulation of, 17
Perilymphatic system, 13
Phase-change beat, 87
FPhase-change between incident and trans-
mitted sound-wave, 126
Place-theory of frequency-reception, 90
Polyphonic membranes, 79
Pressure-distribution in the auditory
canal, 133
Pressure-gradient microphone, 130
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Pregsure-gradient theory of Reboul, 112
Pressure-transformer action of middle-
ear structures, 136

Reaction of Tullio, 48, 62
Reflexion-coefficient, 126
Resonance-frequency

of tympanic membrane, 39, 131

of middle-ear system, 131
Resonance-hypothesis

of Helmholtz, 80

arguments against, 81
Resonance-systems

physical characteristics of, 85
Hound window membrane
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comparative anatomy of, 48

movements of, 20, 48, 66
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screening of, 51
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Sound-patterns in the cochlea, 94
Specific acoustic impedance, 123
Stapedius muscle (see middle-ear muscles)
Stiffness-controlled system

characteristics of a, 119
Stiffness
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middle and inner ear, 142

Stroboscopy

of tympanic membrane, 31

of ossicular chain, 38

of basilar membrane, 64, 104

Tectorial membrane, 18

Theory
of Weber-Helmholtz, 29
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of Ewald, 93
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Theories of hearing
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Travelling waves in cochlear fluid, 99 Vestibular reflexes

Tympanic membrane as index of hearing, 4
oscillations of, 31 Vibrations (sec Oscillations)
stroboscopy of, 32 Volume-elasticity coefficient of tympanic
mode of vibration of 32, 55, 137 membrane, 38
amplitude of movement of, 33 Volume-displacements
volume-elasticity coefficient of, 38 of tympanic membrane, 39
resonance-frequency of, 39, 131 of inner-ear fluid, 41, 60
volume-displacements of, 39 of round window membrane, 67, 132
elasticity of, 55
lever-hypothesis, 55 Wave-impedance, 124

Wave-movement of cochlear fluid, 99, 155







STELLINGEN
1

Onder normale omstandigheden worden de geluidstrillingen
via de gehoorbeentjesketen en het ovale venster op de vloeistof
van het binnenoor overgebracht.

LI

Het is echter zeer waarschijnlijk, dat na de fenestratie-
operatie de geluidstrillingen het binnenoor via het ronde
venster bereiken en dat de bij deze operatie in de horizontale
booggang gemaakte opening als uitwijkplaats voor de vloeistof
van het binnenoor fungeert.

111

Voor de functie van het binnenoor is de membrana tectoria
waarschijnlijk van groter betekenis dan de membrana basilaris.

v

De hydrodynamische gehoortheorieén, welke het binnenoor
beschouwen als een hydrodynamisch systeem met ten dele
elastische wand, zijn in staat een betere verklaring te geven
voor de klankanalyse en de gelocaliseerde toon-perceptie in

het binnenocor dan de klassieke resonantie-theorie wvan
Helmholtz.

e

Bij lijders aan zogenaamde otosclerose is het, bij het over-
wegen van operatieve hulp, een zeer dringende eis de totale
persoonlijkheid, dus ook de geestelijke zijde hiervan, mede
in ogénschouw te nemen.

VI

In gevallen van lymphadenitis colli tuberculosa dient
tonsillectomie ernstig in overweging te worden genomen,

VII

Het veelvuldig voorkomen van tuberculeuze afwijkingen in
tonsillen en adenoid bij lijders aan niet-open tuberculose
maakt een haematogeen ontstaan van deze tuberculeuze
haarden waarschijnlijk.

VIII

Het verdient aanbeveling te trachten de eventuele secundaire
shockverschijnselen tengevolge van ernstige verwondingen door
vroegtijdig toedienen van antihistaminica te bestrijden.

IX

Men denke bij de aetiologie van de abortus in het begin van
de zwangerschap aan banale infecties in de neus en nasopharynx.

X
Het geluidsgeleidingssysteem in het gehoororgaan, dat bestaat
uit trommelvlies, gehoorbeentjesketen en de vloeistof van het

binnenoor, kan als een trillend mechanisch systeem worden
beschouwd.

X1

De physische eigenschappen van dit systeem dienen door
een nauwe samenwerking tussen physici en biologen nader
te worden bestudeerd.

XII

Er dienen in ons land enkele Centrale Instituten voor het
onderzoek en de behandeling van slechthorenden te worden
gesticht,
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" XIH
Het voorschrijven van een gehoorapparaat moet als een

medische handeling worden beschouwd.

X1V

In verband met de grote hoekversnellingen bij de moderne
jachtvliegtuigen is een onderzoek der vliegers op hun weer-

standsvermogen tegen de hierbij optredende centrifugale
‘krachten vereist. y







