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Abstract: Benign paroxysmal positional vertigo (BPPV) is the most common type
of vertigo. The symptoms of BPPV typically appear after angular movements of the head.
BPPV leads to dizziness, nausea and imbalance. In this study, we examined a model of the
semi-circular canal (SCC) with fully 3D three dimensional anatomical data from specific
patient. A full Navier-Stokes equations and continuity equations are used for fluid domain
with Arbitrary-Lagrangian Eulerian (ALE) formulation for mesh motion of finite element.
Fluid-structure interaction for fluid coupling with cupula deformation is used. Particle trac-
king algorithm is implemented for particle motion. Motion of the otoconia particles which
is main cause for BPPV is simulated. Velocity distribution, shear stress and force from
endolymph side are presented for patient specific three SCC. We compared our numerical
models with experiments with head moving and nystagmus eye tracking. Numerical simu-
lation can give more details and understanding of the pathology of the specific patient in

standard clinical diagnostic and therapy procedure for BPPV.
Keywords: vertigo, semi-circular canals, otoconia particle, BPPV, biomechanical

model, fluid-structure interaction.

1. INTRODUCTION

Balance problems often lead to falls [1],
which is a pervasive but underinvestigated problem,
partly due to the difficulties in determining the cause
of the fall. The semi-circular canals are interconnec-
ted with the main sacs in the human ear: the utricle
and the saccule which make up the otolith organs.
Details on the vestibular system elements are presen-
ted in Figure 1.

BPPV is most common vestibular disorder. It
originates from the presence of basophilic particles
in the semicircular canals. These particles are dis-
placed otoconia (calcium carbonate crystals) from
the utricle and their motion is through semicircular
canal system driven by gravity. BPPV has primary
symptoms: nausea, dizziness, vertigo and ocular
nystagmus. These symptoms are divided into two
main categories: tonic and phasic. Tonic responses
include maintained ocular nystagmus that is initiated
immediately upon reorientation of the head relative
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to gravity and it is called cupulolithiasis [2—4]. The
second category are phasic symptoms which occur
with a delayed onset and subside over time. It is cal-
led canalithiasis, and it is typically attributed to the
movement of free-floating particles within the lumen
of the membranous labyrinth [5—12].
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Figure 1. Vestibular system
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The most common diagnostic procedure for
BPPV is the Dix-Hallpike head maneuver [13]. This
maneuver tilts the head backward by about 120
degrees with the plane of rotation aligned with both
the plane of the posterior SCC and the direction of
gravity.

When cupula makes elastic feedback which
results to post-rotatory cupula displacement, it trig-
gers the misleading spinning sensation which is
experienced during vertigo. Parnes & McClure [14]
found free-floating particulate matter, mainly otolit-
hic material, in the posterior canal of living BPPV
patients. Canaliths consist of otoconia which detach
from the utricular macula and enter the open-end of
the SCC. The majority of the BPPV patients can be
cured by so called repositioning head maneuvers
[15-18]. These head maneuvers consist of several
reorientations of the patient's head with the goal to
move canaliths out of the narrow SCC and into the
bigger utricle.

The weakness of the one canal approach is
that it does not account for fluid coupling between

sedimenting particles

canals and it is unable to describe the role of the
semicircular canal geometry in responses to complex
3-D head movements. In this paper we presented 3D
model for real patient geometry by full fluid-
structure interaction approach for particle, wall,
cupula deformation and endolypmh flow. We
described numerical procedures for parametric and
3D SCC finite element solver with fluid-structure
interaction. Some results for fully three SCC from
real patients are given. Finally, we compared some
numerical results with experimental measurement.

2. METHODS

BPPV is diagnosed by tracking the eye
movements during and after a head maneuver
(nystagmus). The nystagmus aims to compensate
any angular motion in order to stabilize our vision. It
is an indicator for the perceived angular velocity.
Fluid mechanics and sedimenting particles tracking
in a SCC are schematically presented in Figure 2.

utricle

direction of particle-induced flow
and secondary cupula deflection

Figure 2. Fluid mechanics and sedimenting particles tracking in a semicircular canal

2.1.  Fluid domain formulation

For fluid domain, the full 3D Navier-Stokes
equation and continuity equation are used. To elimi-
nate the pressure calculation in the velocity-pressure
formulation, Penalty method is implemented [19].
The procedure is as follows. The continuity equation
is approximated as

p

v, +—==0
)

where 1 is a selected large number, the penalty

(1

parameter. Substituting the pressure p from Eq. 1
into the Navier-Stokes equations we obtain

ov,
p(g + 0V, Vi j — AV, = Y,y — 1 =0 (2)
then the FE equation of balance becomes
MV +(K,, +K.)V=F, +F, 3)
where

(K], =A[ NNy, (F,), =A[Nev, ndS (4)
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There are many conditions in science, engine-
ering and bioengineering where fluid is acting on a
solid producing surface loads and deformation of the
solid material. The opposite also occurs, i.e. defor-
mation of a solid affects the fluid flow. There are, in
principle, two approaches for the Finite Element
(FE) modeling of solid-fluid interaction problems: a)
strong coupling method, and b) loose coupling met-
hod. In the first method, the solid and fluid domains
are modeled as one mechanical system. In the
second approach, the solid and fluid are modeled
separately and the solutions are obtained with diffe-
rent FE solvers, but the parameters from one solu-
tion which affect the solution for the other medium
are transferred successively. If the loose coupling
method is employed, the systems of balance
equations for the two domains are formed separately
and there are no such computational difficulties.
Hence, the loose coupling method is advantageous
from the practical point of view and we further
describe this method. As stated above, the loose
coupling approach consists of the successive soluti-
ons for the solid and fluid domains [20].

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

2.2. ALE (Arbitrary Lagrangian Eulerian)
formulation

For mesh movement, ALE (Arbitrary Lagran-
gian Eulerian) formulation is implemented. In an
incremental analysis, a linearization with respect to
time must be performed using the known values at
the start of a time step n. The approximation for a
quantity F can be written as:

n+1 n *
F|, ="F n§+F At (5)

"¢
This relation is further applied to the left and
right hand sides, (LHS) and (RHS), to obtain

"(LHS)+ (LHS) At ="' (RHS) (6)

In calculating the mesh-referential time deri-
vatives we use the relations:

o _aF (o \or -
Ox, ox, Ox, )ox,
and
@vy = Yy (8)
ox,
With these linearizations the governing

equations of fluid motion can be written as [30]

n * n n n+l n

M,V + 'K, AV+ 'K AP=""F, - " K, (9)
and

n * n _n+l n

M)V + "K), AV=""F, ="K, (10

The integrals are evaluated over the known
FE volumes and surfaces at start of time step. Furt-
her, some of the terms are calculated using the valu-
es at the last iteration. Of course, the mesh-
referential time derivatives V' and P* are replaced
by V' =AV/At and P =AP/At to obtain the
incremental algebraic equations.

The presented formulation of the FE modeling
is necessary when the fluid boundaries change
significantly over the time period used in the
analysis. It is particularly convenient when the
boundary of the fluid represents a deformable solid,
for appropriate modeling the solid-fluid interactions.
Finally, it is worth noting that the mesh motion is
arbitrary and it can be specifically designed for each
problem. As well, it is important to emphasize that
the solution for the fluid flow does not depend on
the FE mesh motion [20].

2.3. Particle tracking algorithm

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

The first step in the particle tracking algo-
rithm is determining which finite element contains a
specified point. The coordinates of a point can be
divided into their integer and fractional parts:

X=(x,y,z)=[i, ), k]+(a,pB,y), where i, j,k are
integers and «, S,y € [0,1]. In many texts [i,j,k]

are referred to as indices and (@, f3,7) as offsets.

Point location is as simple as truncating the coordi-
nates to their integer parts. The integer parts give the
finite element where the point is located. Here,
determining the offsets is also considered to be part
of the point location operation, but sometimes we
will strictly distinguish between point location and
offset determination. The offsets are used to make a
weighted interpolation.

The velocity at the current position of the par-
ticle is required to advance the particle. In order to
obtain a value of the velocity field at points other
than the grid nodes, it is necessary to determine an
interpolated value using the velocities at the nodes
of the finite element that contains the point.
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3. RESULTS with our software platform from original DICOM ima-

ges. A user can prescribe a different head motion and

Fluid velocity distribution for real patient speci- see the response for all three SCC with numerical

fic geometry of three SCC for prescribed head motion  results as shear stress distribution, velocity, cupula
is presented in Figure 3. A 3D reconstruction was done  deformation and drag force on the wall.

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
1.12e-03
9.82e-04
8.42e-04
7.02e-04
5.62e-04
4.22e-04
2.81e-04
1.41e-04

1.05e-06

Figure 3. Fluid velocity distribution for real patient specific geometry of three SCC for prescribed head motion

The corresponding head motion with canalith It can be seen that more dominant maximum shear
repositioning procedures moves the endolymph in stress distribution is presented on the cupula walls.
HC duct. The velocity in the two vertical SSCis also  Simulation of the particles motions, velocity fluid
generated. The flow induces the HC cupula defor-  distribution and cupula deformation is presented in
mation due to fluid forces which act on the cupula Figure 5.
wall. Shear stress distribution is shown in Figure 4.

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 4. Shear stress distribution
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Figure 5. Simulation of the particles motions, velocity fluid distribution and cupula deformation

Comparison with numerical model of one SCC
with cupula deformation and three sedimenting partic-
les which are moved inside the fluid domain and eye
tracking motion is done during the Dix-Hallpike test
[13] for BPPV (Figure 6). A person is brought from
sitting to a supine position, with the head turned 45
degrees to one side and extended about 20 degrees
backward. Once supine, the eyes are typically observed
for about 30 seconds. If no nystagmus ensues, the per-
son is brought back to sitting. There is a delay of about

-Gyroscope,
-Accelerometer

-Near Infrared CMOS Sensor,
positional fracking and maps
of head movements

Micro IR camera
Detecting eye motion

30 seconds again, and then the other side is tested.

Numerical model of fluid-structure interaction
with endolymph fluid and cupula membrane solid
domain was implemented. Also, particle tracking algo-
rithm for otoconia particle motion as well as fluid-
structure interaction with particle-fluid domain is used.

Numerical and experimental solution for
cupula deformation for head manoeuvre is presented
in the Figure 6.

Calcvulated position

~ crystals of calcium carbonate

Animated 3D object
- patient follows his movement in space

Oculus Rift +
Eye Tracking

Figure 6. Numerical and experimental solution for head manoeuvre
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Figure 7. Numerical and experimental solution for head test movement, head velocity,
eye velocity and fluid motion velocity

Some of the comparison for numerical and
experimental solution for head test movement, head
velocity, eye velocity and fluid motion velocity are
presented in Figure 7.

4. DISCUSSION AND CONCLUSION

In this paper, we presented a full three-
dimensional mathematical model of the semi-circular
canal. The main focus is on the BPPV, with sedimen-
ting floating particle within the lumen of the membra-
nous labyrinth. This approach gives more
physiologically realistic description of the SCC, fluid
motion, otoconia interaction with wall, fluid and cupu-
la as well as cupula elastic deformation. Inside fluid
domain, we can simulate vortices inside the untricle
and ampula which is almost impossible in the current
models from the literature. It is also easy to implement
nonlinear behavior of cupula deformation when
experimental data for material model description will
be available. We presented different simulation results
for patient specific three SCC. Finally, there are some
comparisons of numerical results and measurements
using video tracking head and eye movement system.
It can open a new avenue for better diagnostic process
for balance disorder disease.
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TPOAUMEH3MOHAJIHU BUOMEXAHNYKU 1 BU3YEJIHU MOJEJI
I''TABOBOJBE V ITOJIYIIUPKYJIAPHUM KAHAJIMUMA

Casxerak: benurna napoxcnmainsa nosunuona sproriasuna (BIITIB) nvajuenthn je
tun Bprornasune. Cumnromu BIITIB mopemehaja oOudHo ce mojaBibyjy HOCIE KPYKHOT
KpeTama TiaBe KoJ mandjeHara. OBaj mopemehaj Bou ka BpTOTIIABUIN, MyYHUHH U HEPaB-
HOTEXHU. Y paly je KOMIYTepCKH aHaJIU3UpaH MOJEN IONYLHUPKYJIapHUX KaHala ca IyHHM
TPOAMMEH3MOHAM aHATOMCKHM TojanmuMma of oxapeheHor manujeHta. Ilyne Haswuje-
CToKcoBe je/iHAuMHE U jeJHaYrHA KOHTHHYUTeTa cy KopuiiheHe 3a 1oMeH Qiyuna ca npo-
n3BoJbHOM Jlarpamx—OjiepoBoM (opMmynaiujom 3a KpeTambe Mpexe KOHAUHUX eJIeMeHaTa.
3a nedopmarujy Kymyie kopuiihena je conua-Gayna nHTepakiiyja. 3a KpeTame YeCTHIIA j&
MpUMEbCH mocebaH anropuram 3a npaheme. Kperame yecTuiia OTOKOHH]E TIIaBHU j& y3POK
BIIIIB nopemehaja. [lpukazanu cy pe3yiratd pacrnopena Op3uHa (uynaa, cmuayhux
HaloHa M Cuia ca crpane eHjonuMde. [lopeann cMO HyMepHYKa pellera ca eKCIepH-
MEHTAIHUM TIOJalliMa KpeTawa IJaBe W MOKpera ouujy. Hymepuuke cumynamuje Mory
JIaTH BUILE JIeTajba U pa3yMeBama y MaTOJIOTHjH CBAKOT MAlMjeHTa IOHA0CO0 y CTaHIapHO]
KIIMHAYKO] TIPOIelypH nujarHoctuke u tepanuje 3a BIII1B nopemehaj.

KibyuHe peum: BpTOINaBUIIA, CEMH-LUPKYJIApPHH KaHAIW, YECTHUIC OTOKOHH]E,

BIIIIB, commn-¢rynn nHTEpaKnyja.



