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ABSTRACT

Vestibular aqueduct is a precise structure embedded in the temporal bone and plays a key role
in the physiological function of inner ear by maintaining the endolymphatic circulation and buf-
fering the impact from intracranial pressure. Although the alterations on the morphology or vol-
ume of vestibular aqueduct result in variety of diseases, the approaches of evaluating the
condition of vestibular aqueduct are still unsatisfing because the pathological sections utilized
for the 3D construction model most likely undergoes morphological changes. In this study, the
vestibular aqueduct images obtained by CT scanning were processed by finite element method
to construct the 3D model. To assess if this numerical model reflects the actual biomechanical
properties of vestibular aqueduct, the fluid-solid coupling calculation was applied to simulate
the endolymphatic flow in the vestibular aqueduct. By measuring the dynamics of endolym-
phatic flow, and the pressure and displacement on round membrane under external pressure,
we found the numerical 3D model recapitulated the biomechanical characteristics of the real
vestibular aqueduct. In summary, our approach of 3D model construction for vestibular aque-
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duct will provide a powerful method for the research of vestibular aqueduct-related diseases.

1. Introduction

As the bony tunnel inside the petrous pyramid of
temporal bone, vestibular aqueduct (VA) starts from
the medial wall of inner ear vestibule, extends parallel
to the common crus, passes the anterior opening of
sigmoid sinus and terminates at the posterior cranial
fossa (Alemi and Chan 2015; Claréds et al. 2017). VA
is filled with endolymphatic ducts connecting endo-
lymphatic sac, inner ear vestibule and cochlea
together, which plays a critical role in maintaining the
metabolism and environment of membranous laby-
rinth and inner ear by draining the metabolic prod-
ucts in semicircular canals and utricle into sigmoid
sinus (Ferster et al. 2017; Mendenhall et al. 2018).
Therefore, VA is also putatively regarded as a crucial
structure to ensure the circulation between endo-
lymphma and perilympha, which deficiency can
impair the nutrition of inner ear cells, the sonic trans-
duction to hairy cells and balance sensation of

sensory cells. Clinically, the dilation and constriction
of VA cause congenital sensorineural deafness and
Meniere disease, respectively (Sennaroglu et al. 2001;
Song et al. 2018; Bachinger et al. 2019). For instance,
VA can buffer intracranial pressure by connecting
cochlea aqueduct and cerebrospinal fluid, while the
buffer capability of an enlarged VA is dramatically
decreased (Carlborg and Farmer 1983; Walsh et al.
1999). In such condition, a sudden increased intracra-
nial pressure will be directly transmitted to inner ear
via the enlarged VA, leading to sudden deafness, ver-
tigo and tinnitus by breaking the membranous laby-
rinth and mixing the endo- and perilymphma.
Therefore, the investigation on the morphology and
biomechanical characteristics of the VA would shed
light on the understanding of the VA or lympha asso-
ciated diseases.

The inner ear is embedded deeply in temporal
bone, making its elaborate structure hard to be
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accessed by routine approaches. Although the CT
image can demonstrate the labyrinth in detail, it only
predicts the lesion extent by measuring external open-
ing of VA because the VA is far more tiny than the
labyrinth (Takagi and Sando 1989; Koesling et al. 2006;
Maiolo et al. 2013; Santos et al. 2017). Taking the
advantage of histological and pathological knowledge
accumulated in the past decades, the precise structure
of VA can be read in the histological sections (Arnold
and Lang 2001). However, the complicated manipula-
tion during the section preparation is prone to change
the original shapes of samples, making the histological
images unreliable for the three dimensional re-con-
struction, especially for the elaborate structure of VA.
Thus, the 3D numerical model based on the high reso-
lution CT or MRI images seems to be the only means
to get an accurate 3D model of VA.

Currently, not only the rigid structure, but also the
biomechanical property of VA attracts the more and
more concentration of researchers (Wilbrand et al.
1974; Lei et al. 2003). Since the physiological function
of VA is performed by the endolymphatic fluid which
current distribution, velocity and pressure are affected
by the morphology of VA, the interactions between the
solid wall of VA and the flow of endolympha actually
determine the auditory function and sensory balance.
For example, the dilated VA can reverse the flow of
endolympha, resulting in the high osmotic fluid from
endolymphatic sac into cochlea and vestibule (utricle
and saccule) (Takeuchi et al.1990; Andrews 1997).
Then, the back-flowed endolymphatic fluid causes sen-
sorineural deafness by injuring the hair cells on basal
membrane of cochlea, and vertigo by damaging the
sensory neuroepithelial cells in utricle and saccule.

In this study, we not only reconstructed a numer-
ical 3D model of a normal VA for its static morph-
ology and structure, but also simulated the
biomechanical dynamics of this finite element model
based on the fluid-solid coupling analysis. Our
model would provide a powerful method for bio-
mechanical study of inner ear, as well as to find out
the biomechanical pathogenic mechanism of VA
related disorders.

2. Materials and methods
2.1. Sample and scanning

A temporal bone fixed in 10% formaldehyde solution
was obtained from the Anatomy Center of Dalian
Medical University. The donor was a 62years old
male donor without the history of auditory diseases.
A patch of 10x8 x 5cm (containing cochlea,

semicircular canals and vestibule) was dissected from
the left temporal bone for Micro-CT scanning (GE
explore Locus). It took 35minutes to scan the patch
in the layer thickness of 55um and got 253 images
containing inner ear.

2.2. CT image selection and 3D model
construction

The 253 images in DICOM format were processed
with Mimics 20.0 was utilized for 3D reconstruction
by the Precision T7810 workstation with the CPU of
Intel® E5-2620 v3. The different densities in the sam-
ple were distinguished by the gray scale from to
—1204 to —657 in the DICOM images. In the mask
of the inner ear produced by Mimics 20.0, only the
cochlea, semicircular canals, vestibule and VA were
preserved to reconstruct the 3D model of membran-
ous labyrinth in the format of Binary STL. The STL
files were processed by Geomagic 12.0 for polishing,
denoising and meshing to get the 3D model with
smooth surface. The diameters and areas of VA and
round window were measured in the model for fur-
ther finite element analysis.

2.3. Finite element model and
numerical simulation

The model was imported into Ansys 15.0 for mesh
generation and numerical simulation.

1. The current state was calculated by Reynolds
number (Re): the dynamic viscosity of endolym-
pha (u) was 1x107° Pas§, density (p) was
1000kg/m3 and velocity (v) was 5.74cm/s
(Dickman and Correia 1989; Li et al. 2012); the
internal diameter of VA (d) was 0.86 mm; the
round membrane was designed as exit with a
elastic modulus of 3MPa, a thickness of 70 um, a
diameter of 1.608 mm, area of 2.03mm’ and
Poisson’s ratio was 0.3 (Carpenter et al. 1989).

Since Re=pvd/y, when d=1mm, the Re=
1000 x 0.00547 x 0.00086/1 x 10> ~ 5. In such case,
the influence of viscosity is larger than the force of
inertia, in which the current is supposed to be lam-
inar flow. Therefore, the laminar formula was applied
in the fluid-solid couple calculation.

2. The fluid-solid coupling interactions between the
endolymphmatic flow and the bony wall of VA
were analyzed by the Ansys 15.0.
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The main governing equation of fluid:

(1) continuity equation:
u_ v ow_
ox 0Oy 0z

(2) Navier-Stokes equation:
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Here, fluid density (p), dynamic pressure of fluid (p),

kinematic coefficient of viscosity (v), the mass force

(f) and velocity vector (u). The left sides of the equa-

tions is the accelerated velocity of fluid micelle, while

the right sides of the equations represent the positive
pressure, the volume force and the viscous shear force
of fluid micelle, respectively.

(3) The governing equation of solid: p.ds =
V x a5 + f solid density (Py), the structural dis-
placement field of solid (as), Cauchy stress ten-
sor (o) and structural force vector of
solid (f5).

(4)  Fluid-solid Coupling Boundary Condition:
{‘L'f KNf = Ty ¥

dr = ds

Here, the shear tensors on the mass points of solid
boundary (t4), and the shear tensors on the mass
points of fluid boundary (ts). The displacements of
the mass points in solid (d,), and the displacements
of the mass points in fluid (dy).

3. Pressure setting

Since the previous study demonstrated that the
pressure of cerebrospinal fluid could rise from 0.5 kPa
to 300kPa under impacts (Cao et al. 2016), we set a
sine pressure confined to Weibull distribution onto
the 3D model. The fluid-solid coupling calculation
was performed under the pressure loading lasting
0.02s, the time step of 200 and the pressure
of 200 kPa.

(5) Weibull distribution:

ko) le @ x>0,
x<0,

o) = { 4

x represented a random variable; / was the scale par-
ameter and larger than 0; k was the shape parameter
and larger than 0. During simulation, k was set as 3
and / as 6.

3. Results

3.1. The construction and mesh generation of the
3D model of VA

By utilizing Mimics 20.0, the DICOM images of the
CT scanning were treated to form the mask of inner
ear (Figure 1A, B). Then, according to the different
gray scale of the tissues, only the regions of cochlea,
semicircular canals, vestibule and VA were collected
for 3D reconstruction. After polished by Geomagic
studio 12.0, the smooth 3D model of inner ear was
present as in Figure 1(C, D). The 3D model of inner
ear was meshed by ANSYS and divided into 4 parts,
including entrance (the touching surface between
endolymphatic sac and cerebral dura mater), exit (the
surface of round window), surface mesh (the surface
between entrance and exit) and body mesh (the fluid
between entrance and exit). The meshed 3D model
was a mixture of tetrahedron body and the boundary
of 3 layers of prism by adjusting mesh number, and
the maximal and minimal size of the mesh (Figure
1E, F). The fluid part of the three-dimensional model
of the inner ear was meshed into 77,824 nodes,
228,893 elements and 41,581 tetrahedra. In the solid
module, the selected membrane portion of the round
window is grid separately by the Ansys Transient
Structural into 868 nodes and 5319 elements.
According to the 3D model, we measured the middle
segment of VA diameter as 0.58 mm, the exit diam-
eter as 0.86 mm. Since the VA width was reported as
0.4-1.0 mm, averagely 0.7 mm (Paparella et al. 1983),
this model was suggested to reflect the normal
morphology of VA, and fit for further biomechan-
ical study.

3.2. Boundary conditions and model set up

To perform the independence tests on the pressure,
displacement and velocity in the simulation, we set
the round window without membrane as the exit and
only the flow in the 3D model was taken into
account. Since the exit was communicated with
atmosphere, the wall velocity was supposed to be
zero. Because the structure key to flow state was
located in VA, the velocity and pressure on the nar-
rowest cross section of the VA in the 3D model were
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Figure 1. Generating 3D model of inner ear (A, B) the mask of the inner ear in Mimics 20.0; (C, D) the reconstruction model of

3D structure of inner ear; (E, F) the finite element mesh.

measured to evaluate the fluid dynamics (Figure
2A, B).

For the fluid-solid coupling calculation of the
endolymphatic fluid in the VA model, the pressure
loading time was set as 0.02s, the time step as 200
steps and the maximal pressure as 200kPa (Figure
2C). The round membrane was designed as the solid
phase and meshed by Ansys Transient Structural into
5319 elements and 868 nodes. The pressure loading,
namely the pressure of the VA endolymphatic fluid
under external force, was transmitted by System
Coupling onto the fluid-solid interface (FSI) in the
VA model. The displacement of the solid phase by
external force would be transmitted to FSI in the fluid
field to realize the continuous transmission between
force and displacement.

To obtain the convincing data, the independence
tests were checked in the 3D model with the several
different mesh numbers. However, we found that
when the mesh number was over 220,000, the vel-
ocity-displacement curves in the points of the narrow-
est cross section were approximate to one another
(Figure 2D), indicating that the difference in mesh
numbers led to little variance and one of the mesh
numbers was adequate to the simulation. Thus, we
selected the smaller mesh number, 228,893, in further
study to reduce the work load of the fluid-solid cou-
pling calculation.

3.3. The biomechanical property of VA in fluid-
solid coupling calculation

In such conditions, the simulation of endolymphatic
flow in the 3D model showed that except in the exit
and adjacent region of VA, the flow currents in the
field of bony labyrinth were homogenous. The static
pressure in the VA was distributed evenly along the
full length duct, but much lower than those in other
parts of the model (Figure 3A). Even when the intra-
cranial pressure reached 100Pa, it would decrease
dramatically to —3.21Pa in the narrowest section of
VA after delivered into the endolymphatic fluid
through the endolymphatic sac in bony labyrinth. On
the other hand, the velocity of the endolymphatic
fluid was evenly distributed in the VA, but reduced
noticeably at the exit. The maximal velocity of
0.37 m/s was detected in the narrowest section of VA,
which diameter was 0.58 mm. In contrast, the veloc-
ities in the bony semicircular canals and cochlea were
almost identical and close to 0 m/s (Figure 3B).

We found that in the pressure entrance, when
200kPa was exerted in the manner of Weibull distri-
bution, the entrance pressure presented as a smooth
curve with the time duration and raised rapidly from
0.001 to 0.002s (Figure 3C). However, the pressure
on round membrane, which passed through VA and
bony labyrinth, gave rise to the repeated resilience,
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Figure 2. Parameters on the 3D model (A, B) the narrowest cross section of the inner ear model; (C) the time step-pressure func-
tion for the simulated external forces; (D) the speed-displacement curve under different grids.

though the tendency of its changing curve was similar
to that of the entrance pressure. The displacement of
round membrane would almost linearly raise from
0.001 to 0.002s if the pressure was exerted on the
round membrane (Figure 3C). When the pressure was
buffered by VA, the displacement of round membrane
increased a little slower and the resilience also took
place (Figure 3D).

4, Conclusion and discussion

As one of the most practical biomechanical technolo-
gies, the fluid-solid coupling dynamics has been
widely applied in biomedical research. Fluid-solid
coupling dynamics is characterized by the interactions
between the fluid and solid phases, in which the flex-
ible surfaces of the solid phase are altered by flow
current and vice vers. In human, the typical fluid-
solid coupling fields are detected in the airway
(between air flow and bronchi), coronary artery
(between blood flow and vessel walls) and capillary
vessels (between serum flow and red blood cells)

(Soltani and Chen 2013; Ii and Wada 2017; Samaee
et al. 2017). In our research, fluid-solid coupling
dynamics was analyzed in the inner ear and VA for
the first time to disclose the pathophysiological mech-
anism of inner ear diseases.

As the narrowest part of membranous labyrinth,
Reissner’s membrane separates endolympha from per-
ilympha. However, there is no tension exerted on the
Reissner’s membrane, through which the pressure can
be transmitted from perilympha into endolympha
without significant decrease (Takeuchi et al. 1990).
Thus, in the fluid-solid coupling calculation with the
3D model, the physiological pressure ranging from
—100 to 700 Pa, averagely 200 Pa, of the endolympha
of VA, is supposed to be exerted on round and basal
membrane (Andrews 1997). So the displacement on
round membrane is suggested to reflect the displace-
ment on basal membrane.

The fluid-solid coupling analysis in our 3D model
demonstrated that although the intracranial pressure
transmitted onto the round membrane through VA
and bony labyrinth was reduced little, it occurred
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Figure 3. The simulated biomechanical properties of the 3D model (A) pressure cloud of the bony labyrinth in the inner ear; (B)
velosity cloud of the bony labyrinth in the inner ear; (C) pressure variation curve of inlet surface and fluid-solid coupled surface;

(D) displacement curve of the round membrane.

fluctuation and resilience on the membrane, which
prevented the load on the membrane from a rapid
increase. Similarly, the displacement of the round
membrane resulting from the pressure also fluctuated
and increased step by step. Both the pressure and dis-
placement of the round membrane suggested that VA
could buffer the intracranial pressure into inner ear,
which protected the basal membrane of inner ear by
avoiding a rapid increased pressure into endo- and
perilymphatic fluid.

In the normal condition, the impact from intracra-
nial pressure is buffered by endolymphatic sac to pre-
vent the violent displacements on basal and Reissner’s
membrane, through which the auditory function of
inner ear is maintained (Takeuchi et al. 1990;
Andrews 1997). The endolymphatic sac is connected
to membranous labyrinth only by the endolymphatic
duct in VA. Thus, the status of endolymphatic sac is
directly affected by VA. A narrowed VA would
decrease the flow from membranous labyrinth into

endolymphatic sac and resulted in hydro-labyrinth.
Previous study suggested the etiological relationship
between a narrowed VA and Méniere disease
(Yamamoto et al. 1992; Krombach et al. 2005). By the
measurement on 3D model, the width of the VA exit
in Méniere patients (4.02+1.42mm) were reduced
remarkably compared with those in the normal
(6.67 +1.78 mm) and chronic otitis
patients (6.44 + 1.66 mm).

On the other hand, a dilated VA is incapable of
limiting the pressure and flow of endolymphatic fluid,
in which the intracranial pressure will be transmitted
to membranous labyrinth and cause rapid displace-
ment on round membrane (Naganawa et al.2000). In
the severe extent of VA dilation, the increased pres-
sure of endolymphatic fluid may result in hydro-laby-
rinth or rupture (Okumura et al.1995).
Clinically, the large vestibular aqueduct syndrome
(LVAS) usually leads to sensorineural hearing loss, or
even complete deafness (Gussen 1980). Since the VA

even
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embolism benefited little to LVAS due to hearing loss
(Welling et al. 1999), a device preventing VA dilation
is the preferred choice for the LVAS therapy.
However, the biomechanical properties of VA are cur-
rently inadequate for the design of such device. Inner
ear is tiny and complicated, in which VA is the lon-
gest and narrowest structure. How to get the anatom-
ical morphology is the most challenging problem
tangling researchers and clinicians. Our study estab-
lished a panorama of the vestibular aqueduct through
the 3d reconstruction of the inner ear, and revealed
the physiological significance of vestibular aqueduct
by numerical simulation. Up to now, the numerical
simulation of VA is regarded to have practical signifi-
cance to the disease of the vestibular aqueduct, espe-
cially the large vestibular aqueduct syndrome. This
study mainly aimed at the three-dimensional recon-
struction of the vestibular aqueduct to get a prelimin-
ary numerical simulation to analyze VA
biomechanical value. The purpose of this study is to
find out the biomechanical mechanism resulting in
the large vestibular aqueduct, and to lay a foundation
for further treatment. In this study, our 3D model of
the inner ear and simulation of VA biomechanical
behavior were consistent to the physiological status.
Therefore, our approaches for 3D model construction
and the fluid-solid coupling calculation will contribute
to the device design and the evaluation of
LVAS therapy.
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