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Abstract

Hypothesis: The endolymphatic hydrops (EH) does not af-
fect hearing loss significantly at low frequencies, whereas
the hydrops affects the diplacusis. Background: There have
been many arguments whether the EH cause the Meniere
disease. Despite a lot of experimental studies to investigate
the Meniere disease, there have been little modeling studies,
which are helpful to understand the mechanism. Methods:
A 3D finite element model of the human cochlea and the
middle ear was used for investigation of the relationship be-
tween EH and hearing loss at low frequencies and diplacusis
(2 specific symptoms of Meniere disease). While the cochlear
geometry was simplified as a tapered box shape, the middle
ear was based on the real geometry obtained from uCT im-
ages. EH is implemented by prestress on the basilar mem-
brane surface in the simulation. Results: The EH did not
cause significant hearing loss at low frequencies in both air-
and bone-conducted hearing. Rather, this disorder caused a
shift in best frequency (BF) position to the base at low fre-
quencies below about 250 Hz. The BF shift can explain the
diplacusis because a low-frequency sound can be perceived

as a slightly higher frequency so that Meniere patients can
perceive 2 different frequency sounds corresponding to a
given single-frequency sound. Conclusion: The EH cannot
be a sufficient condition for Meniere disease, whereas the

hydrops can cause the diplacusis. ©2021 S. Karger AG, Basel

Introduction

Meniere disease (MD) is a disorder of the inner ear
first discovered in 1861. The typical symptoms are recur-
rent vertigo, fluctuating hearing loss accompanying ear
fullness, and tinnitus. These are used clinically for the di-
agnosis of MD. The incidence of MD varies: 157 per
100,000 persons in the UK, 46 per 100,000 in Sweden, 7.5
per 10 0,000 in France [1], and 15 per 100,000 persons in
the USA [2]. According to the National Institute on Deaf-
ness and Other Communication Disorders, 615,000 indi-
viduals in the USA are diagnosed with MD, and 45,500
cases are newly diagnosed each year. MD worsens the
quality of life, and research has evaluated how to cope
with MD. To date, the exact cause is unknown, but en-
dolymphatic hydrops (EH) is a pathological feature of
MD based on enlargement of the endolymphatic volume
(3, 4].

karger@karger.com
www.karger.com/orl

© 2021 S. Karger AG, Basel

el
Karger~

Namkeun Kim

Department of Mechanical Engineering

Incheon National University, 119 Academy-ro, Yeonsu-Gu
Incheon 22012 (Republic of Korea)

nkim @inu.ac.kr

chigan Library




Tonndorf used a physical cochlear model to study the
effect of EH on fluctuating hearing loss and diplacusis,
which are characteristic symptoms of MD [5]. He showed
that increased endolymphatic pressure causes (1) a de-
cline in hearing sensitivity, (2) a shift of the location of the
maximal amplitude of the basilar membrane (BM) dis-
placement, and (3) harmonic distortion of the BM. Lee
and Koike [6] supported this conclusion via a tapered-
box finite element (FE) model. They showed a decreased
BM velocity (Vgy) at low frequency due to prestress ap-
plied on the membrane implementing the EH. Merchant
et al. [7] reported a different conclusion upon reviewing
archival temporal bone cases with MD or EH. They sug-
gested that the EH is a histologic marker for MD rather
than being directly responsible for its symptoms. Giirkov
etal. [8] supported this different suggestion by analysis of
MD patients’” high-resolution MR images. They conclud-
ed that EH is necessary but not sufficient for a display of
the full triad of MD symptoms: vertigo, balance, and
hearing disease. Specifically, Cho et al. [9] analyzed the
correlation between EH seen in MRI and various audio-
vestibular tests and showed the various correlation ac-
cording to each studied case. Although tests other than
audiometry were not used in the diagnosis of MD, the EH
of cochlea was not sufficient to account for all MD symp-
toms including hearing loss. In summary, the effects of
EH on critical symptoms in MD patients were investi-
gated by physical models, and the conclusion was changed
from that EH is a sufficient and necessary condition of
MD to a necessary condition.

Here, we show the relationship between EH and char-
acteristic symptoms of MD (i.e., hearing loss at low fre-
quency and diplacusis) using a 3D FE model of the co-
chlea. The relationship was investigated in air-conducted
(AC) hearing as well as bone-conducted (BC) hearing.

It is generally accepted that there are five potential fac-
tors for BC stimulation [10]. This study limits the BC fac-
tor to the inertial component. In addition, this study does
not consider the active amplification mechanism in the
BM [11-13]. However, this can be appropriate because
the relative V) would be analyzed corresponding to the
existence of prestress on the BM with EH.

Methods

FE Model

We used a 3D FE model with an uncoiled tapered box shape. A
detailed geometry and validation of the model was reported previ-
ously [14]. A brief description for the model is reported here: The
cochlea is composed of scala vestibuli (SV), scala media (SM), and
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Fig. 1. Posterior-medial view of an FE model of the human audi-
tory periphery consisting of middle ear structure and a simplified
uncoiled cochlea. FE, finite element.

scala tympani (ST). However, SM was combined with SV in the mod-
el because it is generally accepted that Reissener’s membrane divid-
ing the SV and the SM does not significantly affect the BM motion
connected with the auditory nerve [15, 16]. The BM was modeled as
an orthotropic material who’s Young’s modulus in the transverse
direction is tenfold higher than that in the longitudinal direction due
to the direction of fibers. The fluid in the SV and the ST is connected
through the opening on the BM at the apical end, namely, the heli-
cotrema. Figure 1 shows the FE model used here for the human audi-
tory periphery consisting of the middle ear and the cochlea.

The geometries of the middle ear structure, including the TM
were obtained by micro-CT [17, 18] and imaging data from hu-
man-cadaver temporal bone specimens [19, 20]. The geometry of
the cochlear model was based on dimensions published previous-
ly [21]. The BM was meshed with 14,000 8-noded hexahedral sol-
id shell elements, and the round window was meshed with 1,700
6-noded pentahedral elements. The 2 fluid chambers, SV and ST,
were meshed with 222,000 4-noded linear tetrahedral elements.
The material properties used for the current model are summa-
rized in Table 1. The BM mechanical properties are summarized
in Table 2.

Air- and Bone-Conduction Stimulation

We assumed that the V) could quantify the hearing threshold.
In other words, a higher Vg) implies alower hearing threshold and
vice versa. The Vg was calculated in 2 different stimulation types:
AC and BC. AC excitations were simulated by assigning a uni-
formly dynamic unit pressure over the TM surface on the ear canal
side. Fixed displacement boundary conditions were applied to the
boundaries of the structure such as the ends of the ligaments and
tendons, the edge of the tympanic annulus, the BM support, and
the bony shell of the cochlea. Inertial BC excitations were simu-
lated by assigning the same displacement vectors (both magnitude
and phase) at the boundaries. These include the cochlea and the
ends of the middle-ear supporting structures such as the incus lig-
ament, tensor tympani, anterior ligament, lateral ligament, stape-
dius tendon, and tympanic annulus. This effectively represented
the rigid body vibrations of the temporal bone structure that sur-
rounds the auditory periphery. The rigid body BC excitations were
simulated in the z direction (normal to the BM surface; see Fig. 1).
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Table 1. Mechanical properties of the model components

Component Elastic modulus E, Pa Density p, kg/m? Loss factor n
Incus 1.41x10'° 2.15x10° 0.01 (constant)
Malleus 1.41x10'° 2.39x10° 0.01 (constant)
Stapes 1.41x10'° 2.20x103 0.01 (constant)
Incudomalleolar joint 7x10° 1.20x10° 0.15at 1 kHz
Incudostapedial joint 4.4x10° 1.20x10° 0.15at 1 kHz
Tensor tympani 5x10° 1.20x10° 0.3 at 1 kHz
Anterior ligament 5x10° 1.20x10° 0.3 at 1 kHz
Lateral ligament 10x108 1.20x10° 0.3 at 1 kHz
Superior ligament 2x10° 1.20x10° 0.3 at 1 kHz
Stapes tendon 3.8x10° 1.20x10° 0.15at 1 kHz
Incus ligament 4.8x10° 1.20x10° 0.15at 1 kHz
TM, pars tensa 2x107 1.20x10° 0.7 at 1 kHz
TM, pars flaccida 0.7x107 1.20x10° 0.15at 1 kHz
Tympanic annulus 4x10° 1.20x10° 0.3at1kHz
Stapes annular ligament 4.1x10° 1.20x10° 0.25at 1 kHz
Outer bony shell 2.1x10% 5.4x10° 0.1 (constant)
RW 0.7x10° 2x10° 0.857 (constant)
Scalae fluid 1,500, m/s; sound speed 1x10° 0.1 (constant)

RW, round window.

Table 2. Material properties of the 14 equi-length (2.5 mm) BM sections in the cochlear model

Distance from Ell’ E22, E33, G12) G13, G23, V12 V13 V23
base, mm MPa MPa MPa MPa MPa MPa
0-2.5 28.240  325.9 28240 99615 9.9615 309.96  0.025995 0.41743 0.3
2.5-5 28.233 3159 28233  9.5769  9.5769  299.96  0.026812 0.41708 0.3
5-7.5 28.225  305.9 28225  9.1923  9.1923  289.96 0.027681 0.41671 0.3
7.5-10 28.217 2959 28.217 88077 8.8077 279.96  0.028608 0.41631 0.3
10-12.5 28.209 2859 28.209  8.4231  8.4231 269.96  0.029600 0.41589 0.3
12.5-15 28.200 2759 28.200  8.0385  8.0385 259.96  0.030663 0.41543 0.3
15-17.5 28.190  265.9 28.190 7.6538  7.6538 24996 0.031805 0.41494 0.3
17.5-20 28.179 2559 28.179  7.2692  7.2692 23996 0.033036 0.41441 0.3
20-22.5 28.168  245.9 28.168 6.8846 6.8846  229.96  0.034365 0.41384 0.3
22.5-25 28.156  235.9 28.156  6.5000 6.5000 219.96 0.035806 0.41323 0.3
25-27.5 28.142 2259 28.142  6.1154  6.1154  209.96 0.037374 0.41255 0.3
27.5-30 28.128 2159 28.128 53708 5.7308 199.96  0.039085 0.41182 0.3
30-32.5 28.112  205.9 28.112  5.3462  5.3462 189.96  0.040959 0.41102 0.3
32.5-35 27.880 1229 27.880 49615 49615 106.96 0.068056 0.39940 0.3

Subscripts 1, 2, and 3 mean the x, y, and z directions, respectively, as shown in Fig. 1. BM, basilar membrane.

The FE simulation was performed using the commercial software
ACTRAN (MSC software, Newport Beach, CA, USA), which has
strength in an analysis of vibro-acoustic problems.

EH Simulation

The calculation was performed in 2 steps to implement the EH
in the model. First, a static pressure of 100 Pa was applied to the
BM surface to implement the EH. The magnitude of the static pres-
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sure was determined based on previous studies showing a pressure
difference between endolymph and perilymph [6, 22, 23]. Herein-
after, this deformed BM is called “Meniere 1.” However, in “Me-
niere 1,” the magnitude of BM deformation in the height direction
(i.e., the z direction in Fig. 1) is larger than the height of the scala
fluid chamber. It is impossible for this to occur unless the BM
breaks through the cochlear wall. Therefore, we modified the de-
formed shape of the BM as shown in Fig. 2 considering the co-
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Fig. 2. Side view of the modified BM deformation, “Meniere 2.”
Colored area represents the deformed BM. BM, basilar membrane.

chlear geometry limitation. Hereafter, this modified model is
called “Meniere 2.” Next, the dynamic pressure or the sinusoidal
displacement was applied to the model (Meniere 1 or Meniere 2)
to simulate the AC and BC, respectively.

Results

Model Validation

For validation, the best frequency (BF) map of the
model was compared to a previous study (Fig. 3). As dis-
cussed in the previous study using the same model [14],
the BF map was reasonably consistent with that of Green-
wood’s study [24] regardless of stimulation type, AC and
BC. In addition, the Vgy 12 mm from the base was also
compared with experimental data in both AC and BC
[25]. The results showed that simulation responses were
reasonably consistent with experimental results. The cur-
rent study focuses on the V) differences according to the
existence of EH, and V) in normal conditions are shown
in Fig. 4 for validation; a comparison of other responses
such as cochlear input impedance and middle-ear trans-
fer function is published [14].

Vg and BF Maps in the Modified Cases

Fig. 5 compares the normalized Vgy magnitude of
each modified case with the normal case. Meniere 1 and
Meniere 2 were compared in the first and second row of
Fig. 5, while the AC and BC results are displayed in the
first and second columns of Fig. 5, respectively. The nor-
malized factor for AC was the stapes velocity, whereas
that for BC was the bone velocity. Each case was calcu-
lated in 3 different frequencies: 0.1, 1, and 8 kHz, which
represent low, mid, and high frequencies (empty, trian-
gle, and cross, respectively).

Meniere 1 (Fig. 5a, b) shows that when the prestress was
applied on the BM surface to implement the EH, the BF po-
sition moved about 15 and 7.5 mm to the base at 100 and 1
kHz, respectively, in both AC and BC hearing. There was
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Fig. 3. Comparison of the BF map of the FE model in AC and BC
stimulations with experimental data. BF, best frequency; FE, finite
element; AC, air-conducted; BC, bone-conducted.

no change in the BF position at high frequency (8 kHz in
ACand BChearing). The trend of the V) change at the BF
position due to the EH was similar in AC and BC. In both
cases, the maximum Vg, was nearly the same at low and
high frequencies (i.e., 100 and 8 kHz), but it increased about
10 dB due to the EH at mid frequency (1 kHz).

There was 2 different results from Meniere 1 in the
case of Meniere 2 (Fig. 5¢, d). First, the BF position was
moved to the base by about 2.5 mm due to the EH at only
the low frequency, 100 Hz, in both AC and BC hearing.
Second, the maximum Vpy magnitude was decreased by
about 5 dB at only the low frequency as well in both AC
and BC hearing.

The results of Meniere 1 were based on an unrealistic
deformed BM geometry, and it is more reasonable to
adopt the Meniere 2 results to represent the effects of EH
on hearingloss in the model. However, the observed mag-
nitude of hearing loss in the Meniere 2 cannot be the
symptom of MD because ~20 dB of hearing losses at low
frequencies is a traditional symptom of MD [26, 27].

Fig. 6 shows the BF maps for normal, Meniere 1, and
Meniere 2 cases. In Meniere 1, the prestress could bend
the BM enough to change the BF map drastically because
the limitation of the ST height was not considered. More
specifically, the BF was almost fixed as 12 mm at all the
frequencies below about 5 kHz despite the BF position
varying corresponding to input frequencies from about 5
to 10 kHz. Meniere 2 showed an almost identical BF map
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Fig. 4. Comparison of the Vg of the FE model in AC and BC stimulations with experimental data. Magnitude
(a). Phase (b). The velocities were calculated and measured via the model and experiment at 12 mm apart from
the base. BM, basilar membrane; FE, finite element; AC, air-conducted; BC, bone-conducted; Vpy, BM velocity.

to the normal case except at frequencies below 200 Hz. At
low frequencies, the BF position moved maximum 5 mm
to the base, which means that a person who has EH may
perceive a low-frequency sound as a somewhat higher
frequency sound versus a normal person. Similarly, if one
has the EH at a single-side ear, then the person can per-
ceive 2 different frequencies corresponding to a given fre-
quency sound. In other words, the sound frequency ob-
served in a normal ear is lower than that in the EH ear and
can cause binaural diplacusis.

Discussion

Deformed BM due to the EH

A static pressure of 100 Pa was applied on the BM sur-
face to implement EH in the FE model. As mentioned in
the methods, the BM Young’s modulus due to the de-
formed shape was updated for dynamic analysis after ap-
plying a static pressure. In contrast, Lee and Koike [6]
applied a gradually increasing pressure until 100 Pa on
the BM surface resulting in gradual BM deformation. The
BM Young’s modulus was updated repeatedly. In other
words, after the Young’s modulus had been calculated the
first time due to a slightly deformed shape, an updated
Young’s modulus was used again in the subsequent cal-
culation of the BM Young’s modulus until the BM was no

176 ORL 2021;83:172-180
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longer deformed due to increasing stiffness. Consequent-
ly, the BM Young’s modulus in Lee and Koike [6] model
is stiffer than that in the current model - this value results
in a less deformed BM shape than in our study.

More specifically, Lee and Koike [6] reported that the
maximum BM deformation was 60 um corresponding to
a 0 - 100 Pa pressure change over 100 s, which is 1-fold
less deformation than that in the current model. Accord-
ing to previous studies, however, the pressure in the en-
dolymph of MD patients is usually beaten periodically
rather than applied constantly, and the period is at least
1-fold shorter than 100 s [28]. As a result, the time re-
quired to apply pressure on the BM surface is too short to
consider repeated calculation for the BM stiffness due to
the gradually increased BM deformation. Furthermore,
according to previous imaging studies [9, 29], there is sig-
nificant deformation due to the EH in Reissner’s mem-
brane (which is the boarder membrane between SV and
SM) rather than BM. Also, according to MRI studies us-
ing 3D FLAIR sequences, EH is visualized with sensori-
neural hearing loss >45 dB, and this supports the hypoth-
esis that EH will develop when medium and high fre-
quencies are involved in MD [30, 31]. Therefore, our
results, which is that the deformed BM caused by the EH
is not relevant to the low-frequency hearing loss in MD
patients, are more comparable to the real patient condi-
tion than the previous FE study [6].
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Fig. 5. The normalized Vpy. The normalized factors are the stapes velocity and bone velocity in AC and BC, re-
spectively. Each row shows the Vg of each modified case, Meniere 1 (a, b) and Meniere 2 (¢, d). Each column
represents Vg in AC and BC stimulations, respectively. While gray lines represent the normal case, black lines
describe the modified case. In addition, the triangle and cross marks indicate the Vpy at 1 and 8 kHz, respec-
tively. AC, air-conducted; BC, bone-conducted; Vgy, BM velocity.

There have been many studies to show the relationship
between the EH and hearing loss [32-39]. In these stud-
ies, researchers used the MRI to observe the volume
change of the endolymphatic fluid space. Therefore, the
previous and current studies seem to be contradictory be-
cause the premise of the current study is that EH does not
cause the low-frequency hearing loss by deforming the
BM. However, it should be noted that the current study is
focusing on the BM deformation rather than volume
changes of endolymphatic fluid space. According to the
sequence of pathogenic event leading to MD phenotype,

Endolymphatic Hydrops and Symptoms
of Meniere Disease

the initial hearing symptoms in MD are tinnitus and low-
frequency hearing loss observed during the first attacks of
vertigo, and they are not related with the increase of the
stiffness of the BM associated with EH [40]. This supports
the hypothesis of this study that EH is not an early event
in MD.

Diplacusis Caused by EH

Figures 5 and 6 show that the EH shifted the BF posi-
tion to the basal direction in the current FE simulation.
Unfortunately, there have been few clinical studies con-
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cerning the frequency change versus any perceived sound
in MD patients. Diplacusis is not included in MDs diag-
nostic criteria, and it has not been properly described or
studied in clinical practice. While Ichimiya and Ichimiya
[41] recently reported that complex tone stimulation may
induce binaural diplacusis when low-tone hearing is im-
paired, they could not suggest a specific condition or
mechanism for the results. The simulation data show that
a patient suffering diplacusis can perceive a low-frequen-
cy sound as a somewhat higher sound if it is caused by the
EH. Furthermore, this misperception should occur at low
frequencies below about 250 Hz. Diplacusis may also be
caused by a different reason than EH. For instance, Colin
et al. [42] showed binaural diplacusis and suggested pitch
shift, central neural plasticity, or changes in cochlear me-
chanics following cochlear damage as the cause of the
diplacusis. Therefore, an experiment to indicate the fre-
quency range perceived by a MD patient should be per-
formed to clarify and validate the mechanism of diplacu-
sis. In addition, although not diagnosed with MD, studies
to confirm the presence or absence of EH using MRI in
normal-hearing patients complaining of diplacusis can
also be a clinically interesting topic.

Effects of EH on BC Hearing
The underlying mechanisms for AC and BC are the
same as the pressure difference across the BM (anti-

178 ORL 2021;83:172-180
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symmetric pressure component) [14, 43-45]. As expect-
ed from the previous studies, there were small differ-
ences in cochlear responses between AC and BC because
the hydrops implemented by prestress on the BM sur-
face did not affect the fluid pressure across the BM dif-
ferently to those 2 hearing pathways. This study has lim-
itations in BC analysis because the BC mechanism is
simulated by only the inertia of the middle ear and the
cochlear fluid [10]. However, it is generally accepted
that bone compression becomes a significant factor at
high frequencies above 4 kHz, the inertia from the mid-
dle ear and cochlear fluid is still the most important fac-
tor for BC hearing [46, 47]. Therefore, the current simu-
lation results can be reasonably accepted. In addition,
these data suggest that hearing loss at low frequencies in
MD patients is sensorineural hearing loss rather than
conductive hearing loss.

Clinical Significance and Relevance

In 2015, a committee of the Bardny Society revised the
diagnostic criteria such that episodic vertigo and hearing
loss accompanied by ear fullness and tinnitus were in-
cluded in the diagnostic criteria of definite MD [40].
There have been many references to diplacusis or hyper-
acusis in MD patients, but this is considered a symptom
caused by sensorineural hearing loss, but no detailed
mechanistic study has been conducted [48]. Recently,
with the development of MRI and the image analysis
technology, EH can be directly identified by MRI, but the
correlation between observed EH and audio-vestibular
tests is not always constant. This lack of correlation is
likely because the apical middle turn of the cochlea is so
small that it is difficult to clearly distinguish the endolym-
phatic space. In this context, the diagnostic criteria for
MD do not require the visualization of EH to confirm the
diagnosis of MD as it was stated in the European position
statement on diagnosis and treatment of Meniere’s dis-
ease [49]. Besides, this study proved that low-tone hear-
ing loss in MD is not relevant to the BM deformation due
to pressure. In other words, this study suggests that dip-
lacusis may be caused by pressure on the BM even with-
out hearingloss. Therefore, it is necessary to evaluate dip-
lacusis in more detail in patients with suspected MD,
which is 1 of the symptoms that is not included in the cur-
rent diagnostic criteria and has not received significant
clinical attention.

Limitation
This study has several limitations. First of all, the pres-
ent model accounts solely for elevated endolymphatic
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space pressure as the only physiologic variable potential-
ly relevant to hydropic symptoms. Therefore, although
the model analysis was focused on the low-frequency
hearing loss and diplacusis caused by BM deformation,
the model is somewhat simplified so it is insufficient to
explain other factors such as decoupling of hair cells from
the tectorial membrane, major distention of the walls of
the membranous labyrinth, cochlear duct, and expansion
of the volume of the endolymphatic space. Furthermore,
there may be compartmentalization of these pathologic
factors that may not be uniform throughout all segments
of the cochlea. This also needs to be considered. However,
based on the real geometry, the BM geometry of the mod-
el was varied along the length in width and thickness, and
the cross-sectional area of the cochlear fluid chamber was
also varied along the length. In addition, the BM respons-
es with this consideration of the real geometry were vali-
dated in several previous studies [14, 50-52]. Therefore,
the results of this study relevant to BM deformation can
be meaningful to understand the MD.

Conclusion

Two different symptoms of MD - hearing loss at low
frequencies and diplacusis — were investigated by a 3D FE
model of human cochlea and validated by comparison
with previous studies. The results of this study can con-
clude that (1) the increased stiffness of the BM associated
with EH may explain diplacusis in patients with MD, and
(2) hearing loss at low frequencies is not associated with
the increased stiffness of the BM associated with EH.
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