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Abstract. Interventional neuroradiology is a growing field of minimally invasive therapies that includes embolization of aneurysms and arteriovenous malformations, carotid angioplasty and carotid stenting, and acute stroke therapy. Treatment is performed using image-guided instrument navigation through the patient’s vasculature and requires intricate combination of visual and tactile coordination. In this paper we present a series of techniques for real-time high-fidelity simulation of angiographic studies. We focus in particular on the computation and visualization of blood flow and blood pressure distribution patterns, mixing of blood and contrast agent, and high-fidelity simulation of fluoroscopic images.
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Introduction



Vascular diseases are the number one cause of death worldwide, with cardiovascular disease alone claiming an estimated 17.5 million deaths in 2005 [1]. An increasingly promising therapy for treating vascular diseases is interventional radiology procedures, where a guidewire-catheter combination is advanced under fluoroscopic guidance through the arterial system, thus allowing a minimally invasive therapy while reducing recovery time for the patient when compared to corresponding surgical procedures. However, the main difficulty in these therapies is navigating through the intricate human vascular system while relying on two-dimensional X-ray views of the patient. Yet, the best training method so far has been actual patients with a vascular pathology. To reduce the risks due to training on patients, we have developed a real-time high-fidelity interventional neuroradiology simulator for physician training and procedure planning. The system relies on accurate patient-specific anatomical representations of the vascular anatomy [2] and uses new algorithms for fluoroscopic rendering and physics-based modeling of catheter-vessel interactions. The full body vascular model used in our simulator consists of over 4, 000 arterial and venous vessels, and is optimized for real-time collision detection and visualization of angiograms. In this paper, we aim to improve the vascular flow modeling accuracy over existing approaches [3,4] and yet maintain a real-time performance in order to N. Ayache, S. Ourselin, A. Maeder (Eds.): MICCAI 2007, Part I, LNCS 4791, pp. 557–565, 2007. c Springer-Verlag Berlin Heidelberg 2007 !
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Fig. 1. High-fidelity real-time simulation of angiography in the brain, featuring contrast injection in arterial flow (Left); blush (Middle); and transition to venous side (Right)



improve training/planning immersiveness. We propose to simulate physiologic representations of arterial, parenchymal and venous phases of thoracic, cervical and intracranial vasculature. Synthetic fluoroscopy uses a volumetric approach which directly incorporates the same patient CT dataset as that used to reconstruct the vascular model. Laminar blood flow is modeled through a simplified version of the Navier-Stokes equations while contrast agent propagation is controlled by an advection-diffusion equation. The proposed method can handle very large anatomical dataset in real-time, and angiographic studies performed on our simulator closely approximate those on actual patients. This high level of fidelity is key to permit realistic simulation based training, and ultimately enables the planning and rehearsal of complex cases.
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Real-Time Flow Computation in Large Vascular Networks



An angiogram is used to locate narrowing, occlusions, and other vascular abnormalities. By visualizing and measuring flow distributions in the vicinity of a lesion, angiographic studies play a vital role in the assessment of the pre- and post-operative physiological states of the patient. In this section we detail our real-time flow model, one of the three key elements of angiography simulation. 2.1



Flow Model



Aside from ventriculograms and some aortic angiograms, turbulent flow is rarely observed in interventional radiology procedures. In addition, flow distribution in the network is more relevant when identifying and quantifying vessel pathology than local fluid dynamic pattern. Hence, 1D laminar flow model is adequate under our application context. Blood flow in each vessel is modeled as an incompressible viscous fluid flowing through a cylindrical pipe, and can be calculated from the Navier-Stokes equation. The resulting equation, called Poiseuille Law, Q=



∆P R



with



R=



8ηL πr 4



(1)
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relates the vessel flow rate Q to the pressure drop ∆P , blood viscosity η, vessel radius r, and vessel length L. To compute such vascular flow, a set of algebraic equations are developed as follows. The arterial vasculature can be represented as a directed graph, with M edges and N nodes. If M != N , we form an augmented square matrix K by adding trivial equations, i.e. Ps = Ps or Qs = Qs , to the   set of Poiseuille equations. If M  1, 3x2 − 2x3 otherwise



where the volume of influence is defined by centeri , radiusi and corei , while the motion is defined by a 4×4 matrix Mi . This transformation is animated over time using a cyclic profile curve. Equation 8 is simple enough to be implemented inside vertex shaders on the GPU, enabling real-time deformations of both surface and volumetric objects. Moreover, all parameters can be edited interactively using a simple visual editor, as visible in Figure 3. It provides enough controls to create simple but realistic motions. One important limitation is that it does not distinguish between bones and tissues, which are equally deformed. However, we can fine-tune visually the influence of each motion, so that the cardiac motions does not move the nearby ribs, while the respiratory motion do.
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Results



We have applied our methods to different datasets, and performed both qualitative and quantitative validations. Blood flow and blood pressure distributions
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Fig. 3. Left: X-Ray rendering under deformation. Right: Interactive motion editor.



were computed on a dataset containing about 500 arterial vessels representing the cerebrovascular system, and on a dataset containing about 4, 000 vessels (both arteries and veins) describing the full vascular circulation system with a higher level of detail in the brain. For both datasets the results were compared to results from Yazici et al. [5] as well as other studies referenced in [5]. The table in the center of Figure 2 compares various flow values in different main vessels of the cerebrovascular network. Our results match very closely these values, yet are computed in real-time. Changes in local flow patterns due to the treatment of a stenosis are also illustrated in the right of Figure 2. These results, as well as the real-time angiogram illustrated in Figure 1 are very similar to what can be observed during an actual procedure, and were qualitatively validated by a neuro-interventional radiologist.
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Conclusion



We have proposed a series of methods for computing and rendering high-fidelity angiographic studies in real-time. These techniques can bring a new level of realism to simulation systems for interventional radiology, and increase the acceptance of such systems by the medical community.
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