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Abstract
Background
In symptomatic intracranial atherosclerotic stenosis (ICAS), its hemodynamic impact may affect the risk of stroke recurrence, in addition to the degree of luminal stenosis. We therefore conducted a pilot study to evaluate the feasibility to delineate the hemodynamic impact of symptomatic ICAS lesions using computational fluid dynamics (CFD) models reconstructed based on computed tomography angiography (CTA) source images.

Methods
Three-dimensional CFD models were reconstructed based on routine CTA source images of patients with a symptomatic ICAS lesion. The anatomic features and hemodynamic impact of target ICAS lesions were evaluated on the CFD models. The hemodynamic impact of a lesion was evaluated using distal to proximal pressure ratio (PR) and pressure gradient (PG) across the lesion. PG was defined as pressure drop across the lesion divided by length of the lesion.

Results
Among the 10 cases recruited, CTA source images of 9 cases were successfully processed to CFD models. The hemodynamic characteristics of the ICAS lesions could be quantitatively evaluated on the CFD models, such as the pressures, blood flow velocities, wall shear stress and shear strain rates. The median PR was 0.58 and the median PG was 93 mmHg/cm. PRs and PGs varied in cases with similar degrees of stenoses with different lesion lengths and proximal vessel diameters.

Conclusions
This pilot study demonstrated the feasibility to quantitatively assess the hemodynamic impact of ICAS using CFD models reconstructed based on routine CTA. Further studies are required to improve the models built in this pilot study, and to evaluate the ultimate value of this technique in clinical assessment and risk stratification of patients with symptomatic ICAS.
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Background
As the most common cause of ischemic stroke and transient ischemic attack in Asian populations and an important cause of stroke as well in other populations, intracranial atherosclerotic stenosis (ICAS) has attracted attention both in clinical practice and relevant research fields in recent decades [1-3]. The degree of anatomic stenosis was noted as an independent predictor for recurrent ischemic stroke in the territory of the index artery (SIT), for instance, in the Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) trial [4]. However, the fact also existed that nearly half of the SIT occurred in patients with 50-69% ICAS in the WASID trial [4]. According to the Chinese IntraCranial AtheroSclerosis Study, recurrent stroke also occurred in a considerable percentage of patients with <50% ICAS [5]. On the other hand, factors affecting hemodynamics of ICAS, for instance, collateralization, have been found to dramatically alter subsequent stroke risks in the WASID and the Stenting and Aggressive Medical Management for Preventing Recurrent stroke in Intracranial Stenosis (SAMMPRIS) trial [6,7]. Therefore, hemodynamics plays an important role in the case of ICAS, concerning subsequent risk of SIT. Evaluation of hemodynamic impact of ICAS will probably facilitate in the risk stratification of patients with symptomatic ICAS.
Computational fluid dynamic (CFD) techniques, when applied in simulation of blood flow, can quantitatively reveal hemodynamic characteristics of arterial stenosis. Noninvasive fractional flow reserve (FFR), which is the distal to proximal pressure ratio (PR) across a stenosis, measured through CFD reconstruction of coronary computed tomography angiography (CTA), has been identified of high diagnostic accuracy for the hemodynamic significance of stenosed coronary arteries as compared with FFR obtained invasively, and this is promising in guiding patient selection for percutaneous coronary intervention [8,9]. More recently, virtual FFR obtained from CFD models based on coronary angiograms by assigning averaged generic downstream boundary conditions without simulating hyperemic conditions, was also found to be substantially accurate to define hemodynamically significant coronary lesions (accuracy of 97%), as compared with invasively measured FFR under induced hyperemia [10]. In addition, CFD could also be used to reveal the hemodynamic effects of ICAS [11,12]. In the present pilot study, we evaluated the feasibility to discern hemodynamic impact of ICAS using CFD models reconstructed from routinely obtained CTA images with a small sample size, to pave the way for generalized application of this technique in larger clinical studies in the near future.

Methods
Subjects
This was a retrospective observational study. Ten patients, each with a symptomatic ICAS lesion (50-99% luminal stenosis, WASID criteria [13]) of a major intracranial artery [intracranial portion of internal carotid artery (ICA); M1 segment of middle cerebral artery (MCA-M1); or basilar artery (BA)] identified on CTA, were retrospectively selected from a prospective clinical study at Prince of Wales Hospital in Hong Kong. All patients had given written informed consent for the previously approved prospective clinical study, and the current retrospective study was also approved by the Joint Chinese University of Hong Kong-New Territories East Cluster Clinical Research Ethics Committee (the Joint CUHK-NTEC CREC). Patients’ characteristics were collected from clinical records. CTA source images were retrieved and anonymized from the picture archiving and communication system and transferred to University of California, Los Angeles for reconstruction of CFD models.

CT protocol
All CT examinations were performed on a 64-slice CT scanner (Lightspeed VCT, GE Healthcare, US), including non-contrast CT scan of the whole brain and CTA of intracranial arteries. The non-contrast CT scan was performed in axial mode, covering the skull base to vertex region, and obtained at 120 kV 320 mA and 1.0 sec rotation. CTA was performed in helical mode with no tilting, covering the skull base to the level of lateral ventricles, and obtained at 120 kV 550 mA and 0.4 sec rotation. Intravenous contrast (70 ml Omnipaque 300, 3–3.5 ml/s) was injected via the antecubital vein using a power injector. Axial CTA images were reconstructed at 0.625 mm intervals and stored as source images for further image analysis.

CFD simulations of hemodynamics
The scientific basis of evaluating hemodynamics of ICAS lesions, such as the trans-stenotic pressure gradient, using simulated models constructed out of standard CTA source images, was that the hemodynamic features of such lesions could be calculated via the CFD technique by applying several assumptions on the three-dimensional (3D) vessel geometry obtained from CTA source images. CFD simulations of hemodynamics were performed through the following procedures. Firstly, the location of the target arterial segment was visually identified and delineated with a region-of-interest on CTA images. The region-of-interest was then segmented using a gradient-driven level set method [14] to extract the vascular volume. Centerlines were then computed from selected inlet and outlet points placed at the extreme points of the vessel. The diameter of the vessel along the centerline was derived using the Voronoi method which allowed a 3D geometry of the vessel to be constructed. A mesh of the 3D surface was then created using ANSYS ICEM-CFD (ANSYS, Inc.), composed of approximately 500,000 tetrahedral cells. Blood flow simulation was then performed on this mesh using ANSYS CFX software. It was assumed that blood was an incompressible Newtonian fluid with a constant viscosity of 0.004 kg.m-1.s−1 and could be governed by the Navier–Stokes equations [15]. It was also assumed that blood has a density of 1060 kg/m3. The boundary conditions placed on this simulation was one that assumed rigid, non-compliant walls with no-slip flow conditions. The inlet boundary condition was set to be 120 mmHg while the outlet velocity was prescribed as 60 cm/s. As it has been assumed that the vessel is non-compliant, the velocity downstream can be assumed to also follow ideal pipe-flow and thus physiological velocities. The simulation results were post-processed in ANSYS CFX-post (ANSYS, Inc.), for extraction of flow parameters, for instance, velocity, pressure, wall shear and shear strain rates (Figure 1). Generation of mesh, simulation of blood flow and post-processing of simulation results were run on a Cray CX1 cluster (Cray Inc.).[image: A40809_2014_1_Fig1_HTML.gif]
Figure 1
                                       The CFD model showing hemodynamic characteristics of a 70% MCA-M1 stenosis (Case #4). Blood flow velocity (A), wall shear stress (C) and shear rates (D) dramatically increased and pressure (B) greatly decreased in situ and downstream to the lesion. Besides, turbulence and a recirculating flow was noted immediately distal to the ICAS lesion (panel A). CFD indicates computational fluid dynamics; MCA-M1, M1 segment of middle cerebral artery.




                        

Measurement of anatomic characteristics of ICAS
Proximal normal vessel diameter, anatomic severity, and length of the stenoses were measured on reconstructed 3D models. Anatomic severity of ICAS was measured according to the WASID criteria [13]. Length of a lesion was defined as the distance between the first normal diameters distal and proximal to the stenosis.

Evaluation of hemodynamic impact of ICAS
Evaluation of the CFD models was also performed in ANSYS CFX-post (ANSYS, Inc.). Hemodynamic impact of ICAS was evaluated by using 2 indices in the present study, which were PR and pressure gradient (PG) across the lesion. Pressures were measured at the 1st normal diameters distal and proximal to the lesion, for which spherical volumes-of-interest with the same radius of the vessel were selected within the vessel domain to get the mean pressure value. PR was defined as the distal to proximal pressure ratio, and PG (mmHg/cm) was defined as pressure drop across the ICAS divided by length of the lesion. Since this was a preliminary study, and that there had been no data about the cut-point value of PR to define a hemodynamically significant ICAS, we used the same cut-point of PR (0.80) as is used in the cardiac field for FFR [16], with a PR less than or equal to 0.80 considered hemodynamically significant in the present study.

Statistical analysis
Descriptive statistics were used in the current study to describe demographics of patients recruited and imaging characteristics of the symptomatic ICAS lesions.


Results
Among the 10 patients recruited in this study, the CTA source images of 9 subjects (median age was 62, and 7 were males) were successfully processed to CFD models. In the other one case, vessel geometry of the arterial segment containing the ICAS lesion failed to be extracted from the CTA source images due to poor image quality. The reconstructed CFD models could quantitatively depict hemodynamic environment at the stenosis. Blood flow velocity, wall shear stress and shear rates increased and pressure decreased in situ and downstream to a stenosis. Figure 1 shows hemodynamic characteristics of a 70% MCA-M1 stenosis (Case #4), revealed by the CFD model.
Among the 9 cases processed, 7 were MCA-M1 lesions, and the other 2 were ICA and BA lesions, respectively. Four cases were 70-99% stenoses. Patient demographics, anatomic characteristics of ICAS, and other parameters and indices measured and calculated from the CFD models are shown in Table 1. The median PR was 0.58 and the median PG was 93 mmHg/cm. Four anatomically severe and 1 anatomically moderate stenoses were considered hemodynamically significant (PR ≤0.80) in the current study. Besides, PRs and PGs varied in cases with similar percentages of stenoses (Table 1 and Figure 2). For instance, Case #5, #6 and #7, with similar anatomic severity of stenoses (around 80%) in MCA-M1 but different lesion lengths and proximal vessel diameters, greatly differed in hemodynamic severities as assessed via CFD models (Table 1). The pressure maps of Case #6 and #7 are shown in Figure 2, with PGs of 300 and 5,382 mmHg/cm, respectively.Table 1
                        Patient demographics and ICAS characteristics*
                      


	
                            Patient #
                          
	
                            Gender
                          
	
                            Age
                          
	
                            ICAS
                          
	 	
                            Proximal vessel diameter (mm)
                          
	
                            Proximal pressure (mmHg)
                          
	
                            Distal pressure (mmHg)
                          
	
                            Pressure ratio
                          
	
                            Pressure gradient (mmHg/cm)
                          

	
                            Location
                          
	
                            Anatomic severity (%)
                          
	
                            Length (mm)
                          

	1
	M
	44
	MCA-M1
	50
	20
	3.5
	118
	104
	0.88
	7

	2
	M
	68
	MCA-M1
	51
	11
	2.7
	118
	107
	0.91
	10

	3
	M
	51
	MCA-M1
	53
	13
	2.9
	119
	102
	0.86
	13

	4
	M
	61
	MCA-M1
	70
	10
	2.7
	120
	29
	0.24
	93

	5
	F
	74
	MCA-M1
	78
	14
	3.0
	119
	−184
	−1.55
	223

	6
	F
	65
	MCA-M1
	79
	9
	2.5
	120
	−156
	−1.30
	300

	7
	M
	62
	MCA-M1
	80
	17
	3.5
	117
	−8,847
	−75.70
	5,382

	8
	M
	69
	ICA distal
	50
	10
	4.2
	120
	118
	0.98
	2

	9
	M
	50
	BA
	62
	5
	3.4
	116
	67
	0.58
	98


*Patients are listed in the table by the lesion location and sequentially arranged according to the degree of luminal stenosis (%) of the lesions.
ICAS indicates intracranial atherosclerotic stenosis; MCA-M1, M1 segment of middle cerebral artery; ICA, internal carotid artery; BA, basilar artery.
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Figure 2
                                    Pressure maps of Case #6 and #7. Both cases were around 80% stenoses of MCA-M1 but with different lengths (double-headed arrows) and proximal vessel diameters. Hemodynamic severities of the two cases differed in terms of PR and PG. The PRs were −1.30 and −75.70, respectively. And PGs were 300 and 5,382 mmHg/cm, respectively. MCA-M1 indicates M1 segment of middle cerebral artery; PR, pressure ratio; PG, pressure gradient.




                     

Discussion
This was a feasibility study. Despite of the small sample size, we demonstrated the feasibility of simulating blood flow across ICAS lesions by CFD modeling based on routinely obtained CTA images, and the feasibility of quantitatively analyzing the hemodynamic characteristics of such lesions on the CFD models. Besides, the study results implied that the severity of luminal stenosis probably was not the only indicator to determine the hemodynamic impact of symptomatic ICAS lesions, which reinforced the urgent need for a more comprehensive paradigm for clinical evaluation of such lesions, to replace, or at least improve, the current unreasonable and misleading method of defining the significance of such lesions only based on the percentage of stenosis.
Patients with symptomatic ICAS are at high risk of recurrent ischemic stroke, despite of medical and/or interventional treatment [17-19]. However, commonly used noninvasive imaging modalities have been found of relatively low positive predictive values for diagnosis of 50-99% intracranial stenosis, compared with digital subtract angiography (DSA) [20,21]. Moreover, the percentage of stenosis itself, even when diagnosed by DSA, was not the only factor that might be able to affect downstream hemodynamics in the case of ICAS. Irregularity and eccentricity of the lesion, which in many cases is influenced by the plaque compositions, as well as the collateral status, may also affect the hemodynamic impact of an ICAS lesion [22]. This may partly explain why patients with ICAS of moderate luminal stenosis would also be at risk of SIT [22,23]. Therefore, we aimed to evaluate hemodynamic impact of ICAS via reconstructed CFD models in the present study, which was found feasible using routinely obtained CTA source images, so that this single noninvasive imaging modality could provide much more information of ICAS beyond the anatomic severity of luminal stenosis.
Although biplane DSA images could also be used to reconstruct CFD models of ICAS [24], and that CTA may not be as accurate as DSA to depict the vessel geometry in ICAS [21], we assumed that CTA images would be a better source for CFD modeling of ICAS lesions from both the technical and clinical points of view. On one hand, CTA source images, with its three-dimensional nature, yield a better source for CFD modeling than biplane DSA images, from the technical angle. On the other hand, as a noninvasive imaging modality, CTA is more commonly used and easier to be obtained in clinical practice than DSA, which permits studies with relatively large sample sizes in the future. In addition, although the noninvasive time-of-flight MR angiography can also provide three-dimensional geometry of the cerebral vessels of interest as CTA does, vessel geometry obtained from CTA is more accurate than that from MR angiography, especially in cases with extremely low distal flow beyond the ICAS lesion when MR angiography could overestimate the degree of stenosis.
Hemodynamic impact of ICAS was assessed using PR in our study, paralleled to FFR in the cardiac field, with lower PR indicating more significantly decreased downstream flow. To our knowledge, there had been no data about the cut-point of simulated PR to define a hemodynamically significant ICAS. However, for coronary artery disease, virtual FFR based on CFD models of coronary lesions had been found to be closely correlated with FFR measured under induced hyperemia during percutaneous coronary angiography (correlation coefficient r =0.84), and to be able to accurately identify lesions with FFR <0.80 as mentioned above [10]. Thus for this pilot study, we used the same cut-point of PR (0.80) as is currently used in the cardiac field for invasively measured FFR and virtual FFR [10,16]. But in future studies, we will explore an optimal cut-point of PR to dichotomize ICAS lesions by the hemodynamic impact, for instance, by comparing PR values against brain perfusion results such as quantitative arterial spin labeling MR perfusion imaging. According to the results, distal pressures and PRs of ICAS lesions were in minus values in some cases. This was one of the limitations of CFD modeling in the current study that is further discussed below, and also one of the reasons that we also used another index, PG, to quantify the hemodynamic severity of ICAS.
In the measurement of invasive FFR for coronary artery disease, use of vasodilator could decrease the microcirculatory resistance, magnify the function of existing collaterals, and hence induce hyperemia, under which circumstance the hemodynamic impact of the lesion could be accurately evaluated in most cases [25]. However, it has also been recognized that the invasive FFR might not be reliable in cases with microvascular damage, in which cases maximal hyperemia could not be achieved [10]. In a latest study as mentioned above utilizing the CFD modeling technique to obtain virtual FFR of coronary lesions, generic downstream boundary conditions, including the microvascular resistance and compliance values, were developed and applied to the arterial outlet(s) with a Windkessel model [10,26]. The virtual FFR obtained in this way, not affected by the status of microcirculation and without the need of simulating hyperemic conditions, was proved of substantial consistency with invasively measured FFR, with an average absolute error of ±0.06 [10]. Therefore, virtual fractional flow of arterial stenosis based on vessel geometry and generic boundary conditions is potentially reliable in defining the hemodynamic significance of the lesion. In the current study, we did not take into account the effects of distal microvascular resistance and the collaterals in the CFD models of ICAS lesions, which needs to be addressed in future studies, probably by referring to the method for obtaining virtual FFR for coronary lesions as discussed above.
Fractional flow across ICAS, in terms of PR and PG in our study, was not exclusively determined by percentage of the stenosis. Other morphological characteristics of an ICAS lesion might also impact on the hemodynamic environment in situ and downstream, for instance, length of the lesion as implied by this study, though we did not do any statistical analysis to confirm the speculation concerning the relationships between the lesion length and the hemodynamic impact of an ICAS due to the small sample size, as well as the irregularity and eccentricity of the stenosis that were not yet investigated in the current study. To date, few data existed on relationships between morphology and hemodynamics of ICAS, but length of carotid plaque and patent ICA vessel diameter, besides degree of stenosis, were found to be significantly related to ipsilateral intracranial blood flow in studies of carotid stenosis [27]. Based on vessel geometry and therefore harboring all morphological information of a lesion, simulated CFD blood flow models could comprehensively reflect effects of morphological factors on hemodynamic characteristics of ICAS. Since risk of stroke recurrence could be altered by blood flow hemodynamics in patients with symptomatic ICAS, evaluation of CFD models, instead of using anatomic severity of luminal stenosis as almost the only imaging indicator, might play a role in risk stratification of these patients. In addition, evaluating the hemodynamic parameters embedded within the CFD models of symptomatic ICAS lesions, such as PR, PG, flow velocity, wall shear stress and shear strain rates, may be useful to embrace a better understanding of the effects of hemodynamics on diverse pathomechanisms of ICAS-related ischemic stroke, which are currently understudied.
The most important limitation of the present study was that CFD models were simplified and only based on geometry of short vessel segments containing the stenoses, trimming off artery branches and meanwhile ignoring effects of collaterals and other factors that may affect hemodynamics of the lesion. This may be part of the reasons for the minus downstream pressure values as detected in the CFD models of some cases. Besides, the prescribed outflow velocity may also partly contribute to the unrealistic minus pressures in some of the CFD models. In future studies, the following measures could be explored to improve the realistic accuracy of the simulated CFD models: covering longer vessel segments in the CFD models, at least long enough for post-stenotic blood flow to restore laminar flow; and assigning personalized pressures and flow velocities at the inlet and outlet that could be of higher physiological significance, for instance, flow velocities distal to an ICAS lesion at a major intracranial artery detected by transcranial Doppler. Moreover, unlike carotid arteries, intracranial arteries have plenty of braches and perforators, which could alter the hemodynamics of blood flow in a major intracranial artery. Therefore, including main adjacent branches and perforators in the CFD models of ICAS lesions in future studies, as what is currently done for CFD modeling of coronary lesions [9,28], could further optimize the realistic accuracy of the simulating results. Also, it would further enhance the clinical relevance of CFD blood flow simulation of symptomatic ICAS by considering the effects of distal microvascular resistance and collateral status, which might also facilitate better understanding of mechanisms of collateral recruitment in the presence of symptomatic ICAS. In addition, another limitation of the current study lay in that simulated pressure gradients were not validated against direct, invasive measures, or compared with indirect measures with other noninvasive methods, which will also be addressed in future studies.
Apart from the above measures to improve the CFD models of ICAS lesions, meanwhile we also need to balance the complexity and accuracy of the models with its generalizability in clinical studies. Simplified modeling would be less time-consuming for each patient involved and probably more generalizable for large clinical studies in the future, but at the meantime the consequent inaccuracy of simulated hemodynamic environment may compromise its clinical perspective. Thus, achieving an acceptable balance between the realistic accuracy and the generalizability of CFD modeling of symptomatic ICAS lesions is important for this technique to ultimately be of clinical significance and utility in the assessment of such lesions.

Conclusions
This pilot study demonstrated the feasibility to quantitatively assess hemodynamic impact of ICAS using CFD models reconstructed from routinely obtained CTA. A vast number of studies are required to evaluate the ultimate value of this technique, to seek improvement in the realistic accuracy and the generalizability of CFD modeling of ICAS, and to explore the role of specific hemodynamic characteristics from CFD models in risk stratification of patients with symptomatic ICAS.
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