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Abstract 
Objective: The oscillating lipid accumulation in the aortic wall is examined in the normal human aortic arch with shear dependent endothelium properties.
Methods: A semi-permeable nature of the arterial wall computational model, applied in the normal human aortic arch under unsteady normal flow and mass conditions, is incorporated with hydraulic conductivity and permeability treated as wall shear stress dependent.
Results: With constant values of water infiltration and blood diffusivity, at any instant of the cardiac cycle, the surface vertex average normalized luminal concentration is of the order 4.25 % higher than that at the entrance. With shear dependent values of water infiltration and endothelial permeability the surface vertex average normalized luminal concentration is of the 7.3 % order higher than at the entrance.  The luminal surface concentration at the arterial wall is flow-dependent with local variations due to geometric features. Concave sides of the aortic arch exhibit, relatively to the convex ones, elevated low density lipoprotein at all time steps.
Conclusions: The degree of elevation in luminal surface LDL concentration is mostly affected from the water infiltration velocity at the vessel wall. Shear dependent endothelial values must be taken into account whenever fluid and mass flow within the arterial system is incorporated.
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Summary 

A semi-permeable nature of the arterial wall computational model, applied in the normal human aortic arch under unsteady normal flow and mass conditions, is incorporated with hydraulic conductivity and permeability treated as wall shear stress dependent. The degree of elevation in luminal surface LDL concentration is mostly affected from the water infiltration velocity at the vessel wall. Shear dependent endothelial values must be taken into account whenever fluid and mass flow within the arterial system is incorporated.
Introduction

Endothelial cells sense and respond to cyclic mechanical stretching imposed to them through various biomechanical factors such as blood static pressure and Wall Shear Stress (WSS). Abnormal mass transfer of blood components to the arterial walls initiates atherosclerosis. Understating the role of mass transfer within the arterial walls requires quantitative analysis. Computational difficulties arise because the whole flow process takes place in a very thin layer next to the arterial wall. Things are getting more complicated since change in the nearby arterial geometry alters the flow pattern and thus induces huge variations in mass transfer.  Regional variations in the permeability of arterial endothelium may contribute to the localization of atherosclerosis, [1]. Lipids and inflammatory cells infiltrate into the artery wall eventually forming plaques and subsequently artery stenosis. Shear stress-induced biological responses of endothelial cells and transmural filtration flow play important roles in localized Low Density Lipoprotein (LDL) accumulation in vascular walls, [2]. 
The effects of local WSS on the endothelial cell layer were numerically analyzed in a coupled blood-wall mass transport of LDL model [3] observing high luminal surface LDL concentrations in low WSS regions. An increased permeability to LDL, as it is the case of increased plasma LDL concentration, increases atherosclerosis, [4]. In vitro tests have shown that vascular permeability is acutely sensitive to WSS, [5]. A fluid-wall model with shear-dependent transport parameters was used [6] to investigate the LDL transport in a human right coronary artery. Higher permeability of the endothelium caused excessive influx of LDL to the subendothelial layer. They also report that the LDL accumulation of macromolecules is influenced by flow pulsatility. 
In the current research work a homogeneous and semi-permeable nature of the arterial wall computational model using non-Newtonian blood flow is incorporated to study oscillating mass transport patterns in normal human aortic arch using shear dependent endothelial properties namely hydraulic conductivity and endothelial permeability. Shear-dependent permeability and hydraulic conductivity models are also compared with constant wall permeability and hydraulic conductivity behavior. The luminal surface LDL concentration at the arterial wall is flow (shear) dependent with local variations due to geometric features such as curvature and lumen section variations.
Methods

Geometry and computational grid

The geometry of the employed normal human aortic arch computational model has been generated on data compiled from several sources. Firstly, the aortic arch centerline is genearted. Thereafter, the daughter vessels centerlines are generated and placed at the appropriate aortic arch centerline locations. Finally, various vessel cross-sections, taken every 1.0 mm, are set perpendicular to ascending-descending aortic arch and daughter vessel centerlines at the appropriate locations. These data resulted into a 3D geometry model of the aortic arch, Fig.1. The model includes the ascending aorta, descending aorta, brachiocephalic artery, left common carotid artery and left subclavian artery. The grid size was comprised of 796647 cells, 1876198 faces and 317914 nodes. The lumen diameter of the ascending aorta at entrance measures 3.477 cm. The descending aorta outlet diameter is 3.076 cm, while the corresponding outlet diameters of the brachiocephalic artery, left common carotid artery and left subclavian artery segments are 1.435 cm, 1.273 cm and 1.433 cm, respectively. 
Flow equations and assumptions

The numerical code solves the governing Navier-Stokes flow equations and the mass transport of LDL equation. The assumptions made about the nature of the blood flow are, 3D, unsteady, laminar, isothermal, with no external forces applied on it. The arterial wall is comprised from homogeneous, non-elastic and permeable material. Details can be found elsewhere, [7]. 
In the absence of systematic and reliable experimental data for arteries, we assume the molecular diffusivity D to be isotropic [8] and equal, a) 25.0x10-12 m2/s and b) 50.0x10-12 m2/s. The coupling of fluid dynamics and solute dynamics at the endothelium was achieved by the Kedem-Katchalsky [9] equation (water infiltration). A shear-dependent hydraulic conductivity Lp (m/s Pa) relation, extracted from experimental data taken from literature survey [6] was employed for the transport of LDL and a shear-dependent permeability coefficient K (m/s) was used throughout. The infiltration velocity Vw (m/s) is,
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                                                       (1)
Δp (N/m2) and Δπ (N/m2) are the pressure difference and the oncotic pressure difference across to endothelial membranes, respectively, with σd the osmotic reflection coefficient (=0.9979 for endothelium), [10], [11].  The shear dependent hydraulic conductivity [12] is, 
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τw (N/m2) is the WSS. 
There are some difficulties in estimating the actual σdΔπ value due to absence of systematic experimental research work. Currently, the Δp-σdΔπ is calculated from Eq. (1) assuming constant Vw and Lp. Under a typical pressure difference of 70.0 mmHg across the endothelium, the Lp is 3.0x10-12 m/s Pa-1 and the Vw is 1.78x10-8 m/s [6]. Henceforth Δp-σdΔπ equals 5933.3 Pa corresponding to an oncotic pressure difference across to endothelial membranes of 25.55 mmHg. Thus, the shear dependent Vw is,
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The above equation states that low WSS results into decreased Vw and vice versa. 

For the shear dependent endothelial permeability coefficient K(Cw,τw), the following equation is used [13],
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Kconst is the constant permeability coefficient of 2.0×10-10 m/s, Cw the luminal surface LDL concentration and Co the uniform constant LDL concentration at aortic arch inlet.
Flow boundary conditions
The blood velocity is assumed to be uniform at the vessel inlet. The discharges were set according to Murray’s law. Thus, the following discharges for the vessel inlets are applied: a) 1.079 % for the innominate artery, b) 3.304 % for the left common carotid artery, c) 4.589 % for the left subclavian artery and d) 90.39 % for the aorta. A typical aortic arch blood flow waveform, shown in Fig. 2, is applied over the entire ascending aorta entrance cross-section. The waveform mimics typical aortic blood averaged flow velocity under resting condition. From the entire velocity waveform, lasting 800.0 msec, two characteristic time-points are selected for detail analysis. The first instant is at 53.3 msec and refers to 0.17 m/s entrance velocity and the second instant is at 336.7 msec with 0.05 m/s. The blood density is set equal to 1058.0 kg/m3. 
Mass transport boundary conditions
Τhe LDL concentration is denoted as C (mg/ml). For the mass transport solution, a uniform constant concentration Co of LDL (=1.3 mg/ml) is applied at the ascending aorta entrance. At the descending aorta exit, the gradient of LDL concentration along the vessel is set equal to zero (zero flux, Newmann condition)
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, s is the unit vector normal to the outlet surfaces of the aortic arch. Suitable mass transport condition must be specified at the wall. The boundary conditions at the wall can be described [7] as,
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n is the direction normal to the wall. Τhe LDL concentration at the endothelial wall is denoted as Cw (mg/ml). The boundary conditions described above state that the net amount of LDL (=
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).  It is known that the concentration of LDL at an arterial wall takes higher values than that in the bulk flow in the vessel and it increases with increasing infiltration velocity.
Results

Luminal surface LDL concentration
All LDL concentration values Cw are normalized with the inlet value of LDL concentration Co (=1.3 mg/ml). The spatial distribution contours of the normalized luminal surface LDL concentration Cw/Co at inlet velocity 0.05 m/s (=336.7 msec), D=50x10-12 m2/s with shear dependent Vw and K are shown in Fig. 3. Assuming constant or shear dependent Vw (in effect hydraulic conductivity, Lp), the effects of using constant or shear dependent K in the LDL concentration values and in the pattern distribution are marginal. Shear dependent Lp exhibits increased LDL concentration values in comparison to constant. At increased blood flow of 0.17 m/s (=53.3 msec) the normalized luminal surface LDL concentration contours are shown in Fig. 4. 

Table 1 shows the surface vertex average normalized luminal concentration, for various endothelial property scenarios. Using Vw=0.6x10-8 m/s, K=2.0x10-10 m/s the surface vertex average normalized luminal concentration is of the order 1.0425. Marginal concentration differences appear at all tested inlet velocities. Shear dependent Vw and K yields increased LDL concentration values in comparison to constant Vw and K. The calculated surface vertex average normalized luminal concentrations are 1.0726 and 1.0848, for the 336.7 msec and 53.3 msec time instants, respectively. The concave side, compared to the convex one, of the aortic arch exhibits high LDL concentration.   

For shear dependent endothelial properties the maximum value of the normalized luminal surface LDL concentration at the concave ascending-descending aortic arch wall, is of the 12.0 % order higher than that at the entrance as well as anywhere else in this region at 336.7 msec. At the same time instant, for the convex ascending-descending aortic arch wall, the maximum value of the normalized luminal surface concentration is of the 4.0 % order higher than that at the entrance. At the 53.3 msec time instant the maximum value of the normalized luminal surface concentration for the concave ascending-descending aortic arch wall is of the 15.0 % order higher than that at the entrance as well as anywhere else in this region. At the convex side the normalized luminal surface LDL concentration is of the 5.0 % order.
Diffusivity 

The normalized luminal surface LDL concentration contours using D=25x10-12 m2/s with shear dependent Vw and K at 336.7 msec, is shown in Fig. 5. High molecular diffusivity results into lower LDL concentration for all aortic arch tree segments (compare with LDL concentration contours shown in Fig. 3). Molecular diffusivity effects upon the values and the patterns of WSS distribution are marginal (not shown). At 336.7 msec, the peak normalized LDL luminal surface concentrations reaches 1.2 and 1.45 for the high   (D=50x10-12 m2/s) and low (D=25x10-12 m2/s) molecular diffusivities tests, respectively. At the same time instant, the surface vertex average normalized luminal concentrations over the entire normal aortic arch are 1.072 and 1.128 for the high and low molecular diffusivity values, respectively. 
Endothelial permeability 
Endothelial permeability K (m/s) contours at inlet velocities of 0.05 m/s (=336.7) msec using D=50x10-12 m2/ and shear dependent Vw is shown in Fig. 6.  Increased inlet blood flow yields elevated K. Peak K  values using Vw=0.6x10-8 m/s for the low and the high inlet blood flow presented velocities reaches 4.97x10-10 m/s and 5.74x10-10 m/s, respectively. For shear dependent Vw, the corresponding peak K values are 9.17x10-10 m/s and 12.9x10-10 m/s, respectively. 
Water infiltration
Water infiltration velocity Vw (m/s) contours at inlet velocities of 0.05 m/s using D=50x10-12 m2/s with shear dependent K is shown in Fig. 7. High inlet blood flow velocity results into elevated Vw. As expected high infiltration velocities give rise to high WSS. Convex aortic arch regions expose high water infiltration and vice versa for the concave regions.  Peak Vw for low and high inlet blood flow velocities reach 1.71x10-8 m/s and 1.94x10-8 m/s, respectively. 
Discussion

Wall shear stress
In the present research work experimental data of shear-dependent models for hydraulic conductivity and albumin permeability are used to investigate the WSS influence on macromolecular accumulation in the aortic arch wall under oscillating flow conditions. High curvature affects the velocity distribution. Maximum WSS values occur at two distinct flow regions of the convex aorta side. The first region is located downstream to the end-ascending aorta, while the second one is located upstream to the descending aorta. In general, convex sides expose high WSS values and vice versa for the concave sides. The coupling of fluid dynamics and solute dynamics at the endothelium was achieved by the Kedem-Katchalsky equations. The WSS interacts with the endothelial cells and subsequently with the arterial wall permeability. 
Wall shear stress and low density lipoprotein

The quantification of macromolecules accumulation is considered to be a crucial factor contributing to the genesis and development of atherosclerotic plaques. The transendothelial LDL transport is formed via a flow-dependent LDL concentration polarization layer on the luminal surface of the arterial endothelium. The amount of LDL transported to the arterial wall is a function of the luminal surface LDL elevation. High luminal surface concentration does not necessarily denote that all the LDL molecules will be transported through the vessel wall. It is the permeability of the endothelium, which largely determines the final amount passing through the wall. Local alterations in endothelial cell morphology have different degrees of permeability for the various blood constituents. Therefore, endothelial cells from regions of various degrees of WSS exhibit various biological and biochemical functions. It is known [12] that concave side exhibits, relatively to the convex ones, elevated concentration of the luminal surface LDL. Wall LDL concentration increases with decreasing WSS. Previous investigations [13] indicate that it is the flow pattern which largely determines the areas prone to atherosclerosis. It is generally considered that low WSS regions exhibit elevated LDL concentrations.
LDL, endothelial permeability, water infiltration and diffusivity

The amount of LDL which finally passes is determined from the difference of the mass flow carried to the vessel wall by infiltration flow and the amount of flow which diffuses back to the main vessel flow, Eq.5. From previous research work in bend RCA vessels [14] it is known that increased water infiltration results into elevated LDL. The hydraulic conductivity and as result the Vw increases as the WSS increases. Experimental measurements in porcine artery endothelial cells [15] demonstrate that low WSS increases vascular permeability in carotid arteries, possibly owing to decreased occluding expression. In our work it is also apparent that increased Vw results into elevated LDL. This does not contradict the fact that reduced WSS values exhibit reduced Vw, which in turn yields lower LDL concentration. Simply, the flow pattern factor, i.e. the WSS, is a predominant factor in determining the LDL concentration. Cells try to minimize the side effects of increased LDL by reducing Vw whenever low WSS is encountered. 
The luminal surface LDL concentration is altered in the case of shear dependent Vw. Thus, the mass flow carried to the endothelium is higher.  Infiltration flow increases LDL accumulation under low WSS [2] and reduces LDL under high WSS. With constant Vw, the shear dependent K effects, in comparison to those using constant value, are marginal. Surface vertex average normalized luminal concentration using constant Vw and K values is of the  4.2 % order higher than that at the entrance. In case of shear dependent Vw, the surface vertex average normalized luminal concentration is 7.3 % higher than that at the entrance for the low velocity inlet (=0.05 m/s). At the increased velocity (=0.17 m/s) the surface vertex average normalized luminal concentration is 8.5 %. Thus, despite the fact that increased inlet velocity results into elevated WSS, henceforth reduced LDL concentration, calculations paradoxically indicate increased overall LDL concentration (8.5 % versus 7.3 %). High velocity gives rise to extended regions of disturbed flows (separation and reattachment) with locally high LDL concentration values close to high WSS regions located downstream to bifurcations. All shear dependent K values are over 2.0x10-10 m/s, which is the constant value used throughout.
Regional variations in WSS lead to corresponding variations in K, macromolecular uptake and subsequently atherosclerotic risk [16]. The hydraulic conductivity and as result the Vw increases as the WSS increases. Elongation of the endothelial cells occurs in regions of high WSS having the longest cell axis oriented parallel to the flow direction [17]. Conversely, in low WSS regions endothelial cells of polygonal shape occur and they are not oriented in any direction. It is also possible that these local alterations in endothelial cell morphology might yield different size permeability for the various blood constituents. Endothelial cells from regions of various degrees of WSS exhibit various biological and biochemical functions [16]. Regional variations into the dynamics of the permeability change affects the macromolecular uptake [18] and as result atherosclerotic risk. Furthermore, solid experimental evidence [19] show that LDL concentration occurs at physiological WSS and Vw and strongly supports the role of flow dependent polarization of lipoproteins in the localization of atherosclerosis. Results similar to ours are reported in a numerical model of shear dependent mass transfer in large arteries [20]. They concluded that substantial wall flux reduction occurs at the convex side of the curved region.  Finally, the pulsatile flow could induce a wider and more diffuse macromolecular accumulation pattern compared to steady flow analysis, [6]. They point out that it is vital to consider blood pulsatility when modelling shear-dependent macromolecular transport in large arteries. Current results show that increased LDL diffusivity reduces the endothelial surface lipid concentration. Similar results are reported for an artery with multiple bends [14].
Arterial wall deformation needs to be taken into consideration, since the flow pattern-mass transport is largely determined by the geometrical configuration of the artery. Hypolipidaemic and antihypertensive agents may affect the localization of aortic arch atherosclerotic regions; this possibility should be investigated.  The percentage of LDL deposition at the surface of the endothelium, in terms of the circulating LDL quantity, needs to be analyzed. 
Conclusion

A semi-permeable nature of the arterial wall computational model is applied in the normal human aortic arch under oscillating normal flow and mass conditions with hydraulic conductivity and permeability treated as WSS dependent. The luminal surface LDL concentration at the arterial wall is flow-dependent with local variations due to geometric features. The luminal surface LDL concentration at the arterial wall increases with the filtration rate through the vessel wall and decreases with increasing wall shear rate. Concave sides of the aortic arch exhibit, relatively to the convex ones, elevated LDL at all time steps. With constant water infiltration, the shear dependent endothelial permeability effects, in comparison to those using constant value, are marginal. At any instant of the cardiac cycle, the surface vertex average normalized luminal concentration is of the order 4.25 % higher than that at the entrance. With shear dependent water infiltration and endothelial permeability the surface vertex average normalized luminal concentration is of the 7.3 % (71.8 % increase) order higher than at the entrance.  At increased inlet velocity the above percentage increases to 8.5 (100.0 % increase). The degree of elevation in luminal surface LDL concentration is mostly affected from the water infiltration velocity at the vessel wall. The regional area of high luminal surface concentration is increased with increasing water infiltration velocity. Decreased molecular diffusivity increases the LDL concentration. Shear dependent endothelial values must be taken into account whenever fluid and mass flow within the arterial system is incorporated.
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Tables

Table 1. Descriptive statistics of surface vertex average normalized luminal concentration, Cw/Co, values for all aortic arch surfaces using D=50x10-12 m2/s at specific instants (inlet flow velocities) of the cardiac cycle 
	Time

(msec)
	Average

inlet flow

velocity

(m/s)
	Vw=0.6x10-8
K=2.0x10-10
(m/s)
	Vw=0.6x10-8

shear dependent
Κ (Εq.4)

(m/s)
	Shear dependent

Vw (Eq.3)

K=2.0x10-10

(m/s)
	Shear dependent

Vw (Eq.3),
K (Eq.4)

(m/s)

	53.3
	0.17
	1.04249
	1.04158
	1.08658
	1.08485

	336.7
	0.05
	1.04257
	1.04217
	1.07336
	1.07259


Captions
Figure 1. Computational grid details of the human aortic arch. The tested grid is comprised from 317914 nodes
Figure 2. Average physiological human aortic arch velocity waveform. Computational analysis results refer to inlet flow velocities of 0.17 m/s and 0.05 m/s corresponding to waveform instants of 53.3 msec and 336.7 msec, respectively
Figure 3. Normalized luminal surface LDL concentration Cw/Co contours of the normal human aortic arch, D=50x10-12 m2/s with shear dependent Vw and K at 336.7 msec
Figure 4. Normalized luminal surface LDL concentration Cw/Co contours of the normal human aortic arch, D=50x10-12 m2/s with shear dependent Vw and K at 53.3 msec
Figure 5. Normalized luminal surface LDL concentration Cw/Co contours of the normal human aortic arch using D=25x10-12 m2/s with shear dependent Vw and K, at 336.7 msec 
Figure 6. Endothelial permeability K (m/s) contours of the human aortic arch at inlet velocity 0.05 m/s (=336.7 msec, two views), D=50x10-12 m2/s and shear dependent Vw 
Figure 7. Water infiltration velocity Vw (m/s) contours of the human aortic arch at inlet velocity 0.05 m/s (=336.7 msec), D=50x10-12 m2/s and shear dependent Endothelial permeability K
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