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Abstract

The paper presents theoretical basis and results obtained by calculation of blood flow in
coronary artery bifurcation, whereby the emphasis is placed on the plaque occurrence analysis
based on oscillatory shear index (OSI). OSI is the temporal fluctuation of low and high average
shear stress. The endothelial or wall shear stress is a major factor that affects the formation of
plague phenomenon. There are complex hemodynamic conditions in these areas where local
fluid flow dictates the occurrence and development of plaque. Favorable conditions for the
plaque development occurring in areas characterized by low shear stress, while areas with
higher values of OSI index are not susceptible. Arterial bifurcations are the places in vascular
tree where atherosclerosis mainly occurs. OSI index response to the appearance of plaques in
the common coronary artery and branches are considered on three out of eight possible
combinations of plaque locations. Algorithm for the calculation of OSI index are embedded in
software PAK-F and the results are written in FEMAP neutral and Paraview VTK file format.
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1. Introduction

The relationship between flow in the arteries, the wall shear stress distribution and the sites
where diseases can develop has motivated much of a research on arterial flow in the last decade.
Wall shear stress (WSS) is the main flow-related factor affecting the distribution of
atherosclerosis. It is now accepted that the sites where shear stresses are extreme or change
rapidly in time or space are critical in developing diseases (Giannoglou G. 2010; Chatzizis YS.
2007). Atherosclerosis occurs predominantly at branching locations of the vascular tree, where
the arteries have relatively complex geometry that results in a disturbed behavior of a blood
flow (Giddens DP. 1983). There is a need to identify, in vivo, early plaques that are likely to
develop characteristics of either vulnerable plaque or lumen obstruction. Then selective
interventions could be applied to these areas in order to avoid subsequent cardiac events (Stone
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PH. 2011). Non-invasive diagnostic procedures such as MRI are often used in this context, but
do not provide information on time-dependent pressures and wall shear stresses - key quantities
considered to be partially responsible for the formation and development of related pathologies.

Numerical methods, such as finite element analysis (FEA), allow sufficiently accurate
determination of transient fields of pressures and wall shear stresses. Finite element models
allow one to simulate experimental changes caused by variations of some parameters, and
analyze the effects and influences of a single component within the phenomenon investigated
(Mariunas M. 2011; De Beule M. 2009).

2. Oscillatory shear index (OSI)

Temporal oscillations of low and high average shear stress are measured across oscillatory
shear index (OSI). Shear vector can be calculated from the stress tensor ¢ and the normal
vector to the surfacen:

t=0o-n. 1)
Surface shear vector t is defined as the tangential component of the shear stress:
ty=t—(t-n)n. )

The scalar value of the mean shear stress z,,.,, is defined as the average intensity values of the
shear vector:

T
1
Tmean = ?J.tsdt . (3)
0

while the scalar 7., is defined as the average value of the intensity of the shear vector:

T
1
Tmag = ?j|t8|dt : (4)
0
Oscillatory shear index (OSI) is defined by the expression:
sl = L] 1 Tmean | )
2 Tmag

In case When 7, = T7pqg . their ratio is Imean _9 and OSI =0. On the other hand, when
Tmag

L 1 .. .

Trean =0, ratio is M — 0 and OSI = > The value of OSI varies in the interval [0,0.5].
Tmag

3. Generation of Finite Element Models

The observed problem is equivalent to 2D examples in the literature (Na SH. 2011). There are
the following theoretical cases of the appearance of plaques on the left main coronary artery
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(LMCA) branching: (a) with no plaque, (b) with plaque on LMCA, (c) with plaque on left
circumflex artery (LCX), (d) with plaque on left anterior descending artery (LAD), (e) with
plaque on LMCA and LCX, () with plaque on LMCA and LAD, (g) with plaque on LCX and
LAD, (h) with plague on LMCA, LCX and LAD (Fig. 1).

Among these cases, OSI index response to the appearance of plaques in the common
coronary artery and branches are considered on three out of eight (2°) possible combinations of
plaque locations (Fig. 2). We observe the following cases of left main coronary artery
bifurcation: (a) with no stenosis, (b) stenosis of the side branch, and (c) stenosis in all branches

(Fig. 2).
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Fig. 1. Theoretical cases of the appearance of plaques on the left main coronary artery
branching.

CAD model of coronary bifurcation is generated in CATIA software (Fig. 2). Finite element
models were generated using in-house software STL2FEM (Zivkovic M. 2012), thus the
preparation of model also been made in software GOM Inspect (polygonization, setting borders
of model). Multiblock approach embedded in in-house software STL2FEM is used for mesh
generation (Blagojevic M. 2013a; Blagojevic M. 2013b). For complex geometries such as artery
bifurcations multiblock method is the most adequate method to generate of finite element mesh
with minimum errors of numerical solutions. Implemented approach dramatically speeds up the
process of generating patient-specific finite element bifurcation models.

In addition, numerical simulation was performed on one model of plaque free patient-
specific model of coronary artery bifurcation (Fig. 3). Numerical models representing an
arbitrary patient-specific coronary artery bifurcation are created using MSCT coronagraphy and
ultrasound measurements of blood velocity. The original MSCT image data of the human
coronary artery bifurcation were acquired from patients of Clinical Centre of Serbia using
CT750HD scanner (Discovery, General Electric). Image segmentation and geometry
identification of the blood vessels is made in the software MIMICS. Solution is obtained using
20.237 quadratic eight-node isoparametric elements and 21.848 nodes for lumen (Fig. 3b). A
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very short time required to generate the model allows the treatment of a large number of
patients.

() ®

Fig. 2. CAD and FE models of coronary artery bifurcation: (a, b) model with no stenosis, (c,d)
model with stenosis on side branch, (e, f) model with stenosis on all branches.
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Fig. 3. Stereolitography and finite element model of patient-specific coronary artery bifurcation.

Finite element simulations of coronary flow are performed using software PAK-F (Koji¢ M. et
al., 1998). Blood is approximated as an incompressible Newtonian fluid with a density of 1050
kg/m? and a dynamic viscosity of 0.003675 Pas. One cardiac cycle (0.89 s) is simulated in 20
steps with time step size of 44.49 ms. Maximal diastolic flow velocity in the inlet is 33 cm/s.
Velocity profile used for simulating is pulsatile flow. Velocities of nodes on the arterial wall are
equal to zero. WSS, OSI index, velocity, and pressure are calculated throughout cardiac cycle.

4. Results and Discussion

WSS is one of the most essential factors influencing endothelial structure and function, and it is
the main local flow related factor responsible for coronary atherosclerotic plaque formation and
progression. According to several recent studies low WSS promote atherosclerosis with several
mechanisms: through nitric oxide (NO)-dependent athero-protection, increased low-density
lipoprotein cholesterol uptake, sustain increase in oxidative stress, inflammation and smooth
muscle cell proliferation and migration.

Analyses by 3D models that consider only the ideal geometry of arterial bifurcations are
not suitable to draw conclusions that will come to develop the disease (Fig. 4). In cases where
the pathology is modeled, one can predict how it will thrive. This adds to the importance of
efforts to generate high-quality patient-specific models, and software STL2FEM contributes to
these efforts. On example of real coronary bifurcation it is clearly visible areas where change in
the direction of shear stress is negligible, so that the oscillatory shear index, with the field wall
shear stress, modeling the distribution of LDL and other tools and techniques can be used to
predict the occurrence and development of pathology (Fig. 5).

Better understanding of the complex dynamic interplay between local flow conditions and
the plaque formation and progression in bifurcations may express areas of angiographic interest.
Plague distribution may provide useful information for appropriate technique selection in
treatment of complex bifurcation lesions. It gives operator chance to consider to protect side
branch with additional wire or to decide in advance between one and two stent technique. It is
also valuable knowledge for future stent designs.

This methodology may be applicable in different clinical and angiographic circumstances.
This analysis takes into account only the kinematic and dynamic effects. Calcifications on the
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wall and other disorders are not included in the model because based on current knowledge it
was not possible to predict extent of calcification deposition in relationship with fluid behavior.
However, the presence of calcification is possible to simulate in future studies by changing
characteristics of the arterial wall at calcification place.

CFD model of plaque free coronary bifurcation reveal that lateral walls of main branch, and
lateral walls distal to carina are exposed with low WSS. Using this facts formation and
progression of atherosclerotic plagque can be predicted. This low WSS specific bifurcation
segments have higher probability for plaque development. In contrast WSS in carina region is
higher and this area has less likely for plague development.

Examining WSS in diseased coronary artery may enable identification of the initial stages
of plaques that potentially evolve into a high-risk lesion.
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Fig. 4. Oscillatory Shear Index (OSI) for observed geometrically ideal cases.
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Fig. 5. Oscillatory Shear Index (OSI) for observed patient-specific case.

4, Conclusions

The main findings of our study are: 1) CFD coronary artery model revealed that lateral walls of
the main branch and lateral walls distal to carina are exposed to low WSS which is predilection
site for development of atherosclerosis; 2) Simulations can be used in serial manner to
investigate patient-specific hemodynamics conditions at the coronary artery bifurcation.

A very short time required to generate the model allows the treatment of large number of
patients. This model offers the possibility for monitoring patients over time, which can become
a part of their medical records. Thanks to rapid modeling, this methodology not only allows
detailed characterization of arterial plaque at a given moment in time but, applied routinely, can
give an insight how the plaques change over time and what antecedent features predict their
future behavior. The previous considerations indicate that developed computational frame gives
useful inputs to cardiologists. Thanks to the obtained results, cardiologists are set in the role of
decision makers. They have clear view about insight of the blood flow through coronary artery
bifurcation, so they can suggest optimal treatment strategies.

Thanks to rapid modeling, this methodology not only allows characterization of arterial
plaque at a single point in time but, also allow prognostic insight into how plaques evolve over
time. If it were possible to recognize in vivo plaques that were expected to develop features of
rupture prone lesions, specific interventions could be performed to avoid adverse cardiac event.

Rapid modeling of patient-specific artery bifurcation opened new avenues in the
investigation of the role of WSS in the natural history of atherosclerosis and in future we hope it
will be powerful tool in every day medical practice in decision making process for single
patient.
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Pe3nme

VY pany cy mpeicraBjbeHE TEOPHjCKE OCHOBE M Pe3YNTAaTH IOOMjEHH IPOPAauyHOM CTpyjama
KPBH y KOpOHApHOj Ou(ypKanuju, Npy YeMy je Harjiacak CTaB/beH Ha aHaJM3y I0jaBe IUlaKa Ha
ocHOBY ocumitatopHor cMunajaor uaaekca (OCH). OCH je Bpemencka (uiyKTyanuja HUCKOT U
BUCOKOT' TIPOCEYHOT CMMLAJHOT HaroHa. EHIOTeNHN CMHIIAjHH HAIOH je TiIaBHH (akTop Koju
yrude Ha (eHoMeH (opmupama Iulaka. [locTtoje clIokeHH XEeMOAWHAMCKH YCIOBH y OBUM
obJyilacTUMa TJie JIOKAJIHHU MPOTOK KPBU YTHYE Ha I0jaBy M pa3Boj Iuiaka. [I0BOJbHM yCJIOBH 3a
pa3Boj IUIaKa jaBJpajy ce y oOnacTMMa Koje KapaKTepHIly HH3aK CMHIQjHH HAIlOH, JOK
noapydja ca BumuM BpegaoctuMa OCH mHIekca HHCY HOIIOXKHA. ApTepHjcke Oudypkammje
Cy MecTa y BacKyJIapHOM CTa0IIy T1ie ce aTepocKiepo3a yriaBHoM jaBiba. [lojapa OCU nHnekca
y BE3M ca HACTAHKOM IUIaKa je pa3MaTpaHa y 3ajeJHUYKOj KOPOHAPHO] apTepUjH M OrpaHInMa
Ha TPH O] 0caM MOryhux KoMOHMHaIHWja HacTaHKa Iuilaka. AJropuram 3a uspadyHaBame OCU
uHaekca je yrpahen y codpreep [TAK-® u pesynraru cy 3anucaru y FEMAP weyTpan dopmaty
u Paraview VTK ¢opwmary.

Kibyune peun: Koponapha aprepuja, Oudypkammja, OCHUIATOPHE CMHIIAJHH WHICKC, HATIOH
CMULIAK-A HA 3ULLY
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