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Original scientific paper
Benign Paroxysmal Positional Vertigo (BPPV) is one of the most common vestibular disorders occuring due to the presence of basophilic particles in the
semicircular canals (SCC). Three-dimensional biomechanical model of the SCC is described with full 3D fluid-structure interaction of particles, wall,
cupula deformation and endolymph fluid flow. The model of the SCC with parametric defined dimension and fully 3D three SCC from patient specific 3D
reconstruction is presented. Navier-Stokes equations with continuity equations described fluid flow while Arbitrary-Lagrangian Eulerian (ALE)
formulation is used for mesh motion. Fluid-structure interaction for fluid coupling with cupula deformation is used. Particle tracking algorithm has been
used for particle motion. Different size and number of particles with their full interaction between themselves, wall and cupula deformation are used.
Velocity distribution, shear stress and force from endolymph side are presented for parametric one SCC and patient specific three SCC. All the models
are used for correlation with the same experimental protocols with head moving and nystagmus eye tracking. Full fluid-structure interaction of otoconia
particles, wall, cupula deflection and endolymph flow in three-dimension give more details and understanding of the pathology of the specific patient in
standard clinical diagnostic and therapy procedure for BPPV.
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Trodimenzijski biomehani¢ki model benigne paroksizmalne pozicijske vrtoglavice u polukruznom kanalu

Izvorni znanstveni ¢lanak
Benigna paroksizmalna pozicijska vrtoglavica (BPPV) je najces¢i poremecaj vestibularnog sustava koji uzrokuju bazofilne Cestice u polukruznom kanalu.
Trodimenzijski biomehanicki model SCC je opisan s potpunom 3D interakcijom fluid-struktura, Cestica, zidova, deformacije kupule i endolimfnog
strujanja fluida. Prikazan je model SCC s parametarskim definiranim dimenzijama i trodimenzijskim 3D rekonstrukcijama odredenog pacijenta. Koristene
su pune Navier-Stokes jednadzbe s jednadzbama kontinuiteta opisuje tok fluida dok je Arbitrary-Lagrangian Eulerian (ALE) formulacija koristena za
gibanje mreze. Koristena je interakcija fluid-struktura za spajanje tekucine s deformacijom kupule. Primijenjen je algoritam za pracenje Cestica. Koristene
su razlicite veli¢ine i broj Cestica sa svojom punom interakcijom izmedu sebe, zida i deformacije kupule. Raspodjela brzina, smi¢nog naprezanja i sila od
strane endolimfe je prikazana kao parametar za jedan SCC kao i za tri SCC od odredenog pacijenta. Svi modeli se koriste u korelaciji s istim
eksperimentalnim protokolima s pokretima glave i gibanjem ociju - nystagmus. Puna interakcija fluid-struktura, Cestica otoconia, zidova, deformacije
kupula i endolimfnog fluida u tri dimenzije dat ¢e viSe detalja za razumijevanje patologije specificnog pacijenta u standardnoj klini¢koj dijagnostici i
proceduri terapije za BPPV.

Kljucne rijeci: biomehanicki model; BPPV, interakcija fluid-struktura; polukruzni kanal; taloZenje cestica

1 Introduction The vestibular system elements have been shown in
Fig. 1. The semi-circular canals are interconnected with
the main sacs within the human ear. The utricle and the

saccule build the otolith organs. The theory about angular

The causes of balance disorders can be multiple [1],
in more than 50 % of the cases, causes are related to

pathologies of the inner ear, 15 % are psychological, such
as anxiety; in about 5 % of cases these are mainly
neurological, 5 % are medical, such as high blood
pressure or heart conditions like arrhythmia; while in the
remaining 25 % these are multifactorial. Balance
problems very often lead to falls [2], which usually needs
additional investigation, partly because the difficulties in
determining the origin of the fall.

Vestibular
nucleus

Semicircular canals

Medulla of
brainstem

Vestibulocochlear

nerve (VIII) Cochlea

Ultricle and saccule
(otolith organs)

Figure 1 Vestibular system

acceleration and an inertial induced flow of endolymph
was described by Mach [2]. This was the first
mathematical description of flow in the canals. The
vestibular canal-based coordinate system could expand to
the central nervous system (CNS) to represent angular
head movement used by the brain to encode and
determinate movement in three-dimensional space [3]. 3D
rotational information are processed by the brain and
directed with maximal response directions.

BPPV is the most common vestibular disorder. It
occurs due to the presence of basophilic particles in the
semicircular canals. These particles are displaced
otoconia (calcium carbonate crystals) from the utricle and
their motion through semicircular canal system is driven
by gravity. BPPV usually has these primary symptoms:
nausea, dizziness, vertigo and ocular nystagmus. These
symptoms are divided into two categories - tonic and
phasic. Tonic symptoms include maintained ocular
nystagmus initiated with different orientation of the head
relative to the gravity and it is called cupulolithiasis [4].
The second category of symptoms - phasic symptoms
occur with a delayed beginning and weaken over time. It
is called canalithiasis, and it is typically attributed to the
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movement of free-floating particles in the lumen of the
membranous labyrinth [5+7].

In the case of canalithiasis, a non-surgical canalith
repositioning procedures (CRP) is applied. It consists of a
series of timed head reorientations conceived for
relocation of the particles under gravity from the
horizontal canal (HC) lumen to the utricular vestibule
[8+10]. The most common HC CRP, the 270° head
rotation [11], has been shown to relieve the symptoms of
canalithiasis HC-BPPV in approximately 73 % of patients
[12].

The most common diagnostic procedure for BPPV is
the Dix-Hallpike head maneuver [13]. This therapeutic
procedure implies tilting of the head backwards by 120
degrees with the plane of rotation placed with both the
plane of the posterior SCC and the direction of gravity.

The cupula makes elastic feedback which results in
post-rotatory cupula displacement triggering the spinning
feeling. Free-floating particulate matter from otolithic
material was found by Parnes & McClure [14], in the
posterior canal of living BPPV patients. Otoconia from
canaliths detach from the utricular macula and come to
the open-end of the SCC. It is well known that most
BPPV patients are cured by head maneuvers [15+18].
These head maneuvers imply several reorientations of the
patient's head whereby the main point is to move canaliths
out of the narrow SCC into the larger utricle.

There are many one-canal approach models but they
do not account for fluid coupling between canals and they
cannot depict the role of the SCC geometry as a response
to complex 3D head movements. Therefore, it is
important to use 3D mathematical approaches [19+23]
which make predictions of the temporal response
dynamics and directional sensitivity of the human semi-
circular canals. House & Honrubia [24] extended the
force of the over-damped pendulum equation for a one-
dimension canal model to account for the transcupular
pressure induced by the particles. Drawback of their
model is in exclusion of the particle-particle and the
particle-wall interaction. Rajguru et al. [25] analysed
more sophisticated equations proposed by Rabbitt et al.
[26] for a three-canal model. The Stokes drag description
was used by Obrist & Hegemann [27] to couple Van
Buskirk's equation [28] with the particle equation of
motion. All above described models are one-dimensional,
where the particle is constrained to the centerline of the
canal. Here, particle velocity and the induced pressure
depend only on the one-dimensinal (axial) position of the
particle. A two-dimensional model was introduced by
Squires et al. [29] where particles are tracked in axial and
radial position. Obrist & Hegemann [27] describe with
modal analysis the cupula displacement dependence on
the size and number of the particles. They investigated
two new modes - the fast and the slow particle modes. All
models did not account for the fluid dynamics interaction
between particles, and between the particles and the wall,
but model particle clusters as group of heavy particles
considering the mass of the whole cluster.

In this paper 3D model for parametric SCC and with
real patient geometry by full fluid-structure interaction
approach for particle, wall, cupula deformation and
endolypmh flow 1is presented. Firstly, numerical
procedures for parametric and 3D SCC finite element

solver with fluid-structure interaction are described. Some
results for parametric one SCC and fully three SCC from
real patients are given. Finally, some correlations of the
numerical results with experimental measurement and
conclusions are given.

2 Methods
2.1 Physiological description

The most common type of vertigo is a top-shelf
vertigo or BPPV. The symptoms of BPPV appear after
head angular movements. This disease leads to dizziness,
imbalance and nausea. This condition can be found in the
entire population and especially in elderly people. It is
standardly diagnosed during and after a head maneuver
while tracking eye movements. This tracking of the eyes
or nystagmus compensates for angular motions so that
vision can be stabilized. It is also indicator for the
perceived angular velocity. Basic fluid dynamics and
tracking of sedimenting particles in a SCC have been
shown in Fig. 2. The sedimenting particles are moving
through the SCC with the fluid motion and gravity.
Dizziness appears when these particles hit the cupula and
make wrong sensation of the patient.

sedimenting particles

utricle

direction of particle-induced flow
and secondary cupula deflection

Figure 2 Basic fluid dynamics and tracking of sedimenting particles in a
semicircular canal

2.2 Numerical procedure for fluid domain

Three-dimensional Navier-Stokes equation with
continuity equation are used for fluid motion simulation.
Pressure values in the calculation is eliminated with
Penalty method [30]. The numerical procedure is as
follows. The continuity equation is described as:

v, +—=0, (1)

where 4 is a selected large number, the penalty parameter.
The pressure p in Eq. (1) can be replaced into the Navier-
Stokes equations:

ov;
p(gﬂ‘avi,kvkj_/lvj’ij_,LlVi’kk_fiV:0, (2)
then the finite element equation of balance becomes:

MV +(K,,+K\W=F +F,, 3)

v
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where

[Ké,J]i,k = /IINK,iNJ,de»
V
(4)
(F)i = A[ Ngv, ndS.
S

2.3 A numerical procedure for solid-fluid interaction

In everyday engineering application, fluid acts on
solid which produces surface loads and deformation of
solid materials. Morevoer, deformation of solid has
influence on the fluid flow. Two different approaches for
finite element modelling of solid-fluid interaction
problems are strong and loose coupling method. Strong
coupling method uses solid and fluid domains as one
mechanical system. The second approach for loose
coupling considers fluid and solid separately, where the
parameters from one domain have influence on the
solution for the other domain. These solutions are
successively transferred. In loose coupling method,
balance equations systems are formed separately for the
two domains which assume less computational
difficulties. In this regard, loose coupling method is better
considering that it is more practical. With loose coupling
method, the successive solutions are calculated for the
solid and fluid domains. A graphical scheme of the loose
coupling algorithm for the fluid-solid interaction problem
has been shown in Fig. 3 [30].

Load transfer Loads
CFD csD
Solver INTERFACE Solver

Geometry of
interface surfac
and velocity

Surface tracking

Figure 3 Fluid-solid interaction algorithm. Transfer of data between the
CSD (computational solid dynamics) and CFD (computational fluid
dynamics) solvers through the interface (load transfer and surface
tracking)

We implemented fluid-structure interaction for
cupula deformation and endolymph flow. Cupula was
considered an elastic 3D membrane modelled with brick
finite element and endolymph domain as 3D 8-node finite
elements.

2.4 ALE (Arbitrary Lagrangian Eulerian) formulation

ALE (Arbitrary Lagrangian Eulerian) formulation is
implemented for mesh motion. We applied incremental
analysis where linearization is used with respect to time,
using the known values at the start of a time step n. The
approximation for quantity F is the following:

el =Rl 4 FAt (5)

g

e

This approximation has been used to the left (LHS) and
right (RHS) hand side, where

"(LHS)+(KHS)* At="""(RHS) (6)

The following relations are used for calculating the mesh-
referential time derivatives:

oFY _oF (o) oF. o
Ox; ox; ox; | Oxy
and
@y =2 gy, (8)
Xk

With these linearizations, the governing equations of fluid
motion can be written as [30]:

n ® n n n+l n
M(I)V + K(I)VVAVJ'_ KVpAP: * F(])_ F(]) (9)
and
* +1 1
"M oV +"K (), AV="""F 5 ~"F,,. (10)

The integrals are evaluated over the known FE
volumes and surfaces at start of time step. Some parts of
the Eq. (10) are calculated using the last iteration values.

The mesh-referential time derivatives V* and P are
replaced by V" =AV/At and P* = AP/At to obtain the

incremental algebraic equations.

Above described formulation of finite element
modelling is used in the cases where fluid boundaries
change significantly over time. That is very important
when the boundary of the fluid represents a deformable
solid, for simulation of the solid-fluid interactions. The
mesh motion is dependent on each individual problem and
it should be specifically defined. We concluded in the
previous publication that solution for the fluid flow does
not depend on the finite element mesh motion [30].

2.5 Parametric model of SCC

The parametric model of one semi-circular canal is
presented in the Fig. 4. User can prescribe different
lengths and radius curvature and results for 3D one SCC
may be quickly calculated.

The finite element mesh and coordinate system of
three-dimensional human membranous labyrinth has been
shown in Fig. 5.

The endolymph and cupula physical properties are
taken from literature [20]. Patient specific 3D SCC model
with 8 node brick mesh has been presented in Fig. 6.
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Figure 4 Parametric model of one semicircular canal
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Figure 5 The finite element mesh and coordinate system of three-
dimensional human membranous labyrinth

Figure 6 Patient specific 3D SCC model with 8-node brick mesh
2.6 Particle tracking algorithm

Otoconia particle was modelled as single particle
with corresponding volume which occupied one or more
3D 8-node finite elements. In this way there is also
hydrodynamic influence from particle on fluid as fluid on
particle which is fully coupled model.

In the particle tracking algorithm, it is necessary to
determine which finite element contains a specified point.

The coordinates of a point are divided into their integer
and fractional parts: X =(x,y,z)=[i, j, k]+(a, B,7),

where i, j, k are integers and a, S, y € [0, 1]. [4, j, k] are
referred to as indices and (a, S, y) are referred to as offsets
in many papers. Point location is as simple as truncating
the coordinates to their integer parts. The integer parts
determine the finite element where the point is located.
The offsets have been used to make a weighted
interpolation.

Current position of the particle velocity is required to
move the particle in advance. Procedure for obtaining the
value of the velocity field at points other than the grid
nodes, uses interpolated value of the velocities at the
nodes of the finite element that contains the point. In the
three-dimensional finite element trilinear interpolation
can be used. This interpolation is simple and fast. If X is
in grid cell [, j, k] and has the partial offsets, then (a, S, )
are:

U i+a,j+ B, k+y)=

= (Ui,j,k'(1_a)+[ji+l,j,k'a)'(l_ﬁ)+

+ ﬁi,jJrl,k '(1_a)+l7i+l,j+l,k '“)'ﬁ]'(1—7)+ (1)
0, 0=e) 4 Urr g2} 1=+

+ Ui,j+l,k+1 '(l_a)+0i+1,j+1,k+l alply.

Where U i,k 1s the velocity at the mesh point (i, j,

k). The trilinear interpolation assumes that the velocity
changes in a linear manner across the edges of the finite
element. There may be low accuracy with coarse or
deformed mesh.

The integration methods that can be uses are the first-
order Euler scheme as well as the fourth-order Runge-
Kutta. Integrating Eq. (11), the positions of the particle
can be computed. Hence, the particle position after time
At is as follows:

t+At

X(t+ A1) = X(t) + jz?(;c(t), £)dt. (12)

If the velocity is constant in the interval [¢, ¢t + Af], then
the solution to the above equation is:

X(t+At) = %(6) + U(3(2), t)At. (13)

This is a quite simple integration method called the
Euler formula. The first two terms of a Taylor series are
actually placed on the right side. The Runge-Kutta
method is fourth-order which is more accurate integration
scheme. This method is the following:

Let t=t, k=0 and X, be the current position of the

particle. Then for ¢t < ¢, and G on, let

a=UG,, DA, b=U(%, +a/2)At,

c=U%, +b/2)At, d=U(F, +c)At, (14)
Xy =X, +(a+2b+2c+d)/6,

t=t+At, k=k+1
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This process is repeated until 7 < ¢,.
3 Results

Force distribution for the parametric model of one
semicircular canal is presented in the Fig. 7. Different
lengths and radius curvature can be prescribed and results
for 3D one SCC may be quickly calculated. This simple
model can be used for a detailed three-dimensional study
of fluid flow behaviour and understanding mechanism of
different disease as BPPV. User can prescribe different
head motions and see the results for the endolymph fluid
flow, shear stress, deformation, drag force on the wall and
fluid velocity.

Contour plot: Nodal Force 3.54e-03
Deformed ( Scale factor = 1) A

3.106-03
287603
2.65e-03
2.43e-03
2.21e-03
1.89¢-03
177e-03,
156e-03
1.330.03)
1.11e-03
8.85e.04
6.63e-04
4.420-04
221e-04
0.00e+00

Figure 7 Total force from fluid which reacted to the wall of the
semicircular canal

Velocity [mm/s]
2.24e-03
2.10e-03
1.96e-03
1.82e-03
1.68e-03
1.54e-03
1.40e-03
1.26e-03
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8.42e-04
7.02e-04
5.62e-04
4.22e-04

2.81e-04

\‘ 1.41e-04

1.05e-06

Figure 8 Fluid velocity distribution of the real patient-specific geometry

of three SCC for prescribed head motion

Fluid velocity distribution of three SCC for real
patient-specific geometry for prescribed head motion is
presented in Fig. 8. A 3D reconstruction was done with
our software platform from original DICOM images. A
user can prescribe a different head motion and see the
response for all three SCC with numerical results such as
shear stress distribution, cupula deformation, drag force
on the wall and velocity.

Head motion with corresponding  canalith
repositioning procedures moves the endolymph in HC
duct. There is also velocity in the two vertical SSC. HC
cupula deformation is induced by flow due to fluid forces
acting on the cupula wall. Shear stress distribution is
shown in Fig. 9. It can be observed that more dominant
maximum shear stress distribution is accumulated on the
cupula walls.

Shear stress [Pa]
4.03e-08
3.78e-08
3.53e-08
3.27e-08
3.02e-08
2.77e-08
2.52e-08
2.27e-08
2.02e-08
1.76e-08
1.51e-08
1.26e-08
1.01e-08
7.56e-09
5.04e-09
2.52e-09
0.00e+00

Figure 9 Shear stress distribution

Force [N]
1.00e-06
9.37e-07
8.75e-07
8.12e-07
7.50e-07
6.87e-07
6.25e-07
5.63e-07
5.00e-07
4.37e-07
3.75e-07
3.12e-07
2.50e-07
1.88e-07
1.25e-07
6.25e-08
0.00e+00
Figure 10 Forces distribution acting from endolymph side

The forces acting from endolymph flow are presented
in Fig. 10.

HC cupula received less forces from the fluid side
than from the other parts of SSC walls, but HC cupula
part is responsible for sensation and deflection of the cells
and transport of information to the brain.

Comparison with numerical model of one SCC with
cupula deformation and three sedimenting particles which
are moved inside the fluid domain and eye tracking
motion is done during the Dix-Hallpike test [13] for
BPPV (Fig. 11). The test is performed when a person
changes the position from sitting to a supine position,
with the head turned 50° to one side and extended about
25° backward. Experts usually observe the eyes for about
30 seconds. If nystagmus does not occur, the person is
asked to return to a sitting position. A delay takes about
30 seconds, and then the other side is tested.

" F igure 11 Eye tracking analysis and simulation of the particles and
cupula deformation
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Computational model with fluid-solid interaction
which takes into account endolymph fluid and cupula
membrane deformation was investigated. Otoconia
particle motion is described with particle tracking
algorithm while particle-fluid domain is simulated with
fluid-solid interaction.

Analytical solution
05 4 #® Numerical solution

Cupula displacement Drc’l(]'12 ma]

-15 T T T T T T
-5 0 5 10 15 20 25 30

Time [s]
Figure 12 Analytical and numerical solution for cupula deformation for
head manoeuvre from 0 to 120°

Analytical [27] and computational solution for cupula
deformation for head manoeuvre from 0 to 120° has been
shown in Fig. 12.

4 Discussion

In this study a full 3D mathematical model of the
semi-circular canal is investigated. Particularly it is
concentrated to BPPV with both cupulolithiasis and
canalithiasis, with sedimenting floating particle within the
lumen of the membranous labyrinth. Standard CRP for
BPPV with parametric one and full three SCC are
investigated. There are several 3D mathematical models
of SCC [20+23], but all of them did not take into
consideration full 3D Navier-Stokes equations, fluid-
structure interaction and for particle motion full 3D
tracking algorithm. This approach gives more realistic
description of the SCC, fluid motion, otoconia interaction
with wall, fluid and cupula and cupula -elastic
deformation. Otoconia cluster is used and there is no limit
in the otoconia particles number and size. Inside the fluid
domain, the vortices can be simulated inside the untricle
and ampula which is not the case in the present literature
models. In this way, cupula deformation in 3D can be
very complex, not just integral from the flow domain as it
is used in the literature now [21+23]. It is also easy to
implement nonlinear behaviour of cupula deformation
when experimental data for material model description
will be available. Some authors determined the behaviour
of thin membrane deflection in function of radius with a
constant pressure value. In two dimension simulation,
approximately 25 otoconia, or 0:2 mg; are required to
account for the peak nystagmus [29].

This calculation is CPU very demand calculation but
with new generation of GPU and parallel computing
algorithm it is very close to approach to do this kind of
simulation almost in real time. Different simulation
results for one parametric SCC, patient specific three SCC
are presented. Finally, some comparison with numerical

results and measurements using video tracking head and
eye movement system are described.

The results presented in this paper could be used for
everyday clinical practice for educational purposes and
probably in terms of position of otoconia particles and
BPPV diagnostic and therapy.

5 Conclusions

The parametric and a full 3D mathematical model of
the semi-circular canal with full fluid-solid interaction of
otoconia particle, endolymph fluid flow and cupula
deformation is investigated. The basic explanation of
physiological background of vestibular system is firstly
described, then finite element numerical algorithms for
fluid and fluid-structure interaction are given. Different
simulation results for one parametric SCC, patient
specific three SCC has been shown. Simulation of several
head positions with this model may provide exact position
of the fluid and all fluid dynamics parameters, shear
stress, forces from fluid, cupula deflection. This may help
medical doctors for better diagnostic procedures and
therapy of balance disorder disease.
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