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Highlights:

® 3D cochlea segmental models including micro-physiological structures were
developed.
® The hotspot vibration is a local phenomenon in the cochlea.

® The hotspot appears in the high- and low-frequency regions in the cochlea.

Abstract

The mechanism of the active cochlea relies on a complex interaction between

microstructures in the organ of Corti. A significant longitudinal vibration “hotspot” was
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recently observed in the high-frequency region of the living gerbil cochlea between the
Deiters cells and the outer hair cells. A similar phenomenon was also found in guinea
pigs with a relatively smaller magnitude. The cause is unknown, but one hypothesis is
that this phenomenon is due to the structural constraints between different
microstructures. It is not easy to explain the mechanism of hotspots directly from
experimental observations. It may also be difficult to image or test if the hotspot will
occur in the low-frequency region in the cochlea. We built two three-dimensional finite
element models corresponding to the high- and low-frequency regions in the guinea pig
cochlea. Responses of the organ of Corti to passive acoustic and outer hair cell electrical
excitation were calculated. The two excitations were then superimposed to predict the
active response of the organ of Corti. The hotspot phenomenon in the experiment was
reproduced and analyzed in-depth about influencing factors. Our results indicate that
hotspots appear in the low-frequency region of the cochlea as well. We hypothesize that
the hotspot is a locally originated phenomenon in the cochlea, and the traveling wave
further enhances the response to low-frequency excitation. The movement of outer hair

cells inclined in the longitudinal direction is the leading cause of the hotspot.

Keywords: Hotspot, organ of Corti, finite element model, low-frequency

1 Introduction

The active amplification mechanism of the cochlea is related to the microscopic
movement in the organ of Corti (OC) (Robles and Ruggero, 2001; von Bekesy, 1970).
At present, our understanding of this mechanism mainly relies on measurements in
animal experiments. Attention has been paid to the transverse movement of the basilar
membrane (BM), reticular lamina (RL), and tectorial membrane (TM), and differences
in the amplitude and phase were found (He et al., 2018; Ren et al., 2016). Recent
experiments have started to explore the areas of Deiters cells (DCs) and outer hair cells
(OHCs) (Cooper et al., 2018). They found that in the high-frequency region of the living
gerbil cochlea, the longitudinal response is significant and even greater than that of the
basilar membrane. This response is most evident near the connection between OHCs
and DCs, called “hotspot”. Similarly, Fallah et al. (2021) found that hotspot responses

also occur in the guinea pig, but the response magnitude was smaller than the gerbil.
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Cooper et al. (2018) proposed that this phenomenon is driven by the movement of
OHCs, under the structural constraints of the organ of Corti. According to their
hypothesis, a similar response may also occur in the low-frequency region of the
cochlea, although this has not been observed experimentally yet.

This paper studied the hotspot using three-dimensional segmental finite element models
of the cochlea. Such models could reproduce experimentally observed results and test
different hypotheses. Our work showed that the hotspot could be simulated under the

following conditions:

(1) Including a three-dimensional structure that can simulate longitudinal
movement.

(2) Including the Phalangeal process (PhPs) to form a longitudinal structural
constraint.

(3) Including the physiological details of the organ of Corti to form a strong
constraint between microstructures.

(4) Ability to simulate the active response of the cochlea.

However, most of the existing cochlear models cannot meet the above conditions.
Traditional two-dimensional models cannot simulate the longitudinal movement of the
organ of Corti (Cai and Chadwick, 2003; Cai et al., 2004; Ni et al., 2016; Steele and
Puria, 2005). Beam models always need to simplify the geometry of the organ of Corti
(Nam, 2014; Nam and Fettiplace, 2010), but three-dimensional models could reflect
more detailed physiological structures (Zagadou et al., 2020). The “feedforward”
models proposed by Steele et al. (1993, 1999) and Geisler et al. (1995) reproduced
many of the structural features but did not focus on producing the longitudinal vibration
in the hotspot.

In this paper, we developed two three-dimensional segmented cochlear models,
including detailed micro-physiological structures in the organ of Corti, corresponding
to cochlear high- and low-frequency regions, respectively. These models included
orthotropic material properties of some microstructures, the OHCs longitudinal tilt, the
PhPs, and the longitudinal coupling between discontinuous structures. The
superposition of the OC responses due to acoustic and OHCs excitation was used for
calculating the active cochlear responses. The hotspot results simulated by the high-
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frequency model are compared with the experiments to verify the effectiveness. Similar
results were obtained using the low-frequency model. Further, we analyzed the effect
of viewing angle on the results. We then changed part of the excitation conditions and
structure settings to illustrate the role and influence of some factors on the hotspot

phenomenon.
2 Materials and methods
2. 1 Model overview

Two three-dimensional guinea pig cochlea segmental models were built in COMSOL
Multiphysics 5.6, including the detailed micro-physiological structures corresponding
to cochlear low- and high-frequency regions, as shown in Figure 1. The finite element
method was used to deal with the complexity of the geometric structures in the cochlea.
The models were built on the millimeter scale, and microstructures were on the

micrometer scale.

The high-frequency model was drawn based on geometry data from Salt laboratory*
corresponding to the position where the characteristic frequency is about 16 kHz, and
the total thickness is 36 um. The low-frequency model was drawn based on the existing
two-dimensional model (Ni et al., 2016), corresponding to the position where the

characteristic frequency is 0.8 kHz and the total thickness is 60 pm.

First, we constructed a high-frequency model to reproduce the hotspot phenomenon in
the experiments. The measured region by Cooper et al. (2018) corresponds to
characteristic frequencies from about 20 kHz to 40 kHz. According to the gerbil cochlea
frequency tonotopy (Muller, 1996), this frequency range corresponds to a position
range 10% to 23% of the total gerbil cochlea length away from the base. For the guinea
pig cochlea, 10% to 23% of the total length away from the base corresponds to a
characteristic frequency range of 14.3 kHz to 27 kHz (Greenwood, 1990; Ni et al., 2017,
Nuttall et al., 1999). Therefore, we built our high-frequency model with a characteristic
frequency of 16 kHz. Referring to the data of Salt laboratory and Fernandez (Fernandez,
1952), the scala vestibuli (SV) height was 463 pum, the scala media (SM) height was 77
um, the scala tympani (ST) width was 318 pum, and the BM width was 110 um in the
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high-frequency model. The average length of OHCs in the 16 kHz model was 23 um,

consistent with estimations (Kelly, 1989).

Then we built the low-frequency model based on the 2D model by Ni et al. (2016). The
longitudinal continuity of microstructures in the cochlea was treated differently in the
model, as listed in Table 1. The scala fluid and part of the solid structures are
continuously distributed (Kikuchi et al., 1995). They were stretched with the same
length along the longitudinal direction as the overall model, 60 um. A Thermoviscous-
Acoustics condition, used to solve linearized Navier—Stokes and Fourier heat equations,
was set for the fluids, but heat transmission was neglected, and only the fluid-flow

equations of momentum in the frequency domain were considered here, as

iwpry = V- [pral + p(Vup + (V) )+ (up = 2p)(Voup)11=0, (1)

where us is the velocity field (the effects of gravity are neglected), pr and pva are the
fluid density and viscoacoustic fluid pressure. x4 and ug are the dynamic and bulk
viscosity, respectively. | represents the unity matrix, and i, V, and w are the imaginary

unit, differential operator, and angular frequency, respectively.

The pillar cells, hair cells, stereocilia, DCs, and Deiters rods were arranged at a specific
interval along the longitudinal direction (Raphael and Altschuler, 2003). The pillar and
hair cells were approximated as cylinders in the y-z plane with thickness of 3.2 pm and
8.4 um in the longitudinal direction (Karavitaki and Mountain, 2007). The outer hair
cells were set to be inclined 10° in the longitudinal direction, referring to the average
measurement mice (Soons et al., 2015) because the guinea pig value is unknown yet.
The influence of different OHCs tilt angles on the results was discussed. The Deiters
cells were assigned the same longitudinal thickness with the outer hair cells, which were
close to measurement (Karavitaki and Mountain, 2007). The W or V-shaped hair
bundles at the top of the hair cells were simplified into the tallest row of stereocilia.
The stereocilia of OHCs were connected to the TM bottom, while the stereocilia of
IHCs were not (Lim, 1986). The stereocilia were all constructed with Timoshenko
beams and located in the middle layer of each segment along the longitudinal direction.
The diameters of the stereocilia, the PhPs, and the DC rods were set to be 0.2 um, 1 pm,

and 1 pum, respectively (Bohnke et al., 1999; Nam and Fettiplace, 2010). The gaps
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between the discontinuous structures were filled with fluid, and discontinuous

structures were entirely wrapped by fluid.

The PhPs were modeled with beam element, and one end was connected to the bottom
of OHCs, and the top of Deiters rods, forming a Y-shaped structure. The other end of
the PhPs was connected to the bottom of the reticular lamina. The average length of
OHCs in the 0.8 kHz model is about 45 um, consistent with estimations (Kelly, 1989).
The experimental results show that the angle of OHCs and PhPs in the guinea pig
cochlea is about 35° (Zetes et al., 2012). Based on the trigonometric relationship

between the structures, the longitudinal spacing of PhPs is about 3 OHCs.

Table 1 Continuity in the models

Components (abbreviation) Continuity Components (abbreviation) Continuity
Scala vestibuli (SV) Yes Hensen stripe Yes
Scala media (SM) Yes Pillar cell head (PC) Yes
Scala tympani (ST) Yes Outer pillar cell (OPC) No
Spiral ligament Yes Inner pillar cell (IPC) No
Spiral lamina (SLa) Yes Inner hair cell (IHC) No
Spiral limbus Yes Outer hair cell (OHC) No
Inner sulcus cells (ISC) Yes Stereocilia (St) No
Tectorial membrane (TM) Yes Deiters cell (DC) No
Reticular lamina (RL) Yes Deiters cell rod (DC rod) No
Basilar membrane (BM) Yes Phalangeal processes (PhPs) No

Hensen cell (HenC) Yes
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Figure 1: Three-dimensional segmental models of the guinea pig cochlea. (A) The high-frequency model
with a CF of 16 kHz. (B) The low-frequency model with a CF of 0.8 kHz. (C) Structure and mesh of the
organ of Corti. (D) Discontinuous components in the organ of Corti. (E) Beam structures of some
discontinuous components in the organ of Corti. (F) PhPs span 3 outer hair cells longitudinally. All
structure names included in the model are numbered as follow: (1) Scala vestibuli, (2) Scala media, (3)
Scala tympani, (4) Spiral ligament, (5) Spiral lamina, (6) Spiral limbus, (7) Inner sulcus cells, (8)
Tectorial membrane, (9) Reticular lamina, (10) Basilar membrane, (11) Pillar cell head, (12) Hensen
cells, (13) Hensen stripe, (14) Inter pillar cells, (15) Outer pillar cells, (16) Inter hair cells, (17) Outer
hair cells, (18) Deiters cells, (19) Stereocilia, (20) Deiters rods, (21) Phalangeal processes. Yellow
segments denote fluid elements, black and blue lines denote beam elements, and the rest denote solid

elastic elements.
2.2 Boundary conditions

In this work, both models used the same boundary conditions. The two ends of the
basilar membrane were connected with the spiral lamina and the spiral ligament. The
boundary conditions are more complicated and depend on the adjacent tissue and fiber
structure. Ni et al. (2013) showed that boundary conditions at both ends of the basilar
membrane have little effect on the fluid coupling and coupled response. Therefore, we
fixed the spiral ligament and spiral lamina, corresponding to the tightening of the basilar
membrane on both ends, which is consistent with Steele and Puria (2005) and Ni et al.
(2016).

The solid surface was set as a continuous periodic condition to simulate their movement
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under a periodic arrangement. This boundary condition makes the displacement of the

two sides of the boundary always equal, as,

u(Xq) = u(xs), (2)

where u is the displacement of solid, X4 and Xs are corresponding positions on both sides
of the model. The effect of this boundary condition was discussed in Appendix I. The

fluid was set to be no-stress boundary so that the total surface stress was zero, as,
[-pel+a(V ek (V) )-(5-pe)(V U 1]n=0, ®)

where pt is the total acoustic pressure, ut is the total acoustic velocity, x is the dynamic
viscosity, us is the bulk viscosity, | is the second-order identity tensor, and n is the
normal direction. The no-stress boundary condition can simulate the longitudinal
pressure release of the fluid when the organ of Corti moves. For example, when the
organ of Corti moves, the volume of fluid in the SV and ST will change, which will
change the pressure. If there were no such setting, this pressure change would restrict
the movement of the organ of Corti. The effects of this boundary condition are

discussed in Appendix II.

All contact surfaces between fluid and solid in the models were set as Thermoviscous
Acoustic-Structure Boundary, which includes the coupling between the discontinuous
structure and the fluid inside the organ of Corti. This coupling is described in the

frequency domain as,
Ut fluid = iwUsolid 4)

where Ut fid is the total fluid velocity, and usoiiq is the solid displacement. This coupling
ensures stress being continuous across the fluid-structure interface. Spatial continuity
of displacement is enforced at the connection nodes between the beam and solid

elements by,
Up = Us, (5)

where up and us are the displacement of beam and solid, respectively. Since the beam

elements in finite element models do not feature actual surfaces to interact with the
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surrounding domain, fluid—structure interaction conditions do not apply to beams.
2.3 Material properties

Material properties of each structure are listed in Table 2 and Table 3. To adjust the
resonance frequency to be consistent with the defined characteristic frequency, the
stiffness of some components was adjusted to be consistent with measurements and
existed models (Cai and Chadwick, 2003; Steele and Puria, 2005; Zwislocki and
Cefaratti, 1989)

Orthotropic materials were used for TM, RL, and BM. Liu et al. (2008) showed that the
orthotropy ratio was 10 at the upper-middle turn of the cochlea and 68 at the base. They
pointed out that the value may vary along the length of the cochlea. The guinea pig
cochlea was 18.5 mm long, and the characteristic frequency at the base, fg, was 44 kHz
(Fernandez, 1952). The characteristic frequency of the guinea pig cochlea exponentially

decreases from the base to the apex (Greenwood, 1990; Nuttall et al., 1999), as
CF(x) = fge™, (6)

where X is the distance to the base, and | is the characteristic frequency distribution
scale, which was set to 3.8 mm in our work. The location with a characteristic frequency
of 0.8 kHz was then calculated to be about 15.2 mm away from the base, close to the
cochlea upper-middle turn. Meanwhile, the 16 kHz position is 3.8 mm away from the
base. Therefore, the orthotropy ratio was set to 10 for the low-frequency model and 40

for the high-frequency model.

The density of all components in the model was the same as water, 1000 kg/m?.
Poisson's ratio, v, had a linear relationship with Young's modulus, E, as v=1/2-E/6/K,
where K=1 GPa. The damping was included in the stiffness matrix as a loss factor of
0.1. The fluid was incompressible with a dynamic viscosity of 1 mPa s.
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230 Table 2 Material properties of orthotropic materials in the model
Components Parameter Low-frequency model High-frequency model
Exx: 4e3 Exx: 1.2e5
Young's modulus [Pa] Evy: 4e4 Evy: 4.8e6
Ezz: 4e4 Ezz: 4.8e6
Gxy: 2e3 Gxy: 6e4
Tectorial Shear modulus [Pa] Gvz: 2e4 Gvz: 2.4e6
membrane Gxz: 2e3 Gxz: 6e4
oLl Ewy Lol Ew
Vi (5% Vi (7%
isson's rati Lol B Ll By
Poisson's ratio Vvzi = (2 K Vvzi 5 (2 p
1 _Eyy -1 _Eyy
Vxzi 3 %k Vzi 3 %k
Exx: 3e8 Exx: 9e9
Young's modulus [Pa] Evy: 3e9 Evy: 3.6ell
Ezz: 3e9 Ezz: 3.6el1
Gxy: 1e8 Gxy: 3e9
) ) Shear modulus [Pa] Gvz: 1e9 Gvz: 1.2e1l
Reticular lamina Guz: 168 G’ 369
11 By L1 By
Vxvi g (3 oK ) Vxvi g (3 oK )
isson's rati 1l By (Ll Bwy
Poisson's ratio Vvzi o (572 Vvzi 5 (2 e
1 Evy .1 _Eyy
X2 53776k X2 376K
Exx: 6e5 Exx: 1.8e7
Young's modulus [Pa] Eyv: 6e6 Evyy: 7.2e8
Ezz: 6e6 Ezz: 7.2e8
Gxy: 2e5 Gxy: 6e6
) Shear modulus [Pa] Gvz: 2e6 Gvz: 2.4e8
Basilar membrane Gzt 265 Gx: 666
Ll Exy Ll Exy
Vxvigg (3 oK ) Vxvi g (3 6K
isson's rati 1) B Ll Ewy
Poisson's ratio Vvzi 7 (2 ) Vvzi o5 (2 s
1 E I E
Voar - Vo3

231
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233 Table 3 Material properties of isotropic materials in the model
Components Low-frequency model High-frequency model
Young's modulus [Pa] Young's modulus [Pa]
Spiral ligament 1e9 1.2ell
Spiral lamina 1e9 1.2el1
Spiral limbus le6 1.2e8
Inner sulcus cell 3e3 3.6e5
Hensen stripe 3e3 3.6e5
Hensen cell 3e3 3.6e5
Deters cell 3e3 3.6e5
Deiters cell rod le8 1.2¢10
Pillar cell head le7 1.2¢9
Outer pillar cell 1e8 1.2e10
Inner pillar cell le8 1.2e10
Inner hair cell 3e3 3.6e5
Outer hair cells le4 1.2e6
Stereocilia le5 1.2e7
Phalangeal processes le8 1.2e10
234 2.4 Mesh

235  The organ of Corti includes complex three-dimensional structures. The mesh of the
236  model was adjusted to ensure the quality of the elements, as shown in Figure 1. One-
237  dimensional beam elements were used for the stereocilia, phalangeal processes, and
238  Deiters rods. All other structures were meshed with tetrahedron elements. The organ of
239  Corti and the fluid area nearby were meshed densely, and the SV, SM, and ST areas
240  were meshed relatively loosely. The low-frequency model had 36,123 solid elements,
241 184 beam elements, and 39,106 fluid elements. The high-frequency model had 34,572
242 solid elements, 171 beam elements, and 38,292 fluid elements. The quadratic elements
243  were selected for solid and fluid. The axial displacement and twist are represented by
244 linear shape functions in the beam elements, while a cubic shape function represents
245  the bending.
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2.5 Stimulation of active response

The active response was calculated by superimposing acoustic and OHCs excitations
to simulate the movement of the organ of Corti in the living cochlea. First, a sinusoidal
pressure difference was uniformly applied to the BM to simulate the excitation when
the sound propagates along the cochlea. Under the action of acoustic excitation, RL and
TM will undergo shearing motion, which determines the magnitude of the load at both
ends of the OHCs. The OHC force was calculated as follow (Geleoc et al., 1997;
Murakoshi et al., 2015)

Fonc (X) = 1+ea1(x1_g"('ﬁea2(x2_x)) (7
where Fmax iS the maximum load that can be generated at both ends of the OHC, set to
155 nN, x is the shear displacement of RL and TM, x1 and x: are the displacements, at
which the setpoints of transition between states were set to 0.092 nm™ and 0.038 nm™.
a1 and o are the displacement sensitivities of the transitions, set to 8.2 nm and 49 nm
(Geleoc et al., 1997).

3 Results

3.1 Hotspots in OHCs and DCs area

First, we calculated the active response of the organ of Corti based on the high- and
low-frequency model, as shown in Figure 2. When the BM moves towards the ST, the
shearing movement between the RL and TM causes OHCs to elongate. The location
with the most significant response is close to OHCs and DCs, as observed in the

experiments (Cooper et al., 2018).

As shown in Figure 3, a path was defined, similar to the definition in the experiment
(Cooper et al., 2018), to compare the model results with the experiment. This path starts
from the BM, passes through the DCs and OHCs area, and extends to the bottom of the
RL. The intersection between OHCs and Deiters cells that the path passes through
connects PhPs. The longitudinal displacement amplitude was calculated along the
defined path using the two models, as shown in Figure 4. It can be seen that the

longitudinal displacement amplitude of the two models reaches the maximum near the
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junction of DCs and OHCs, while the response close to BM and RL is small.
Furthermore, the phase of DCs and OHCs is different from BM, consistent with the
measured results in the experiment. Our model demonstrates how hotspot vibrations
could be observed in the low-frequency region. It can be seen that the response
amplitude of the low-frequency model is greater than that of the high-frequency model

when driven by the same stimuli.

Figure 2: The active responses calculated based on (A) the high-frequency model and (B) the low-
frequency model. The amplitudes were normalized with respect to the maximum value, and the

deformation was magnified by 300 and 5 times for better visualization.

B

Figure 3: Defined path, marked with a gray arrow, for calculating longitudinal displacements of different

components in the organ of Corti. (A) Transverse view. (B) Longitudinal view.
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Figure 4: (A) The amplitude (A) and phase (B) of longitudinal displacement along the defined path. The
amplitudes were processed with the min-max normalization method. The horizontal axis shows the

percentage of the distance along the defined path.

3.2 The effect of viewing angle on the hotspot

In the experimental study, the effect of different viewing angles on the results was
predicted (Cooper et al., 2018). Based on the possible complex motion of the BM,
Cooper et al. speculated: “Under the effect of the traveling wave, the phase of the
hotspot will lead the BM when observing towards the apex and lag the BM when
observing towards the base.” They then observed a similar phenomenon in their

experiments.

Based on the high-frequency model, we also explored the influence of viewing angles
on the hotspot. Referring to the method of Cooper et al. (2018), the viewing angle
toward the cochlear apex was defined as “negative”, and toward the base as “positive”,
as shown in Figure 5. Along with the two viewing angles, the calculated results of
different deviation angles are shown in Figure 6. It can be seen that under the positive
viewing angle, the results are in good agreement with the experimental results, and the
hotspot phase lags to the BM. A similar phenomenon is also shown from the negative
viewing angle, but the hotspot phase leads to the BM. Although the segmental model
used in this study cannot include the effect of the traveling wave, the hotspot phase
leading or lagging to the BM is still observed at different viewing angles. In this way,
our results confirmed Cooper et al. predictions (4) and (5) (See supplementary
information in Cooper et al. 2018). Since the deviation from different angles has little
effect on the results, the resulst below focus on calculating the properties of the hotspot

response using the positive viewing angle (specifically at 0=0).
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Figure 6: The positive (A, B) and negative (C, D) viewing angles, the amplitude (A, C), and phase (B,
D) of longitudinal displacement along the defined path. The amplitudes were processed with the min-
max normalization method. The phase results are calculated with reference to the position closest to the

BM. The horizontal axis shows the percentage of the distance along the defined path.

3.3 Contributions of OHCs somatic motion and PhPs constraints to the hotspot

The experimental hypothesis is that the hotspot response is triggered by the activity of
OHCs and is related to integrated structural constraints (Cooper et al., 2018). We
recalculated the movement of the organ of Corti when PhPs or OHCs excitation was
excluded, as shown in Figure 7. It can be seen that when the excitation of OHCs is
stopped, the longitudinal deformation will disappear. When the PhPs are neglected,
hotspot response amplitude is slightly decreased. It can be seen that the OHCs activity
play an essential role in producing hotspot, and the existence of PhPs has further
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Figure 7: Deformation when (A) the model is fully active, (B) OHCs motility is excluded, and (C) PhPs
are eliminated. The longitudinal displacements in (A), (B), and (C) are normalized, and the deformation
is magnified 5 times (A, C) and 100 times (B) for better visualization. The amplitudes were processed
with the min-max normalization method. The (D) amplitude and (E) phase of DCs and OHCs
longitudinal displacement. The amplitudes were normalized with respect to the results of the 0.8 kHz

model. The horizontal axis shows the percentage of the distance along the defined path.

3.4 The effect of OHC:s tilt angle on the hotspot

In our model, the OHCs are inclined 10° in the longitudinal direction. EXisting studies
have shown that the inclination angle of OHCs in different species is different. For
example, the average inclination angle of gerbils is 5°, and that of chinchilla is 15°
(Yoon et al., 2011). It was also shown that even in the same species, the tilt angles at
different positions of the cochlea are different. For example, the tilt range in mice is
from 5° to 15° (Soons et al., 2015). Moreover, some results showed that OHCs and RL
occasionally tend to be perpendicular (Raphael et al., 1991; Soons et al., 2015).

To explore the influence of different tilt angles on the hotspot response, we changed
the OHCs to be inclined 0°, 5°, 10°, and 15° longitudinally, as shown in Figure 8. The
greater the tilt angle of the OHCs along the longitudinal direction, the greater hotspot
amplitude. It is worth noting that when the OHCs are not tilted in the longitudinal
direction, the result also shows evident hotspot vibration. This may indicate that PhPs

played a more critical role in this phenomenon.
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Figure 8: The amplitude (A) and phase (B) of DCs and OHCs longitudinal displacement when OHCs are
inclined at different angles in the longitudinal direction. The amplitudes were normalized with respect to
results when OHCs tilt 10< The horizontal axis shows the percentage of the distance along the defined
path.

We also explored the role of PhPs on hotspots when the OHCs inclined at different
angles, as shown in Figure 9. If there were no PhPs, hotspot vibration will still occur
when OHCs are tilted longitudinally, even if the tilt angle is slight. But when the OHCs

are not inclined in the longitudinal direction, the hotspot will disappear without PhPs.
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Figure 9: The amplitude (A) and (B) phase of DCs and OHCs longitudinal displacement when PhPs are
excluded and OHCs inclined at different angles in the longitudinal direction. The amplitudes were
normalized with respect to results when the OHCs tilted 10< The horizontal axis shows the percentage
of the distance along the defined path.

3.5 The effect of PhPs longitudinal span on the hotspot

We first compared the hotspot responses of the high- and low-frequency models with
the same PhPs span, 3 OHCs, as shown in Figure 10. It can be seen that the response
amplitude of the low-frequency model is much greater than that of the high-frequency
model.
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Figure 10: Comparison of DCs and OHCs (A) longitudinal displacement and (B) phase calculated with
the low- and high-frequency models. The horizontal axis shows the percentage of the distance along the

defined path.

Existing studies have observed geometric parameters in different species and found
some differences. For example, the longitudinal span of PhPs is 2 OHCs spacing in
gerbils (Karavitaki and Mountain, 2007), 3 in mouse (Soons et al., 2015), and 4-5 in
mole rat (Raphael et al., 1991). Moreover, the longitudinal spacing of OHCs in these
species is close, with a distance of about 10 um. Therefore, we used the guinea pig
model to study the effect of different longitudinal spans of PhPs on the hotspot response,
as shown in Figure 11. It can be seen that the hotspot response is more significant when

the PhPs span is shorter.
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Figure 11: The amplitude (A) and phase (B) of DCs and OHCs longitudinal displacement when PhPs
span different spacing along the longitudinal direction. The amplitudes were normalized with respect to
results when PhPs span 3 OHCs. The horizontal axis shows the percentage of the distance along the

defined path.
4 Conclusion and discussion

Two three-dimensional models of the organ of Corti were developed, describing the

high- and low- frequencies regions in the cochlea, which are not a simple spatial
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stretching but included several different continuity conditions based on the natural
physiological structure. Although the model constructed using beam elements could
reduce the amount of calculation, it cannot describe the local response of the organ of
Corti in detail. A three-dimensional model allows the simulation of the integrated
spatial coupling between solid and fluid. Compared with the two-dimensional model,
the three-dimensional model considers the longitudinal tilt of OHCs and the structure
of PhPs, which makes it possible to study the influence of these factors on the hotspot

phenomenon.

It should be noted that even without the traveling wave, our model still validated the
predictions (4) and (5) mentioned above and reproduced similar phenomena to
experiments, including the vibrational morphology of the hotspot and phase lead or lag
depending on the viewing angle. Therefore, we hypothesize that the hotspot is a locally
originated phenomenon in the cochlea, but the traveling wave further enhances the

response of the hotspot to low-frequency excitation.

When the OHCs activity was excluded, the longitudinal deformation of the OHCs and
DCs area was significantly reduced, confirming that the activity of OHCs induces the
hotspot vibration (Dewey et al., 2021). In addition, the results show that the longitudinal
structural constraints of PhPs also slightly contribute to the formation of the hotspot.
Our results confirm that the hotspot occurs in both high-frequency and low-frequency

regions.

In summary, the movement of OHCs triggers the hotspot and the PhPs structural
constraints promote this phenomenon, which supports the experimental hypothesis
(Cooper et al., 2018). The hotspot phenomenon occurs regardless of the tilt angle of the
OHCs, a larger tilt angle induces a larger amplitude. When OHCs are not inclined, the
structural constraints of PhPs become the main reason and a shorter PhPs span will

induce a larger hotspot amplitude.
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Appendix I: Effects of Periodic Condition

Periodic conditions were assumed along the longitudinal solid side boundaries. To
verify the effect of periodic conditions on the hotspot response, we extended the
existing model longitudinally to 60 um, 180 um, 300 um, and 420 pm, that is, the
original model extended the same length along both sides of the longitudinal direction,
as shown in Figure I.A, and recalculated the movement of the organ of Corti. It can be
seen from Figure 1.B that the movement of the organ of Corti has not changed after the
model is extended. Figures I.C and D show no change in the hotspot response after the

model is extended.

I 60:m Model
_ 180pum Model
0.05 WSS WS 300pm Model
HEE NN N 420umModel

o Cooper etal (2018)
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Figure I: (A) Models with different lengths in the longitudinal direction. The blue denotes 60 pm long
(the original length), red 180 um, green 300 um, and purple 420 um. (B) The active response of the organ
of Corti when the model was extended to 420 um. The amplitudes were processed with the min-max
normalization method. The amplitude (C) and phase (D) of DCs and OHCs longitudinal displacement
when the model is extended with different lengths. The amplitudes were normalized with respect to
results when the model was 60 pum thick in the longitudinal direction. The horizontal axis shows the

percentage of the distance along the defined path.
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Appendix I1: Effects of no-stress condition

The two sides of the fluid area along the longitudinal direction of the model were set as
no stress conditions. Under the existing model settings, loads of different frequencies
are applied to the bottom of the BM. The movement of the BM is shown in Figure 11.
The result showed a steady upward trend from low to high frequency, reaching the
maximum value at 0.8 kHz, and rapidly decreasing. The model can simulate the

response trend in the cochlea. But when the no-stress condition is eliminated, this trend

does not appear.
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Figure Il: (A) Amplitude and (B) phase of the BM vertical displacement with and without no-stress

conditions.
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