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Abstract

The cochlea, a vital structure for hearing, comprising the scala media, scala tympani, and scala vestibuli, separated by Reissner’s
and basilar membranes. The scala media houses the organ of Corti, containing inner and outer hair cells (IHCs and OHCs).
Extensive research has explored OHCs, focusing on their mechanical properties and role in cochlear mechanics. This study
investigates the impact of OHCs on two types of tectorial membrane (TM) slow waves, termed TM wave 1 and TM wave 2,
using modal analysis. The research utilizes a model incorporating the basilar membrane, TM, and OHCs. The study explores how
OHCs influence the propagation characteristics of these waves. Results demonstrate that OHCs affect TM wave 1 minimally,
with distinctions becoming negligible at higher frequencies. In contrast, OHCs significantly influence TM wave 2, especially in
the high-frequency range. The study further explores the frequency-dependent phase and attenuation constants of these waves,
revealing substantial effects of OHCs on TM wave 2 across different frequencies and TM widths.(International Journal of

Biomedicine. 2025;15(3):523-526.)

Keywords: cochlea ¢ outer hair cell « tectorial membrane ¢ modal analysis ¢ propagation characteristics

For citation: Mizuno H, Kitamura T. The Influence of Outer Hair Cells on Tectorial Membrane Waves. International Journal of
Biomedicine. 2025;15(3):523-526. doi:10.21103/Article15(3) _OA10

Abbreviations

IHCs, inner hair cells; OHCs, outer hair cells; TM, tectorial membrane.

Introduction

The cochlea, a snail-shaped structure located in the inner
ear, plays a crucial role in the process of hearing. It has three
fluid-filled sections, namely the scala media, scala tympani,
and scala vestibuli. These three compartments are separated
by Reissner’s membrane and the basilar membrane. The scala
media, also known as the cochlear duct, contains a specialized
structure called the organ of Corti. This complex organ is
situated between the vestibular and tympanic ducts within the
cochlea. The organ of Corti contains rows of outer hair cells
(OHCs) and inner hair cells (IHCs). The IHCs are the primary
sensory organs of the auditory system. They transduce the
vibration of sound into electrical activity in nerve fibers,
which is transmitted to the brain. The OHCs play a central
role in signal amplification. They are directly coupled to the
tectorial membrane (TM) via their hair bundles.

Extensive scientific inquiry has been directed towards
understanding outer hair cells and their role in auditory
processes.® Spector et al.l investigated the passive and

active properties of the cochlear OHC, providing insights
into its mechanical characteristics, including Young’s
moduli, Poisson’s ratios, and bending stiffness. They also
examined the cell’s active behavior, determining coefficients
of active force production and limiting parameters of
the electromotile response. Their findings contribute to
modeling cochlear mechanics at the organ level. Tolomeo
et al? studied mammalian outer hair cells and their
deformation mechanism and investigated the cortical
cytoskeleton’s role in directing cell deformation. They
found that the cortical lattice exhibited differential stiffness,
and the plasma membrane contributed significantly to cell
stiffness. Karavitaki et al.® investigated the role of OHC
somatic motility in cochlear micromechanics and its impact
on hearing sensitivity. Using a cochlear preparation, they
observed significantly greater motion in OHCs, Deiter’s
cells, and Hensen’s cells than in other structures. Dewey
et al.* examined the influence of bundle stiffness and the
attachment of the TM on cochlear vibrations and their
contribution to auditory sensation. Through the study of
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mutant mice with reduced bundle stiffness or detached TM,
the researchers discovered that decreased bundle stiffness
led to a narrowing of tuning and a reduction in the high-
frequency range of vibratory responses.

The previous studies have shown that there are two
types of TM slow waves, which we refer to as TM wave 1
and TM wave 2.7 Figure 1 illustrates the TM displacement
of (a) TM wave 1 and (b) TM wave 2, respectively, when f=
10 kHz. The amplitude and direction of the displacement are
depicted by the vectors. The displacement of TM wave 1 is
primarily located at the limbal attachment zone of TM, while
the displacement of TM wave 2 is concentrated at the tip of the
main body of TM at a high frequency (f= 10 kHz).

This study investigated the influence of OHCs on the
two types of TM waves using modal analysis. We considered
an analysis model composed of the basilar membrane, TM,
and OHCs. The analysis model without the OHCs was also
utilized for comparison. Here, we discuss how the OHCs
affect the propagation characteristics of the two types of TM

waves.
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Fig. 1. TM displacement of (a) TM wave 1 and
(b) TM wave 2, and (c) analysis model.

Materials and Methods

The organ of Corti sits between the TM and the basilar
membrane, housing three rows of OHCs as shown in Fig.
1(c). This study examined how OHCs affect the waves on
the TM. We used Comsol Multiphysics, a finite element
method-based software, to analyze TM wave properties such
as phase and attenuation constants. Each OHC is supported
by Deiters’ cells and has stereocilia on top. Deiters’ cells
are on the basilar membrane, and stereocilia attach to the
TM above. Both OHCs and Deiters’ cells have a Young’s
modulus of 3 kPa, while stercocilia have a Young’s modulus
of 100 kPa.>The basilar membrane parameters are fixed:
width (w,) = 0.3 mm, thickness (%,) = 5 um, and Young’s
modulus (£,) = 26.5 MPa.l? The Young’s modulus (£,) of
the TM is 50 kPa.Z The limbal attachment zone and the spiral
limbus are firmly fastened, modeled as a rigid boundary (d
=30 um, a = 10 um, b = 50 um). We varied the width (w,)
of TM as a parameter. Here, the ratio between the width (w,)
and thickness (4,) is fixed as w,_ = 34,. The chamber radius
remains constant at » = 0.5 mm. Both the TM and basilar
membrane possess Poisson’s ratio of 0.49 and a density of
1.2x10* kg/m*.112 The fluid possesses a bulk modulus of
2.2x10° Pa, a density of 1.034x10°kg/m?, and a viscosity of
2.8%107 Pa-s.th12

Results and Discussion

Figure 2 displays the frequency characteristics of
phase constants and attenuation constants for TM wave 1
and TM wave 2, including the results of the analysis model
in which the OHCs are excluded. As shown in Fig. 1(a), the
TM wave 1 field concentrates in the limbal attachment zone,
intensifying in the high-frequency range. Consequently, in
the phase characteristics depicted in Fig. 2(a), differences
based on the presence or absence of OHCs are minimal. As
the frequency increases, these distinctions become almost
negligible. In contrast, Fig. 1(b) illustrates the TM wave 2
field focusing on the tip of the TM main body. Thus, in the
phase characteristics of Fig. 2(b), the influence of OHCs
is prominent across all frequency domains, especially in
the high-frequency range where the field concentration is
significant, leading to substantial differences based on the
presence or absence of OHC. Fig. 2(c) makes it evident that
the influence of OHCs on the attenuation constants of TM
wave | is remarkable in the lower frequency region compared
to the phase constants shown in Fig. 2(a). As the frequency
increases, the influence diminishes because the field
concentrates in the limbal attachment zone, as mentioned
above. Conversely, the influence on the attenuation constants
of TM wave 2 becomes more pronounced with increasing
frequency, as shown in Fig. 2(d). This is due to the TM wave
2 field becoming more concentrated at the tip of the TM main
body. In most cases, OHCs have the effect of decreasing
attenuation constants.

The phase and attenuation constants of TM wave 1 and
TM wave 2, dependent on the width (w,) of the TM, are depicted
in Figure 3. Here, the ratio between the width (w,) and thickness
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(h,) is fixed at w_ = 3%, We chose the acoustic frequencies for
this analysis as /=5 and 10 kHz. Fig. 3(a) shows that when /=
10 kHz, the phase constants of TM wave 1 are hardly affected by
the presence or absence of OHCs, regardless of the TM width.
In contrast, when /= 10 kHz, they are strongly affected for low
frequency, and the influence of OHCs becomes stronger as the
TM width decreases because the field concentration weakens
and spreads to the OHCs due to the lower frequency and the
smaller TM size. Fig. 3(b) illustrates that the influence of OHCs
on the phase constants of TM wave 2 is considerable regardless
of the frequency and the TM width. We can also understand that
OHC:s affect the phase constants of TM wave 2 more strongly
when /=5 kHz. Fig. 3(c) indicates that the influence of OHCs
on the attenuation constants of TM wave 1 is stronger than the
one on the phase constants in any case of the TM width. We
can also understand that the influence becomes stronger as the
TM width decreases. On the other hand, Fig. 3(d) shows that
compared to TM wave 1, the attenuation constants of TM wave
2 are affected more strongly by OHCs, and the dependence on
the TM width decreases.
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Fig. 2. Frequency characteristics of phase and attenuation
constants.
Note: Phase constant of (a) TM wave 1 and (b) TM wave 2
and attenuation constant of (¢) TM wave 1 and (d) TM wave
2 are shown.
Conclusion

This study investigated the influence of OHCs on the
propagation characteristics of two types of TM waves—TM
wave 1 and TM wave 2—by employing modal analysis using
finite element method-based software.
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Fig. 3. Phase and attenuation constants as a function of
TM width w.

Note: Phase constant of (a) TM wave 1 and (b) TM wave
2 and attenuation constant of (c) TM wave 1 and (d) TM
wave 2 are shown.

For TM wave 1, the concentration in the limbal attachment
zone and the subsequent diminishing influence of OHCs at
higher frequencies suggest a small influence from OHCs.
On the other hand, TM wave 2, with its concentration at the
tip of the TM main body, experiences a more pronounced
impact from OHCs across all frequency domains, especially
in the high-frequency range. The examination of phase and
attenuation constants with varying TM widths indicates
noteworthy trends. The influence of OHCs on TM wave 1
is more pronounced in the attenuation constants than in the
phase constants, particularly at lower frequencies and smaller
TM widths. In contrast, for TM wave 2, the attenuation
constants are affected more strongly by OHCs than by TM
wave 1, and the dependence on TM width decreases. This
research contributes valuable insights into the intricate
interplay between OHCs and TM waves, shedding light on
their roles in cochlear mechanics and hearing sensitivity.
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