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Abstract

:

Femoral artery bypass surgery needs postoperative monitoring due to the high complication risks after bypass. Numerical simulation is an effective tool to help solve this task. This work presents the experience of patient-specific CFD simulation of blood flow in proximal anastomosis for femoral-popliteal bypass, including patient follow-up after bypass surgery. Six cases of proximal anastomosis of femoral-popliteal bypass 3–30 months after surgery were studied. A repeated study was performed for four patients to monitor geometric and hemodynamic changes. The blood flow structure variety in proximal anastomoses and the blood flow dynamics during the cardiac cycle are described in detail using CFD simulation. Special attention is paid to time-average wall shear stresses (TAWSS) and oscillatory shear index (OSI) distributions. Low and oscillatory wall shear stresses were registered in the graft downstream from the suture, especially in case of low inlet flow. It was shown that the postoperative geometry changes led to significant hemodynamic changes; thereby, neointima has grown in areas with initially low and oscillatory wall shear stresses.
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1. Introduction


Atherosclerotic lesion of the artery walls gradually leads to a decrease in their effective lumen. The artery narrowing due to increasing atherosclerotic plaque ultimately leads to a significant decrease in blood flow in this artery. The decreased blood flow may lead to the development of stroke, myocardial infarction, ischemia of the lower extremities and ischemia of other organs [1]. According to the European Society of Cardiology (ESC) about 4 million deaths are caused by cardiovascular disease within ESC member countries. These equal to 45% of all deaths [2]. Clinically significant atherosclerosis is more often observed in people older than 70 years, especially in combination with diabetes mellitus, smoking and hypertension [1,3,4,5]. In Russia, cardiovascular diseases account for 57% of the causes of population death. According to WHO experts, the number of such deaths in the world may increase by 1.5 times by 2030. For example, in 2017, there were 2.2 million new cases of PAD in the ESC member countries [2].



It is known that artery bifurcation zones are most susceptible to atherosclerotic plaque formation. An important example is the bifurcation of the common femoral artery into the superficial femoral and deep femoral arteries. Plaque in these vessels differ from coronary plaque in their structure (denser, more often calcified) and stability [6,7]. Blood flow destruction in these arteries leads to lower limb ischemia, intermittent lameness development and, as a result, the appearance of trophic disorders and limb loss. In case of occlusion or hemodynamically significant stenosis of the superficial femoral artery, femoral-popliteal bypass surgery is performed. It is preferable to use autogenous vein grafts as a shunt [8,9]. However, autogenous vein grafts are not always available. In such cases, synthetic shunts are used. During the bypass surgery, an artery wall incision is performed, and the graft is sewn to the artery wall. Such mechanical damage of the vessel (incision and suturing) at the artery–graft junction leads to the vascular wall response—the inner vessel layer (intima) thickens. However, sometimes there is an excessive growth of the neointima, called neointimal hyperplasia (NIH) [10,11,12]. The NIH may lead to anastomosis stenosis and, in extreme cases, complete graft occlusion. In some cases, graft replacement surgery may be required. The proportion of repeated graft replacement surgeries is about 30% [13]. The study of the causes of vascular graft failure is an actual task in vascular surgery. However, there is no universal answer to this question yet.



Researchers have been trying for a long time to find the relationship between NIH development and patients’ hemodynamic parameters, namely wall shear stress parameters, such as the time-averaged shear stress, the oscillatory shear index and others [14,15,16,17]. It was revealed that there are no dangerous local changes of wall shear stresses in the femoral arteries of healthy adults [18]. According to numerical calculations [19], wall shear stresses decrease and their oscillations increase with age which leads to an increase in NIH risk [20,21]. These correlations may vary for different vessels.



In recent years, much attention has been paid to patient-specific simulations using computational fluid dynamic (CFD). For example, with this approach, the wall hypertrophy bypass grafts, the atherosclerosis risk in blood vessels or postoperative complications in stented arteries are investigated [15,22,23,24]. Patient-specific CFD simulations are based on the use of personalized data, including geometry, inlet and outlet flow rates and others. Geometric models of arteries and grafts are usually obtained from magnetic resonance imaging data [15,24,25] or computed tomography (CT) data [18,22,26,27,28]. Both of these methods are used in patient-specific simulation, but computed tomography is more common due to its simplicity. Ultrasound measurements of velocity (flow rate) are used to set the inlet and outlet boundary conditions [15,22,25]. The results of CFD simulation in personalized models of femoral-popliteal bypass with a vein graft are reported in [15]. An interesting feature of this research is the postoperative monitoring of the neointima growth. The authors have established that areas of low wall shear stresses in the graft cause a further neointima growth in these areas. However, postoperative monitoring was carried out only for neointima thickness measurements, and the flow simulation was carried out only at the initial stage.



In several papers [26,27,28], patient-specific numerical simulations of the blood flow in femoral-popliteal bypass by vein graft were performed. The authors of these contributions considered numerical results together with CT measurements to compare wall shear stress areas with neointima growth areas. In addition, the authors used a mathematical model of NIH growth and compared it with the CT scans. It has been revealed that low-velocity zones contribute to a decrease in wall shear stress values, which, in turn, correlate with neointima growth areas. As noted above, synthetic vascular grafts are more susceptible to NIH [9] and, accordingly, require more thorough research.



In most works which cover patient-specific simulations of the femoral-popliteal bypass, attention is paid to distal anastomoses. However, there is also a risk of NIH in proximal anastomoses. In addition, the literature data do not include long-term follow-ups of a specific patient, which reduces the chances of correctly determining postoperative complications.



In the present study, six personalized models of proximal anastomoses for femoral-popliteal bypass are considered based on clinically obtained data. The blood flow structure variety in proximal anastomoses and the blood flow dynamics during the cardiac cycle are analyzed in detail using CFD simulation. In addition, postoperative follow-ups for four out of six patients were carried out.




2. Materials and Methods


2.1. Geometric Models and Blood Flow Parameters


Personalized models of proximal anastomoses for femoral-popliteal bypass by synthetic graft are considered. The schemes of femoral-popliteal bypass and the blood flow in proximal anastomosis are shown in Figure 1a,b. The graft is fixed bypassing the occluded superficial femoral artery (SFA). The common femoral artery (CFA) is branched into the graft and the deep femoral artery (DFA). Femoral-popliteal bypass models were clinically obtained using multispiral computed tomography (MSCT) performed on a Optima 660 (GE Healthcare, Waukesha, WI, USA). Multispiral computed tomography angiography was performed in two stages. The first stage is the execution of a scan in two projections. When performing an overview planar X-ray image, the following scanning parameters were used: the voltage on the tube is 100 kV, and the tube current is 10 mA. The length of the scan was from the upper border of the aortic arch to the level of the knee joints. At the second stage, the following scanning parameters were applied: rotation time of the X-ray tube—0.8 s; tube voltage—120 kV; tube current—from 320 to 440 mA; slice thickness—1.25 mm; pitch—4i; field of view (FOV)—“Large body”, detector working area—40.0 mm, pitch and speed—0.984:1 mm/rpm, rotation length—“Full”. As contrast agents, Ultravist 370 mg/mL (Bayer Schering Pharma AG, Leverkusen, Germany) or Omnipack 350 mg/mL (GE Healthcare Ireland, Dublin, Ireland) were used in all cases. The drug was administered intravenously bolus in a volume of 100 mL at a rate of 3 mL/s using an automatic KV injector “Dual Shot Alpha” (Nemoto Kyorindo co., Ltd., Tokyo, Japan). Image processing was carried out on the AW Server workstation (Version 3.2, GE Healthcare, Waukesha, WI, USA, 2016). Models were constructed on the contrasted lumen of arteries and grafts data. Vessel walls, including neointima, are not included in the model. An example of MSCT images is shown in Figure 1c,d. Smooth-walled 3D models of femoral-popliteal bypass used for numerical simulation were constructed from MSCT scans.



Blood flow in six cases of proximal anastomosis of femoral-popliteal bypass 4–30 months after surgery was studied. In addition, a 10-month-separated observation of postoperative changes in four proximal anastomoses was carried out. The right and front views of studied models are presented in Figure 2. Here, models are presented in order of decreasing maximum-inlet-flow rate. The CFA is marked in gray, the graft in blue and the DFA in pink. The suture line is schematically shown by a dashed line. Arrows indicate the blood flow direction.



Geometric characteristics of the models and blood flow parameters are presented in Table 1. The parameter ∆t defines the number of months after femoral-popliteal bypass surgery. Measurements of internal diameters of the vessels were carried out using MSCT and ultrasound B-mode images obtained with a Vivid S60N (GE Healthcare, Waukesha, WI, USA) ultrasound scanner by GE 9L-D linear transducer with a frequency of 2–8 MHz. In some models, the neointimal hyperplasia (NIH) was found. The scheme of determining the graft and neointima edges is shown in Figure 3. Identification of the vessel wall and the neointima edge was carried out using auxiliary curves (numbers 1 and 2 in Figure 3), where the first line was drawn along the white edge, and the second along the light gray and the dark gray boundary. Then, it was assumed that the true edge is equidistant between these curves. The graft wall is drawn in yellow, the neointima edge is drawn in red and US and MSCT cross sections are shown in green and blue, respectively. For studied models, the CFA internal diameter ranges from 5.5 to 8.2 mm, and the graft internal diameter ranges from 6.7 to 11.0 mm. The angle α between CFA and graft central axes in the branching area ranges from 35 to 150°.



Blood flow parameters were obtained from clinical ultrasound (US) velocity measurements carried out with Vivid S60N (GE Healthcare, Waukesha, WI, USA) ultrasound scanner by a linear ultrasonic transducer with an operating frequency of 7.5 MHz in pulsed-wave (PW) Doppler mode. A control volume occupying 3/4 of the diameter was placed in the center of the vessel. The weighted average envelope of the Doppler spectrum was digitized to define the time-dependent inlet and outlet average flow velocities needed to set boundary conditions in numerical simulation. The cycle-average inlet flow in CFA ranges from 109 to 823 mL/min for the studied models. The ratio of the graft outlet flow to the inlet flow ranges from 0.5 to 0.9. The major blood flow characteristics—the Reynolds number at the maximum flow instance, ReCFA max (1) and the Womersley number, WoCFA (2)—were calculated based on the measured maximum inlet velocity and inlet diameter.
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where ρ = 1050 kg/m3—blood density, µ = 0.0035 Pa∙s—blood dynamic viscosity, T—the cycle time. As seen in Table 1, ReCFA max values range from 470 to 2920, and the WoCFA numbers range from 8.4 to 16.2, the latter indicates that the inlet velocity profile is close to flat.




2.2. Numerical Simulation Aspect


Numerical simulation of the pulsating incompressible fluid flow using the quasi-laminar approximation was carried out for each model. The walls’ elasticity was not taken into account. The ANSYS CFX fluid dynamics package was used for the calculations, solving the non-stationary three-dimensional Navier–Stokes Equation (3) using the finite volume method. This software, well validated for 3D flow computations based on the Navier–Stokes equations, was widely used for previous related patient-specific simulations [22,23,26,27,28]. A second-order accuracy scheme was used to evaluate convective and diffusion fluxes at the control volume faces. Temporal discretization was of second-order accuracy as well.
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Unstructured computational grids of 2.2–3.5 million elements were constructed. Each grid contained a prismatic elements layer to resolve near wall flows. Figure 4 shows an example of a computational grid and the time-dependent inlet boundary conditions for one of the patients.



The CFA inlet velocity curves, Vb(t), were set in accordance with clinical ultrasound measurements (with the type of boundary condition “inlet” as implemented in the ANSYS CFX). The inlet velocity profile was assumed to be flat. The graft end section (outlet) velocity was set (with the same curve shape) according to a personalized ratio of inlet to graft flow rates (Table 1) with the type of boundary condition “opening”. Zero reduced pressure was set at the free outlet (DFA) to provide the mass flow conservation. The no-slip condition was set on the walls, where velocity components are equal to zero. The time step was 0.01 s. The maximum number of iterations for each time step was 100, and the convergence level was set to 10−5. Typically, three time cycles were calculated to achieve a fully developed periodic solution.



Velocity fields and wall shear stress parameters affecting the neointima growth were analyzed. The time-averaged wall shear stress (4) and the oscillatory shear index (5) were evaluated. The oscillatory shear index (OSI) allows us to estimate the degree of WSS directional changes. Its values range from 0 to 0.5, where OSI = 0 indicates unidirectional WSS, and OSI = 0.5 indicates unsteady, highly oscillatory shear flow.
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As mentioned above, (basic) computational grids consisting of 2.2 to 3.5 million elements, depending on the geometrical model, were used to get numerical solutions. Despite the fact that grids of similar topology and size were typically used in the previous related contributions [22,23,24,26,27,28], a grid sensitivity study was also performed for the considered models, combining with evaluations of the time-step effect on the solutions. As an example, Figure 5 shows a comparison of TAWSS and OSI distributions obtained for model 2 (see Figure 2) in two cases: with the basic grid (2.2 mln elements) and the basic time step (0.01), and with a coarser grid (1.1 mln elements) and a larger time step (0.02 s). As seen, the distributions obtained with different numerical resolutions are rather close to each other, especially in suture area, which is of the main interest. In the next Section, the results obtained with basic grids are presented.





3. Results and Discussion


3.1. Flow Features


Figure 6 illustrates velocity fields in cross sections of six proximal anastomosis models at the instance of maximum flow. Peak inlet velocities are as follows: for model 1—1.4 m/s, model 2—1.1 m/s, model 3—0.93 m/s, model 4—0.93 m/s, model 5—1.2 m/s, model 6—0.27 m/s. The blood flow from the common femoral artery (CFA) is branched into the graft and the deep femoral artery (DFA). Velocity maximum is located near the external wall of the graft in models 1, 2 and 5, and near the inner wall in models 3, 4 and 6. This distinction is caused by differences in the anastomosis 3D geometry. The velocity maximum remains at the inner wall in case of “severe” branching (the branching angle α is more than 50°), and downstream the velocity maximum moves again to the graft centerline. The velocity maximum shifts to the external wall in case of a small branching angle (less than 50°), and downstream the velocity maximum moves again to the graft centerline.



Figure 7 shows streamline patterns at the maximum flow instance. A low velocity zone (stagnant zone) of various sizes (about 5–30 mm long) is formed downstream from the suture area in almost all cases. The relationship between the stagnant zone length and models’ parameters was out of the scope of the present study. For models 1–3, 5, two low flow zones were formed downstream from the suture area, whereas one low flow zone was formed in the case of model 4. Such zones are typically observed due to flow separation and the formation of a boundary layer. No stagnant zone was detected in the case of model 6.



The blood flow dynamics during the cycle is shown in Figure 8 for model 2. Three-dimensional streamline patterns are shown for four time instances: of increasing flow, of maximum flow, of decreasing flow and of reverse flow. At the first time instance considered, the flow is more or less uniform, and there are no pronounced secondary flows. There are stagnant zones in the graft at the instance of maximum flow. A very complicated vortex flow structure is formed at the flow decreasing phase.



As mentioned in the Introduction, in a series of papers [26,27,28], results of patient-specific numerical simulations of the blood flow in femoral-popliteal bypass by vein have been reported. In a comparison of geometrical aspects of the proximal anastomosis considered in [26,27,28] and in the present study, one can note considerable distinctions caused by the usage of grafts of different types. The vein grafts used for bypass surgery in the cases considered in [26,27,28] are characterized by the inner diameter that is lower than the diameter of the common femoral artery. Under these conditions, the blood flow of a confuser type is formed in the anastomosis, as one can conclude from the illustrations presented in [26,27,28]. Contrary to that, the synthetic grafts used in the present study had inner diameters which typically exceeded DCFA (Table 1). In this case, the bifurcating flow tends to be of a diffuser type that commonly has a considerably more complicated structure. Figure 6, Figure 7 and Figure 8 clearly illustrate this fact.



An increased complexity of the “diffuser-type” 3D flow in a proximal anastomosis for femoral-popliteal bypass by a synthetic graft is accompanied by highly non-uniform distributions of TAWSS and OSI in the bifurcation area and in the initial downstream section of the graft. Moreover, these distributions are extremely case dependent.



The occurrence of low-velocity zones is associated with areas of time-averaged shear stress (TAWSS) low values and the oscillatory shear index (OSI) high values. These parameters are of the most interest for the evaluation of the neointimal hyperplasia (NIH) risk [14,15,20,21]. It is often noted that the most “dangerous” TAWSS and OSI values for NIH are TAWSS < 0.5 Pa and OSI > 0.3 [19,23]. Figure 9 shows TAWSS distributions for six proximal anastomosis models. The largest values of TAWSS (more than 5 Pa) are located in high velocity areas, for example, in the CFA and in the flow branching area. The lowest values of TAWSS are located in the graft downstream from the branching, where the graft diameter is generally larger than the CFA one. Lower TAWSS values (less than 1 Pa) and higher OSI values (more than 0.2) are observed in the case of model 6. This is due to a relatively low flow rate in this case and large diameters. Corresponding conclusions can be reached for OSI fields (Figure 10). The lowest OSI values are observed in high velocity areas—in the CFA and in the branching area. The highest OSI values are located in the graft. It should be noted that there is a correlation between TAWSS and OSI fields—high OSI is observed in low TAWSS areas and vice versa. In terms of the NIH, the most “dangerous” areas are located in the graft downstream from the branching, where wall shear stress is oscillatory and has low values.




3.2. The Impact of the Geometry Changes on the Blood Flow


Postoperative repeated follow-ups were carried out for four patients out of the six presented above. For the present paper, only one case was chosen to demonstrate the impact of the postoperative geometry changes on the blood flow. There are MSCT scans taken with a time shift of 10 months for this model: 18 and 28 months after bypass surgery. Note that the model constructed on the base of the 28-month data is denoted above as model 2. There has been a considerable change in geometry for ten months, consisting of the CFA shape change (at 28 months, it had a straighter shape) and neointima growth at the suture area. The maximum neointima thickness has been evaluated as 3.8 mm, and the graft cross-section area narrowing is about 20%. Numerical simulation in these two models was performed under the same boundary and initial conditions to exclude other effects except the geometry changes.



Figure 11a shows the TAWSS distributions for the models related to 18 and 28 months after bypass surgery. Arrows indicate the flow direction, the dashed line shows the suture and the gray area indicates the neointima. In general, a wall shear stress increase is noted throughout the model at 28 months after bypass (compared to the model at 18 months after bypass). The cross-section narrowing in the NIH area led to a considerable velocity increase and, accordingly, a TAWSS increase in this area. In particular, the TAWSS averaged over the wall section with NIH is 5.7 Pa for the model related to 18 months after bypass and 8.7 Pa for the model related to 28 months after bypass. Thus, the 20% graft cross-section area narrowing caused by neointima growth has led to a TAWSS increase of about 50% in this area.



Figure 11b shows the OSI distributions for the modes related to 18 and 28 months after bypass surgery. At first sight, the OSI distribution does not have any changes. However, increased OSI values are registered in the graft after 28 months compared to the model related to 18 months after bypass. In the neointima growth area, the OSI averaged over the wall NIH section were calculated. The OSI value has been evaluated as 0.15 for the model related to 18 months after bypass, and as 0.11 in the case of the 28-month model. Thus, the graft cross-section area narrowing of about 20% caused by neointima growth has led to an OSI decrease of about 25% in this area. It should be noted also that the neointima has grown in the graft downstream from the suture area, where areas of low and oscillatory wall shear stress were registered already at 18 months after bypass. These results once again confirm that the areas of low and oscillatory wall shear stress are “dangerous” areas in terms of the NIH risk.





4. Conclusions


For the first time, blood flow in proximal anastomosis for femoral-popliteal bypass by synthetic graft was studied numerically under varied, patient-specific, conditions. Analysis of time-dependent flow structure in six personalized models with different geometric and hydrodynamic parameters was carried out. It has been shown in particular that the CFA-to-graft branching angle has a decisive effect on velocity non-uniformities at the proximal anastomosis. If the branching angle exceeds a value of about 50°, the velocity maximum at the initial section of the graft is located close to the inner wall, whereas the velocity maximum is shifted to the external wall for the branching angle lower than 50°. The most complicated vortex flow structure, with a pronounced flow swirl within the graft is formed at the decreasing phase of flow rate. A correlation between TAWSS and OSI distributions has been revealed: high OSI values are observed in low TAWSS areas and vice versa. Areas of low and oscillatory wall shear stress were registered in the graft downstream from the suture for all six models. This peculiarity is especially pronounced in the case of the models with relatively low cycle-average inlet flow rates.



The impact of the vascular geometry changes with more time after bypass surgery on the blood flow characteristics was evaluated and demonstrated with an example of two models related to the same patient. In this case, the neointima has grown in the area with initially low and oscillatory wall shear stress. It has been revealed that the geometry changes due to the neointima growth for 10 months led to significant hemodynamic changes. In particular, the graft cross-section area narrowing by 20% led to a TAWSS increase of about 50% and an OSI decrease of about 25% in the area of growth. The patient-specific numerical simulation performed with the data of repeated follow-up after bypass surgery has confirmed and specified the assumption that neointima will grow inside the graft downstream from the suture area.



The developed technique for the postoperative study of changes in the geometry and hemodynamics of proximal anastomoses can be used to create a unique database for synthetic vascular prostheses overgrowth. This technique includes MSCT and US measurements of the anastomosis geometry, neointima thickness and time averaged velocity curves, followed by patient-oriented numerical computations of wall shear stresses distributions. Potentially, such a database could serve as a basis for establishing correlations between the thickness or growth rate of the neointima in proximal anastomoses and the parameters of the wall shear stress vector field. Such statistically significant correlations can be used in the development of the new vascular prostheses and its implantation techniques, as well as in the optimization and personalization of the bypass surgery postoperative management.
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Figure 1. (a) Scheme of femoral-popliteal bypass. (b) Scheme of blood flow in proximal anastomosis. Examples of (c) cross and (d) longitudinal images by multispiral computed tomography. Arrows indicate the blood flow direction. 
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Figure 2. Geometric models based on MSCT data for six patients with femoral-popliteal bypass: right view (left) and front view (right). The common femoral artery (CFA) is marked in gray, the graft in blue and the deep femoral artery (DFA) in pink. Arrows indicate the blood flow direction. 
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Figure 3. Scheme to the approach used for determination of the graft (yellow line) and neointima (red line) edges using MSCT and US images. The common femoral artery (CFA) is marked in gray, the graft in blue, the deep femoral artery (DFA) in pink and neointima in dark gray. Auxiliary curves are marked as 1 and 2. 
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Figure 4. An example of computational grids and inlet boundary conditions used in CFD simulation. 
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Figure 5. Distributions of (a) TAWSS and (b) OSI computed for patient-specific model 2 with different numerical resolutions. 
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Figure 6. Velocity distributions in cross sections of six proximal anastomosis models at the instance of maximum flow. Arrows indicate the blood flow direction. 
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Figure 7. 3D streamlines at the instance of maximum flow. Arrows indicate the blood flow direction. 
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Figure 8. Streamlines at four time instances for the model 2 case: increasing, maximum, decreasing and reverse flow. Arrows indicate the blood flow direction. 
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Figure 9. Time-average wall shear stress distributions. 
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Figure 10. Oscillatory shear index distributions. 
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Figure 11. (a) TAWSS and (b) OSI distributions for the models related to 18 and 28 months after bypass surgery. Arrows indicate the blood flow direction. 
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Table 1. Parameters of the considered models.
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	№
	∆t,

month
	DCFA,

mm
	Dgraft/DCFA
	α, °
	QCFA,

mL/min
	Qgraft/QCFA
	ReCFAmax
	WoCFA





	1
	12
	8.2
	1.0
	45
	823
	0.5
	2920
	12.6



	2
	28
	7.4
	1.2
	35
	516
	0.7
	2030
	11.4



	3
	30
	6.8
	1.3
	85
	370
	0.5
	1580
	10.4



	4
	18
	6.4
	1.7
	55
	328
	0.9
	1490
	9.8



	5
	14
	5.5
	1.7
	45
	313
	0.6
	1650
	8.4



	6
	4
	6.8
	1.0
	150
	109
	0.9
	470
	10.4
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