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Abstract: Problem statement: Atherogenesis is affected by hemodynamic paramseserch as wall
shear stress and wall shear stress spatial gradibese parameters are largely dependent on the
geometry of arterial tree. Arterial bifurcationsntain significant flow disturbance#pproach: The
effects of branch angle and vessel diameter ratioeabifurcations on the wall shear stress distiidn

in the coronary arterial tree based on CT image® wiidied. CT images were digitally processed to
extract geometrical contours representing the @mowvessel walls. The lumen of the coronary argerie
of the patients was segmented using the open seofteare package (VMTK). The resulting lumens
of coronary arteries were fed into a commercial hmgsnerator (GAMBIT, Fluent Inc.) to generate a
volume that was filled with tetrahedral elementse FIDAP software (Fluent Corp.) was used to carry
out the simulation by solving Navier-Stokes equaioThe FIELDVIEW software (Version 10.0,
Intelligent Light, Lyndhurst, NJ) was used for thisualization of flow patterns and the quantifioati

of wall shear stress. Post processing was doneVidtiK and MATLAB. A parabolic velocity profile
was prescribed at the inlets and outlets, excapl f&tress free outlet was assigned to the renmini
outlet.Results: The results show that for angle lower than 90%; $hear stress regions are observed at
the non-flow divider and the apex. For angle lafp@an 90°, low shear stress regions only at the non
flow divider. By increasing of diameter of side bch ratio, low shear stress regions in the sidadira
appear at the non-flow divide€Conclusion: It is concluded that not only angle and diameter ar
important, but also the overall 3D shape of thergrtMore research is required to further quarttiiy
effects angle and diameter on shear stress pattecosonaries.
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INTRODUCTION stagnation point flow, reversed flow and/or turlmcie)
due to convective inertia (Chen and Lu, 2006).
Atherogenesis is affected by hemodynamic The Computational Fluid Dynamic (CFD) model
parameters, such as Wall Shear Stress (WSS), Wdilas been used to describe the flow patterns ierdiit
Shear Stress Spatial Gradient (WSSG) and Osciflatoranatomical geometries. The pulsatile flow fieldan
Shear Index (OSI) (Mohammatlal., 2010; Souli€tal.,  anatomically realistic model of the bifurcation thie
2006; 2007; Huet al., 2007; 2009). These parametersleft anterior Descending Coronary Artery (LAD) and
are strongly influenced by flow disturbances, whichits first Diagonal branch (D1) was simulated
are largely dependent on the geometry of artereed t numerically and measured by laser Doppler
(Prosiet al., 2004). The locations with low WSS and anemometry (Perktholet al., 1998). The flows in these
high OSI have been thought to be atheroscleroiag@r models exhibited many of the features seen in @mpl
(Gijsenet al., 2008; Cheret al., 2006; Naderiet al., models, but they also showed that there is coredifter
2009). The coronary arterial system is an importantndividual variability in the flow field in specii regions
clinical site of atherosclerosis. The changes iongetry  of the tree and perhaps more important, that thene
of blood vessels during branching can lead to Sagmit  qualitative differences in some cases between ltve f
flow disturbances (e.qg., flow separation, secondiamy, field in idealized and in highly realistic geomesi
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The relationship of vascular geometry andadditional challenges since the lumen of the LCX wi
pathophysiology has been the subject of a number afisappear more quickly from the IVUS images due to
investigations (Carolinest al., 2007; Chenget al., the larger bifurcation angle. The flow division Wwetn
2006). These investigations suggest that there arhe LADdist and the 2nd diagonal is controlled by
significant relationships between coronary arterialcombining stress free outlet boundary conditionthwi
geometry and histomorphometry. Each geometri@djustment of the length of the 2nd diagonal tatzre
variable affected the morphometrics differently.thVi identical average SS in the proximal part of the tw
respect to the effect of branch angle, this re$ehes  daughter branches. Whether the assumption of equal
been shown that large angles are associated Withah average SS is valid for mildly diseased coronary
thickening and are presumably adverse. Thus, tharteries is not studied in detail yet.
relation between branch angle and intimal thickness This investigation presents the effect of branugie
seen here is plausible. The shear stress distibuti and vessel diameter ratio at the bifurcations envtall
distal to a branch is not circularly symmetric anchay  shear stress distribution in the coronary arténgsd.
be significant that the mean intimal thickness loé t

thickest quadrant of the vessel cross-section lzte MATERIALSAND METHODS
with angle more strongly than did the mean intimal ) ,
thickness of the entire cross-section. We studied 9 coronary arteries (3 RCA, 2 LCX, 3

Branch area ratio was primarily correlated with LAD and 1 LM). CT images were digitally processed t
medial variables. The effect of area ratio on meidic €Xtract geometrical contours representing the @mon
dimensions decays rapidly, indicating that the radi vessel walls. The lumen of the coronary arteriethef

thickening of the LAD associated with the preseoca ~ Patients was segmented using the open source seftwa
branch is localized to its immediate neighborhood. package VMTK. With VMTK, we selected trash-holds

The identification of relationships between and combine with marching cube techniques to elxtrac
geometric variables and hemodynamic patterns can Hemen of the artery (Fig. 1).

used to infer which mechanical factors are moreljiko Filtering was applied to smooth the surface (E)g.
be involved in the localization of disease (Dehlaglal., ~ @nd clipping of the inlet and outlets was requiréde
2007; 2008a; 2008b: Wellnhoferral., 2009). inlet and outlets were extended by straight tubesésy

Computational Fluid Dynamics (CFD) methods implementation of the boundary conditions (Fig. 3).
based on in vivo three-dimensional vessel
reconstructions have recently been shown to provide
prognostically relevant hemodynamic data. With the
development of Computed Tomography (CT), MRI
angiography and rotational angiography, patientifpe
3D geometries of coronary arteries are readilylalbks
for studies of hemodynamics and resulted in a nummbe
recently published researches (Ramchagtaa., 2008;
Gijsen et al., 2008; van der Giessed al., 2009;
Goubergritst al., 2009; 2008). ) ) )

A new imaging technique was applied to generate Kig. 1: Extra_ctlon of lumen of the artery with VMTK
3-D reconstruction of a human coronary artery techniques
bifurcationin vivo (Gijsenet al., 2007). The observed
relationship between SS, WT and remodeling in this
specific patient illustrates the spatial heteroggnef
the atherosclerosis in the vicinity of arterial
bifurcations. The main geometrical parameters hee t
angle between the two branches and the surfaceafti
the two daughter branches. Some limitations in the
current study should be mentioned. The example used
in this study was the bifurcation of the LAD withet
2nd diagonal. The angle between the two daughter
branches, although being representative for bifiona
angles in the coronary tree, is relatively smalheT Fig. 2: Smoothing the surface of the artery with W#/
bifurcation between the LAD and the LCX would pose techniques
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The resulting lumens of coronary arteries were fed RESULTSAND DISCUSSION
into a commercial mesh generator (GAMBIT, Fluent
Inc.) to generate a volume that was filled withebedral Steady blood flow in the 9 reconstructed models of

elements. Grid sensitivity tests showed a vamatd the coronary artery was simulated using the CFD
less than 1% in the solution of the parametersitefést program FIDAP.
when the size of volumes decreased 10%. The FIDAP
software (Fluent Corp.) was used to carry out thdnfluence of angle of side branch at the
simulation by solving Navier-Stokes equations. Thebifurcations on the WSS distribution: Figure 4
blood flow was modeled as an incompressibleshows the wall shear stress distribution in thehRig
Newtonian viscous fluid governed by Navier-StokesCoronary Artery (RCA). In this case angle of side
equations. Taking into account the previouslybranch at the bifurcation is larger than 90°. Low
mentioned assumptions, the governing equations are:shear stress regions present at non-flow divider.
Absolute values of WSS at the non-flow divider are
ap smaller than 0.28 (Pa). Opposite the non-flow
EJ’D’ (PU)=0 @) divider, near the apex a small region with low shea
stress is present (Fig. 4). Absolute values of VS
DU this region are larger than 0.4 (Pa). For anglgdar
2 .
PE=P@J—DP+HD U (2)  than 90°, low shear stress regions only at the non-
flow divider.
In the 2 RCA models that the angle of side

erere._ . _ branch at the bifurcation was larger than 90°, we
p = Fluid (_jensny (kg n’?)_ observed that low shear stress region present anly
U = Velocity vector (m sec) the non-flow divider area. Absolute values of WSS a
P =Pressure (Pa) ) the non-flow divider varied between 0.26-0.35 (Pa).
G = Gravity acceleration (m sép In the apex region this value is larger than 0.8)(P
M = Fluid viscosity (Pa.s) (Table 1).

A parabolic velocity profile was prescribed at the Taple 1: Absolute values of WSS at the non-flowidtiv and apex for
inlets and outlets, except for 1. Stress free butias different angle of side branch at the bifurcation
assigned to the remaining outlet. The dynamic &iggo Apex Non-flow divider
of blood and its density were assumed to be 3.8x10 SBangle WSS WSS
Pa.s and 1050 kg Th respectively (Goubergritat al., Egﬁ:gg mg:gg; zgg >8'gg 8'%?
2009; 2008; Gijsemt al., 2007). No-slip condition was RCA-89 MB-SB2 >90 >0.50 0.26
applied at the wall and the wall was assumed to b&CA-44 MB-SB1 90 >0.50 0.33
rigid. The FIELDVIEW software (Version 10.0, RCA-89 MB-SB1 <90 0.26 0.36
Intelligent Light, Lyndhurst, NJ) was used for the tég:;g mg:gg; Zgg 8'@? >8'§2

visualization of flow patterns and the quantifioatiof
wall shear stress. Post processing was done with
VMTK and MATLAB.

Non-flow divider

Outlet
extended by
straight tube

Fig. 4: WSS distribution in the right coronary ayte

Fig. 3: Extension the inlet and outlets by straigites with side branch angle larger than 90°
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Fig. 7: WSS distribution in the LAD coronary artery
Fig. 5: WSS distribution in the LAD coronary artery with small side branch

with side branch angle smaller than 90°

Fig. 6: WSS distribution in the right coronary ayte
with side branch angle approximately 90°

Table 2: Absolute values of WSS at the non-flowidiy and apex

for different diameter of side branch at the bifiion Fig. 8: WSS diStri_bUtion in the LAD coronary artery
Apex Non-flow divider with large side branch
SD/IMD WSS WSS
LAD-72 MB-SB1 Small >0.5 >0.50 Influence of diameter of side branch at the
LAD-59 MB-SB1 Large >0.5 0.40 bifurcations on the WSS distribution: WSS
tﬁg'gg mg'ggg fma" >0.5 0.4, >0.5 distribution in the LAD coronary artery with smailtle
- - arge >0.5 0.25 . . .
LCX-72 MB-SB2 Small >0.5 >0.50 branch was shown in Fig. 7. In this case sheassire
LCX-59 MB-SB2 Large >0.5 0.30 the side branch is larger than 0.5 Pa, both aafiex
and the non-flow divider.
Figure 5 illustrates the wall shear stress distiiin WSS distribution in the LAD coronary artery with

in the left anterior descending of coronary arterylarger side branch was shown in Fig. 8. In thissdas/
(LAD). In this case angle of side branch at theshear stress regions in the side branch appedreat t
bifurcation is smaller than 90°. The results shdxatt non-flow divider. Absolute values of WSS at the non
for angle lower than 90°, low shear stress regiames flow divider varied between 0.25-0.4 (Pa). In tipea
observed at the non-flow divider and the apex. Aliso  region this value is larger than 0.5 (Pa) (Table 2)
values of WSS at the non-flow divider varied betwee

0.36-0.5 (Pa). In the apex region this value isedar CONCLUSION

between 0.26-0.37 (Pa).

When the angle of the side branch at the If the angle is lower than 90°, low shear stress
bifurcation is approximately 90° (Fig. 6), we ohsmt  regions are observed at the non-flow divider are th
that a small region of low shear stress present ahl apex. For angle larger than 90°, low shear stregismns
the non-flow divider area. Absolute value of WS$hat  only at the non-flow divider and shear stress atrton-
non-flow divider is 0.33 (Pa). In the apex regidist flow divider seem to be lower than bifurcation with
value is larger than 0.5 (Pa) (Table 1). angle smaller than 90°.
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By increasing the ratio of side branch diameter tdDehlaghi, V., M.T. Shadpour and S. Najarian, 2008b.
main branch diameter (Ds/Dm), low shear stress Analysis of wall shear stress in stented coronary
regions in the side branch appear at the non-flow artery using 3D computational fluid dynamics
divider modeling. J. Mater. Process. Technol., 197: 174-181

We concluded that not only angle and diameter, but  DOI: 10.1016/j.jmatprotec.2007.06.010
also the overall 3D shape of the artery are importa Gijsen, F.J.H., J.J. Wentzel, A. Thury, B. Lameasal

More research is required to further quantify tffeas J.C.H. Schuurbierst al., 2007. A new imaging
angle and diameter on shear stress patterns in technique to study 3-D plaque and shear stress
coronaries. distribution in human coronary artery bifurcations

The current results confirm and extend our in vivo. J. Biomech., 40: 2349-2357. DOI:
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