Quantitative analysis of digital subtraction angiography using optical flow method on occlusive cerebrovascular disease
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Abstract

Background and Purpose: Traditional digital subtraction angiography (DSA) provides detailed spatial resolution in the treatment of cerebrovascular disease. However, the available temporal information is often underutilized. The purpose of this study is to use deformable image registration with DSA to quantify the hemodynamic improvement of intracranial vessels after carotid stenting. 

Materials and Methods: Eighteen patients with carotid stenosis (greater than 70% degree by NASCET criteria) were treated using percutaneous transluminal angioplasty with stents. Carotid angiograms of the anterior-posterior and lateral views were acquired before and after the treatment. The arterial and venous phases of each single acquisition were classified according to the first arrival time of contrast in the distal middle cerebral artery and the superior sagittal sinus, respectively. The optical flow method was subsequently applied to determine the blood flow velocity in intracranial vessels. Blood flow velocity comparisons were performed to determine the therapeutic effects of blood flow restoration.

Results: The pixel-by-pixel blood flow velocity was estimated using the optical flow method. A color scale was used in the visualization and estimation of the blood flow velocity in the vascular bed. The improvements of blood flow velocity in both the arterial and the venous phases were significant (p<0.05). The changes with contrast agent motion were more easily observed in the arterial phase compared with the venous phases. 
Conclusion: Quantitative digital subtraction angiography provides reliable blood flow velocity measurements, which facilitates pretherapeutic evaluation and a reliable follow-up analysis method for the evaluation of occlusive vascular disorder treatment in the head and neck regions. 
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Introduction 

Understanding the hemodynamic conditions of vascular lesions in the head and neck region is crucial for obtaining correct diagnoses and strategizing treatment. Noninvasive imaging modalities, such as CT and MR perfusion, provide information on the hemodynamic status within the brain parenchyma rather than the intravascular hemodynamics. Phase-contrast MRI is now a standard and well-validated method for obtaining intravascular time-varying flow measurements resolved in all three spatial directions for functional information [1, 2]. MR angiography have been used to provide the structural imaging and the hemodynamic information [3]. Although it is the gold standard, SPECT is used infrequently in the clinic due to poor patient acceptance [4]. 

Digital subtraction angiography (DSA) remains the gold standard in diagnosing complicated intracranial vascular pathology and is the only imaging modality capable of visualizing endovascular treatments in all contexts. Currently, the morphology of vasculature is well-demonstrated in modern flat-panel angiosuites using high spatial and temporal resolution. Recently, several vendors provide the software for dynamic flow velocity evaluation with the visualization of a complete run in full color (Siemens Syngo iFlow, GE AngioViz, Philips 2D Perfusion). Previous studies were represented the new approaches for blood flow velocity measurement using X-ray angiographic images [5-7]. Bonnefous, O. et al proposed a method for the estimation of arterial hemodynamic flow from x-ray video densitometry data and validated using an in vitro setup [5]. Rhode, K.S. et al developed two new algorithms for the measurement of blood flow from dynamic X-ray angiographic images [6]. Shpilfoygel, S.D. et al [7] reviewed over 100 manuscripts related to blood flow quantification from digital subtraction angiography and illustrated the advantage of using optical flow-type methods in combination with DSA. With the introduction of the optical flow method, physiological information can be obtained using postprocessing techniques without additional contrast use and/or radiation exposure. The concept of a one-stop shop for acute cerebrovascular patients means that valuable time is saved, since patients do not need to be transferred between two imaging modalities. We hope that technologies like the one introduced in this article can contribute to performing the full diagnosis and treatment in the angiosuite alone.
In this study, we investigated the use of DSA images to quantitatively compare blood flow velocity measurements between pretreatment and posttreatment stenotic patients. The quantitative results using this approach can be assessed in clinical evaluations. 

Material and Methods

Patients and Imaging acquisition
Following a protocol approved by the IRB of Taipei Veterans General Hospital Taiwan (IRB: 2011-05-030IC), twenty-two patients with severe carotid stenosis (>70% by North American symptomatic carotid endarterectomy trial criteria) were referred for stenting. All the patients signed written, informed consent. Patients with chronic renal insufficiency (n=2), congestive heart disease (n=1), or suboptimal imaging quality due to motion artifacts (n=1) were excluded. Eighteen patients were successfully treated using carotid wallstents (Boston Scientific, Natick, MA, USA), and their clinical and angiographic information were retrospectively collected for analysis. A controlled group including three normal internal carotid arteries was enrolled in the study. The risk factors of stroke and clinical presentations are summarized in Table 1. Of the 18 cases, 14 were male, and 4 were female. The mean age was 67 years (range from 40 to 83). The angiographic characteristics of stenosis are listed in Table 2. The average degree of stenotic lesion was 82%. 
Angio-catheters were placed at the level of the C4 vertebra for common carotid angiography.  Twelve milliliters of 60% diluted contrast medium (iopamidol, 300 mg iodine/mL) was injected in 1.5 second using by a power injector in the angiosuite (AXIOM-Artis Zee® Siemens HealthCare, Germany) as a bolus passage. Anterior-posterior (AP) and lateral (LAT) images were simultaneously obtained at 6 frames/sec for both pre- and postoperation imaging. To mitigate observer bias, each single angiogram was divided into the leading arterial phase and the following venous phase by an interventional neuroradiologist with 4 years of experience and by a diagnostic neuroradiologist with 3 years of experience. The beginning of the arterial phase was defined as the first time frame when the contrast appeared in the cervical internal carotid artery (ICA), and the end of the arterial phase was defined as the first time frame when the contrast appeared in the M4 branch of the middle cerebral artery (MCA). The beginning of the venous phase was defined as the first time frame when the contrast appeared in the superior sagittal sinus (SSS), and the end of the venous phase was defined as the first time frame when the contrast appeared in the internal jugular vein (IJV). Both pre- and posttreatment AP and lateral views of DSA were acquired. The selected regions of interest (ROIs) were chosen to represent intravascular regional blood flow velocities including the ICA and superior sagittal sinus (SSS). The ROI locations for 1 case are shown in Fig. 1. Each ROI consists of 7x7 pixels.
Blood flow estimation and treatment evaluation

We developed a method for blood flow velocity estimation using optical images based on the optical flow method (OFM) that links all the motion subjects between the phases on optical images [8-11]. The gradient-based OFM basically calculates the flow information according to the changes in image intensity on two successive images in pixels per second. The spatial accuracy of estimations on blood flow velocity calculated using OFM was presented in earlier study [8]. The ICA blood flow velocity estimation by optical flow method was shown to be largely consistent with results to the computational fluid dynamics method [9]. The quantitative blood flow velocity compared to Doppler ultrasound measurement and the magnetic resonance angiography were also reported [10-11]. In this study, the OFM algorithm was applied to estimate the blood flow velocity at the artery phase and venous phase for both the AP and lateral DSA images for pre- and posttreatment evaluations. The following OFM calculation equation was used for the study: 
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where n is the iteration number, 
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 is the average velocity driven from the surrounding voxels, f is the image intensity, and α is the weighting factor, which is empirically set at 5 for DSA images [8]. Typically, the 50-iteration is able to reach the stopping criterion under percentage difference 1%.
In all the patients, the mean arterial and venous blood flow velocities were defined as the average blood flow velocity of the selected ROIs in the arteries and veins, respectively. The perioperative changes were evaluated to assess the efficacy of stenting. Parametric color coding of blood flow velocity was applied to facilitate visual comparison. The gains of the treatments in blood flow velocity among the patients were obtained using the following equation:
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where Vpre and Vpost are the pre- and posttreatment blood flow velocities. Larger values of gain indicate better restoration of blood flow velocity by stenting. Statistical analysis was performed using PASW Statistics software version 17.0.2 for Windows (SPSS, Chicago, IL) for comparison of blood flow velocity within ROIs before and after treatment. Comparison with control groups was also performed to determine the severity of stenosis of the patients and to evaluate the blood flow velocity after stenting. A P-Test was used to assess the potential differences in the mean values of the blood flow velocity. 

Results

No peri-procedual complications occurred in all operations. None of the patients suffered from ischemic symptoms from the stenotic arteries during follow-ups. The visualizations of the blood flow velocity measurements in color scale for a selected patient including the AP and LAT views are presented in Fig. 2 (arterial phase) and Fig. 3 (venous phase), respectively. The average blood flow velocities of the arterial phase and the venous phase were calculated for all the cases. The highest velocities of blood flow in both the arterial phase and the venous phase appeared in the posttreatment angiogram with values of 7.5 pixels/frame on the AP view in the arterial phase and 4 pixels/frame on the LAT view in the venous phase. More areas were encoded with colors representing higher speed in the posttreatment angiogram compared with the pretreatment angiogram in both the AP and LAT views. (Fig.2a, 2c, Fig.2b, 2d, Fig.3a, 3c and Fig.3b, 3d.) The highest flow velocities (red color) were located at the ICA in both the AP and lateral views of the arterial phase. However, the highest flow velocities were located at the SSS in the AP view and at the internal jugular vein in the lateral view of the venous phase after treatment.

Table 3 lists the mean blood flow velocity measurements (mean ± SD) in vessels on the pre- and posttreatment DSA images for all the cases. Case 1 shows the most significant gain of blood flow velocity increase in the ICA due to the vicinity of the ROIs and carotid wallstents in the arterial phase. The blood flow velocities in the venous phase did not consistently increase after stenting. The patient did not suffer from transient ischemic attacks afterwards. Fig. 4 shows the comparison of blood flow velocity among pre- and posttreatment measurements and the control group in the arterial phase (Fig.4a) and the venous phase (Fig.4b) for the evaluation of the stenting treatment in 18 patients. The mean flow velocities of the 18 patients in the arterial phase were 2.53 pixels/frame before treatment, 3.55 pixels/frame after treatment, and 4.45 pixels/frame for the control group in the AP view. The mean flow velocities were 2.49 pixels/frame before treatment, 3.28 pixels/frame after treatment, and 5.59 pixels/frame for the control group in the LAT view. The poststenotic arteries and downstream veins for the treatment group were shortened towards normal after treatment (p > 0.05). For both phases, the average posttreatment flow velocities were higher than the pretreatment flow velocities (p<0.05). For the arterial and venous phases, the minimum and maximum flow velocities in the AP and LAT views increased after treatment. The DSA images used for quantitative analysis were in 2-byte/pixel format. The input images for one patient were composed of 55 images, 1440 x 1440 in size and the typical computation times was about 15 minutes (Intel Core i7 3.2G Hz CPU, 24GB RAM).
Discussion

The presented study performed a quantitative method for carotid stenosis treatment evaluation using optical flow method on digital subtraction angiography, which is clinically relevant. In 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. The presented method helps physicians in quantifying the improvement of the patient's condition and the analysis can be taken as the guide for the reference improving the treatment before and after treatment. However, to establish a one-stop shop in the angiosuite for stroke is necessary to distinguish between hemorrhagic and ischemic stroke (bleeding or occlusion). Brain tissue imaging in analysis of perfusion and hemorrhagic bleeding is not provided by the presented technique.
In the arterial phase, an overall increase in the cerebral blood flow velocity in the whole brain was observed after stenting. However, only blood flow velocities in regions adjacent to the poststenotic site, which refers to the ICA in this study, demonstrated significant improvement. In contrast, the flow velocity in the distal poststenotic sites, such as the MCA, was augmented but failed to achieve significance. (Fig.2). Improvement in the immediate downstream flow velocity compared with the flow velocity in the distal tributary after revasculization was also observed by other groups [12, 13]. According to Poiseuille’s formula, the magnitude of blood flow velocity through a vascular system is inversely proportional to the vessel resistance [14] and directly proportional to the pressure difference along the axis of a blood vessel. The resistance in a vessel is reciprocally related to the 4th power of the vessel diameter [15]. In patients with severe carotid stenosis, treatment with stenting caused the vessel diameter to increase and the resistance to decrease, which significantly increased blood flow velocity. The perfusion of affected distal small arteries could partly be taken over by the contralateral carotid artery, vertebro-basilar system, or ipislateral external carotid artery, The flow velocity is theoretically underestimated due to the unopacified blood during selective angiograms of stenotic vessels. 
 In the venous phase, the mean blood flow velocity in the SSS slightly increased simultaneously with stenting treatment. Because the SSS receives cortical veins located in the convexity of the skull, the blood volume and diversity of arrival time of individual cortical veins influences the flow velocity within the SSS and causes the determination of its blood flow velocity to be complicated. Detailed evaluations of individual cortical veins were attempted but were impractical because of variability among individuals. Furthermore, the proper phase selection of veins is subject to bias due to the low signal to noise ratio during the initial filling of the vein. The emptying time is also difficult to determine due to physiologically slow venous flow velocity. The straight sinus drains the deep nuclei and encounters variations of venous anatomy among individuals. For example, a prominent septal vein and middle cerebral vein can drain the venous flow in the deep nuclei, and prominent peripontine venous plexus can receive the thalamus venous drainage and decrease the flow velocity in the straight sinus. Based on our study, no ideal object in the venous phase is available for flow velocity analysis. It is not surprising to observe the augmentation of blood flow velocity after angioplasty. The increases of velocities in the AP and lateral views in the arterial phases were significant as shown in Fig. 4a (p<0.05), but the degree of significance differed on a case-by-case basis (Table 3). Individual blood pressure, chronicity of the disease, and cerebrovascular reserves potential could affect the gains after stenting. Case 6 demonstrated all negative gains in both views after the stenting. Reviewing his clinical course, no peri-procedual thromboembolism was noted. Our explanation for this case was that this patient experienced dramatic decreased blood pressure (50 mm/Hg) after stenting due to vasovagal reflex. This phenomenon decreased the overall cerebral flow and made the flow gain from revascularization difficult to detect [16]. The details influence of blood pressure upon blood flow was beyond the scope of this study. The smaller degree of spatial overlapping of vessels in the lateral views compared with the frontal views may explain the more evident gains (Fig. 4a).
Several critical factors influencing the blood velocity estimation were not taken into account in presented study. First of all, the blood flow velocity is not constant (or smooth) but pulsatile modulated by the heart beat. The OFM displacement is derived from the distribution of the apparent velocities of movement in the brightness patterns between the images. The smoothness constraint for the motion component in the direction of the local gradient is applied. Thus, when the blood flow is moving pulsatory, the smoothness causes inaccurate blood flow estimation using the OFM. Secondary, the dispersion effects of the bolus may lead to errors in the flow estimation when tracking the bolus front [7, 17]. In addition, another concern in analysis of blood flow velocity is that the estimation by foreshortening in vessel would lead to underestimation of the flow for the foreshortened sections.
Conclusion

We present a method for the quantification of blood flow velocity based on optical flow from 2D digital subtraction angiography of the cerebral circulation in patients undergoing stenting for carotid artery stenosis. Our results demonstrate that the analysis of blood flow velocity using DSA images has potential as a diagnostic tool for obtaining flow velocity information to evaluate the treatment outcome. Furthermore, a 3DRA reconstruction registered with the DSA run to calculate the blood flow in mL/second rather than pixels/second will be future work. The accuracy of results compared with a ground truth from (digital) phantom will be part of further work.
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Figure legends
Fig.1: Angiogram of a patient with right internal carotid artery (ICA) stenosis (90%): Anterior-posterior view: The selected regions of interest (ROIs) for blood flow velocity measurement in the AP view were located at petrous, cavernous, and supraclinoid portions of the ICA in the arterial phase (a), and the superior sagittal sinus (SSS) and transverse sinus in the venous phase (b). Lateral view: The selected ROIs were located from the cervical portion to the cavernous portion of the ICA in the arterial phase (c) and in the SSS and sigmoid sinus in the venous phase (d).

Fig.2: The comparison of blood flow velocity in the ROIs before and after the carotid stenting of the same case in the arterial phase with color scale. (a) Pretreatment AP view (b) Pretreatment LAT view (c) Posttreatment AP view (d) Posttreatment LAT view. More restoration of flow velocity in the lateral view compared with the anterior-posterior view was noted. The area of highest flow velocity (arrowhead) was in the cervical portion of the ICA in both the AP and lateral views.

 Fig.3: The comparison of blood flow velocity in the ROIs before and after the carotid stenting of the same case in the venous phase with color scale. (a) Pretreatment AP view (b) Pretreatment LAT view (c) Posttreatment AP view (d) Posttreatment LAT view. More restoration of flow velocity in the lateral view compared with the anterior-posterior view was noted. The area of highest flow velocity (arrowhead) was located in the superior sagittal sinus in the AP views and in the internal jugular vein in the lateral view.

Fig.4: Comparison of pre- and posttreatment blood flow velocity and comparison with the control group in the arterial phase (Fig.4a) and in the venous phase (Fig.4b) for the evaluation of angioplasty among 18 stenotic patients.   
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