Theory Institute Proposal


Project Title:  The Role of Hemodynamic Forces in Arterial Diseases
Investigator(s):  Paul F. Fischer  MCS,  Francis Loth UIC 

Brief Description:
###I made a few changes to the next paragraph.  Should you mention how this might complement the LDRD – if you have heard anything; if not, say nothing.

You probably should stress why we are qualified to do this – either here or in the description. (I know Physics usually says this.)

We propose a theory institute that will bring together a small nucleus of active researchers in the area of computational biofluid mechanics. The primary objective of this theory institute is to examine the role of hemodynamic forces in the development and progression of vascular diseases, the degree to which these forces can be predicted by numerical simulation, and the challenges faced in computing these forces.  The institute will draw on expertise in physiology through the participation of vascular surgeons and pathologists, mechanical modeling through the participation of engineers and applied mathematicians, and advanced numerical solution techniques through the participation of computer scientists.  This multidisciplinary effort takes on renewed importance in light of forthcoming initiatives in computational biomechanics from NIH, DOE, and other agencies, as well as the growing interest in computational biology as a likely core area in the ANL-Uof C Computation Institute.

Proposed Key Participants:

Argonne: P. Fischer, L. Freitag, B. Smith (MCS), F. Loth (UIC/MCS), R. Kulak (RE)

### Perhaps alphabetize and indicate area of expertise

Outside: 

H. Bassiouny* (UofC)

T. Canfield (LANL)

R. Ethier (U. Toronto)

M. Friedman, (Ohio State U.)

D. Giddens* (Ga. Tech.)

C. Glycoff (UofC)

R. Kamm (M.I.T.)

A. Quarteroni* (EPFL)

B. R. Rosner* (UofC)

T. Royston* (UIC), R. Scott* (UofC)

S. Sherwin* (Imperial College) 

D. Steinman (U. W. Ontario)

C. Taylor (Stanford)

(* -- has expressed interest in participating)

Possible Dates:  Early 2001; 2-3 day workshop.

Budget Estimate:

###I redid to make clear the subtraction


Expenses

              Travel




$ 9,000


  Meals & Lodging


  
   9,000


  Honorarium



  
   4,000


  Misc. (local travel, mail charges, etc.)
   2,500

                Total Outlay



$24,500

_____________________________________________________________________________________

            Registration (20 @ $75 


$  1,500

            Total requested                                                $23,000

Workshop Objectives:

We envision opening the workshop with talks by medical experts in vascular disease that critically review current knowledge of the interaction of hemodynamics and disease.  The second half of the workshop will focus on computational and computer science issues associated with the challenging tasks of translating sliced-based (MRI or CT scan) image data into computational meshes, optimizing meshes for efficient computation, obtaining proper boundary conditions for multi-branched and compliant vessels, and solving the equations of motion for the turbulent flow encountered in diseased vessels.  The workshop will include a half-day visit to the UIC biomechanics laboratory, where participants will have the opportunity to see recent developments in in vivo and in vitro flow measurement techniques.  (Funding for this phase is being pursued at UIC.)

Detailed Description:

During the past two decades, the role of hemodynamics, or fluid mechanics of blood flow, has been recognized by medical and biological researchers in the development of arterial disease and in the regulation of cellular biology in both normal and diseased arteries. Vascular disease, including atherosclerosis, is currently one of the leading causes of death in the United States. The economic impact of medical treatment of carotid arteries alone is estimated at $60 billion annually.   Significant advances in the diagnosis of vascular disease have come about through improved imaging technology, which allows noninvasive diagnosis of atherosclerosis (plaque) and resulting severe stenoses (blockage) that can result in turbulence in the bloodstream, potentially leading to plaque break-off and stroke.  While modern imaging techniques allow determination of vascular geometry and flow rate, they do not provide information regarding stress distributions on the vessel walls.  Currently, the only noninvasive way to obtain stresses is through computation, in which the imaged geometry and flow rates are integrated into a detailed three-dimensional time-dependent description of the dynamic vascular environment.  Recent advances in computational fluid dynamics (CFD) and commodity-based parallel computing are opening  the possibility of merging these technologies in a clinical setting, in which physicians are able to augment quantitative image information with computed force distributions on vessel walls on a routine basis.   Current trends in computing indicate that this additional quantitative information can be made available at a fraction of the cost of the overall imaging process, making the inevitability of this realization almost assured.   Although CFD methodologies are well established, a number of domain-specific techniques are required for biomedical applications, including image-to-mesh translation, fluid-structure interaction, and clinically-relevant representation (or reduction) of the results.  In addition, it is imperative that the entire simulation process be automated, with robust error control, so that the results can be obtained in a useful time-frame (on the order of 24 hours).  The development of such a diagnostic tool clearly requires a multidisciplinary effort. This workshop will promote the required cross-disciplinary expertise within ANL and foster collaboration among a diverse range of researchers.

Clinical Motivation

While it is recognized that hemodynamics plays a role in the breakup of plaque (embolisms) and in the genesis of  vascular disease, the detailed mechanisms that lead to breakdown of vascular function are not yet well understood.  Although there are a number of external factors, this lack of understanding is in part due to the lack of comprehensive computational data, that is, actual force data, in patient-specific analyses.  Only recently have computational scientists begun to tackle the problems of image-to-computational-mesh translation, which allows for patient-specific flow analysis.  While much progress has been made in the generation of tetrahedral-based meshes common to finite element analysis, there has been little work in the generation of hexahedral meshes, which can be lead to significantly more efficient algorithms for turbulent flow simulations.   To date, no numerical simulation results have been published for turbulent hemodynamic flow, despite the fact that turbulence is a key signature of vascular disease.  The lack of turbulence data stems from the significant increase in computational resources required, which are one to three orders of magnitude greater than for the laminar flow case encountered in healthy arteries.

With currently available computational resources, the national laboratories can play a significant role in bridging the computational gap until commodity-based resources are powerful enough to render turbulence computations quotidien.  

###Do you plan to discuss these? Topics and opportunities might give Frank more of a feel for the topics

Research opportunities exist in the following areas:

i.  Computer science and numerical analysis – The process of translating a relatively poorly resolved (from a computational standpoint) sliced-based rendering of a complex bifurcating vessel into a smooth three-dimensional mesh-based representation involves numerical analysis associated with surface-fitting, optimization for nonlinear nonconvex objective functions, computational geometry, and fail-safe robust software development.

ii. Analysis of the role of hemodynamics in arterial disease and failure – Prior to clinical use, in which image analysis is routinely augmented with numerical prediction of forces, it will be necessary to study the direct impact of hemodynamics on vascular disease and embolism formation.  This will require a significant number of patient studies, each of which is currently expensive from a computational resource standpoint  (roughly 100 days on a 32-node computer).

iii. Mathematical modeling, numerical algorithms and software development – Currently, very few codes are equipped to study weakly turbulent flows in the complex geometry of vascular passageways. Significant work is needed to increase numerical efficiency of high-order codes, which promise to be the most effective approach in this regime.  In addition, detailed mechanical information about vessel wall response needs to be incorporated into finite element analyses to be coupled with the flow computation.   The relative importance of this response to stresses in the vessel also wall needs to be better characterized.







