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Abstract: Introduction: The round window membrane (RWM) acts as a pressure-relieving membrane
for incompressible cochlear fluid. The reinforcement of the RWM has been used as a surgical
intervention for the treatment of superior semicircular canal dehiscence and hyperacusis. The aim
of this study was to investigate how RWM reinforcement affects sound pressure variations in the
cochlea. Methods: The intracochlear sound pressure (ICSP) was simultaneously measured in the
scala tympani (ST) and scala vestibuli (SV) of cadaveric human temporal bones (HTBs) in response to
acoustic stimulation for three RWM reinforcement materials (soft tissue, cartilage, and medical-grade
silicone). Results: The ICSP in the ST was significantly increased after RWM reinforcement for
frequencies below 2 kHz. Between 400 and 600 Hz, all three materials demonstrated the highest
median pressure increase. The higher the RWM stiffness, the larger the pressure increase: silicone
(7 dB) < soft tissue (10 dB) < cartilage (13 dB). The ICSP in the SV was less affected by reinforcement.
The highest median pressure increase was 3 dB. The experimental findings can be explained with
numerical models of cochlear mechanics. Discussion and conclusions: RWM reinforcement increases
the sound pressure in ST at lower frequencies but only has a minor influence on the SV pressure.

Keywords: cochlea; round window membrane; intracochlear sound pressure; numerical models

1. Introduction

The biomechanical hearing process relies on sound transmission from the outer ear
via the middle ear ossicles toward the inner ear (cochlea). The mechanical vibration of
the stapes footplate at the end of the middle ear drives sound energy into the cochlea.
This transmitted sound creates intracochlear sound pressure (ICSP) in the cochlear fluid,
particularly in the scala vestibuli (SV) and scala tympani (ST), which are interconnected at
the apex. The ICSP difference (PDIFF) between the SV and ST triggers a passive traveling
wave in the basilar membrane and leads to the excitation of sensorial structures [1].

The round window membrane (RWM) mechanically seals the fluid-filled cochlea from
the middle ear cavity at the base of the ST. The RWM is an approximately 70 µm-thick,
elliptically shaped, compliant biological structure that is anatomically located within the
round window niche in the medial wall of the middle ear [2]. The RWM with its compliant
characteristics serves as a pressure release mechanism for the incompressible fluid in the
cochlea, enabling the PDIFF at the basal part of the cochlea.

Increasing the stiffness of the RWM by manipulating its intrinsic properties or by any
artificial means is termed the “reinforcement of the RWM”. RWM reinforcement techniques
for clinical applications have received attention for more than two decades [3]. Artificially
reinforced RWMs are claimed to provide better hearing for patients suffering from dis-
eases such as superior semicircular canal dehiscence, hyperacusis [4], and perilymphatic
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fistula [5]. The main materials used in clinical applications for RWM reinforcement are
perichondrium, cartilage, and fascia [5,6].

After cochlear implantation surgery through the RWM, several clinical studies claimed
post-operative low-frequency (<1 kHz) hearing loss in the range of 20–25 dB [7–10]. Among
several causes (i.e., insertion trauma), the change in ICSP due to the stiffness increase in
the RWM (artificially reinforced RWM) after the CI surgery is also regarded as a possible
reason for this auditory defect. Thus far, sufficient data are missing to fully understand the
cause of the potential loss in residual hearing after CI surgery.

To understand the influence of RWM reinforcement on hearing, Wegner et al. (2016)
examined the changes in the middle ear sound transfer function (METF) after RWM
reinforcement. The study involved cadaveric human temporal bones (HTBs) and RWM re-
inforcement with perichondrium and cartilage. A drop in METF with RWM reinforcement
was attributed to the dominance of the cochlear input impedance in RWM stiffness at lower
frequencies [5,11,12]. However, the authors concluded that the reinforcement of the RWM
had no statistically significant effect on the METF. Similarly, Guan et al. (2018) claimed for
one HTB sample that the effect on the METF after RWM reinforcement was negligible even
after maximum reinforcement using perichondrium, cartilage and Jeltrate [13].

Beyond understanding the effects of RWM reinforcement on METF, sound pressure
measurement in the SV (PSV) and ST (PST) provides insight into the ICSP changes caused
by RWM reinforcement. Guan et al. (2018) reported an increased ICSP gain (PSV and PST
relative to the ear canal pressure (PEC)) with RWM reinforcement in both scalae. The gain
in ST and SV showed a maximum increase of 18 dB between 50 and 800 Hz and 10 dB
below 500 Hz, respectively. In the lower-frequency spectrum (200–1000 Hz), the authors
observed a reduced PDIFF of approximately 5 dB but no significant influence on PDIFF at
higher frequencies. However, to verify the significance of these experimental claims, a
study with a larger sample size is crucial.

Numerical models of the cochlea based on approximated physiological parameters
are useful for understanding the experimental results and estimating values that are not
directly measurable. A lumped element model (LEM) of the cochlea was introduced by
Nakajima et al. (2009) to estimate the RWM impedance (ZRWM) behavior on the cochlear
mechanics. Later, Elliot et al. (2016) carried out a study based on a finite element model
(FEM) with an improved LEM of the cochlea. Elliot’s model could predict the above-
mentioned post-operative hearing loss after cochlear implantation (CI) due to the stiffening
of the RWM. Their numerical simulations predicted that while a 10-fold increase in RWM
stiffness would significantly influence residual hearing loss, a 100-fold stiffness increase
might cause a residual hearing loss of up to 20 dB [8].

In this study, we investigate the effects of the ICSP changes (PST, PSV, and PDIFF)
caused by RWM reinforcement with three clinically used materials on HTBs. In addition,
the experimental findings are compared with the simulation output of the numerical
models developed by Nakajima et al. (2009) and Elliot et al. (2016). Up to date, this is the
first study to report data of ICSP changes due to RWM reinforcement on a series of HTBs,
and to compare experimental data with data from numerical models.

2. Materials and Methods
2.1. Human Temporal Bone Samples and Experimental Protocol

For this study, cadaveric HTBs (Science Care, Phoenix, AZ, USA) harvested within
48 h and immediately frozen after the death of the donors were used. The HTBs were stored
at −19 ◦C in a temperature-regulated freezer until they were used in the experiments. The
HTBs were thawed under atmospheric conditions for four to five hours prior to surgical
preparation. Experiments with the HTBs were approved by the local ethics committee
(KEK-ZH-Nr. 2014-0544) and were in accordance with the Helsinki Agreement of 1975
revised in 2013.

A total of 20 HTBs were used for the experiments. Three HTBs were used in pre-trial
experiments to develop the experimental methods. Of the remaining 17 HTBs, 11 were
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excluded due to nonconformity during the experiment preparation or anomalous results.
The age range of the final 6 samples (3 female and 3 male) was a mean of 74 years with
a standard deviation (SD) of ±16 years. The experimental protocol consisted of surgical
preparation (cp. 2.2) and functionality verification tests (cp. 2.4) of the HTBs before ICSP
measurements were performed under several RWM reinforcement conditions (cp. 2.5).

2.2. Surgical Preparation

When preparing an HTB sample, first the excess soft tissue was removed. Then, the
bony ear canal was carefully drilled until there was an unobstructed view of the tympanic
membrane (TM). The upper end of the bony ear canal was kept approximately even and
1–2 mm above the TM. The middle ear cavity was opened wide from the facial recess
structures and the facial nerve was removed to access the middle and inner ear. The
surgical approach was optimized to gain a broader view of the stapes footplate and the
RWM. The bony overhang in the round window niche was drilled to ensure an orthogonal
view on the RWM [14]. The cochlear promontory near the oval and round window was
thinned during preparation to perform a swift cochleostomy procedure for the insertion of
hydrophone probes.

Furthermore, the soft tissue membrane on the stapes footplate and the outer epithe-
lium of the RWM (pseudo-membrane) were carefully removed to prevent water retention
and to provide optimal conditions for laser Doppler velocity measurement on the stapes
and RWM [15].

As an artificial ear canal (AEC), a solid plastic tube with a volume of 2 mL was fixed
above the TM with a strong adhesive product (BLUFIXX GmbH, Wesseling, Germany) and
Play-Doh. Throughout the experiment, the HTB sample was kept moist by spraying water
at five- to ten-minute time intervals.

2.3. Measurement Setup

The HTB experiments were carried out on a passive damped optical table with pneu-
matic isolation to eliminate vibration artifacts from the environment. The prepared HTB
was attached on the z-stage of a micromanipulator customized for ICSP measurement.

A loudspeaker and a reference microphone probe tip (ER-2 and ER-7C, Etymotic Research
Inc., Elk Grove Village, IL, USA) fixed through a foam earplug were inserted into the AEC
and placed 2–3 mm above the tympanic membrane. Acoustic stimulation was generated
by an audio analyzer (APx585, Audio Precision Inc., Beaverton, OR, USA) and delivered to
the loudspeaker through an audio amplifier (RMX 850, QSC Audio Products LLC, Costa
Mesa, CA, USA) as a stepped sine stimulation signal consisting of at least 21 frequencies
logarithmically distributed within the frequency range of 200–8000 Hz. The sound pressure
levels in the ear canal were recorded by the reference microphone. All experiments were
performed with sound pressure levels between 80 and 120 dB SPL at the TM.

A single-point laser Doppler vibrometer (LDV) (CLV-2534-3, Polytec GmbH, Germany)
mounted on a surgical microscope was used to measure the velocities of the stapes footplate
(VSTAP) and the RWM (VRWM). To maximize the intensity of the reflected laser beam,
retro-reflective beads (aluminum-coated solid barium titanate glass microspheres, 50 µm
diameter; Cospheric LLC, Goleta, CA, USA) were placed on the stapes footplate and
the RWM.

ICSP was measured in the ST and SV in accordance with a previously described
method by our group [16,17]. The probes for the ICSP recording (miniature hydrophones)
were built on a commercial micro-electromechanical system (MEMS) condenser micro-
phone (ADMP504, Analog Devices Inc., Norwood, MA, USA), whose pressure port was
customized with a tiny micro-tube terminated with a polyimide diaphragm as the pressure
sensing element (cf. Figure 1A). The sensors were calibrated before the experiments using
a vibrating water column method, as described in [17].
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Works, Natick, MA, USA). 
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Figure 1. (A) Custom-made intracochlear acoustic receiver (ICAR) sensor with a zoomed view on
the sound receptor and micro-electromechanical system (MEMS) condenser microphone. (B) Experi-
mental setup with a human temporal bone (HTB) sample, artificial ear canal (AEC), and two ICARs
for simultaneous pressure measurement in SV and ST. For a precise sensor insertion into the cochlea,
both hydrophones are positioned using multi-axis micromanipulator units.

The ICSP in the ST and SV and the AEC sound pressure level were recorded simulta-
neously using the Audio Analyzer APx585 (Audio Precision Inc., Beaverton, OR, USA).
The raw data were post-processed by a bandpass filter based on a digital third-order
Butterworth filter. An average of over 3 subsequent measurements was performed for
each step of the applied stepped acoustic stimulation frequency sweep. The measurement
data obtained from a LabVIEW 2017 (NI, Austin, TX, USA) virtual interface for data ac-
quisition and signal processing were further analyzed and plotted using MATLAB 2019a
(MathWorks, Natick, MA, USA).

2.4. HTB Functionality and ICSP Measurements

After the surgical preparation, the METF and the inner ear hydrodynamic condition
of the cochlea were assessed to confirm proper sound transmission from the ear canal to
the cochlea.

The METF was assessed as the VSTAP in response to acoustic stimulation. It was
calculated and compared with the standard reference values published by the American
Society for Testing and Materials (ASTM) [18].

To verify that no air bubbles that could modify the hydrodynamics of the ICSP were
present in the cochlear fluid, the phase difference between the VSTAP and VRWM was
calculated. A phase difference of 180◦ (SD ± 7.2◦) between the VSTAP and VRWM in the
frequency range between 100 and 500 Hz is an indication that no air bubbles are present in
the cochlear ducts [19].

For sensor insertion, a cochleostomy was performed by an experienced surgeon (A.D.,
M.C.) in the exposed bony basal turn of the cochlea. The first cochleostomy was performed
in the ST and the second in the SV, approximately 1–2 mm medial to the ventral edge
of the RWM. A skeeter drill (Medtronic Xomed, Jacksonville, FL, USA) with a diameter
(0.6 mm) slightly larger than that of the sensor head (0.5 mm) was used. The drilling
process was carried out under saline water to prevent air infiltration to the cochlea through
the cochleostomies. The surgeon confirmed that no damages occurred to the anatomical
structures during the cochleostomy procedure.
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The HTBs were fixed with the cochleostomies located approximately at the highest
point of the cochlea, as depicted in Figure 1B. The sensor used for ST measurements
was navigated using a micromanipulator with seven degrees of freedom and a 10 µm
adjustment precision. The second sensor (SV measurement) was mounted on an articulated
arm with a 2-axis micromanipulator at the base and an additional micro-positioning stage
at the front end to control sensor insertion. A surgical microscope was used to insert the
sensors into the cochlea. The insertion depth of the sensors was adjusted between 0.5 and
1.0 mm for all samples. The liquid level of the cochlea was maintained constant during
sensor insertion to avoid air being entrained in the cochlea fluid. The gap between the
outer rim of the sound receptor tube and the bony cochlear surface was sealed with a thin
layer of soft tissue topped with a layer of Jeltrate to reinforce the seal (cf. Figure 2).
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Figure 2. Schematic drawing of the RWM and the ICARs inserted into ST and SV (left) and a zoomed
microscope image of the basal region of the cochlea (right). The spaces between the ICAR sound
receptor tube and the bone were first sealed with a thin layer of soft tissue and then reinforced
with Jeltrate.

The first ICSP measurement after sensor fixation was used as the baseline measure-
ment for comparison with the ICSP data reported in the literature. The noise floor and
signal-to-noise ratio (SNR) were determined while the acoustic stimulation was switched
off. Only data with an SNR higher 7 dB were considered as results in the present study.

2.5. Reinforcement of RWM

For the reinforcement of the RWM, three clinically used materials were applied: soft
tissue, cartilage, and medical-grade silicone (Invotec International, Inc., Jacksonville, FL,
USA). Soft tissue and cartilage samples were harvested during the surgical preparation of
the HTB sample and kept in a saline solution until use. The reinforcement material was
approximately shaped to the size of the RWM to uniformly cover the whole RWM surface
area. The reinforcement material was applied during the experiment in a specific order that
was defined by an increasing stiffness of the material: soft tissue, cartilage, and silicone.
The order in which the material was applied was defined to minimize the risk of damaging
the RWM during reinforcement.

Remnants of water on the RWM or in the middle ear cavity were removed care-
fully by suction before and after each experiment. The structural integrity of the RWM
was inspected with a surgical microscope and verified for any damage that might have
occurred during the manipulation. The ICSP was recorded after the removal of each ma-
terial to exclude RWM impedance changes caused by the manipulation and as a baseline
measurement for the next material reinforcement step.
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In general, only the effect of the RWM reinforcement on the ICSP was investigated
in the present study. However, in samples HTB-11, HTB-12, and HTB-20, VSTAP was
additionally recorded after RWM reinforcement to verify its effect on the METF and for
comparison with Wegner et al. (2016) research findings (Appendix A).

2.6. Numerical Approach to Assess the Effect of RWM Reinforcement on Cochlear Hydrodynamics

Numerical simulations using two models of the cochlea [8,11] were conducted to
support our experimental data from the ICSP measurements after the RWM reinforcement.
The simulations enabled us to estimate the RWM impedance after reinforcement and its
components, including inertia and stiffness. Quantifying the RWM impedance by the simul-
taneous measurement of PST and the RWM volume velocity (URWM) is challenging, since
the RWM motion modes differ from simple piston movement across frequencies [20,21].
Additionally, after the reinforcement process, the RWM is occluded and the reliable mea-
surement of the URWM is not possible.

Both numerical models considered in the present study are LEMs that rely on the
analogy between electrical, mechanical, fluidic, and acoustic domains to describe the
behavior of a specific physical system as a circuit of lumped elements. The analogy only
holds if the wavelength of the sound wave in the given system’s fluidic or solid medium
is much larger than the largest geometrical dimension of the system [22]. A LEM of the
cochlea transforms its fluid dynamic behavior into an electrical system and represents the
fluidic characteristics by electrical components: inductors (L), capacitors (C), and resistors
(R). The sound pressure (P) and volume velocity (U) are equivalent to the voltage (V) and
current (I), respectively, of an electrical system.

The model published by Nakajima et al. [11] used the stapes volume velocity (USTAP)
to calculate the ZRWM of a normal RWM using the assumption that USTAP = URWM [20]. Due
to the RWM reinforcement, it is doubtful whether this assumption is still valid, as other
anatomical channels (vestibular aqueduct (VA) and cochlear aqueduct (CA)) can be activated
to relieve the pressure. Considering this model limitation, Elliot et al. (2016) [8] presented an
extended model of the cochlea by including VA and CA leakage pathways into their model to
act as high-impedance pressure-relieving channels when the RWM is stiffened. Despite the
mentioned weakness of the Nakajima model if applied on a cochlea with reinforced RWM,
we still considered it for comparison with the experimental data due to its simplicity and the
need for fewer modeling assumptions compared to the Elliot model. A detailed description
of both models, the corresponding model parameters, and a discussion of the results from the
numerical simulations and the experiments are added to Section 4.3.

3. Results
3.1. Validation of the Experimental Method
3.1.1. Assessment of the Middle Ear Function and the Hydrodynamic Condition of the Cochlea

The METF of each HTB and the corresponding median of all samples are shown in
Figure 3A in comparison to the ASTM mean and SD [18]. The median METF follows the
lower end of the ASTM standard range, with a peak at approximately 1.1 kHz. Although
not every HTB showed an METF within the ASTM standard, the corresponding samples
were still considered for the current study, as the main aim was to investigate the relative
ICSP changes caused by RWM reinforcement.

The phase difference between the stapes and the RWM in the low-frequency spectrum
(100–500 Hz) is shown in Figure 3B. Except for HTB-20, all the other HTBs are within a range
defined as a ±7.2◦ phase deviation from half a cycle phase difference. The cochlear duct
system of these HTB samples was therefore considered as free of air bubbles. In HTB-20, the
phase difference decays with increasing frequency and deviates by 20◦ at 500 Hz. Therefore,
HTB-20 was not considered for further investigations with reinforced RWM.
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Figure 3. (A) METF data of 6 HTBs compared with the ASTM F2504e05 standard. The dotted black
line represents the mean ASTM F2504e05 standard and the 95% confidence interval is in blue. The
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for six HTBs in the lower frequency range (100–500 Hz). The dotted black lines represent the ±7.2◦

deviation band from a 180◦ phase difference similar to the study of Frear et al. (2018) [19]. Each HTB
sample is represented by a specific color.

3.1.2. Intracochlear Pressure Measurements in Scala Tympani and Scala Vestibuli

Figure 4A (magnitude) and Figure 4B (phase) display the individual experimental ICSP
data for ST, while Figure 4C (magnitude) and Figure 4D (phase) display the corresponding
data for SV. The ICSP data are normalized with respect to the ear canal pressure PEC and
denoted as the ICSP gain. For comparison, the minimum/maximum range of the ICSP gain
data reported by Nakajima et al. (2009) was plotted in the same graphs as a shaded area.
In general, the ICSP gain values of both scalae were lower compared to the reference data.
For ST, at approximately 500 Hz the median ICSP gain drops below the lower limit of the
reference data range by up to 12 dB. At frequencies above 800 Hz, the median ICSP gain
generally coincides with the lower limit of the reference data range. For SV, the deviation
from the reference data follows a similar trend as for ST, except that the comparatively low
ICSP gain values within the low-frequency range are seen at up to 1.1 kHz. The phase data
for ST and SV can be considered in fair agreement with the reference data.
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3.1.3. Effect of RWM Reinforcement on ICSP Measurement

The typical change in ICSP gain due to RWM reinforcement that was observed in
the present study is illustrated in the data from four simultaneous ICSP measurements on
HTB-10 and HTB-11 using cartilage and soft tissue as reinforcement material (cf. Figure 5).
The individual figures show the ICSP gain for both scalae before (baseline) and after the
RWM reinforcement. In general, a considerable increase in ICSP after RWM reinforcement
was identified in ST at frequencies below 1 kHz. In SV, the corresponding pressure increase
is moderate or even negligible.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 9 of 20 
 

 
Figure 5. Two exemplary cases for the ICSP gain changes in ST and SV after the reinforcement of 
the RWM with soft tissue and cartilage compared to the respective baselines for HTB-10 (A,B) and 
HTB-11 (C,D). The bold lines represent the ICSP gain after reinforcement in each scenario for ST 
and SV (red and blue, respectively) and the dotted line pattern for the baselines in the same light 
color shades. 

The sample HTB-10 experienced the largest increase in ST pressure by more than 15 
dB after adding soft tissue to the RWM (cf. Figure 5A). The cartilage showed similar be-
havior to the soft tissue, despite its higher material stiffness (cf. Figure 5B). It was expected 
that soft tissue could be better adapted to the surface geometry of the RWM and hence 
allow for a more repeatable and efficient means of RWM reinforcement than using stiffer 
cartilage material. However, using HTB-11 cartilage led to a higher pressure in ST than 
using soft tissue (13 dB versus 5 dB, cf. Figure 5C,D), but overall, the change in ST pressure 
was less pronounced compared to that for HTB-10, especially if the effect of reinforcement 
on the SV pressure was considered. The investigations on HTB-10 nicely demonstrate that 
the pressure difference across the partition can be considerably reduced or can even van-
ish after RWM reinforcement and at frequencies below 500 Hz. Consequently, a reduced 
hearing sensation within that frequency range might result from RWM manipulation. 

To highlight the effect of RWM reinforcement on the ICSP in ST and SV for all con-
sidered HTBs, the ratio between the ICSP after (indicated with an apostrophe) and before 
(indicated as the baseline) reinforcement was calculated and denoted as the relative pres-
sure gain. 

The corresponding data are shown in Figure 6. Figure 6A,B quantify the effect of 
cartilage reinforcement in ST and SV for all considered HTBs together with the respective 
medians, and Figure 6C,D show the same but for silicone used as a reinforcement mate-
rial. Finally, the median curves for all the reinforcement materials are summarized in Fig-
ure 6E,F. The individual data for soft tissue are not shown, since they do not provide more 
insight into the effect of RWM reinforcement on the inner ear sound pressure. The data 
confirm the aforementioned considerably higher increase in sound pressure in ST com-
pared to SV after RWM reinforcement and within the low-frequency range (<2 kHz), 

Figure 5. Two exemplary cases for the ICSP gain changes in ST and SV after the reinforcement of the
RWM with soft tissue and cartilage compared to the respective baselines for HTB-10 (A,B) and HTB-11
(C,D). The bold lines represent the ICSP gain after reinforcement in each scenario for ST and SV (red
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The sample HTB-10 experienced the largest increase in ST pressure by more than 15 dB
after adding soft tissue to the RWM (cf. Figure 5A). The cartilage showed similar behavior
to the soft tissue, despite its higher material stiffness (cf. Figure 5B). It was expected that
soft tissue could be better adapted to the surface geometry of the RWM and hence allow for
a more repeatable and efficient means of RWM reinforcement than using stiffer cartilage
material. However, using HTB-11 cartilage led to a higher pressure in ST than using soft
tissue (13 dB versus 5 dB, cf. Figure 5C,D), but overall, the change in ST pressure was less
pronounced compared to that for HTB-10, especially if the effect of reinforcement on the
SV pressure was considered. The investigations on HTB-10 nicely demonstrate that the
pressure difference across the partition can be considerably reduced or can even vanish
after RWM reinforcement and at frequencies below 500 Hz. Consequently, a reduced
hearing sensation within that frequency range might result from RWM manipulation.

To highlight the effect of RWM reinforcement on the ICSP in ST and SV for all considered HTBs,
the ratio between the ICSP after (indicated with an apostrophe) and before (indicated as the baseline)
reinforcement was calculated and denoted as the relative pressure gain.

The corresponding data are shown in Figure 6. Figure 6A,B quantify the effect of
cartilage reinforcement in ST and SV for all considered HTBs together with the respective
medians, and Figure 6C,D show the same but for silicone used as a reinforcement material.
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Finally, the median curves for all the reinforcement materials are summarized in Figure
6E,F. The individual data for soft tissue are not shown, since they do not provide more
insight into the effect of RWM reinforcement on the inner ear sound pressure. The data
confirm the aforementioned considerably higher increase in sound pressure in ST compared
to SV after RWM reinforcement and within the low-frequency range (<2 kHz), where pressure
changes are attributed to RWM reinforcement. The large variation in relative pressure gain
between the individual samples is noticeable. With cartilage reinforcement, the gain in ST can
reach a maximum gain of up to 25 dB (HTB-12), but in another trial a maximum gain as small
as 5 dB was identified (HTB-9). The other reinforcement materials show similar variations
between the samples. Considering the median values, cartilage provides the highest increase
in ST pressure, followed by soft tissue. Although silicone is regarded as the material with
the highest stiffness of the three materials considered in the present study, it shows the
lowest efficiency for RWM reinforcement. We believe that the proper placement of the
reinforcement materials that are in good contact with the RWM is crucial for a high and
repeatable reinforcement effect. The relatively stiff silicone material makes it challenging
to achieve this requirement. Furthermore, larger anatomical variations in the RWM niche
between samples and the lack of ability to objectively assess the placement of the material
on the RWM make it difficult to achieve a better repeatability between individual samples.
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4. Discussion
4.1. Validation of the HTB Functionality

The functionality of the HTB samples was assessed by using the METF against the
standard ASTM and verifying the phase difference between the stapes and the RWM at
low frequencies (cf. Figure 3). The METF of several samples was below the ASTM standard
range across the whole considered frequency range (200 Hz–8 kHz). We assume that the
lower METF is mostly the result of age-related effects, such as a less compliant tympanic
membrane that reduces the sound energy transmitted to the middle ear [23]. The mean age
of the sample was 74 years. In addition, the ossicles and soft tissue structures in the middle
ear are subjected to common diseases that can affect the METF [24]. The freezing of the
HTBs after extraction might affect the membranous structures such as the RWM and TM.
Therefore, using fresh samples might lower the variability of the RWM reinforcement effect
on the ICSP between individual samples. During the experiment, the samples were kept
from drying with assisted moisturization. However, the drying of the sample during the
time taken for preparations and measurements cannot be completely ignored [25]. After the
cochleostomy in ST and SV were drilled and the sensors were inserted the surgeon visually
confirmed that no damages occurred to the middle or inner ear structures. Additional
confirmation of the HTB functionality after sensor insertion by measuring the stapes and
RWM motion was not feasible due to the obstructed visual access to the stapes by the
two hydrophones.

The measured ICSP data were compared with the corresponding data reported by
Nakajima et al. [11]. A trend towards lower values than the reference data was also
observed during the ICSP measurements. Mainly at frequencies below 2 kHz, where
the effect of RWM reinforcement on the ICSP is significant, the measured ICSP data
were well below the lower limit of the reference data. While in the present study we
are more interested in changes in the ICSP due to RWM reinforcement than in absolute
pressure values, it is important to assess the hydrodynamic condition of the cochlea
under investigation and thus confirm that the comparatively low METF and ICSP data are
not related to the inner ear mechanics. This was accomplished by calculating the input
impedance (ZC) of the cochlea, which is defined as the ratio between the vestibuli pressure
PSV and the volume velocity of the stapes (VSTAP * A), where A (3.2 mm2) indicates the
area of the stapes footplate [11,23]. The VSTAP was measured prior hydrophone insertion,
as simultaneous measurements of ICSP and the VSTAP were not possible due to space
restrictions in the opened middle ear cavity. The data were then compared with several
reference data from the literature [11,23,26]. The behavior of the ZC closely resembles
resistive behavior, as the phase data show values close to zero across the considered
frequency range and similar to the reference data (cf. Figure 7). The wider SD in the phase
data above 1 kHz suggests that the complex motion of the stapes gains significance. This
could have been alleviated by using a 3D LDV for stapes velocity measurements instead
of a single-point LDV, as available for the present study [11]. The median magnitude of
ZC is in good agreement with Aibara et al. (2001) and slightly below the data of Nakajima
et al. (2009) until 6 kHz. Above 6 kHz, a larger deviation can be identified between our
data and the reference data. Since the effect of RWM reinforcement on the ICSP is limited
to frequencies below 2 kHz, the HTBs used in the present study can be classified as being
valid for this study.
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4.2. Effect of RWM Reinforcement on the ICSP

Using cartilage as a reinforcement material, a maximum median (of all samples) PST
change of 13 dB was identified after the RWM reinforcement (cf. Figure 6). In general,
significant RWM reinforcement-induced changes in PST were observed only at frequencies
below 2 kHz. These results are in good agreement with the corresponding data reported
previously by Guan et al. (2018) for one HTB [13]. The sound pressure in the basal
part of the scala vestibule (PSV) did change considerably less (<3 dB) than in the scala
tympani. This behavior indicates that pressure-relieving mechanisms such as the cochlear
and vestibular aqueducts prevent a strong increase in ZC due to the stiffened RWM. The
fact that RWM reinforcement did not have a significant influence on the stapes velocity
(cf. Figure A1, Appendix A) further confirms the relevance of the aqueducts as soon the
RWM is reinforced. However, Guan et al. (2018) reported an increase in PSV of up to 10 dB
after stiffening the RWM with a combination of perichondrium, cartilage, and Jeltrate,
whereas in our study, we could only observe a pressure increase below 3 dB using cartilage.
Nevertheless, it is important to note that the results of Guan et al. (2018) stem from only
one HTB sample.

Considering the individual samples instead of the averaged data, RWM reinforcement-
induced changes in PST of up to 25 dB but also below 5 dB were observed. We expect that
the large variation in the reinforcement effect between individual samples was mainly
due to the manipulation of the material during the reinforcement of the RWM. The com-
paratively small effect of the reinforcement on the ICSP using silicone with the highest
material stiffness of the three considered materials confirms our assumption. Using a
stiff reinforcement material makes it challenging to firmly attach the material to the 3D
curvature of the RWM. In addition, the placement of the material must be conducted with
great care to minimize the risk of RWM damage and, hence, loss of the sample.

To assess the effectiveness of the reinforcement procedure, one would need to quantify
the RWM impedance after reinforcement from the simultaneous measurement of the
RWM volume velocity and PST (ZRWM = PST/URWM). This is difficult to accomplish,
mainly due to the opaque nature of the reinforcement material, which prevents the direct
interrogation of the RWM motion using the LDV. Estimating the RWM motion from the
velocity measurements on the surface of the reinforcement material is inappropriate because
of the relatively thick reinforcement material and its uncontrolled interface with the RWM.
A better alternative to the reinforcement material used in the present study would be
a transparent material that also provides a good binding with the RWM. A transparent
hydrogel compound developed by Wei et al. [27] which directly reacts with biological
tissues might be an option for further research. Besides the advantages of a well-controlled
interface between the hydrogel and the RWM and direct optical access to the RWM, the
hydrogel might also allow for a stepwise increase in RWM stiffness during the curing
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process. A reinforcement material with such properties would allow for more repeatable
and controllable measurement conditions, which we see as crucial in order to gain a more
quantitative knowledge of the RWM reinforcement effect on the cochlear hydrodynamics.

4.3. Comparison with Numerical Calculations and RWM Impedance Estimation

In the present study, we were not able to estimate the RWM impedance after reinforce-
ment by experimental means. Instead, two numerical LEM models of the cochlea proposed
by Nakajima et al. (2009) and Elliot et al. (2016) were used to approximate the missing
quantity from the best fit between the model and the experiment. Nakajima proposes
a simple model of the cochlea that assumes an equal volume velocity between the oval
and round window, an assumption that is not compatible with a reinforced RWM leading
to a reduced vibrational motion of the RWM but a similar stapes velocity as before the
reinforcement. Elliot’s model tries to account for this effect by considering cochlear and
vestibular aqueducts that act as pressure relief elements in parallel with the RWM.

4.3.1. LEM of the Cochlea Proposed by Nakajima et al. (2009)

Nakajima et al. proposed a simple LEM of the cochlea (cf. Figure 8) that describes
the cochlea input impedance ZC as a serial circuit containing two lumped parameters, the
impedance of the cochlear partition (ZDIFF) and ZRWM (Equation (1)):

ZC = ZDIFF + ZRWM (1)
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Figure 8. LEM circuit of the cochlea proposed by Nakajima et al. (2009). Ground connection
represents the sound pressure at the surgically opened middle ear cavity that is assumed to be zero.

ZDIFF was experimentally determined in several studies [8,11,19,23]. The magnitude
of ZDIFF represents a resistive behavior independent of the frequency, and the phase is
approximately close to zero cycles for most frequencies. Hence, ZDIFF can be approximated
with one lumped parameter describing the resistive behavior (RDIFF). The ZDIFF value from
Aibara et al. (2001) was used in both models. ZRWM was calculated using the proposed
iterative Foster form network model with predetermined parameter values (Table 1). An
adapted figure of the RWM LEM from Nakajima et al. (2009) is added for clarification in
Table 1 [11].
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Table 1. Parameter values used in Nakajima et al.’s lumped element model (LEM).

Lumped Element Inclusive Elements SI Unit Value Reference

ZDIFF RDIFF Nsm−5 2.0 × 1010 [23]

ZRWM
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The USTAP is considered as the input to the cochlea. According to Stenfelt et al. (2004)’s
findings, the magnitude of USTAP approximately equals the magnitude of URWM [20].

USTAP = URWM (2)

ZDIFF = (PSV − PST)/USTAP (3)

As we have confirmed by experiments (cf. Appendix A), and as is also reported in the
literature [5,13], the input to the cochlea can be assumed to not be affected by the RWM
reinforcement—i.e., USTAP = U’STAP, where the apostrophe denotes the conditions after
RWM reinforcement. The model further assumes equal RWM motion before and after
reinforcement (URWM = U’RWM). Considering these assumptions and using the equations
for PST (P’ST) ((4) and (5)) and PSV (P’SV) ((7) and (8)), respectively, the relative pressure
gain ( P′ST

PST
and P′SV

PSV
) caused by the RWM reinforcement can be derived as the ratio between

the RWM impedance after and before reinforcement for ST (6) and the ratio between the
cochlea input impedance after Zc′ and before reinforcement Zc for SV (9).

Before reinforcement for ST:

PST = URWM ∗ ZRWM (4)

After reinforcement for ST:

P′ST = U′RWM ∗ Z′RWM (5)

From Equations (4) and (5) and the assumption URWM = U′RWM:

P′ST
PST

=
Z′RWM
ZRWM

(6)

Similarly, before reinforcement for SV:

PSV = USTAP ∗ (ZDIFF + ZRWM) (7)

After reinforcement (for SV):

P′SV = U′STAP ∗ (ZDIFF + Z′RWM) (8)

Since USTAP = U′STAP:
P′SV
PSV

=
ZDIFF + Z′RWM
ZDIFF + ZRWM

(9)

4.3.2. LEM of the Cochlea Proposed by Elliot et al. (2016)

In contrast to the LEM of Nakajima et al., the model proposed by Elliot et al. (2016)
includes high-impedance leakage pathways. These are the CA connected to ST and the VA
connected to SV. The circuitry describing the model is shown in Figure 9. As a consequence



Appl. Sci. 2021, 11, 5062 14 of 19

of the alternative pressure-relieving paths that are considered in the model, the URWM and
U′RWM (after reinforcement) can be of different magnitudes. However, USTAP (the input
to the cochlea), ZVA, and ZCA are assumed to not be affected by the reinforcement of the
RWM. Based on these assumptions, the relative pressure gain can be calculated for the ST
and SV using Equations (10) and (11).

P′ST
PST

=
Z′RWM
ZRWM

 (ZDIFF + ZVA)
(

1 + ZRWM
ZCA

)
+ ZRWM

(ZDIFF + ZVA)
(

1 + Z′RWM
ZCA

)
+ Z′RWM

 (10)

P′SV
PSV

=

 (ZDIFF + ZVA)
(

1 + ZRWM
ZCA

)
+ ZRWM

(ZDIFF + ZVA)
(

1 + Z′RWM
ZCA

)
+ Z′RWM

 ZDIFF

(
1 + Z′RWM

ZCA

)
+ Z′RWM

ZDIFF

(
1 + ZRWM

ZCA

)
+ ZRWM

 (11)
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The parameters and their respective values are summarized in Table 2.

Table 2. Parameters and respective values used in Elliot et al.’s LEM.

Lumped Element Inclusive Elements SI Units Value Reference

ZDIFF RDIFF Nsm−5 2.0 × 1010 [23]

ZRWM

LRWM Ns2m−5 1.0 × 106

[8]

RRWM Nsm−5 2.5 × 109

CRWM N−1m5 1.0 × 10−13

ZVA
LVA Ns2m−5 5.1 × 107

RVA Nsm−5 1.1 × 1010 ×
√

f
1000 Hz

ZCA
LCA Ns2m−5 5.6 × 108

RCA Nsm−5 3.5 × 1011 ×
√

f
1000 Hz
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4.3.3. Results

Considering cartilage as a reinforcement material, the best fit between the two models
and the experiment (median data) is achieved if a compliance value that is five times smaller
than the initial RWM compliance (C0) and an inertance (added mass) that is twice the initial
inertance (L0) are considered for the lumped parameter representing the reinforced RWM.
Cartilage reinforcement was chosen for the comparison, as it produced, on average, the
highest increase in inner ear pressure (cf. Figure 6E). As a comparison, Elliot et al. (2016)
reported a reduction in the RWM compliance by a factor of 10 to 100 after the implantation
of a cochlear implant.

As illustrated in Figure 10A, Nakajima’s model with twice the initial RWM inertance
(2L0) and one fifth of the initial RWM compliance (0.2 C0) is in fair agreement with the
experimentally determined relative pressure gain in ST and SV at frequencies above 500 Hz.
Below 500 Hz, the model overestimates the relative pressure gain by up to 6 dB in ST
and 3 dB in SV. In comparison, Elliot’s model overestimates the reinforcement effect at
low frequencies even more but predicts lower values in ST than the experiment between
500 Hz and 1 kHz. The relative pressure gain curve peaks below 200 Hz in the positive
direction and shows a negative peak at 800 Hz. If the initial RWM compliance is reduced
by a factor of 100 (the highest stiffening of the RWM Elliot observed after CI implantation),
both peaks become more pronounced, rise in magnitude, and are shifted towards a higher
frequency (700 Hz and 3.6 kHz). This curve characteristic stems from the cochlear and
vestibular aqueducts ZCA and ZVA. The peak magnitude and frequency of occurrence are
dependent on the RWM compliance. The experimental data representing the ST show
a clear indication of a positive peak in the relative pressure gain curve, but a negative
peak cannot be identified in the averaged data. Looking at the data of the individual
HTBs, a negative peak is obvious in the relative pressure gain curve for certain HTBs and
reinforcement materials (cf. Figure 6A,C). The reason why the negative peak is damped
out for certain samples has not yet been clarified. To obtain a better agreement (especially
in the frequency) between Elliot’s model and the experimental data, a closer parameter
optimization of the lumped elements representing the aqueducts or even an adaption of
the whole model seems to be necessary. Such model optimization was beyond the scope
of the present study. The limitation of Nakajima’s model becomes obvious at high RWM
reinforcements, where the assumption of equal volume velocities at the oval and round
window (USTAP ≈ URWM) breaks down. For a 0.01 C0 RWM impedance, the model predicts
a high relative pressure gain above 40 dB that we were not able to reproduce with our
experiments and that does not appear very realistic.
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Figure 10. Experimental relative pressure gain values of reinforced RWM with simulated data. Ex-
perimental data with cartilage reinforcement (median and SD) and simulated values from two models
(Nakajima et al. and Elliot et al.) are represented for (A) ST and (B) SV. After reinforcement, the
RWM inertance is set to twice the initial value to mimic the added mass effect with materials during
reinforcement. RWM compliance after reinforcement was set to an initial compliance (C0) of 0.2 and 0.01.
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4.4. Effect of RWM Reinforcement on the Pressure Difference across the Partition

The pressure difference PDIFF across the basal part of the cochlear partition triggers
the propagation of the traveling wave on the basilar membrane and, hence, is an important
measure to assess the influence of RWM reinforcement on the hearing sensation. The PDIFF
of each HTB sample was calculated in the complex domain as the difference in pressure
in the SV and ST normalized with the ear canal pressure PEC. To illustrate the RWM
reinforcement-induced change in PDIFF, the ratio between PDIFF after and before RWM
reinforcement was calculated and depicted in dB. Figure 11A shows the corresponding
ratio for cartilage and Figure 11B shows it for soft tissue reinforcement. Only data at
frequencies below 2.2 kHz are considered where changes in ISCP can be attributed to RWM
manipulations. For certain HTB samples, reinforcement materials, and frequencies, the
pressure in SV and ST showed almost the same magnitude or an even higher pressure in
ST than in SV (cf. Figure 5). Such pressure conditions are not physical and are attributed to
the measurement uncertainty of the sensor system and other interfering effects. However,
these invalid data were removed and not considered for further analysis (certain curves
not continuous). Except for HTB-19, where the PDIFF was reduced by up to 5 dB using
cartilage and up to 10 dB using soft tissue, the change in PDIFF was small or even negligible.
The reason for this is that the PDIFF is mainly pretended by the vestibuli pressure, which is
significantly larger than the pressure in ST. Despite the clear increase in ST pressure after
reinforcement that is obvious throughout the samples, it has a mostly negligible effect on
PDIFF or is compensated by an increased vestibuli pressure.
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Figure 11. Ratio between the pressure difference across the cochlea partition normalized to the ear canal
pressure ( PSV−PST

PEC
) after and prior RWM reinforcement with cartilage (A,C) and soft tissue (B,D). In

(A,B), PDIFF was calculated in the complex space considering the phase shift between PSV and PST. In
(C,D), zero phase shift was assumed for the PDIFF calculation. Invalid data (discontinuous curves) arise
due to the uncertainties in the sensor measurements, and other interfering effects were neglected.
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Another reason for this that might explain the small effect of RWM reinforcement on
the PDIFF is the phase shift between the pressure in SV and ST, which deviates significantly
from zero for certain HTB samples (cf. Figure 4C,D) and, hence, reduces the effective
PDIFF. An existing phase shift between the two pressure readings at low frequencies
contradicts the theory of a fast wave propagating down the perilymph-filled cochlea
duct [28]. Considering an approximately 70 mm-long channel between the oval and round
window [29] and a propagation speed similar to the speed of sound in water, a phase shift
of less than 18◦ at 1 kHz should arise between the pressure in the basal part of the SV
and ST. Moreover, the phase shift of 180◦ that was measured in the present study between
the motion of the oval and round window at low frequencies (cf. Figure 3B) stipulates a
vanishing phase shift in the simultaneous ICSP readings at low frequencies. Thus far, it is
not clear why for certain HTBs the phase shift deviates from the expected range. We do not
assume a measurement (system)-related problem, mainly because a similar phase shift in
the pressure readings can also be observed in the study of Nakajima et al. (2009), where
another pressure measurement system was used. We believe, rather, that the hydrophone
signals might be distorted by mechanical vibrations of the sample, which are triggered by
the acoustic stimulation and inducing pressure fluctuations in the cochlear fluid. However,
Figure 11C,D illustrate the effect of RWM reinforcement on the PDIFF if no phase shift in
the pressure readings is assumed. In this case, HTB-10, HTB-12, and HTB-19 show an
RWM reinforcement-induced change in the PDIFF of up to 20 dB for cartilage and even
more than 20 dB with soft tissue as the reinforcement material. The other samples still
show a negligible influence of RWM reinforcement on PDIFF that can be attributed to a less
effective reinforcement due to the difficultly in handling the material. A change in PDIFF of
20 dB or more might be an indication that the clinically observed loss in residual hearing at
low frequencies after CI implantation through the RWM might be attributed to an RWM
that is stiffened by the CI electrode.

5. Conclusions

In the present study, we performed simultaneous ICSP measurements on HTBs to
investigate the influence of RWM reinforcement on the sound pressure in the basal part of
the ST and SV. The resulting pressure difference induces the traveling wave on the basilar
membrane and, hence, is regarded as an important measure for hearing sensation.

The experiments revealed RWM reinforcement-induced changes in ICSP within the
low-frequency range (<2.2 kHz), with the largest effect in ST below 1 kHz. In ST, a sound
pressure increase of up to 25 dB was observed after RWM reinforcement. In contrast to the
literature, we could identify a considerably smaller pressure rise in SV (<10 dB). The effect
of the RWM reinforcement on ICSP varied largely between the individual HTB samples.
The poor repeatability was mainly attributed to the difficult handling of the reinforcement
material during RWM reinforcement, together with the lack of a direct measurement of the
RWM impedance after reinforcement. Suggestions for a more appropriate reinforcement
material that could considerably improve the repeatability of the experiment were made.
The question raised in the literature—whether an artificially or pathologically reinforced
RWM may cause conductive hearing loss at low frequencies—cannot be conclusively
answered by this study. However, some data indicate a drop in the pressure difference
across the partition of almost 10 dB. If the phase shift between the pressure readings in
SV and ST is neglected, the resulting PDIFF can even drop by more than 20 dB after RWM
reinforcement. This is in the range of the clinically observed low-frequency hearing loss that
can occur after CI surgeries. To provide better evidence in this context, the methodology
of RWM reinforcement and ICSP measurement would require further improvement to
increase the reinforcement effectiveness and the repeatability of the experiment.
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Appendix A. Stapes Velocity Measurements with RWM Reinforcement

The effect of RWM reinforcement on the METF (VSTAP normalized to PEC) was deter-
mined in three HTBs. It is plotted in Figure A1 as the difference between the METF in dB
after and before reinforcement. Beside the data from the individual HTBs, the correspond-
ing median and the reference data from Wegner et al. (2016) are also added to the plots.
The left figure represents the case with soft tissue and the right one with cartilage as the
reinforcement material.
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Figure A1. Effect of RWM reinforcement on the METF expressed as the difference between the
METF in dB before and after the reinforcement with (A) soft tissue and (B) cartilage. The thick
dashed-dotted lines represent the corresponding median values. The solid lines with circular markers
indicate the reference data extracted from Wegner et al. for perichondrium (n = 9) and cartilage
(n = 4), respectively.

Within the low-frequency range (<2 kHz), where piston-like motion pretends the
vibration behavior of the stapes footplate, a RWM reinforcement-induced change in the
METF of less than 1 dB was identified. This confirms the work of Wegner et al. (2016) and
Guan et al. (2018) claiming a negligible effect on the METF due to RWM reinforcement [5,13].
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