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Hemodynamic analysis of vascular stenting treatment outcome: Computational fluid dynamics method v.s. Optical flow method
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Abstract

Background and purpose : Computational fluid dynamics method (CFDM)and optical flow method (OFM) effectively provide the hemodynamic information based on the digital subtraction angiogram (DSA). However, the quantitative analysis in comparison of CFDM and OFM is still absent. The goal of this study is to apply CFDM and OFM in quantitative analysis of stenting treatment. 
Material and Method : A left carotid stenosis patient underwent stenting of percutaneous transluminal angioplasty was analyzed as an example. CFDM and OFM for hemodynamic analysis on digital subtraction angiography before and after stenting treatment were presented.
Results : Improvement gains of blood flow velocities on left internal carotid artery after stenting treament for different initial conditions on the common carotid artery were 1.91~2.13, 1.62~2.09, and 0.69 by CFDM with Newtonian and non-Newtonian fluids and OFM, respectively. With the CFDM analysis, the flow mapping by OFM using time resolved DSA data on the fly to estimate hemodynamic significance of a cervical carotid stenosis was explained.
Conclusion : Quantificative blood flow estimations by CFDM and OFM to evaluate the treatment outcomes to patient with carotid stenosis are practical. Both methods are able to provide quantitative information of blood flow for stenting treatment. It is advantagious to use both methods in treatment evaluation.
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Introduction

Digital subtraction angiography (DSA) remains the gold standard in diagnosing complicated intracranial vascular pathology, and is the only imaging modality that can also be applied in endovascular treatment evaluation. The morphology of vasculature is well-demonstrated in modern flat-panel angiosuites using high spatial and temporal resolution. In terms of blood flow velocity, hemodynamic information was considered to be important in diagnosis, monitoring and evaluation of treatment of cardiovascular diseases1-6. The quantitative results in flow changes can be assessed in clinical evaluations. Hence, blood flow and velocity measurement from DSA represents an important research topic. Studies on accurate and reliable noninvasive assessment of blood flow and velocity have been performed extensively7-10. Lately, Shpilfoygel et al. gave a critical review of several new approaches proposed and tested in recent years11. Computational fluid dynamics method12 (CFDM) represents advantages on low frame rates needed and mathematically rigor. Optical flow method (OFM)13-14 is superior to apply on any flow includes flows through vessels, aneurysms and vascular beds and is able to divide the flow into separate components11. Although the fundamental theories for CFDM and OFM are totally different, both methods effectively provide the hemodynamic information with angiography. Quantitative analysis in comparison of CFDM and OFM is still absent.
In this study, we investigated the use of CFDM and OFM to estimate the blood flow based on the spatial and temporal information in DSA images. The quantitative numerical results of CFDM and OFM of hemodynamic analysis were compared. Hemodynamic analysis of treatment outcome from stenting implantation for a carotid stenosis patient is presented. 
Materials and Methods
Clinical Patient and DSA acquisition
A 48-year-old female patient with severe internal carotid artery (ICA) 85% stenosis (left nidus) by American symptomatic carotid endarterectomy trial criteria was refered for stenting and enrolled in this study. In clinical diagnosis of the patient, 6.3 mm stenotic length (The distance between the proximal and distal margin of the plaque), 4.2 mm distal ICA diameter, one collateral circulation was presented and chronic renal insufficiency, congestive heart disease were exclued in the patient. The patient was successfully treated using a carotid stent (Boston Scientific, Natick, Mass.) and the case was available for analysis. Angio-catheters were placed at C4 vertebral body level for common carotid angiography (Fig. 1). Twelve ml of 60% diluted contrast medium (iopamidol, 300 mg iodine/mL, Schering AG, Berlin, Germany) was injected in 1.5 sec by a power injector in the angiosuite (AXIOM-Artis Zee® Siemens HealthCare, Germany) as a bolus passage. Anterior-posterior (AP) images were instantly obtained at 6 frames/sec for both pre- and post-operation imaging in the targeted blood vessel, respectively. The collection and review of the clinical data for this project is approved by the institutional review board of the hospital.
Optical Flow Method

The OFM algorithm13 was applied to measure the blood flow for the anterior-posterior (AP) DSA successive images. To increase the accuracy of OFM, we added the “Iterative-Amendment Feature” into the original method14 and the modified flowchart of the optical flow process is shown in Fig. 2. The changes of image intensity inside blood vessels on two consecutive images and the movement of pixel per second formed the basis of OFM (gradient-based) estimation for pixel-by-pixel flow measurements. Flow motion defined by pixel (image intensity) changes versus time frame was different from actual velocity generally used in distance with time (cm/s), which it’s more likely the velocity of the object in image world. The relationship between pixel/frame and cm/second is strongly associated with each other. In terms of relative works, the accuracy of OFM obtained in a digital image simulation was around one pixel14; the comparison of Doppler ultrasound measurement and blood flow calculated by OFM was reported on previous study15; the potential of quantifying intracranial blood flows in patients with cerebral vascular disorders and the therapeutic effects by applying optical flow on DSA was also presented16. In this study, the OFM algorithm was applied to estimate the blood flow and the results were compared with that of CFDM flow simulation.
Computational fluid dynamics method
The image-based CFDM analysis12,17 of an anatomically realistic arterial geometry was derived from clinical angiograms, as shown in Fig. 1. The overall sequence of operations to obtain CFDM solutions from medical angiograms is displayed in Fig. 3. The angiography involves the acquisition of projection images following the intra-arterial injection of an iodinated contrast agent, which enhances the visibility of the boundary of the vessel lumen. The contrast agent was intra-arterially injected at a rate of 8 mL/s and the total injection volume was 12 mL. In this study, the pixel size of the angiographic projection image was 0.44 ( 0.44 mm2. The approximation boundary of the common carotid artery (CCA) in the projected angiogram was justified by the observation and defined with the X-Y coordinates with 24 and 17 line segments before and after stent implantation, respectively, as shown in Fig. 4(a) and 4(d). Furthermore, the X-Y coordinates of the two endpoints of a line segment was employed in the vessel diameter calculation. As an example, 24 line segments with 48 endpoints were shown in Fig. 4(b), with the X-Y coordinates of endpoints of #1 line and #24 line being (0,0) and (0, -19), (131, -14) and (131, -24), respectively. The distance between two endpoints of a line segment is the diameter of the blood vessel. For instance, the diameter at the #1 line segment was 8.36 mm. The two-dimensional (2D) shape of the common carotid artery (CCA) was obtained from the X-Y coordinates of 48 endpoints that were based on the angiographic projection image ((Figs. 1(a) and 1 (b)). The X-Y coordinates of endpoints of 24 lines were listed in Table 1. 
Moreover, the 2D reconstruction of the shape of the boundary of the CCA is based on the interpolation of the implicit function Interpolation Curve of ESI CFD-GEOM software package (ESI CFD Inc., Huntsville, AL, USA). The Interpolation Curve is based the spline interpolation. The 2D shape of the boundary of the CCA was created by two interpolation curves. One was created from the 12 left upper endpoints and the other was created by the 12 right lower endpoints. For example, the shape of one side of the boundary of the CCA before the stenting implantation was demonstrated by the blue line that was created through the 12 left upper endpoints, as shown in Fig. 4(b). After the stent implantation, the 2D shape of boundary of the CCA was created based on the post-treatment endpoints, as displayed in Fig. 4(e). 
Figures 4(c) and 4(f) show the 3D surface of the blood vessel before and after the stent implantation, respectively. The 3D surface model was created based on the blood vessel diameters and the interpolated 2D boundaries by using the ESI CFD-GEOM software package. The 3D surface model was used to generate the 3D volume mesh of the blood vessel. The vessel walls were treated as rigid in this study.
For a blood flow simulation, the volume mesh of the blood vessel is needed. Structured mesh was used in this numerical simulation. For the CCA, we used the Butterfly meshing of ESI CFD-GEOM software package. First, for instance, we selected a piece of the CCA for the Butterfly meshing based on the 2D shape of the boundary of the CCA, as shown in Fig. 5(a). Between two circles of the selected piece, we generated the volume mesh. Initially, we created a circle from the 2D shape of boundary of the CCA and then split it into 4 arcs, as shown in Fig. 5(a) and 5(b). Second, we created edges on the arcs and made sure that opposite sides have the same number of grid points. For example, in this case (Fig. 5(b)), grid points were placed on each arc. In other words, the circle was split with four edges, which included 15 grid points for each arc. Using the “Structured Face Options” panel and then selecting the “Butterfly Faces” tool in ESI CFD-GEOM, the resulting butterfly face mesh was shown in Fig. 5(c). We used the tool Butterfly Faces which can create a structured mesh for the CCA. The resulting mesh consists of 5 structured faces (i.e. 4 sides and 1 core) inside a blood vessel. Figure 5(d) display the volume mesh of the CCA after the butterfly meshing.
The volume mesh of the blood vessel was generated by the ESI CFD-GEOM software package, as shown in Fig. 6. For instance, Figs. 6(a) and 6(b) demonstrate the volume meshes for before and after stent implantation. The computational modeling of the blood flow was done considering 3D incompressible Navier-Stokes equations, which included the conservation for mass and momentum. The blood flow field in the blood vessel was solved by the ESI CFD-ACE solver (ESI CFD Inc., Huntsville, AL, USA). Four different grid sizes were shown in Fig. 7. In Fig. 7(a), the velocity profile at the outlet of the LICA was demonstrated for different grid sizes. For instance, the grid sizes for before and after the stent implantation in the left internal carotid artery (LICA) were from 152,348 to 1,593,263 and from 124,852 to 1,175,234, respectively. For the inlet velocity of 70 cm/s, the grid independency analysis was carried out with a conclusion that the numerical solution is nearly independent of grid sizes in this simulation study, as shown in Fig. 7.
In order to investigate the effects of the stent implantation in the LICA on mass flow rate changes, we used five different velocities of the common carotid artery (CCA) to calculate the mass flow rates in the CCA, the LICA and the left external carotid artery (LECA) in simulations. Blackshear et al. performed velocity measurements in the ICA and the CCA by using the B-mode output of the duplex system12. Referring to the velocity range of the CCA12, we used the velocity of the CCA as the inlet velocity to evaluate the mass flow rate changes of the LICA and the LECA in the 3D blood vessel modeling. The finite volume approach was used in CFDM. The solution domain is divided into a number of cells known as control volumes in CFDM. In the finite volume approach of CFD ACE, the governing equations are numerically integrated over each of these computational cells or control volumes. The second-order Upwind scheme was used in the CFD ACE solver18. Full developed velocity profile was used at the inlet and the entrance length was about 140 times of the diameter of the blood flow inlet of the CCA. With the parabolic velocity profile, the inlet velocity of the CCA ranged from 28 to 178 cm/s in our numerical simulations12. The parabolic velocity profile was used at the inlet of the CCA. In our simulations of the blood flow of the CCA before the stenting, the Reynolds number was about 1560 for the inlet velocity 70 cm/s. The Reynolds numbers were about 3980 and 4050 for 150 and 178 cm/s, respectively. The turbulent model was used in these two cases (for inlet velocity of 150 and 178 cm/s) by Cho and Kensey19. The viscosity of the blood flow was 0.0035 kg/m/s in simulations. The density of blood was 1050 kg/m3. From the report of Cho and Kensey19, they show that the effect of the non-Newtonian characteristics of blood was found to be significant at a flow of the Reynolds number of 100 or less. So, the blood flow was initially assumed to be Newtonian fluid in this simulation because the Reynolds number was larger than 100.
Results and Discussion

The mass flow rate (kg/s) before and after the stent implantation estimated using CFDM were reported in Table 2. Simulations of flow velocity in whole vessels before and after stent are shown in Fig. 8(a) and 8(b), respectively. At the inlet velocity of 28 cm/s, the mass flow rate of the CCA was 0.0114472 kg/s. In the meantime, the mass flow rates for the LICA and the LECA were 0.002265 and 0.012207 kg/s, respectively. It is clear that the blood flow of the CCA flows into the LECA and its ratio was 84.3 %. In other words, the inflow ratio of the LICA was as low as 15.7 % due to the LICA stenosis. After the stent implantation of the LICA, and at the same inlet velocity of 28 cm/s, the mass flow rate of the LICA increased to 0.00694 kg/s. In order to quantify the mass flow rate fraction of the stent implement, we defined an improvement gain (IG) in this study. Note that the improvement gain defines as the mass flow rate difference before and after the LICA stent implantation divided by the mass flow rate of LICA of pre-operation. The improvement gain for the stent implement was about 2.06 for the inlet velocity of 28 cm/s. After the stent implement, the mass flow rate of the LICA significantly increased. The mass flow rate between the LICA and the LECA became smaller after the stent implantation. For the inlet velocity of 70 cm/s, the changes of mass flow rate before and after the stent implantation were 1.67x10-2 and 4.62x10-4 kg/s, respectively. The range of the IG was between 1.91 and 2.13, as listed in Table 2. Thus, the stent implantation can improve the blood flow in the LICA stenosis. Table 3 lists the corresponding values when the blood was treated as non-Newtonian fluid.
Flow rates estimated by OFM at CCA, LICA, distal LICA and LECA for before and after the stent implantation are listed in Table 4. Flow mapping presents the local flow motion in vessels. Fig. 9(a) shows normalized flow magnitude by optical flow method in vessel after stent implantation. In fact, the OFM calculates the flow velocity based on the changes of the grey level in vessels in a series of images. Color coding superimposed on DSA image quantitatively illustrates the relative flow value determined by OFM, e.g. the red color (on image and color bar of Figure 9a) quantitatively indicates the relative high flow in vessel. However, on conventional angiography, the hemodynamics is illustrated on sequential opacification of the vascular structures with grey scales. The interpretation is qualitatively rather than quantitatively, and usually based on physicians experience and observation.
In Fig. 9(a), there were two regions in LICA branch (B and D) where the OFM calculated blood velocity was high, while the CFDM calculated velocity was low (Fig. 9(b), regions E and G). In the CFDM calculated flow model, the restraint regions caused the blood back flow in these two regions. The back flow made the variation of the concentration of the contrast appear higher, thus introduced a higher velocity in OFM calculations. Oppositely, by comparing region C and F, H and I, the OFM calculated velocity was low while the CFDM calculated was high. The reason was considered to be that the high velocity of blood in these two regions caused the concentration of the contrast to appear low, which in turn caused insufficient information of grey level variation for OFM to correctly calculate the blood velocity. This misleading low velocity by OFM was more pronounced in the stent region (region C). In addition to the region of stent implantation, the reason that OFM calculation did not agree with CFD is that the stent material in images (mesh like) caused some problems when OFM is used. Because the mesh-like pattern does not change in consecutive images, it may confuse OFM.
The advantage of CFDM is that it can calculate the blood flow matrix based on only the structure of the blood vessel and the initial inlet velocity using fluid mass and energy exchange algorithm. The drawback of this method is that it is time consuming in reconstruction of the complex 3D vessel structures. The advantage of OFM is that the calculation is based on the grey level variation with time, which is relative simpler with series of images. However, it may give misleading results with wrong concentration information of the contrast agent resulted from the fact that dispersive transport of the contrast in flowing blood is highly nonlinear. The fundamental theories of the two methods are completely different. The blood flow units by the calculations of the two methods are also different (cm/s vs pixel/frame). The gradient-based OFM basically calculates the flow information according to the changes in image intensity on two successive images and the unit of blood flow was pixel per second. Flow motion defined by pixel (image intensity) changes versus time frame was different from actual velocity generally used in distance with time (cm/s). However, the relationship between pixel/frame and cm/second is strongly associated with each other. If both methods are used, the results by OFM can be explained by the CFDM simulations and the wrong results can be corrected. In current study, semi-quantitative assessment techniques based on OFM and CFDM to evaluate therapeutic effects through DSA was simply presented.
Several limitations for CFDM and OFM are that (1) the high flow speed cannot work with severally under sampled DSA imaging, (2) CFDM results in the presence of even minor changes to vascular wall geometry, (3) a carotid artery study with rigid walls is appropriate for stationary flow simulations, but not representative to model patient's blood flow, especially the carotid arteries are elastic regions20, (4) the stationary flow we used cannot represent physiologic blood flow due to flow in arteries is pulsatile. 
Conclusion
Both CFDM and OFM for hemodynamics analysis should be used to gain a better understanding of functional diagnostic and therapeutic evaluation of blood vessel stent treatments. Direct quantitative comparisons of CFDM with experimental in vivo measurements (OFM) was presented.
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	Table 1 The X-Y coordinates of 48 endpoints for 24 line segments with the pixel size(unit=0.44 mm)

	Line
	X
	Y
	Line
	X
	Y
	Line
	X
	Y

	#1
	0
	0
	#9
	119
	11
	#17
	180
	-3

	
	0
	-19
	
	119
	1
	
	173
	-14

	#2
	44
	0
	#10
	123
	11
	#18
	206
	-19

	
	45
	-22
	
	125
	2
	
	205
	-31

	#3
	63
	3
	#11
	127
	13
	#19
	226
	-19

	
	77
	-24
	
	131
	5
	
	226
	-31

	#4
	75
	11
	#12
	130
	15
	#20
	247
	-17

	
	89
	-9
	
	133
	8
	
	248
	-27

	#5
	95
	13
	#13
	138
	14
	#21
	88
	-16

	
	102
	0
	
	138
	11
	
	86
	-24

	#6
	106
	17
	#14
	141
	18
	#22
	96
	-16

	
	107
	1
	
	141
	11
	
	96
	-26

	#7
	110
	13
	#15
	149
	17
	#23
	107
	-14

	
	111
	1
	
	144
	9
	
	108
	-26

	#8
	117
	18
	#16
	156
	13
	#24
	131
	-14

	
	116
	1
	
	147
	3
	
	131
	-24


	Table 2. The mass flow rate (x10-2kg/s) before and after the stent implantation for Newtonian fluid

	Velocity
(cm/s)
	
	Before 
	
	
	After
	
	Improvement
Gain(IG)

	
	CCA
	LICA*
	LECA
	CCA
	LICA**
	LECA
	

	28
	1.44 
	0.22
	1.22
	1.44
	0.69
	0.75
	2.13

	45
	2.32
	0.38
	1.94
	2.32
	1.13
	1.19
	1.97

	70
	3.61
	0.61
	2.99
	3.61
	1.78
	1.83
	1.91

	150
	7.75
	1.33
	6.41
	7.75
	4.13
	3.62
	2.10

	178
	9.22
	1.69
	7.53
	9.22
	4.96
	4.26
	1.93

	LICA*: the mass flow rate of the left internal carotid artery stenosis.

	LICA**: the mass flow rate of the left internal carotid artery with the stent implantation.


IG = (LICA** - LICA*)/LICA*
	Table 3. The mass flow rate (x10-2kg/s) before and after the stent implantation for non-Newtonian fluid (Cho and Kensey20, 1991)

	Velocity
(cm/s)
	
	Before 
	
	
	After
	
	Improvement
Gain(IG)

	
	CCA
	LICA*
	LECA
	CCA
	LICA**
	LECA
	

	28
	1.44 
	0.24
	1.2
	1.44
	0.73
	0.71
	2.04

	45
	2.32
	0.4
	1.92
	2.32
	1.15
	1.21
	1.87

	70
	3.61
	0.69
	2.92
	3.61
	1.81
	1.8
	1.62

	150
	7.75
	1.31
	6.49
	7.75
	4.06
	3.69
	2.09

	178
	9.22
	1.68
	7.54
	9.22
	4.89
	4.33
	1.91

	LICA*: the mass flow rate of the left internal carotid artery stenosis.

	LICA**: the mass flow rate of the left internal carotid artery with the stent implantation.


	Table 4. The flow rate (pixel/frame) estimated by OFM

	Flow
	CCA
	LICA*
	LICA**
	LECA

	Pre-treatment
	4.09±4.45
	2.89±2.16
	2.32±2.89
	2.52±2.27

	Post-treatment
	6.91±2.53
	4.85±4.30
	4.40±3.67
	2.24±1.58

	Improvement Gain (IG)
	0.69
	0.68
	0.9
	-0.11

	LICA*: the flow rate of the left internal carotid artery at stenosis location

	LICA**: the flow rate of the distal left internal carotid artery 

	IG = (Post treatment - Pretreatment)/Pretreatment
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Figure 1: Angiograms (a) before the stent implantation of the left internal carotid artery (LICA) (b)    after the stent implantation of the LICA. Note that LECA stands for the left external carotid artery, and CCA is the common carotid artery. 
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Figure 2: The flow chart of blood flow estimation by OFM with Iterative-Amendment feature.
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Figure 3: The overall sequence of operations to obtain CFDM solutions from medical angiograms.
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Figure 4: CFDM modeling for the blood flow within the common carotid artery (CCA), the left internal carotid artery (LICA), and the left external carotid artery (LECA), (a)-(c)for before the stent implantation and (d)-(f) for after, (a)(d) the X-Y coordinates in the angiographic image, (b)(e) 2D blood vessel shape with 24 lines, and (c)(f)3D surface blood vessel model. The outlet velocity of the LICA was used in the grid independence analysis. In (b)(e), the blue line represents the interpolated curve with the left upper endpoints. The yellow line depicts the interpolated curve with the right lower endpoints. The inlet velocity of the CCA used in this study was between 28 and 178 cm/s.
