Image-Based Simulation of Vascular and Spinal Function

We propose to develop image-based simulation software to aid in patient-specific diagnosis and treatment planning for individuals suffering from vascular and spinal diseases. The goal is to employ simulation as a means of extending three-dimensional imaging to deduce the stress environment in the object of interest (e.g., a stenosed vessel or scoliatic spine) within approximately 24 hours of a patient scan. Such rapid turnaround requires imaging, meshing, and simulation software that is not only accurate but essentially automated, thus placing a premium on robustness. While vascular and spinal afflictions are largely unrelated, the image translation and finite element technologies required to address the underlying engineering questions have much in common. This collaboration combines the expertise of vascular surgeons, radiologists, biomechanical and structural engineers, computational fluid dynamicists, and computer scientists to develop simulation capabilities that will be dramatically improve the quality of life for a large segment of the population.

Computational Hemodynamics 
During the past two decades, the role of hemodynamics, or fluid mechanics of blood flow, has been implicated in the development of arterial disease and in the regulation of cellular biology in both normal and diseased arteries. Among the methods used to investigate the hemodynamic forces in the vasculature system, computational fluid dynamics (CFD) is becoming the most prevalent because of its ability to provide more detailed flow information than either in vivo or in vitro experiments. This proposal focuses on the development of software to analyze transitional (weakly turbulent) flows such as arise in the presence of high-grade carotid stenoses. Many medical researchers believe that quantification of wall shear stress and turbulence these on a large population could identify the level and distribution of hemodynamic variables that mark patients at greater risk of stroke. It is thought, for example, that the cyclic pressure and wall shear stresses on the lumen surface resulting from turbulence might play an important role in plaque rupture. In addition, platelet aggregation due to mechanical stimulation, such as high shear stress in a turbulent flow, can cause thrombus formation and stroke. While medication is available to block such platelet aggregation, a computation that determines the patient-specific level of Reynolds stresses within the blood vessel may lead to more accurate treatment plans. 

While turbulence can be detected with color Doppler ultrasound, as signal wash-out in MR scans, or as an audible bruit, the only way to quantify the stresses are through in vitro experiments or simulation. Although it is currently possible to simulate laminar flows in patient-specific models of normal vessels within roughly 24 hours on a workstation, numerical studies of turbulent flows are almost absent from the literature. The broad range of spatial and temporal scales induced by transition makes these cases two to three orders of magnitude more difficult to simulate than the healthy cases - well beyond the capabilities of most current hemodynamics codes and workstation platforms. At ANL, we have developed a high-order spectral element code for simulation of transitional flows in complex geometries and have recently been using this code to study the role of turbulence in the development of intimal hyperplasia (stenoses) in arterio-venous grafts. Detailed comparisons with laser-Doppler velocimetry measurements made in Loth's lab show excellent agreement for both laminar and transitional flows. A similar comparative study for a carotid bifurcation is under way. 

We propose to further develop our CFD technology to provide rapid ( 24-hour) turnaround of transitional flow simulations in patient-specific carotid artery models. Such technology requires several ingredients, including automated translation of images into computational meshes, mesh smoothing and optimization, high-order numerical methods, fast elliptic solvers, advanced parallel algorithms, and extensive experimental validation. Our simulations will be based on the spectral element method, which, because of its low numerical dissipation and dispersion, is ideally suited for transitional flow simulations in complex geometries. This approach provides a significant advantage over current computational hemodynamics codes based on low-order finite element methods that are appropriate for laminar flows but suboptimal for transitional simulations. We will extend our current meshing techniques to incorporate recently developed PDE-based coordinate transformations that will help to automate the spectral element mesh generation and improve mesh quality. Mesh quality will be further enhanced through optimization-based smoothing strategies developed at ANL and SNL. To speed the solution process, we will extend our multilevel solvers to incorporate full multigrid and extend our adaptive refinement approach to include variable approximation order, which will provide the best possible discretization for this class of problems. Finally, figures of merit such as mean and rms wall-shear distributions and peak Reynolds stresses, will be output directly in XML format to make the data accessible to each institution. 

We will study two stenosed cases in Year 1, with back to back comparison of numerical and in vitro models developed with rapid prototyping technology in Loth's lab. In Year 2, we will undertake 6 to 12 cases, and roughly 50 cases in Years 3-5. All subjects will be identified and tracked at the Center for Advanced Medicine at U. of C., which screens about 700 patients with carotid artery occlusive disease annually in the non-invasive vascular lab. We will select cases with hemodynamically significant stenoses (greater than 50% stenosed) and obtained the plaque and carotid bifurcation geometry using spiral computerized tomograph (CT) scanning.  Blood velocity to be used as an input parameter to the computations will be obtained using Doppler ultrasound. With the algorithmic advances mentioned above, we expect by Years 3-4 that the simulation process will be fully automated, with turn-around of just a few days on a 32-node parallel computer. By Year 5, the cost of the computation should be a fraction of the total scan cost. Because turbulent simulations currently require about 7 days on 512 processors, it is clear that the DOE's significant computing resources will play an essential role in this effort in the early years.

Simulation of Spinal Mechanics

Several spinal issues urgently need resolution and would greatly benefit from imaging and high-fidelity computer simulations: (1) optimal design or orthotic bracing for scoliotic patients, (2) improved design of vehicle cabins to reduce neck injuries during crash events and (3) determination of stress levels in the cervical spine of military pilots during high-g turns. 

The treatment of idiopathic scoliosis, which is the lateral curvature of the spine, has two alternatives: surgical correction and orthodic bracing. At the present time, both of these approaches are best-guess procedures with no high confidence predictive capability for the outcome. High-fidelity modeling of the scoliotic spine could be used to predict the degree of improvement that surgery would attain and perhaps indicate optimal placement of the corrective appliance. Alternatively, computer modeling could be used to help design patient-specific orthotic braces. The progress of the correction could be periodically checked and modifications to the orthotic brace applied, based on new computer model predictions using the current geometry of the patient; thus, the effectiveness of the treatment would be greatly enhanced and optimized. 

The initial focus will be on optimal nonsurgical treatment of idiopathic scoliosis. The overall objective of this project is to develop the methodology to use patient-specific spinal data in numerical models analyzed on high-performance parallel computers to provide optimal treatment. The patient-specific data will be obtained by using serial computed axial tomographic scans (CT). This CT data will be translated into three-dimensional finite element models for use in finite element simulations. The computational biomechanics capability will initially be targeted on issues related to the spine and eventually be extended to other body components (head, internal organs, etc.). The purposes are to use the developed computational tool to (1) quantify the behavior of the components of the normal and idiopathic spine during normal and overload conditions, (2) evaluate and improve the performance of both implant devices and orthotics, and (3) predict the response of scoliotic patients to orthotic bracing. 

Argonne National Laboratory has been approached by researchers from the medical and engineering communities (Loyola University Medical Center and Illinois Institute of Technology) to develop research collaborations on issues dealing with the human spine. In addition, contact has been made with BioConcepts, an orthotic-prosthetics center, whose facilities would be used to try experimental concepts developed from numerical simulations. This work will be leveraged with the experimental work being done at Loyola Medical School, Hines Veterans Hospital and, potentially, the University of Chicago Medical School. We anticipate tracking 10 patients over a four-year period. 

Mesh Optimization

We have found that mesh quality can have a profound impact on robustness, accuracy and time to solution for our simulations. Mesh optimization is consequently an important component of this proposal. Because mesh generation techniques do not always create high quality meshes (particularly for three dimensions, hexahedral elements, and/or complex geometries, all of which characterize these applications), there is a need for mesh quality improvement algorithms and software that are robust, efficient, and automated. Freitag and Knupp are leveraging their experience in the development of highly effective optimization-based approaches for both hexahedral and tetrahedral mesh improvement to develop a stand-alone software package, Mesquite, that will optimize existing tet- and hex-based meshes. Their participation in this project will provide them with close exposure to the demands of biomedical applications, spectral element discretizations, and fully automated applications and ensure that their package will be well suited to the growing class of biomedical applications. 







