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Abstract

In this review we present scientific results from three EC FP7 projects: ARTREAT, SIFEM and
EMBALANCE. The title of FP7 ARTREAT project was: Multi-level patient-specific artery and
atherogenesis model for outcome prediction, decision support treatment, and virtual hand-on
training. Researchers from the University of Kragujevac and BiolRC participated in this project.
The original method for plaque formation and development was developed and validated on the
pilot study patients for coronary and carotid arteries in EU clinical centers. Another FP7 project
was SIFEM with the title: Semantic Infostructure interlinking an open source Finite Element tool
and libraries with a model repository for the multi-scale Modelling and 3d visualization of the
inner-ear. Methodology for cochlea model with tapered and rectangular basilar membrane with
passive and active model was developed.

The main part of EMBALANCE FP7 project was modelling of vertigo diseases. Three-
dimensional biomechanical model of semi-circular canals was described with full 3D fluid-
structure interaction of particles, wall, cupula deformation and endolymph fluid flow. The model
is compared with clinical data and nystagmus measurement on the vertigo patients.

Keywords: atherosclerosis, plaque formation, computer modeling, cochlea, passive and active
model, vertigo disease, BPPV, nystagmus
1. Introduction

Atherosclerosis is a progressive disease described as the accumulation of lipids and fibrous
elements in the large arteries. Although in the past the focus was on luminal narrowing because
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of the bulk of atheroma, currently, the biological attributes of the atheroma are recognized as key
determinants of its clinical significance (Libby 2002).

The process of inflammation begins with penetration of low density lipoproteins (LDL) in
the intima. If it is too high, the penetration is followed by leucocyte recruitment in the intima.
One endothelial-leukocyte adhesion molecule proved to be especially significant for the early
adhesion of mononuclear leukocytes to arterial endothelium at places of atheroma initiation:
Vascular cell adhesion molecule-1 (VCAM-1). The process itself might take part in the
formation of the fatty streak, the initial lesion of atherosclerosis and, consequently, in the plaque
formation (Kedem and Katchalsky 1961).

In ARTREAT project, we conducted computational study of plaque composition and initial
progression. The aim of the project was to connect LDL transport with macrophages and
oxidized LDL distribution and initial plaque grow model inside the intimal area. Mass transport
of LDL through the wall and the simplified inflammatory process was solved first. The Navier-
Stokes equations govern the blood motion in the lumen; the Darcy law was used for model blood
filtration and Kedem-Katchalsky equations (Kedem and Katchalsky 1961; Kedem and
Katchalsky 1958) for the solute and flux exchanges between the lumen and the intima. The
system we used contained three additional reaction-diffusion equations that model the
inflammatory process and lesion growth model in the intima. This model relies on a matter
incompressibility assumption. Some examples of our simulation for plaque formation and
progression are given in the results section (Filipovic et al. 2012; Filipovic et al. 2013).

In the SIFEM project we modeled cochlea mechanics. Cochlea is the most important part of
the hearing system, since signal transduction into neural impulse occurs inside of it. Nerve
impulses send information about input signal to the brain (von Békésy 1960). Human ear can
distinguish input frequencies in range from 16 Hz to 20 kHz. The cochlea has shape like a snail
and consists of three chambers filled with fluid — scala vestibuli, scala media and scala tympani,
separated by two membranes — basilar membrane (BM) and Reissner’s membrane. Inside of
scala media the organ of Corti (OC) is placed, where generation of the electrical current and
innervation of the auditory nerve occurs.

Cochlea is a much more complex organ than the external and middle ear. The basic structure
is revealed in the cross-sectional sketch of a radial slice presented in Fig. 1. The cochlear
partition that separates the cochlear fluid duct into three chambers, comprises the BM and the
OC. The BM consists of a number of fibers oriented in radial directions. These transverse BM
filers are inserted into the bony spiral lamina on the modulus end and the spiral ligament on the
opposite side. The BM is narrower and thicker in the base than in the apex which imparts the
stiffness gradient of the BM.

Fig 1. Anatomy of the cochlea for box model with the cross-sectional sketch of a radial slice
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The cochlear models imitate the pressure wave moving along the BM with a focus on the
vibrations of the cellular and membranous components of the cochlear partition (Diependaal and
Viergever 1989; Geisler and Sang 1995; Yoon et al. 2007). The feed-forward micromechanics
model takes into account the tilt of the outer hair cells (OHC) in the longitudinal direction along
the cochlear duct and the resulting force in the BM.

Working on the EMBALANCE project, we modeled Benign Paroxysmal Positional Vertigo
(BPPV). It is the most commonly diagnosed vertigo disease which means that basophilic
particles exist in the semicircular canals (Berthoz 2002). Three-dimensional eye movement
recordings and selective semicircular canal inactivation were utilized for investigation of the
spatial organization of vestibular signals in the vestibulo-ocular reflex. BPPV develops most
often in the posterior canal which is identified clinically by transient vertical-torsional nystagmus
evoked with the Dix-Hallpike maneuver. The horizontal canal variant of BPPV is characterized
by acute vestibular symptoms occuring during activities that reorient the HC relative to gravity,
such as rolling over in bed (Baloh et al. 1993; Nuti et al. 1998; Pagnini et al. 1989).

After angular movements of the head the symptoms of BPPV typically appear. BPPV
disease leads to dizziness, nausea and imbalance. It affects a considerable percentage of the
whole population and especially elderly people. BPPV is diagnosed by tracking the eye
movements during and after a head maneuver (nystagmus). The nystagmus actually aims to
compensate any angular motion in order to stabilize our vision. Fluid mechanics and sedimenting
particles tracking in a SCC are schematically presented in Fig. 1. It can be seen that sedimenting
particles can move with the fluid motion and gravity through the SCC and they can hit the cupula
and make unpleasant sensation which causes dizziness.

sedimenting particles

utricle

direction of particle-induced flow
and secondary cupula deflection

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

2. Materials and methods

2.1 Modeling of plaque formation and progression

In this section, we present mass transfer problem for LDL transport through the wall first and
then a continuum based approach for plague formation and development in three-dimension is
described. The governing equations and numerical procedures are given. The blood flow in
lumen domain is simulated by the three-dimensional Navier-Stokes equations, together with the
continuity equation:

— ViU + p(u, -V, +Vp, =0 (1)

Vu, =0 @
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where ui is blood velocity in the lumen, pis the pressure, u is the dynamic viscosity of the blood,
and p is the density of the blood.

Mass transfer in the blood lumen is coupled with the blood flow and modeled by the
convection-diffusion equation as follows:

V-(-D,Vc, +cu,)=0
( | | | I) (3)
in the fluid domain, where c; is the solute concentration in the blood domain, and Dy is the solute
diffusivity in the lumen.

Mass transfer in the arterial wall is coupled with the transmural flow and modeled by the
convection-diffusion-reaction equation as follows:

v-(-D,Vc, +kc,u, ) =r,C, @
in the wall domain, where cy is the solute concentration in the arterial wall, Dy is the solute
diffusivity in the arterial wall, k is the solute lag coefficient, and ry is the consumption rate
constant.

LDL transport in lumen of the vessel is coupled with Kedem-Katchalsky equations (Kedem
and Katchalsky 1961; Kedem and Katchalsky 1958):

J,=L,(Ap-0o,Ar) ©)
J,=PAc+(-0, I,
(6)
where Jy is the transmural velocity, Js is the solute flux, L, is the hydraulic conductivity of the
endothelium, Ac is the solute concentration difference across the endothelium, Ap is the pressure
drop across the endothelium, Az is the oncotic pressure difference across the endothelium, oq is
the osmotic reflection coefficient, ot is the solvent reflection coefficient, P is the solute
endothelial permeability, and C is the mean endothelial concentration.

In our simulations we used a single layer model while multilayered model is still under
development. The first term in Kedem-Katchalsky equations P 4c of the right hand side in (Eq.
6) defines the diffusive flux across the endothelium, while the second term (1_0f )JVE defines

the convective flux. Here, we did not neglect the convective term. Only the oncotic pressure
difference Az was neglected because of decoupling the fluid dynamics from solute dynamics. We
used the incremental-iterative procedure to treat the convective diffusion terms for LDL
transport.

The inflammatory process was solved using three additional reaction-diffusion partial
differential equations (Filipovic et al. 2012; Filipovic et al 2013):

0,0x = d,AOx —k,Ox-M
oM +div(v,M)=d,AM —kOx-M +S/(1+S)
0,S = d,AS — 1S +k,Ox- M + y(Ox —Ox™)
()
where Ox is the oxidized LDL or cy, - the solute concentration in the wall from Eq. (4); M and S
are concentrations in the intima of macrophages and cytokines, respectively; di, dz, ds are the
corresponding diffusion coefficients; 4 and y are degradation and LDL oxidized detection

coefficients; and vy is the inflammatory velocity of plaque growth, which satisfies Darcy’s law
and continuity equation (Filipovic et al. 2012; Filipovic et al 2013):
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v,—V-(p,)=0 @®)

v 9)

in the wall domain. Here, py is the pressure in the arterial wall.

2.2 Mathematical model of the cochlea

To describe mechanical behavior of the cochlea, acoustic equation (Elliott et al. 2013) for
describing fluid inside the chambers was used together with Newtonian dynamics equation for
describing vibration of the BM, a solid part of the model. The acoustic wave equation is given
below:
°p 1 %p
7 220
8xi c® ot (10)

where p is fluid pressure, C stands for speed of sound, x; are spatial coordinates in all three

Cartesian directions (i=1,2,3) and t is time. Equation (10) can be presented in the matrix
form:

Qp+Hp=0 (11)
In equation (11) Q and H are acoustic inertia matrix and acoustic stiffness matrix,
respectively.

Solid motion was described using Newtonian dynamics equation;
MU +BU + KU = F (12)

M, B and K are mass, damping and stiffness matrices, U is displacement vector, U is

velocity vector, U is acceleration vector and F& is vector of external forces, applied at the
BM.

The applied type of the analysis was modal analysis, where damping matrix could be
included inside the stiffness matrix as a complex, imaginary part. In that way, Eq. (12) can be
written in the following form:

MU + K(1+in)U = E® 13)

In Eq. (13), 77 stands for hysteretic damping ratio, depending on the distance from the base
of the BM.

The model was solved with the finite element method in PAK solver. Fluid and solid domain
were strong coupled. The condition of coupling [17] was equalization of normal acceleration of
the solid element to the normal pressure gradient of the fluid element, as it is written in equation
(14):

n-Vp=pn-u (14)

Finally, the coupled system of the equations has the form:
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In order to solve these second order equations we assumed sinusoidal solution for the
displacement of the BM and for the pressure of the fluid:
U=Aysin(et+a)

=A,sin(ot + «

p=Apsin(et +a) 16)

Substituing the assumed solution in equation (15), the system of linear equations [18] is
obtained and solved in PAK solver.

Kl+in)-o®M =S {AU} m
_ _201A, [
piR H-0Q p q an

2.3 Numerical procedure for fluid domain in SCC

For fluid domain inside SCC, the full 3D Navier-Stokes equation and continuity equation were
used. To eliminate the number of unknowns and direct pressure calculation in the velocity-
pressure formulation, the Penalty method was implemented (Kojic et al. 2008; Filipovic et al.
2006). The procedure is as follows. The continuity equation is approximated as:

Vi + P_ 0
A (18)
where A is a selected large number, the penalty parameter. Substituting the pressure p from Eq.
(18) into the Navier-Stokes equations, the following can be obtained:

v,
p(E"_avi,kaj_/’ivj,ij A f' =0

(19)
then, the FE equation of balance becomes:
. i ~
|V|V+(KW+KW)V_|:V+|:1 (20)
where
[Ké“‘ lk :ﬂINKJNLde (F) :’IJ.NKVj.j“idS
V S (21)
3. Results

3.1 Results for ARTREAT project

In the clinical study during ARTREAT project (www.artreat.org, www.artreat.kg.ac.rs) we
examined plaque position for the coronary artery for baseline and follow-up time. The procedure
also included stent position. Measurements were done with CT and the results were compared
with computer simulation.


http://www.artreat.org/
http://www.artreat.kg.ac.rs/
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Fig. 3. Baseline and follow-up for plaque position at CX and LAD

Plaque position at CX and LAD artery for baseline and follow-up is presented in Fig. 3.
Stent position can also be seen from the Fig. 4. Shear stress and plaque concentration for this
patient is shown in Fig. 4. It can be seen that the plaque concentration on the specific cross-
section location is matched with CT measurement.

Plague concentration
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Fig. 4. Shear stress and plaque concentration for coronary artery patient

3.2 Results for SIFEM project

The tapered cochlea model was tested initially with air conduction excitation, via the outer ear.
The obtained results are presented in Fig. 5.
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Fig. 5. Displacement wave of the basilar tapered membrane for applied input frequency of 1 kHz,
air conduction simulation

In the bone conduction case, excitation originates from vibrations of the temporal bones,
surrounding the cochlea. The results obtained for displacement vector applied in all three
directions with unit magnitude and input frequency of 1 kHz are given in Fig. 6.

Contour plot: Nodal Displacement
Deformed ( Scale factor = Auto )
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Fig. 6. Displacement wave of the basilar tapered membrane for applied input unit magnitude in
all three directions and frequency of 1 kHz, bone conduction simulation

3.3 Results for EMBALANCE project

Patient geometry for all three SCC was reconstructed from DICOM images. Velocity distribution
with several particles inside SCC is presented in Fig. 7. A different head motion can be used to
get the response for all three SCC as shear stress distribution, velocity, cupula deformation and
drag force on the wall.
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Fig. 7. Velocity distribution for BPPV patient

We tried to model diagnostic test which consists of four head rotations presented in Fig. 8.
Five instants in time (1-V) for the diagnostic maneuver for BPPV where the patient was in the
supine position were simulated with our model. After a short pause, the head was rotated in yaw
90° toward the affected ear, and then 180° yaw in the opposite direction. We modeled these
movements by defining the series of consecutive discrete time steps with corresponding number
of otoconia particles.



Journal of the Serbian Society for Computational Mechanics / Special Edition / Vol. 10/ No. 1, 2016 29

%‘j orY

l-48s

> ®
& D

-~

V-100s

QT ' D

Fig. 8. The orientations of the membranous labyrinth at five instants in time (I-V) for the
diagnostic maneuver

The corresponding head motion with canalith repositioning procedures moves the
endolymph in all SCC. The flow induces the cupula deformation due to fluid forces which act on
the cupula wall. Cupula volume displacement for the BPPV patient is shown in Fig. 9.
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Fig. 9. Simulation of the otoconia particles motion and cupula deformation

4. Discussion and conclusion

In ARTREAT project, a full three-dimensional model for plaque formation and initial
progression, coupled with blood flow and LDL concentration in blood, was developed. The
Navier-Stokes equations and Darcy law for model blood filtration as well as Kedem-Katchalsky
equations for the solute and flux transfer were implemented. Additionally, the system of three
additional reaction-diffusion equations for simulation of the inflammatory process was coupled
with full incremental iterative procedure. The wall permeability was assumed to be the function
of wall shear stress with more permeability with low and oscillatory shear stress.

Patient specific study showed three different position of plaque location where low shear
stress appear. Futhermore, after follow up, the size of simulated and measured plaque were
matching. Computer analysis gave more insight for possible structure of the plaque. This study is
a novel way of modeling plague formation and development (Parodi et al. 2012). Matching the
plague location and progression in time between experimental and computer model shows a
potential benefit for future prediction of this vascular decease using computer simulation.

In SIFEM project we developed a 3D FE model of the cochlea box model with tapered and
rectangular BM. Models for both air and bone conduction were used to simulate mechanical
behavior of the cochlea. The simplified active model with feed-forward and feedbackward OHC
forces of tapered and rectangular box model was implemented. The passive model showed good
matching with Greenwood function, which means that it can replicate frequency to place
characteristic of the cochlea. The active model results presented BM velocity with respect to
input stapes velocity for passive cochlea and it was in good agreement with measurement by
Gundersen et al. (1978) and Stenfelt et al (2003).

In EMBALANCE project physiologically realistic description of the SCC, fluid motion,
otoconia interaction with wall, fluid and cupula as well as cupula elastic deformation was
described. There was no limit in size and number of otoconia particles which can be simulated.
Fluid vortices were simulated inside the untricle and ampula which is almost impossible in the
current dynamics models from the literature. Cupula deformation can be very complex
deformation in 3D, not just integral from the flow domain as it was used in the previous studies
(Rabbitt et al. 1994; Rabbitt 1999; Rabbitt et al. 2004). Simulation of many dynamics position of
head with this model can give very precise position of fluid. Also, simulation of cupula
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deflection directly corresponds to the nystagmus. This can help in better diagnostic process of
BPPV disease.
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*enasHu aymop

Pe3nme

Y 0BOM HperieaHoM pajiy MpelacTaB/beHU cy HaydHu pesynratu Tpu PII7 npojexra EBporcke
komucuje: ARTREAT, SIFEM n EMBALANCE. Hazus ®I17 ARTREAT mpojekra 6uo je:
Monemmpame u npeasuhame apTepocKiIepo3e Ha BUIIECIOjHOM MOETY IAIlijeHTa U BUPTYEITHO
TpeHupame Ha Ganromy. McTpaxuBaun ca YauBepsutera y Kparyjesiry u buolPll-a y3emm cy
yuaemrhe y oBoM mpojekty. OpurnHagHa MeToa 3a (opMupame U pa3Boj IUIaKa pa3BHjeHa je U
notBpheHa muwiioT cTyaujoM y EY KIMHHYKHAM [EHTpHMAa 32 JIedeHhe KOPOHAPHUX U KapOTHIHUX
aprepuja. [pyru ®I17 npojekar 6uo je SIFEM ca temom: CeMaHTHYKO MOBE3MBAKE alaTa M
OubIMOTEKa METO/Ie KOHAYHHX €JIEMEHaTa OTBOPEHOT KOJIa Ca PEMO3UTOPH]YMOM 3a BHIIIECIIOjHU
Mozen 1 3/ Bu3yam3anujy yHyTpalmber yxa.

Pa3zBujena je Meronoioruja 3a MOJEN KOXJee ca CYXKEHOM M NpaBoM Oa3mjapHOM
MeMOpaHOM ca MAaCHUBHUM ¥ akTUBHUM MojesoM. ['naBuu 1eo EMBALANCE ®I17 npojekra je
6ro mojnen nopemehaja kox Beprura. TpoauMeH3HOHN MOJIEN MONYKPY)KHHX KaHalla je OImucaH
ca 3]/ wunrepakumjom coiua-payua ca decTHnama, 3ua0M, JAepOpMalUjoM Kymyiae U
expoiumbHor duynaa. Mojen je nopeljeH ca KIMHUYKUAM MOJAllMMa U MEpemhHMa HUCTarMyca
Ha TIaI[{jeHTHMA KOjU FIMajy BEpTHTO.

Kbyune peum: aprepockieposa, oOpa3oBame IUIaka, KOMI[YTEPCKO MOJIENHUpame, KoXiea,
NacuBaH M aKkTHBaH Mojen, Bepturo, BIIIIB (GeHurHu mapoxkcu3MaiH{ ITO3ULIHMOHU BEPTHUIO),
HHUCTarMmyc
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