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Abstract
The dominant haemodynamic flow parameters of Wall Pressure, Wall Shear Stress (WSS), molecular viscosity and the spatial gradients: Wall Pressure Gradient and Wall Shear Stress Gradient along the normal human Left Coronary Artery (LCA) tree are numerically analyzed in relation to atheronegenesis. The LCA tree includes the Left Main Coronary Artery, the Left Anterior Descending branch, the Left Circumflex branch and their major branches. Spatial differentiation indicates that low values of WP (locally), WPG, WSS, WSSG and high molecular viscosity appear opposite flow dividers and this probably correlates to atherosclerosis localization. 

Summary

The purpose of our study is to numerically analyze the dominant haemodynamic flow parameters [Wall Pressure (WP), Wall Shear Stress (WSS),  and molecular viscosity] and the spatial gradients [Wall Pressure Gradient (WPG) and Wall Shear Stress Gradient (WSSG)] along the normal human Left Coronary Artery (LCA) tree in relation to atherogenesis. A three-dimensional computer model of the LCA tree, based on averaged human data set extracted from angiographies, was adopted for finite-element analysis. The LCA tree includes the Left Main Coronary Artery (LMCA), the Left Anterior Descending (LAD) branch, the Left Circumflex (LCx) branch and their major branches. In regions located opposite flow dividers, where atherosclerosis frequently occurs, the values of WP (locally), WPG, WSS and WSSG are low in contrast to the molecular viscosity, which exhibits high values. At distal segments, WSS and WSSG increase, while molecular viscosity decreases. This computational work determines the topography of all dominant blood flow variables in the normal human LCA tree in relation to atherosclerosis. Spatial differentiation indicates that low values of WP (locally) and WPG, WSS and WSSG plus high molecular viscosity appear opposite flow dividers and this correlates to atherosclerosis localization. 

1.0 Introduction

Atherosclerosis shows a predilection in regions of arterial tree with haemodynamic particularities, as local disturbances of Wall Pressure (WP), Wall Shear Stress (WSS), differentiation in space and in the phase of the cardiac cycle, local high concentrations of lipoproteins, local velocity and viscosity disturbances, as well as morphological (geometrical) particularities, as bends, bifurcations and trifurcations, (Friedman et al. [1], Giannoglou et al. [2], Glagov et al. [3], Sabbah et al. [4]). Wall Pressure Gradient (WPG) as well as the Wall Shear Stress Gradient (WSSG), Farmakis et al. [5], in space and in the phase of the cardiac cycle have shown their importance in atherogenesis as local modulators of endothelial gene expression, Nagel et al. [6]. Genes regulate proliferation, migration and apoptosis of the cells, Tardy et al. [7]. 

Intrathoracic spatial location of normal human Left Coronary Artery (LCA) and Right Coronary Artery segments have been described by Dodge et al. [8], and Dodge et al. [9]. In our research work, all previously reported LCA data, including the Left Main Coronary Artery (LMCA), Left Anterior Descending (LAD), Left Circumflex branch (LCx) and their major branches, were used for computational analysis. Early work in coronary arteries described the topography of atherosclerosis, Enos et al. [10], Halon et al. [11] and Montenegro et al. [12]. There is strong evidence as to where atherosclerosis regions are located and how atherogenesis is related to WSS, Gibson [13]. Atherosclerotic lesions have a distinct pattern of localization on the outer walls of the bifurcation and the inner curvature downstream from the bifurcation, Grottum et al. [14]. 

A study of the normal human LCA tree was performed based on the analytical data of previous research works. In the present study, computational values of the dominant blood flow parameters and their gradients were compared to the atherosclerotic localization. To the best of our knowledge there is no published computational work determining the topography of the dominant blood flow physical parameters of WP (locally), WPG, WSS, WSSG and molecular viscosity in the normal human LCA tree in relation to atherosclerosis localization. Specifically, there is no work determining the spatial differentiation of all above flow parameters in the LCA bifurcation regions as well as the differences occurring between proximal and distal LCA branches. 

Therefore, the purpose of our study was to numerically analyze the main haemodynamic flow parameters along the normal human LCA tree. Emphasis was put on: a) the distribution of low WP (locally), WPG, WSS and WSSG regions, b) the high molecular viscosity regions, c) the differentiation between proximal and distal LCA parts of all these flow parameters in relation to the localization of atherosclerotic lesions, and d) the possible relation of WP and WSS to atherosclerosis genesis and progression. Using three-dimensional finite-element flow analysis of the LCA tree we demonstrated that there are marked local differences of the magnitude of all haemodynamic flow parameter values in bifurcations and between proximal and distal LCA tree regions. The developed differences in these flow parameters are probably important factors in genesis and progression of atherosclerosis.

2.0 Methods
Experimental measurements of the intrathoracic spatial location of specified coronary segments on the normal human heart, were previously reported, Dodge et al. [8], Dodge et al. [9]. These data were utilized to construct a coronary artery tree model. The model included the LMCA, the LAD, the LCx and their main branches: first diagonal (D1), second diagonal (D2), third diagonal (D3), 

 first obtuse marginal (OM1), second obtuse marginal (OM2), first septal (S1), second septal (S2) and  third septal (S3).
All geometrical data were put into a specialized pre-processing program for grid generation. In total 44,452 grid nodes were utilized giving rise to 196,902 computational tetrahedral. Subsequently, the grid data as well as all physical flow data determined from the boundary conditions were imported into the main Computational Fluid Dynamics (CFD) solver, Fluent release 5.5, FLUENT Inc., Kelkar  [15], Kelkar et al. [16]. The applied numerical code, which was previously validated by Kelkar [16], solves the governing Navier-Stokes flow equations. In their generality, these equations solve the mass, momenta and energy conservation. The assumptions made about the nature of the flow are that it is three-dimensional, steady, laminar, isothermal, with no external forces applied on it while the arterial wall is comprised from non-elastic and impermeable material.

3.0 Results

Figure 1 shows the contour plots of the Wall Pressure (WP, N/m2) magnitude at proximal LAD branch. The contour labels range from 1 to 20 corresponding to the 20 color levels shown in the bar. These values are relative to the operating pressure. Note non-uniformity of the wall pressure distribution, particularly in regions opposite a divider. The distance taken for the fluid to reach the contour WP No. 14 of the contour WP No. 16 is relatively large.

Figure 1

Figure 2 shows the contours of Wall Pressure Gradient  (WPG, N/m3) for the proximal LCA tree. The low WPG regions are clearly depicted, ranging from 27.0 (contour No. 1) to 1308.9 N/m3 (contour No. 3). Low WPG values occur at regions opposite the flow dividers of the LMCA, proximal LAD, LCx branches. 

Figure 2

Figure 3 shows the dominant low Wall Shear Stress (WSS, N/m2) contour values on the LMCA bifurcation. At regions opposite the flow divider, dominant low WSS values occur ranging from 0.61 N/m2 (contour No. 2) to 2.43 N/m2 (contour No. 5). Low WSS values occur at regions opposite the flow divider at LMCA, proximal LAD, LCx branches. In the D1-S1 bifurcation region, the WSS values range between 2.07 and 4.05 N/m2 (not shown), while in the D2-S2 bifurcation region, the corresponding low WSS attain higher value, ranging between 2.75 N/m2 and 5.0 N/m2 (not shown). High curvature affects the velocity distribution at flow dividers giving rise to high WSS values.
Figure 3

Spatial Wall Shear Stress Gradient (WSSG, N/m3) is determined from WSS distribution. The results shown in Fig. 4 indicate that, on the LMCA bifurcation at regions opposite the flow divider, dominant low WSSG values occur, ranging from 10.0 N/m3 (contour No. 1) to 422.22 N/m3 (contour No. 3). Low WSSG values occur at regions opposite the flow divider at LMCA, proximal LAD and LCx branches. In the D1-S1 bifurcation region, the low WSSG attain higher values, 121.07 N/m3 to 462.36 N/m3 (not shown).

Figure 4

Finally, Fig. 5 shows the contour values of the molecular viscosity (kg/m-s) magnitude distribution at the LMCA bifurcation. High molecular viscosity region in the main bifurcation region, ranging from 0.0089 kg/m-s (contour No. 6) to 0.0094 kg/m-s (contour No. 7) nearly coincides with low WSSG, low WSS and low WPG regions shown in Figs. 4, 3 and 2, respectively. The molecular viscosity decreases at distal coronary segments. 

Figure 5

4.0 
Discussion
4.1 Endothelium and flow parameters

A numerical analysis of blood flow in arterial segments is of paramount importance in understanding the pathophysiology of atherosclerosis, Giannoglou et al. [2] and Krams et al. [17]. Knowledge of computationally or experimentally derived mechanical factors acting at the cellular level is rapidly increasing, Davies et al. [18]. Findings suggest the existence of a mechanism according to which areas of low shear stress and flow reversal are predisposed to the development of atherosclerotic lesions, Honda, et al. [19]. It seems that cells possess mechanisms reacting to WSS and WP. Research work undergone by Gimbrone et al. [20] hypothesized that the selective and sustained expression of "atheroprotective genes" in the endothelial lining of lesion-protected areas represents a mechanism whereby haemodynamic forces can influence lesion formation and progression. The thin endothelial layer is sensitive at changes of mechanical factors, Nagel et al. [6]. This can lead to change of cell shape, reorientation of cells, increase in cellular size, production of matrix, and a wide range of gene regulation mechanisms particularly those concerning the expression of growth factors, Barbee et al. [21]. They also state that a full stress analysis of the cell is needed and that the microscopic distribution of shear stress acting upon the cell surface provides the boundary condition for such an analysis. Flaherty et al. [22] measured the orientation morphology and population density of endothelial nuclei and obtained evidence that altered flow distribution changes patterns of nuclear orientation. Reidy et al. [23] note that haemodynamic forces, such as high shear stress, were presumably responsible for the localization of lesions. 

Levesque et al. [24] have shown that stenosed vessels may be correlated with higher levels of WSS with more elongated cells having the longest cell axis oriented parallel to the direction of flow. These appear to be activated via changes of WSS magnitude. Conversely, endothelial cells of polygonal shape occur in low WSS regions. These cells are not oriented to any direction. It is possible these local alterations in endothelial cell morphology yield different gene expression and different size permeability for the various blood constituents. Therefore, endothelial cells from regions subjected to various values of WSS exhibit various biological and biochemical functions, Depaola [25]. Large WSSG values could induce morphological and functional changes in the endothelium in regions of disturbed flow in vivo and thus may contribute to the formation of atherosclerotic lesions. 

Apart from low WSS and WSSG, locally low WP has shown its importance in atherogenesis localization, Giannoglou et al. [2]. Furthermore, molecular viscosity distribution seriously affects the development and progression of coronary artery disease, Becker [26].  Therefore, it is important to know how all flow parameters and their mechanical functions affect atherosclerosis in man. 

4.2 Idealized normal human LCA tree geometry model

All current research work findings, regarding the flow parameters, are of particular interest since the coronary artery analysis was based on an averaged human data set, Dodge et al. [8] and Dodge et al. [9]. The above studies utilized 83 angiographies taken from normal subjects. From each of the 83 angiographies, 23 segments were examined. The intrathoracic location and course of each one of the 23 arterial segments and branches, which are commonly used by the physician to describe the localization of coronary disease, were used for our model construction. Therefore, our model has been based on an idealized normal human LCA tree geometry. The anatomy where blood flow was analyzed is theoretically averaged of the normal human LCA. The current method calculated results clearly demonstrates points of  coronary artery vulnerability towards atherosclerosis, particularly at regions opposite flow dividers.

4.3 Wall Pressure and Wall Pressure Gradient effects

The WP distribution, Fig.1, and subsequently the spatial WPG distribution in the LMCA bifurcation, Fig. 2, exhibit a highly non-uniform field. At the hips of the LMCA bifurcation, i.e. at regions opposite the apex located at the outer walls of LAD and LCx, low WPG values occur. This distribution is in accordance to the localization of atherosclerotic lesions in this area, Grottum et al. [14]. In regions where locally low WP values develop, Fig. 1, low regions of WPG appear just upstream of them, Fig. 2. 

High curvature vessel geometry as well as bifurcation or trifurcation regions are suspected to be prone to atherosclerosis, Giannoglou et al. [2]. These vulnerable regions, presenting flow disturbances with possible re-circulation and flow separation, develop low WPG values, Fig. 2. The magnitude of WPG increases from proximal to distal flow dividers and spatial gradients of WP attain large values at small size branches. Furthermore, there is a strong correlation between patches of locally low WP and wall thickening, Giannoglou et al. [2]. 

A locally low WP area is clearly depicted opposite flow divider region bounded between contours No. 14 and No. 13, Fig. 1. This region is characterized as a locally low WP endothelium area compared to the one enclosed between contours No. 15 and No. 14, see also contours No. 2 and No. 3 of Fig. 2. Of course, there is always pressure drop along the flow direction. However, at the outer LAD wall of the main bifurcation, the WPG exhibits irregular function by passing from low to high WPG values in a relatively short distance. At the same distance, the WP drops from relatively high to relatively low values. At this part of the vessel, the existence of bifurcation strongly affects the flow pattern. A similar flow pattern develops at the outer wall of LCx. However, the homologous phenomena there are less acute. The flow pattern just described appears in all LCA tree bifurcation regions. The differences in all calculated flow parameter decrease from proximal to distal LCA tree regions.

4.4 Wall Pressure and Wall Shear Stress effects
Flowing blood imposes haemodynamic stress at the blood-arterial wall interface. This stress has two components, namely: the vertical to the wall acting pressure (WP) and the tangentially to the wall acting component Wall Shear Stress (WSS). Although the WSS values are significantly lower than the WP, they have received much of the attention in order to explain the intimal thickening, Nerem [27]. Regions of high WSS values form “rings” around the arteries, shown in Fig. 3.
In regions of low WSS, WSSG, low velocity and high molecular viscosity is observed. Thus, it is possible, that apart from the action of the applied WP differences on the endothelium, regions of low WSS, low WSSG, and or velocity, as well as high molecular viscosity favours the entrance of atherosclerotic material into the subendothelial layer. Thereafter, the atherosclerotic materials probably move within the sub-endothelial layer into regions of low WP. Endothelial cells probably respond to the combined effects of locally low WP, developed just downstream of a high WP region (thus giving rise to torque) and low WSS. Henceforth, a mechanism is provided promoting atherosclerosis. In Fig. 6, the possible wall deformation, on purpose exaggerated, under the WP action and the resulting torque, is schematically shown. It is important to notice that the applied torque takes place within a highly non-homogeneous and non-isotropic material. Slight modification of the endothelium geometry alters the flow field, which in turn affects the vessel morphology. Low WSS values favour coagulation and migration of leucocytes, thereby contributing to atherosclerosis. Spatial and temporal WSS appear to be significant factors regulating endothelial cell biology.
Figure 6

4.5 Wall Shear Stress Gradient effects

Any non-zero value of the WSSG denotes a non-uniform haemodynamic environment. WSSG distribution reveals regions of high values occurring at the associated “rings”, in the vicinity to the flow dividers, Fig. 4. These “rings” are similar to those shown in Fig. 3 for the WSS distribution. Spatial low WSSG, due to flow field alteration, are located at the sidewalls opposite the flow divider. The magnitude of WSSG is increased from proximal to distal flow dividers, Farmakis et al. [5]. The low WSSG values distribution is, also, in accordance to the frequent localization of atherosclerotic lesion in the proximal LCA regions, Halon et al. [11] and Montenegro et al. [12]. In their generality, spatial distribution of WSSG values yields similar to WSS distribution, Figs. 4 and 3. These regions cover more or less each other, as it is evident from the comparison between current method predictions. However, the low WSSG regions are somehow extended to a larger area than the low WSS region do. 

4.6 Molecular Viscosity effects

Low WSSG are regions of high molecular viscosity values, Figs. 4 and 5, which favour plaque formation, Lowe et al. [28]. According to non-Newtonian behaviour, blood viscosity varies along the course of the vessel. This variation depends on vascular morphology, on flow particularities, on local composition of blood flow and is crucial in atherosclerosis research, Becker [26]. Regions of high blood molecular viscosity are located on the lateral walls of the bifurcations and nearly coincide with low WSS. Along the vessel wall, at regions where low WSS and locally low WP occur, the effect of blood flow resistance, due to increased blood molecular viscosity, gives rise to increased contact time between the atherogenic particles of the blood and the endothelium, Giannoglou et al. [2], thus, promoting atherosclerosis. The molecular viscosity decreases from proximal to distal flow segments, Fig .5. Furthermore, the molecular viscosity distribution reveals regions of low values occurring at the associated “rings”, in the vicinity of flow dividers.
5.0 
Conclusions
The influences of various physical haemodynamic flow parameters on the three-dimensional normal human LCA tree were evaluated. Marked differences in both magnitude and spatial distribution of WP, WPG, WSS, WSSG and viscosity values appear everywhere in the LCA tree. This study showed that locally low WP, WPG, WSS, and WSSG and high molecular viscosity regions occur at bifurcations in regions opposite the flow dividers, which are anatomic sites predisposed for atherosclerotic development. Endothelial cells respond to the combined effects of low WP, WPG, WSS, WSSG and high molecular viscosity values and provide a mechanism promoting atherosclerosis. At distal segments, all flow parameters exhibit moderate differences, compared to those occurring at proximal segments. This computational work shows a statistical correlation between the topography of all dominant blood flow variables WP, WPG, WSS, WSSG and molecular viscosity in the normal human LCA tree and sites of atherosclerosis. These distributions can be established as a reliable predictor for possible atherosclerosis location.
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Figure legends

Figure 1. Contour plots of the Wall Pressure (WP, N/m2) magnitude at proximal Left Anterior Descending (LAD) branch. Shown values are relative. Contour labels range from 1 to 20 and correspond to the 20 color levels shown in the bar.

Figure 2. Contour plots of the Wall Pressure (Stress) Gradient (WPG, N/m3) magnitude at the Left Main Coronary Artery (LMCA) bifurcation. Emphasis is put on low WPG contour values.

Figure 3. Contour plots of the Wall Shear Stress (WSS, N/m2) magnitude distribution at the Left Main Coronary Artery (LMCA) bifurcation. 

Figure 4. Contour plots of the Wall Shear Stress Gradient (WSSG, N/m3) magnitude distribution at the Left Main Coronary Artery (LMCA) bifurcation. Emphasis is put on low WSSG contour values. 

Figure 5. Contour plots of the molecular viscosity (kg/m-s) magnitude distribution at the proximal Left Anterior Descending (LAD) branch. 

Figure 6. Schematic view. Wall Pressure (WP) spatial differentiation develops torque (thick arrows) and deforms the vessel wall (dashed lines). High and low Wall Shear Stress (WSS) regions develop. Molecular viscosity increases at low WSS regions.
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