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Abstract

The middle ear muscles are part of a control system for regulating the acoustic input to a supersensitive detector, the cochlea,
preventing overload and damage. Yet there is a long-standing paradox. When Békésy measured sound transmission through
the middle ear of cadavers, he found that acoustic transmission was not affected when the annular ligament was stretched by
pressure. Similarly, reflex activation experiments often show only a few decibels of attenuation, assumed to be due to stiffen-
ing of middle ear joints and ligaments. In contrast, psychophysical experiments reveal attenuations of 30 dB or more when
the middle ear muscles are voluntarily contracted. How can the difference be explained? This synthesis paper shows how the
paradox can be resolved by reconsidering a theory put forward by Gellé in the 19% century. According to Gellé’s intralabyrin-
thine pressure theory, which has long been dismissed, the purpose of the middle ear muscles is to press the stapes inwards and
raise the hydraulic pressure in the labyrinthine fluids, thereby regulating cochlear sensitivity. The focus of this review is to re-
visit the theory and show how it can explain a range of audiological findings. The theory is updated and the hypothesis made
that static pressure in the cochlear fluids is sensed by the outer hair cells, which are in continuous hydraulic connection with
the stapes. It is this factor which reduces the gain of the cochlear amplifier and provides rapid and effective overload protec-
tion. The case is made that the intralabyrinthine pressure theory deserves renewed attention.

KAK MbIIIIIbI CPEJHEI'O YXA 3AIIMITAIOT YIMTKY? IIOBTOPHOE
PACCMOTPEHME TEOPVM BHYTPU-TABMPUHTHOTIO JABJIEHUA

Pesrome

MBIIIIIBI CPETHETO YXa — 3TO 9aCTh CUCTEMBI YIIPAaBIEHNA PETYINPOBaHNUA aKyCTUIECKMX IaHbIX, IIOCTYIAKMINX B O4€HD
YYBCTBUTEbHBIN JATUNK, YIUTKY, IPEfOTBpalasA Ieperpy3Ky U MoBpexkaeHne. Bee e CyImecTByeT MpOO/KUTENbHBIN
napapiokc. Korpa bekern nsmepun 3pykoBylo epefiady uepes CpefjHee yXo TPYTOB, OH OTKPbI/, YTO aKyCTUYeCKas Ie-
pemada He OblIa 3aTPOHYTA, KOIIa KOMbLeBasl CBsI3Ka Obl/Ia pacTsAHYTa AaBjleHMreM. TOYHO TaK >Ke 9KCIIepYMEHTBI aKTH-
BaIyM pedIeKCOB YacTO IIOKa3bIBAIOT TOJIBKO HECKOJIBKO HeI0eI0B 0C/Iab/IeH s, IPefIOoNIOKITeIbHO 13-3a HaIIPsDKe-
HUA CYCTaBOB U CBA30K cpefHero yxa. Hamporus, ncuxodusndeckne sKCIIepUMEHTHI IOKa3bIBalOT ocnabnenus 30 nb
win 6071ee, KOIfa MBIIIIBI CPEHETO yXa CAMOCTOSITe/IbHO COKpalljeHbl. Kak MOXXHO 0OBSICHUTD MOTYyYeHHYIO PasHUIY?
JJaHHas CMHTe3MpOBaHHasA paboTa II0Ka3bIBaeT, KaK IapafIoKC MOXKET ObITh paspellieH, TepecMaTpyBas TEOPUIO, CHaYasIa
BRIIBUHYTYIO YKerte B 19-oMm Beke. COITIacHO TeOpuy BHYTPM-TaOMpPUHTHOTO HaBneHus YKenne, kotopas fonroe Bpems
He Opajlacb BO BHMMaHMe, 11e/Ib MBIIIL] CPEIHETO yXa COCTOUT B TOM, YTOOBI HA>KMMATb CTpeMs BHYTpPb 1 IIOfJHUMATD I'i-
IpaBIMYecKoe gaBjieHye BO TaOMPUHTHON XUAKOCTY, TAKUM 00pa3oM peryrupys KOXIeapHyIo IyBCTBUTENbHOCTb. Lle-
JIbIO 3TOJ1 pabOTHI ABJIAETCS IOBTOPHOE ObOpallleHNe K TeOPUH Y JeMOHCTPALMA TOro, KaK OHa MOYXKET OOBSICHUTD P
ayIMOJIOTMYeCKUX OTKPBITHUIL. Teopus 0OHOB/IEHa, 1 IIOCTAB/IeHA TMITOTe3a: CTATMYeCKOoe JiaB/IeHNe Ha KOXJIEPHYIO JKIJI-
KOCTD OIIYIAeTCA BOTOCKOBBIMM Hapy>XHBIMM KJIeTKaMy, KOTOpble HaXOAATCA B HEIPEPhIBHOV TMAPABINIECKON CBA-
31 CO cTpeMeHeM. VIMeHHO 3TOT (PaKTOp yMeHbIIAeT yBeNndeHIe KOXIEAPHOTO YCUINTe/LI 1 obecrednBaeT ObICTPYIO 1
3¢ deKTUBHYIO 3aIUTY OT IePerpy3Ku. ITO TOBOPUT O TOM, YTO TeOPUsA BHYTPU-TAOMPUHTHOTO JaBJIeHNS 3aCTyXKUBa-
€T BO30OHOB/ICHHOTO BHVMAaHMA.

¢COMO PROTEGEN LOS MUSCULOS DE OIDO MEDIO LA COCLEA?
RECONSIDERACION DE LA TEORIA DE PRESION DENTRO DEL LABERINTO

Extracto

Los musculos de oido medio son la parte de un sistema de control para regular los datos actisticos que entran a un detector ex-
traordinariamente sensible, la cdclea, previniendo la sobrecarga y el dafio. Aunque hay una paradoja antigua. Cuando Békésy
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midié la transmisién del sonido a través del oido medio de los cadaveres, encontrd que la transmision acustica no fue afecta-
da cuando el ligamento anular fue estirado por la presiéon. De manera similar, los experimentos de activacion de reflejos a me-
nudo muestran s6lo unos decibeles de la atenuacion, que se supone de ser debido al agarrotamiento de las articulaciones y los
ligamentos en el oido medio. Por el contrario, los experimentos psicofisicos revelan atenuaciones de 30 dB o mas cuando los
musculos del oido medio son contratados voluntariamente. ; Cémo esta diferencia puede ser explicada? Este trabajo de sinte-
sis muestra como la paradoja puede ser resuelta reconsiderando una teoria propuesta por primera vez por Gellé en el siglo 19.
Segun la teoria de Gelle de presion dentro del laberinto, que ha sido ignorada durante mucho tiempo, el objetivo de los mus-
culos del oido medio es presionar el estribo hacia adentro y elevar la presién hidraulica en los liquidos laberinticos, regulando
asi la sensibilidad coclear. El foco de esta revision es analizar de nuevo la teoria y mostrar como ella puede explicar una varie-
dad de conclusiones audiological. La teoria es actualizada y la hipétesis es hecha: la presion estética en los liquidos cocleares
es sentida por las células ciliadas externas, que estan en la continua conexién hidraulica con el estribo. Este es el factor que re-
duce la ganancia del amplificador coclear y proporciona la proteccion contra sobrecarga rapida y eficaz. Es importante que la

teorfa de la presion dentro del laberinto merece una atencion renovada.

Background

The human middle ear is an intricate arrangement of mem-
branes, bones, muscles, and ligaments (Figure 1). The de-
vice functions as a mechanical transformer helping to bring
the acoustic impedance of air closer to the impedance of
the cochlear fluids [1]. The middle ear has been closely
studied since audiology began, but even now its functions
are not fully understood [2], not least because the ear can
respond to acoustic motions of subatomic dimensions.
At hearing threshold, the eardrum moves of the order of
picometres [3]. Understanding how such minute move-
ments are transmitted through a delicate system of bones
and joints stretches experimental apparatus to its limits.

This synthesis paper concerns itself with one particular as-
pect of the middle ear, and that is the function of the middle
ear muscles, the two smallest skeletal muscles in the human
body: the tensor tympani attached to the malleus, and the
stapedius, only 1 mm long, attached to the stapes (Figure 1).
Years of research have made it plain that the muscles are in-
volved in attenuating loud sounds [4-7], so that the delicate
sensing elements in the cochlea are not overloaded or dam-
aged. The question addressed here is, how is this achieved?

The standard answer is that when the middle ear muscles
contract, they stiffen up the joints and ligaments, partic-
ularly the annular ligament surrounding the stapes, caus-
ing an increase in mechanical impedance and hence re-
ducing sound transmission to the cochlea [8-11]. But as
Békésy noted, there is only about a 5% alteration in im-
pedance when the muscles contract (p. 72) and he could
not find any physiologically important change (p. 203).
Our knowledge has since expanded [4-7], but the gener-
al picture remains the same - the middle ear muscles ap-
pear to provide only a minor degree of protection against
loud sounds. Most animal-based studies find a change in
impedance of around 5-10 dB [12,13], while human stud-
ies show an effect of only 1-2 dB over the range 0.06-11
kHz [14,15]. Changes in cochlear potentials are some-
what larger and more variable, and are discussed in the
next section. This paper questions the idea that the pur-
pose of the strategically placed middle ear muscles, with
their complex anatomy and physiology, is to cause a mi-
nor change in sound transmission. Instead, this paper sets
out what seems to be a much more effective mechanism:
when the muscles contract they create a fast control sig-
nal in the cochlear fluids - hydraulic pressure.
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Figure 1. The human middle ear, showing the tensor
tympani tendon (yellow) and stapedius tendon
(red). The muscles themselves are recessed
in bone. According to the intralabyrinthine
pressure theory, activation of the tensor
tympani muscle pulls the malleus and ear
drum inwards and pushes the stapes into the
oval window, protecting the cochlea by raising
the pressure of fluids inside. It is suggested
that the pressure controls the gain of the
cochlear amplifier. Modified from [80] and
used with permission.

The intralabyrinthine pressure (ILP) theory of middle ear
muscle action dates from the 19 century, and, although
simple and elegant, it was never widely accepted. By the
middle of the 20% century it was totally dismissed. The
theory proposes that contraction of the middle ear mus-
cles causes the stapes to press inwards on the cochlea’s flu-
id contents, raising their pressure. In this paper, the pres-
sure is taken to be a key parameter which controls the gain
of the cochlear amplifier via its action on outer hair cells
- sensing cells which, importantly, are in continuous hy-
draulic connection with the cochlear fluids. It is this ac-
tion which rapidly, silently, and with minimum observable
movement, protects the cochlea’s supersensitive detectors.

In the 1880s, Gellé developed a theory of why action of
the stapes should produce lower hearing acuity [16,17].
He had observed that pressure applied to the ear canal led
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Figure 2. When the tensor tympani muscle (yellow)
contracts, it pulls on the malleus and forces
the stapes into the oval window, raising the
pressure of the incompressible cochlear fluids
(blue) and distending the round window.

The diagram shows how contraction of the
middle ear muscles produces a similar effect to
positive pressure in the ear canal or negative
pressure in the middle ear cavity — they all
cause inward stapes motion and a rise in
intracochlear pressure. Adapted from [99] and
used with permission.

to a loss in hearing sensitivity, and he proposed that the
stapes in a similar way produced a “pressions centripetes”
in the labyrinth which caused a reduction in cochlear
sensitivity. Figure 2 illustrates the mechanism: contrac-
tion of the tensor tympani draws the whole middle ear
system inwards and presses the stapes into the oval win-
dow. According to Borg [11], the labyrinthine pressure-
regulation theory can be traced back to Politzer in 1861,
who noted that electrical stimulation of middle ear mus-
cles led to changes in middle-ear pressure and, presum-
ably, to changes in labyrinthine pressure. Similarly, Borg
also notes that Lucae in 1866 proposed that contraction
of the tensor tympani affected low frequency hearing via
labyrinthine pressure, and this was taken up and promot-
ed by Zimmerman in the early 1900s who claimed that
pressure somehow controlled the vibration of the basilar
membrane fibres.

What happened to Gellé's theory? Borg mentions [11] that
Kato in 1913 was the first to discredit the hypothesis by
observing no displacement of the round window mem-
brane during tensor tympani contractions. Of course, the
displacements involved are minute (micrometres or less),
and with the instruments available at the time Kato failed
to see an effect. Today, that motion has indeed been seen
[18]. However, it was probably Békésy’s traveling wave the-
ory [8] that eventually caused the ILP theory to be dis-
carded, for the mechanics of the passive traveling wave do
not depend on static pressure. According to the traveling
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wave theory, the pressure difference across the partition is
the effective stimulus, and static pressure is not important.
For most of the 20 century, the cochlea was considered a
passive transducer, and there was no conception of active
mechanics that might be sensitive to pressure.

Nowadays, the situation is different, and the cochlea is
seen as an active transducer [19]. Although the traveling
wave theory remains at the core of cochlear mechanics,
there is now room for additional active processes. It is now
possible to consider that the outer hair cells, responsible
for the activity, could be affected by static pressure. This
proposed sensitivity to static pressure is a logical counter-
part to a recent speculation that outer hair cells are pres-
sure sensors and respond to the fast pressure wave sig-
nal [20,21]. Extending the idea, the proposal is that outer
hair cells respond to static (d.c.) pressure as well as alter-
nating (a.c.) pressure.

In the version of the ILP theory put forward here, the d.c.
pressure is the factor controlling the gain of the cochle-
ar amplifier, which is part of a positive feedback loop in-
volving the outer hair cells, which themselves are respon-
sive to a.c. pressure. Simply put, pressure acts to squeeze
the compressible outer hair cells. In the following, the
ILP theory is reexamined and the arguments for it are as-
sessed. The conclusion is that the arguments common-
ly raised against the ILP theory are not decisive. The ILP
theory has the potential to unify much audiological un-
derstanding and deserves renewed attention.

A paradox

There is a paradox surrounding middle ear sound con-
duction, and it begins with Békésy. In his monumental
work [8] he took a freshly excised ear from a cadaver
and covered its round window with a hollow rubber tube
that led to the ear of a living observer (himself). When
sound was applied to the ear drum of the preparation, it
traveled through the middle ear and cochlea and oscil-
lated the round window membrane. The observer could
therefore hear this oscillation — or, more sensitively, hear
the null this sound produced when it interfered with an-
other sound source, of appropriate amplitude and phase,
also connected to the tubing. Békésy raised the pressure
in the cochlea and discovered, based on multiple prepa-
rations, that even when the pressure in the cochlea was
raised to 4 atmospheres — a point at which the round win-
dow or blood vessels burst — there was no change in the
sound level at the round window (p. 433 of [8]). He con-
cluded that sound transmission through the middle ear,
including the stapes and annular ligament, was immune to
pressure effects. The inference is that stretching of the an-
nular ligament — from force exerted on one side or other
of the oval window - has no appreciable effect on sound
transmission.

This decisive experiment has been duplicated [22] with the
same result: nothing happens acoustically until the round
window bursts. In other experiments, pressure was re-
placed by force artificially applied to the middle ear mus-
cles [23], but it gave similarly minute effects: an attenuation
of less than 1 dB when a 1 g force was applied (see also p.
23 of [5]). Likewise, the generally small impedance changes
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Figure 3. Effect of voluntary contraction of middle ear
muscles on hearing threshold. The black line
is the average of 8 ears studied by Reger [30];
the red and blue lines are from Smith [29] and
show the loss in the right and left ears of a
single subject. Data replotted from [29,30].

observed under middle ear manipulations [8,24-27] sup-
port the idea that the annular ligament has only a minor
effect on sound transmission. Based on otoadmittance
measurements, one acoustic model of the middle ear re-
flex [28] calculated that the corresponding sound atten-
uation would be about 2 dB(A), a figure that would pro-
vide “negligible” protection.

At the same time, there are psychophysical experiments
using living subjects which give totally different results.
A key piece of early work was that of Smith [29], who
measured hearing thresholds before and after a subject
contracted his middle ear muscles (the subject was one
of those individuals who could voluntarily perform this
manoeuvre'). The effect of the contraction was large (Fig-
ure 3), causing a diminution in threshold of about 30 dB
at 128 Hz and 20 dB between 3 and 4 kHz. These find-
ings were corroborated in 1960 by Reger [30] on a group
of 4 subjects (8 ears) and the average attenuations are also
shown in Figure 3.

What are we to make of these findings? Békésy’s work says
that, acoustically, pressure difference across the oval win-
dow (leading to stretching of the annular ligament) has
little, if any, effect; on the other hand, psychophysical ex-
periments suggest that the muscles’ exertions are creating
major attenuations. In Békésy’s time it was not reasonable
to consider that raised intracochlear pressure was causing
the attenuation. First, the traveling wave theory leads to
the natural inference that static pressure has no effect on
cochlear mechanics - in a passive system it is all a mat-
ter of mass and stiffness of the basilar membrane. Second,
the results of more technically advanced experiments, in-
volving simultaneous measurement of cochlear input im-
pedance and of cochlear microphonics, were enough to
suggest that changes in sound transmission due to annu-
lar ligament stiffness were happening after all. The most
influential of these is now critically assessed.

In 1982, Lynch and colleagues [25] studied the input im-
pedance of the live cat cochlea using the Mdssbauer tech-
nique. The middle ear was removed, leaving only the sta-
pes on which a radioactive source was placed. They found
(their Figure 10) that there was about a 5 dB change (be-
low 200 Hz) in input impedance of the cochlea and sta-
pes under a static pressure of 7 cm of water (0.7 kPa). This
5 dB might well be due to stretching of the annular liga-
ment, they thought, given other evidence (their Figure 7)
that drying of the ligament also changed the impedance.
However, it is worth remembering that this 5 dB change
might relate to the cochlea and round window as well, since
both of these are in series with the annular ligament. At-
tributing the change to additional sources is supported by
the observation that the authors found considerably larger
concurrent changes (10 dB) in cochlear potentials as stat-
ic pressure was varied by 7 cm of water.

At any rate, these observations opened the way to attrib-
uting changes in cochlear impedance to changes in annu-
lar ligament stiffness. But there is a problem here. In order
to infer annular ligament stiffness, the authors used chang-
es in cochlear potentials as a gauge of cochlear sound atten-
uation. This assumption confounds the effects of middle
ear impedance and the effects of intracochlear pressure. In
other words, it is a mistake to assume that when a coch-
lear potential shows a decrease under the action of the
middle ear muscles, that this must be due solely to an in-
crease in cochlear impedance (and in particular, that of
the annular ligament).

Lynch and colleagues were not the first to interpret coch-
lear potentials in this way [5,6,12,31], but the underlying
logic needs to be made explicit. If it is assumed that re-
ductions in cochlear potentials are due to the middle ear
(specifically the annular ligament, although other compo-
nents may contribute in lesser measure), this automatically
discounts the possibility that the observed effects are due
to intracochlear pressure acting directly on the hair cells,
which is what the ILP theory supposes.

Significantly, there appears to be no work conclusively dis-
proving the ILP theory. On the contrary, results in the lit-
erature that purport to show that the cochlear response
has been attenuated by middle ear muscle contraction can
actually be interpreted as being due to the direct effect of
hydraulic pressure on the cochlear receptors, not the ef-
fect on middle ear sound transmission.

Moreover, while in general there are parallel changes in
admittance and cochlear potentials, notably at frequencies
below 1 kHz, there are also puzzling anomalies, particu-
larly at higher frequencies. As an example, at a frequen-
cy of 2 kHz, Moller (Figure 15 of [12]) saw an increase in
admittance at the same time as the cochlear microphon-
ic decreased. Similar anomalies can be seen at particular
frequencies in a number of his other figures when chang-
es in cochlear microphonic are compared to changes in
admittance. This and related work indicate that the coch-
lear microphonic may not be a reliable measure of sound
transmission. Meller expressed it succinctly when he said,
speaking of the effect of ear pressure changes in the ear

1. About half the population can contract the muscles by forceful closure of the eyelids [4], when a characteristic fluttering can be heard.
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canal (Figure 18 of [6]), that there was a qualitative dif-
ference between sound transmission and middle ear pres-
sure, meaning that something essential has been missed.
This paper suggests that the crucial missing factor is the
direct effect of pressure on the cochlea itself.

So while the standard annular ligament theory can work
below 1 kHz, it has difficulty accounting for attenuations at
higher frequencies, like those between 2 and 4 kHz seen in
Figure 3, and it has real problems accounting for increases
in responses at certain frequencies (e.g. [32]).

Nevertheless, it has now become standard to assume that
changes in cochlear potentials in living ears are due to
sound transmission effects, not pressure. Based on the
standard traveling wave model, the natural inference is
that sound transmission is attenuated by the same amount
in dead and living ears.

In 1986 Pang and Peake [33] cemented that way of think-
ing. They asked the pertinent question “How do contrac-
tions of the stapedius muscle alter the acoustic properties
of the ear?” and came to the conclusion that it was stretch-
ing of the annular ligament. Their reasoning was based on
calculations that showed a direct match between changes
in stapes admittance and change in cochlear microphon-
ic (their Figure 5); the authors interpreted this result in
terms of sound transmission changes directly caused by
changes in stapes impedance. They overlooked the pos-
sibility that when the annular ligament is stretched by
stapes displacement, it also increases intracochlear pres-
sure. They reasoned that acoustic admittance would vary
with stapes displacement, basing their calculations on the
curve of Figure 10 of the earlier Lynch work - which was,
as described above, based not only on impedance chang-
es but also on cochlear potential changes. In other words,
it is possible that the key assumption underlying Pang
and Peake’s work — that changes in cochlear microphon-
ics are due entirely to changes in physical sound input -
could be erroneous.

The general idea to be presented here is that most, if not
all, changes in cochlear microphonic potential that are ob-
served when the middle ear muscles are activated are due
to increases in intracochlear pressure. Perhaps microphon-
ics do not indicate changes in “sound transmission” but
instead reflect the operation of a rapid control signal act-
ing on all the thousands of outer hair cells which togeth-
er generate the cochlear microphonic.

Having outlined the issues, the rest of this paper looks in
more detail at the reasons for and against the ILP theory
and, given what we now know about otoacoustic emissions,
puts the theory in a contemporary perspective.

Arguments against the ILP theory

Two major reasons have already been mentioned as to
why the ILP theory was not positively viewed: a reliance
on traveling wave theory and indications that pressure had
no physical effect on sound transmission. Both are pos-
sibly mistaken, but it is illuminating to go back to the lit-
erature and see what reasons were given for rejecting the
ILP theory.
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In 1960, Huizing [34] gave a summary of the situation
(his p. 20). Gellés pressions centripétes theory has proved
untenable, he said, for three major reasons, and they are
listed below.

(1) A negative change of pressure [in the ear canal] has al-
most the same influence as a positive

The force of this argument is hard to understand, as it ap-
plies equally well to the ILP theory as to the annular liga-
ment theory. Assuming that positive and negative pressure
changes in the ear canal lead to corresponding pressure
changes in the cochlear fluids, there does not seem to be
any fundamental reason to think that the effect of pres-
sure on the cochlea’s sensing elements might not be more
or less symmetrical. Certainly, contraction of the tensor
tympani leads only to an increase in pressure, but the in-
ner ear transducers themselves may only respond to the
absolute magnitude of the intracochlear pressure (a neg-
ative ear canal pressure is, via the mechanics of the mid-
dle ear, likely to give rise to a negative intracochlear pres-
sure). Note that annular ligament stretching also occurs
symmetrically, and this is the basis of the standard mod-
el of how otoacoustic emissions change in frequency un-
der imposed ear canal pressure [35].

Mpller in his acoustic impedance studies [12] found a
broad symmetry in the impedance and cochlear micro-
phonics of a cat ear as air pressure in the ear canal was
raised or lowered, giving V-shaped curves (his Figures
9-11). On closer inspection, however, there are marked
deviations from symmetry, and the effect of negative mid-
dle ear pressure — which will lead to increased intracoch-
lear pressure in the same way as a muscle contraction will
- are particularly informative. Under negative pressure,
the acoustic resistance entirely disappears (his Figure 9),
while the acoustic impedance diverges from the cochle-
ar microphonic (his Figures 10, 11). The first observation
means that the cochlea’s sensing elements, which give the
ear its characteristic resistance [12,15], have been effective-
ly disengaged from the system, while the second means
that the cochlear microphonics have been reduced much
more than the impedance has. For example, Moller found
that a negative pressure of 15 cm of water (1.5 kPa) re-
duced impedance by 12 dB while reducing microphonics
by 24 dB. These results are explicable in terms of the ILP
theory but are hard to explain otherwise.

(2) No decrease of auditory acuity occurs if the labyrinthine
pressure is increased via another method, for example by
congestion of the jugular veins

Taken at face value, this is a powerful argument against
the ILP theory, if it were true. It is not clear what evidence
Huizing was referring to when he wrote this assessment in
1960, but evidence now clearly points the other way. Com-
pression of the neck veins does indeed increase intracranial
pressure, and it results in impedance changes observable at
the ear [27]. In such cases, the experimental subject usu-
ally hears “a clear attenuation” of the 550 Hz probe tone,
directly refuting point 2. Another finding of direct rele-
vance to the ILP theory is that before, during, and after
this rather uncomfortable procedure, a brief contralateral
tone was used to elicit the acoustic reflex, and immediately
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the ear under study showed a simultaneous jump in im-
pedance. Notable, however, is the observation (Figure 2
of [27]) that the amplitude of the reflex response steadily
diminished (in terms of impedance) as intracranial/intra-
labyrinthine pressure rose, until it eventually disappeared
at the point when the pressure and impedance reached a
plateau. This “adaptation” invites the interpretation that
the impedance might be a secondary effect of pressure.
If so, and if pressure is the controlling factor for cochlear
gain, then once pressure has built up to some particular
limit, further efforts to increase pressure will be ineffec-
tive. Such a model provides some understanding of why
reflex effects sometimes appear to be so small: it is a mat-
ter of the experimental situation not providing sufficient
time for reflex-induced pressure to dissipate.

This raises the issue of long time constants and the paten-
cy of the cochlear aqueduct, and these are discussed in the
section on page 18. The particular problem here is that the
patency of the cochlear aqueduct, by which pressure is dis-
sipated, is limited and variable ([36] and discussed in [37]),
and it can take some minutes for pressures to equilibrate
[37,38]. Since jugular veins are not normally compressed
for minutes at a time, this might provide some basis for
Huizing’s argument.

The other issue is the magnitude of the maximum effective
pressure. Normally, variations in cerebrospinal fluid pres-
sure are likely to be no more than some tens of centime-
tres of water [39], and Klockhoff’s work suggests a func-
tional limit of about 50 cm of water [27]. This limit tallies
with the maximum force that the tensor tympani muscle
can exert, about 1 gram (p. 194 of [10]). If such muscu-
lar effort is transferred through the middle ear chain to
the stapes, this creates a force of 1 g over a footplate area
of 3 mm?, which is a pressure of about 3,000 N/m? (3 kPa
or 30 cm of water).

Further evidence against point 2 is that people suffering
from pathologically raised intracranial pressure suffer an
average hearing loss of about 30 dB [40]. This loss can be
alleviated by surgery, after which pressure reduces and
hearing improves; one study found an average improve-
ment of 8 dB below 500 Hz between preoperative and
postoperative conditions [41]. Moreover, changes in lab-
yrinthine pressure can be brought about by postural ma-
nipulations, and these changes in pressure can also affect
hearing thresholds [42].

In addition, with modern equipment it is possible to de-
tect subtle changes in cochlear function. Using otoacous-
tic emission techniques it can be shown that small pres-
sure changes, brought about by alterations in posture, have
measurable effects on the cochlea [37,43,44]. CSF pressure
fluctuations from breathing and heartbeat can also be de-
tected as frequency modulation of spontaneous OAEs [37].
These approaches and their integrating potential will be
described more fully in the section on page 17, where it
is argued that a direct effect of pressure on the outer hair
cells provides a more consistent explanation than does
stretch of the annular ligament.

Distinguishing these two possibilities is difficult because
measurements of intracochlear pressure involve minute
volumes of fluid. The fluid contents of the inner ear amount
to only 200 pL, and the fluid, being mostly water, is vir-
tually incompressible. This means that any gauging sys-
tem must be of extremely high impedance to measure this
pressure without disturbing the system, and certainly in
the early days of auditory research this was not the case.
Another way of viewing the problem is to appreciate that
deflections of the stapes footplate due to muscle contrac-
tion are less than 20 um [33,45], and these displacements
will be matched by an equally small volume displacement
(0.02 pL) of the round window membrane (p. 181 of [10]).
Hence the middle ear muscles work against the compli-
ance of the round window membrane as well as the annu-
lar ligament, and both these factors are important in con-
trolling the input impedance of the cochlea, as Figure 10
of ref. [25] clearly shows. We begin to appreciate how ex-
tremely sensitive and finely graded must be the action of
the middle ear muscles.

It is possible to infer a relationship between stapes displace-
ment and intracochlear pressure. On the basis of raising
perilymph pressure by 10 cm of water, Densert and col-
leagues [46] measured a tympanic membrane displace-
ment of 2 um; by reciprocity, a similarly small motion
will raise intracochlear pressure by about that amount.?
As calculated at the start of this section, such a pressure
calls for the middle ear muscles to delicately exert a force
of 0.3 g, a task for which these muscles are anatomical-
ly well suited [48].

(3) The loss in hearing remains the same for constant pres-
sure [in the ear canal], while it may safely be assumed that a
rise of liquor pressure, if any, will disappear very soon again

This inference again relies on patency of the cochlear aqg-
ueduct, but as already noted this is not often an open path-
way, particularly in humans. Studies have shown that the
aqueduct is of small diameter and filled with a meshwork
of fibres [49]; moreover, it may possess a barrier membrane
[50] or one-way valve [51] so that positive pressure takes
a different time to die away than negative.

A particularly revealing experiment is one that measured
the time course of the middle ear reflex to long-lasting
tones [52] and it found that hearing thresholds steadily
increased over 30 seconds (their Figure 2, shown here in
Figure 4) and, for a 1 kHz tone, for 90 seconds or more
(their Figure 3). The authors, Loeb and Riopelle, were sur-
prised to find that after the activating tone in the left ear
was switched off, hearing thresholds (at 1 kHz) in the right
ear continued to increase, which suggests a time constant
of several minutes. Unfortunately, Loeb and Riopelle did
not appreciate the significance of this and only followed
the course of the threshold for an additional 30 seconds
— when it was still increasing. However a time constant of
several minutes explains two peculiar findings. First, Loeb
and Riopelle found that the threshold shifts were very
small, only 3-5 dB. Second, the thresholds tended down-
wards, seemingly even before the stimulation began. The

2. Similarly, measurements by Ivarsson and Pedersen [47] give a relationship between change in intracochlear pressure and volume displace-

ment of the oval and round windows of 0.12 pL/kPa.
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explanation lies in appreciating that the authors conduct-
ed two experiments back to back, and in a balanced order
of presentation, so that the effects of the 30-second activa-
tion (their Figure 2) were compounded with the effects of
the 90-second activation (their Figure 3) and vice versa.
Persistence of effects means that, half the time, each ex-
periment began from an elevated baseline (so the meas-
ured effects were small) and also means that the thresh-
olds were still in recovery mode before the new activating
tone was applied.

When Rosowski and colleagues measured the middle-
ear impedance of chinchillas [53] they noticed decreases
in admittance associated with contraction of the middle
ear muscles. Not only did the changes occur in time with
the observed contractions, but in most cases the finding
was that the admittance change persisted. In other words,
middle ear impedance cannot be seen as exclusively the
direct mechanical result of muscle contractions. Instead,
this result points to a long-lasting build-up of pressure
within the cochlea.

On the basis of studies of frequency drifts in otoacoustic
emissions, which are a convenient, non-invasive measure
of intracochlear pressure (see first point in next section),
the time constant for pressure relief is at least tens of sec-
onds [44] and often some minutes [54,55]. Békésy found
that the effect of pressure in the ear canal on hearing per-
sisted for more than 30 minutes (Figures 9-31 of [8]).

A long time constant offers an explanation of why exper-
imental results have such variable outcomes. In the same
way as our eyes require about 20 minutes to adapt to the
dark, so too our ears require an appreciable time to adapt
to quiet. Other confounding variables which also contrib-
ute to producing apparently small protective effects — ipsi-
lateral reflexes and touch stimulation — will be discussed
in later sections.

Wever and Lawrence in their 1954 text [10] give consider-
ation to the ILP theory as part of a review of experimen-
tal findings on tympanic muscle action (their Chapter 10).
They conclude that the theory must be set aside (p. 196) on
the basis of two experiments. The first was Békésy’s work
on post mortem specimens, already summarised above,
which showed that pressure had no effect on sound trans-
mission — an important result which, when conventionally
interpreted, misses the point. Yes, it has no effect on sound
transmission, but in a live ear it directly attenuates coch-
lear amplifier gain. The second was work on a live mon-
key by Lempert and colleagues in 1949 [56]. The experi-
menters inserted a needle into scala media and increased
the pressure up to 50 mm of mercury with a hypodermic
syringe: there was no effect on the cochlear microphonic.
As others have noted [57], the experiment involved only
one animal, so the report is less than conclusive. The pres-
sure was applied to the semicircular canal, not the coch-
lea, and the authors go to some length to point out that
the semicircular canals are filled with a fibrous trabecular
network. Later follow-up work on guinea pigs by McCa-
be and Wolsk [57] did find that cochlear potentials were
affected by pressure, but by that stage it had little impact.
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On page 196 of their work [10], Wever and Lawrence re-
veal what is perhaps the true reason for rejecting the ILP
theory: inconsistency with traveling wave theory. They say
that “on theoretical grounds” the ILP theory is not sup-
ported because the change in density of cochlear fluid pro-
duced by a pressure of 50 mm of mercury is only 0.03%
- meaning of course that, in terms of traveling wave me-
chanics, the mass of fluid surrounding the basilar mem-
brane would be negligibly affected.

Wever and Bray devote their Chapter 11 to the effect of
changes in air pressure in the ear canal and middle ear
cavity. Clear and significant effects are produced both in
humans (psychophysically) and in experimental animals
(cochlear potentials). The difficulty comes from separat-
ing the effect on the middle ear apparatus (including the
ear drum) from the indirect effect of increased intracoch-
lear pressure. In the final part of the text, Wever and Bray
address the question of where the effects were produced,
and the possible effect of ILP is considered. They describe
specific experiments to test for ILP effects in the cat, and
found (p. 210) a significant effect for bone conduction (up
to 10 dB of attenuation and gain) when the ossicular chain
was broken and pressure of 50 mm of mercury applied
(breaking the chain was meant to rule out middle ear ef-
fects). Nevertheless, Wever and Bray saw these results as
insignificant compared to the result of pressure applied to
the ear canal when the chain was intact, so they conclud-
ed that the main effect of pressure is its effect on the drum
membrane. However, what Wever and Bray ignored was
the transformer action of the middle ear, which means that
force applied to the ear canal is multiplied by the chain as
it is conducted to the stapes footplate (the area of the ear
drum is 17 times the area of the oval window). It could
well have been that pressures in the labyrinth produced
most of the effects they observed.

There have been other passing mentions of the ILP t