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Hearing at threshold intensities: by slow mechanical traveling waves or by

fast cochlear fluid pressure waves
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Abstract

The three modes of auditory stimulation (air, bone and soft tis-
sue conduction) at threshold intensities are thought to share a
common excitation mechanism: the stimuli induce passive dis-
placements of the basilar membrane propagating from the base to
the apex (slow mechanical traveling wave), which activate the
outer hair cells, producing active displacements, which sum with
the passive displacements. However, theoretical analyses and
modeling of cochlear mechanics provide indications that the slow
mechanical basilar membrane traveling wave may not be able to
excite the cochlea at threshold intensities with the frequency dis-
crimination observed. These analyses are complemented by sever-
al independent lines of research results supporting the notion that
cochlear excitation at threshold may not involve a passive travel-
ing wave, and the fast cochlear fluid pressures may directly acti-
vate the outer hair cells: opening of the sealed inner ear in patients
undergoing cochlear implantation is not accompanied by thresh-
old elevations to low frequency stimulation which would be
expected to result from opening the cochlea, reducing cochlear
impedance, altering hydrodynamics. The magnitude of the passive
displacements at threshold is negligible. Isolated outer hair cells in
fluid display tuned mechanical motility to fluid pressures which
likely act on stretch sensitive ion channels in the walls of the cells.
Vibrations delivered to soft tissue body sites elicit hearing. Thus,
based on theoretical and experimental evidence, the common
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mechanism eliciting hearing during threshold stimulation by air,
bone and soft tissue conduction may involve the fast-cochlear
fluid pressures which directly activate the outer hair cells.

Introduction

During hearing in response to Air Conduction (AC), Bone
Conduction (BC) and Soft Tissue Conduction (STC) auditory
stimulation at threshold intensities, activation of the cochlear
amplifier is required, and this is achieved by a passive event, ini-
tiated by the auditory stimulation. The nature of the passive event
should be a uniform, consistent, and coherent hypothesis concern-
ing threshold hearing in response to the several modes of auditory
stimulation.

Air Conduction

Hearing is elicited in response to activation of the inner ear. In
most situations, this is achieved by Air Conduction (AC), where
air-borne sound pressures induce vibrations of the tympanic mem-
brane, ossicular chain and the two windows into the inner ear. The
inner ear is completely enveloped in bone except for the two win-
dows, and the inner ear fluid is not compressible. Therefore, the
displacements of the stapes footplate in the oval window in one
direction is accompanied by displacements of the round window
in the opposite direction, with bulk fluid flow between the two
windows, producing fluid pressure differences across the basilar
membrane, and its displacement.!2 The displacements of the basi-
lar membrane lead to an apparent mechanical traveling wave pro-
gressing along the basilar membrane from the base toward the
apex, as observed by von Bekesy? in cadaver ears. The energy for
this passive wave comes from the stimulus. During stimulation at
threshold intensities, the established view is that the passive trav-
eling wave along the basilar membrane displaces the stereocilia of
the outer hair cell in a direction which opens ion channels. The
inflow of cations produces depolarization, activating the motor
protein prestin, leading to motility of the outer hair cells, which
contribute tuned active displacements (the cochlear amplifier)
summing with the passive displacements. The necessary energy
for the active displacements comes from electrochemical gradi-
ents maintained by metabolism.# In addition, the inward and out-
ward displacements of the stapes footplate in the oval window
also initiate condensation and rarefaction fluid pressure waves in
the cochlear fluids. These fast fluid pressure waves propagate rap-
idly along the fluid in the cochlea with the speed of sound in the
fluid.> However, theoretical deliberations have led to the sugges-
tion that a mechanism based on the passive traveling wave
described by Bekesy cannot adequately provide the basis for the
hearing of threshold sound intensities with the frequency discrim-
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ination observed. ¢ Therefore, alternative resonance models, 78
coupled with structure-fluid interactions which can be activated by
the fast fluid pressure waves, have been suggested.?!!

These theoretical and modeling considerations can be comple-
mented and supported with results from actual experimental stud-
ies presented in the following sections. Together they provide evi-
dence that cochlear mechanics and frequency discrimination can-
not be sufficiently explained by the slow basilar membrane travel-
ing wave, and that the fast fluid pressure waves are likely involved.

Alterations of cochlear hydrodynamics

Given that the initial inner ear event initiating hearing is the
passive traveling wave along the basilar membrane, how would the
introduction of an experimental hole in the wall of the inner ear
affect hearing? Such experiments have been conducted in suitable
laboratory animals (Psammomys obesus and guinea pig), introduc-
ing a third artificial opening (in addition to the oval and round win-
dows). The holes, about the size of the round window, were made
in a semicircular canal, in the vestibule and even in scala vestibuli
of the basal turn of the cochlea.'?# The inner ear fluids in the
semicircular canals, in the vestibule and in the cochlea, are all con-
tinuous with each other. Each of these holes, opening to the peri-
lymph on the scala vestibuli side of the basilar membrane, would
therefore lower acoustic cochlear impedance and alter cochlear
hydrodynamics, so that auditory stimuli which produce movement
of the stapes footplate in the oval window would lead to bulk fluid
displacement not only of the round window, but would also shunt
fluid to the new artificial hole. This would likely give rise to small-
er displacements of the basilar membrane, and reduced activation
of the cochlear amplifier. Nevertheless, the introduction of such
holes was not accompanied by elevation of threshold to AC stimu-
lation in the experimental animals.'>14

The results of these earlier studies in experimental animals are
now supported by findings in patients with residual low frequency
acoustic hearing undergoing cochlear implantation, while they are
monitored by recording cochlear potentials using extra-cochlear
electrodes (e.g. from the round window) and intra-cochlear elec-
trodes inserted through the opened round window.'3-!7 In most
cases, there was no change in response magnitude during opening
of the cochlea for implant insertion and progression of the implant
in the inner ear.’>17 This preservation of low frequency (apical
turn) acoustic hearing in the patients during insertion of the
implant through a cochleostomy, or following cochlear implanta-
tion even through an opened round window, provides evidence that
the passive mechanical traveling wave along the basilar membrane
may not activate the cochlear amplifier at threshold. Therefore, one
may ask: if the experimental procedures of opening the cochlea
and cochlear implant insertion (which presumably interfere with
the mechanisms giving rise to a passive mechanical basilar mem-
brane traveling wave, and therefore reduce the magnitude of the
passive mechanical basilar membrane traveling wave), and never-
theless residual acoustic low frequency hearing is preserved, what
activates the cochlear amplifier at threshold intensities?

Estimation of the magnitude of the passive and the
active basilar membrane displacements

Experiments have been conducted to determine the magnitude
of both the passive and the active displacements of the basilar

membrane in response to auditory stimulation. These involved
laser Doppler velocimetry measurements of the displacements of

[page 2]

[Audiology Research 2020; 10:233]

CPress

the basilar membrane at neural threshold in live animals, in which
state the displacements would reflect the sum of the passive with
the active components. This measurement was repeated in the
same animal shortly after death when, as a result of the cessation
of metabolism, the electro-chemical gradients serving as the ener-
gy sources for the cochlear amplifier would no longer be available.
Thus, in the post mortem animal, only the passive displacements
would be present. In the live animals, the magnitude of the dis-
placements at neural threshold was on the order of 1 nm, and the
displacements in response to characteristic frequency acoustic
stimulation were compressively non-linear with stimulus intensity,
while at stimulus frequencies above and below the characteristic
frequency, they were more linear. However, in the post mortem
animal, no displacements could be detected at the stimulus intensi-
ty which had been elicited at neural threshold in the live animal.
Stimulus intensity then had to be greatly elevated (by 60 to 80 dB)
in order to again obtain displacements in the post mortem animal
with magnitudes which had been seen at threshold (1 nm) in the
live animal. All responses were then linear with stimulus intensi-
ty.!® Similar results were obtained by other workers in different
animals (chinchilla, guinea pig, cat and monkey), and reviewed.!®
These results clearly show that the major component of displace-
ment in the live animal at neural threshold (magnitude of 1 nm)
was the active component, derived from activity of the cochlear
amplifier. The magnitude of the passive components at neural
threshold in the live animal would then be 0.001 to 0.0001 nm (60
to 80 dB smaller than 1 nm) or less, and then likely buried in the
background Brownian noise. Davis?® has pointed out that it is
unlikely that such low subatomic magnitudes of the passive travel-
ing wave could trigger the cochlear amplifier. In other words, in
the live animal at neural threshold, the active component of dis-
placement was probably not induced by the passive basilar mem-
brane traveling wave. Similar to the question raised at the end of
the previous section: if not by the passive traveling wave, what
then triggered the activation of the cochlear amplifier (which con-
tributes the active displacements)?

Active displacements of the isolated outer hair
cells (OHCs) and of the basilar membrane

Mechanical motility of isolated outer hair cells (excised from
the ear) has been demonstrated in response to transmembrane elec-
trical stimulation at frequencies up to 100 kHz.?! This has been
called electromotility, and such electromotility has also been
reported in isolated outer hair cells from human ears obtained fol-
lowing surgical removal of tumors from the temporal bone.?
Motility of isolated outer hair cells has been shown not only in
response to electrical stimulation, but also in response to mechan-
ical vibratory stimuli delivered by fluid jets directed toward the lat-
eral walls of the isolated outer hair cells in a fluid bath.2 By
assessing the relation between both the frequency and the intensity
of the vibratory stimuli to the resulting motility, “motility tuning
curves” have been obtained with a best frequency related to the site
along the basilar membrane from which the cells were isolated,
and their height; the best frequency of the shorter outer hair cells
from the base were to the higher frequencies, while the longer cells
from the apex of the cochlea had lower best frequencies.??> Two
components of tuned motility of isolated outer hair cells have been
shown in response to the deformation of the plasma membrane of
the outer hair cells by the fluid jet: a unidirectional displacement
and a cycle by cycle oscillatory motility. Both components of the
motility of the same outer hair cells had similar best frequencies.?*
Similar tuned unidirectional position shifts (displacements) of the
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organ of Corti induced by the outer hair cells in response to sound
stimulation have been reported. It is apparent then that the tuning
of the basilar membrane observed originates from the motility of
the outer hair cells.”> Thus, even isolated outer hair cells display
tuned mechanical motility in response to fluid vibratory stimuli
delivered to the lateral walls of the isolated outer hair cells in a
fluid bath, even when they are not on the basilar membrane, and
not part of the organ of Corti. Length changes (motility) were not
seen when the fluid jets were directed against the stereocilia.2426

Cochlear excitation during Bone Conduction (BC)
stimulation

Hearing by BC stimulation is usually initiated by pressing a
clinical bone vibrator with a 500-gram force to skin sites overlying
skull bone at the mastoid or forehead. The skull bone vibrations
induced are conducted along skull bone to the bone of the outer,
middle and inner ears (therefore referred to as bone conduction),
where they give rise to four osseous (i.e. based on induction of
actual bone vibrations) BC mechanisms: the occlusion effect of the
outer ear; middle ear ossicle inertia; inner ear fluid inertia and
inner ear distortion (compression and expansion).?” It is generally
thought that these osseous BC mechanisms induce bulk fluid flow
between the two windows, as in AC hearing, and together lead to
the initiation of a passive traveling wave propagating along the
basilar membrane. In radical mastoidectomy and subtotal petrosec-
tomy surgery, the tympanic membrane and the ossicular chain are
surgically removed, so that without the tympanic membrane, the
occlusion effect is no longer possible. In addition, removing the
ossicular chain eliminates the mechanism of ossicle inertia, and the
effectiveness of the two inner ear mechanisms is also reduced by
the excision of the ossicles. Thus, following these surgical manip-
ulations, the osseous BC mechanisms leading to the initiation of a
passive traveling wave along the basilar membrane are also
reduced. Nevertheless, many patients who underwent radical mas-
toidectomy and subtotal petrosectomy surgery, have normal BC
thresholds.28 In addition, in animal experiments in which the ossic-
ular chain and the two windows were immobilized so that there
could not be bulk fluid flow between the two immobilized win-
dows,2? AC thresholds were elevated, but BC thresholds were nev-
ertheless normal. This was also the case following ossicular dis-
continuity.3? Furthermore, in these same experiments, in the pres-
ence of the immobilization and discontinuity, auditory responses
were obtained in response to the delivery of vibratory stimulation
to a pool of saline in the surgical area,? or to saline applied to the
middle ear cavity or to cerebro-spinal fluid in the cranial cavity.>
An alternative non-osseous mechanism may be effective at thresh-
old BC stimulus intensities. However, higher intensity stimulation
may activate actual osseous BC mechanisms.

Hearing by Soft Tissue Conduction (STC)

Hearing can also be elicited by applying the clinical bone
vibrator to skin sites not overlying skull bone, e.g. neck and
thorax.31:32 The vibrations induced in the tissues are likely con-
ducted along soft tissues (therefore this mode of hearing is called
soft tissue conduction — STC), reach the ear and excite it (see
review).33 It has been shown that hearing by STC interacts with
hearing in response to AC and BC stimulation.’* 35 Interactions
between the three modes of auditory stimulation (AC, BC, STC)
are possible only if they share a common pattern of mechanical
activity in the cochlea. Furthermore, it has been shown that admin-
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istration of drugs which depress the cochlear amplifier (salicylic
acid and furosemide), lead to similar elevations of AC, BC and
STC thresholds.?¢ In order to assess whether the soft tissue vibra-
tions induced during STC excite the inner ear by inducing osseous
BC mechanisms (as those described in the previous section) or by
some other means, experiments have been conducted, making use
of bone anchored hearing aid (BAHA) implants in select patients.
The magnitude of the BAHA implant vibrations in response to sev-
eral stimulus intensities delivered to the soft tissue (neck) site were
compared to the behavioral thresholds of the same subjects to the
same stimuli. It was shown, as expected, that the magnitude of the
vibrations of skull bone was linearly related to stimulus intensity.3
However, though the subjects heard the stimuli delivered to the
neck site at threshold, vibrations of the BAHA implant could be
detected only at and above 30-40 dB HL, due to the poor signal to
noise ratio resulting from inherent noise accompanying body
movements in live human subjects,?” and not at the actual behav-
ioral threshold of the same subjects. Considering the acoustic
impedances of soft tissues and that of bone, it is possible that the
weak vibrations of the soft tissues induced by near threshold STC
stimulation would induce vibrations of the more compact, dense
bone which would be too small to activate the outer hair cells-
cochlear amplifier. Examples of near-threshold STC stimulation
include: gentle stroking of the stubble on the cheek in men, or of
an earring in women, while the ear canal is occluded, or intrinsic
body vibrations which elicit STC hearing (see review).
Furthermore, as described in the previous section on BC mecha-
nisms, if the threshold to direct BC stimulation is itself likely not
induced by osseous BC mechanisms, but rather by an alternative
non-osseous mechanism, then it is possible that this is the situation
during STC hearing also. In addition, preliminary results indicate
that in several post radical mastoidectomy and subtotal petrosecto-
my patients who nevertheless had normal BC thresholds (evidence
that osseous BC mechanisms were not effective),2® STC thresholds
at the neck were similar to those in normal hearing subjects
(Miriam Geal-Dor, Michal Kaufmann-Yehezkely personal commu-
nication). Several independent lines of evidence have been pre-
sented showing that the shared common mechanism leading to
activation of the cochlear amplifier during low level (threshold)
AC, BC and STC stimulation may not involve a passive mechani-
cal basilar membrane traveling wave. These include: 1) opening of
the otic capsule in animal experiments and cochlear implant
patients, which would reduce the pressure difference across the
basilar membrane, and hence the magnitude of the traveling wave,
but is nevertheless not accompanied by threshold elevations (see
section: Alterations—cochlear hydrodynamics); ii) In addition, the
magnitude of the traveling wave in the normal ear at threshold is
dominated by the active components of displacement, while the
passive displacements are far too small to elicit the active displace-
ments (see section: Estimation magnitude active passive mechan-
ics basilar membrane); iii) Furthermore, the cochlear amplifier can
be activated in the absence of passive displacements of the basilar
membrane, and even in the absence of a basilar membrane (see
section: Active displacements OHCs and basilar membrane); iv)
During BC and STC stimulation, normal thresholds can be
obtained in the presence of experimental manipulations and
maneuvers which would hinder bulk fluid flow between the two
cochlear windows and the initiation of a passive traveling wave
(see section Cochlear excitation during Bone Conduction (BC)
stimulation and section Hearing by Soft Tissue Conduction, STC).

Thus, there are conditions in which the cochlear amplifier may
not be activated by the passive basilar membrane traveling wave in
response to threshold AC, BC and STC stimulation. One may
hypothesize that the mechanism of activation common to all three
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modes of auditory stimulation may involve the fast-cochlear fluid
pressure waves (condensation/rarefaction) which are present in the
fluid surrounding the outer hair cells. It has been suggested that the
fluid pressures induce deformation of the lateral walls of outer hair
cells, leading to activation of stretch sensitive ion channels,38-40
which are sensitive to membrane tension and permeable to
cations.?® The induced deformation elicits tuned motility of the
isolated outer hair cells. Thus, isolated outer hair cells are intrinsi-
cally tuned even when they are not on the basilar membrane (see
section: Active displacements OHCs and basilar membrane).
Intrinsic tuning of the outer hair cells is also supported by analysis
of spontaneous oto-acoustic emissions attributed to the outer hair
cells.*! This is similar to the situation in lizards 42 and in frogs,*
where the hair cells are tuned, even though they are attached to
membranes which are not tuned. Therefore, the fast fluid pressure
waves mentioned in the Introduction may excite the outer hair cells
directly, and can explain the conclusion of Recio-Spinoso and
Oghalai** that neural encoding of low frequency sound is not prin-
cipally determined by basilar membrane mechanics. The contribu-
tion of the fast fluid pressure waves is supported by Olson,’ by
Recio-Spinoso and Rhode*® and is discussed by Kale and Olson.*¢
While the experimental holes introduced in the walls of the inner
ear would reduce cochlear impedance, they would not have an
effect on the fast fluid pressures waves. Further support for such a
fluid hypothesis mechanism which reaches and activates the outer
hair cells comes from studies showing that oto-acoustic emissions
(produced by the outer hair cells) are initiated in forms of STC
such as vibratory stimuli delivered on the eye in human subjects,*’
and to the dura in patients following craniotomy.*® It has also been
shown that oto-acoustic emissions exit the cochlea by reverse
direction cochlear fluid pressure waves.*

This review has presented actual experimental results, coupled
with theoretical and modeling evidence, which show that hearing
in response to the presentation at threshold intensities of each of
the three modes (AC, BC and STC) of auditory stimulation likely
share a common mechanism: the fast-cochlear fluid pressures
somehow reach the outer hair cells (cochlear amplifier) directly,
and act on the stretch activated ion channels. This suggestion
should therefore satisfy both theoreticians and experimentalists.
Such a mechanism, acting on the stretch activated channels in the
lateral walls of the outer hair cell membrane, would be a more sen-
sitive threshold mechanism to elicit responses than that based on
initially displacing the more massive basilar membrane. Support
for such fluid pressure activation mechanisms comes from the
experiments in which auditory sensations were induced by the
delivery of vibratory stimuli to fluid applied to the surgical area,?’
to the middle ear cavity and to cerebro-spinal-fluid3 in laboratory
animals. In these animals, a passive traveling wave along the basi-
lar membrane was not likely. Further confirmation has been
obtained in human participants in whom vibratory stimuli were
delivered to fluid in the external meatus in normal participants, and
to the mastoidectomy cavity in post mastoidectomy patients.’”
Even more so, it has been shown that when the cranial cavities of
two experimental animals are coupled by a fluid (saline) filled
tube, BC stimulation by a bone vibrator to the skull of one animal
elicits auditory responses in the second animal.’! In that carefully
controlled study, it could be shown that the fluid in the tube com-
municating between the two cranial cavities did not convey bulk
fluid flow to the second animal, so likely the fast fluid pressures
were transmitted through the tube. In order for the fast fluid pres-
sures in the cochlear fluids to activate the cochlear amplifier, they
must first reach the cochlear fluids. During AC stimulation, the
fast-cochlear fluid pressures are induced by the piston-like dis-
placements of the stapes footplate in the oval window. With BC
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and STC stimulation, the cochlear fluid pressures may be induced
from the fluid environment throughout the body. For example, the
thin layer of tissue fluid on the middle ear surface of the round
window, with cochlear fluid on the inner ear side of the round win-
dow may render the round window relatively “transparent” to soft
tissue and fluid vibrations,’>33 so that audio-frequency fast fluid
pressures can penetrate into the cochlea through the round window.
Such a mechanism of “transparency” of the round window has
been used to explain several auditory phenomena: i) the threshold
hearing of the fetus in-utero bathed in amniotic fluid;*47 ii) the
hearing induced by the vibrant sound bridge applied to the round
window in animals;>* iii) the hearing induced in humans % in
response to the delivery of vibratory stimuli to fluid applied to the
middle ear; iv) the improvement in STC threshold following the
application of saline to the middle ear cavity.>> At higher stimulus
intensities, hearing is likely elicited by the initiation of the more
conventional AC and osseous BC mechanisms which lead to a pas-
sive traveling wave along the basilar membrane.
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