


















A 

o 

F 

G 

H 

c::====== .. .......... .. 
- ==- .. _------. 

J 

K 

L 

M 

N 

o ..... 
p 

:..:...:. :..:.:.:.... 
:--. .. --.. ... . 

Figure 14. Sixteen frames from a fifty-frame animation made 
during the pulsatile-flow study of a simulated contrast medium 
injection. (The flow is from left to right.) A. through J. Frames 1 
through 10. K. Frame 15. L. Frame 20. M. Frame 25. N. Frame 30. 
o. Frame 40. P. Frame 49. Frames 1 through 50 represent one 
cycle of the pulse (see Fig. 11). 

FUTURE WORK 
We hope to extend the blood-flow simulation to in­

clude the material properties of the vessel, also modeled 
using finite element method techniques, with the aim of 
developing a synthetic artery for use as a more general 
coronary research and assessment tool. The ability 
to simulate arterial hemodynamics faithfully would 
have benefits beyond the immediate application of 
arteriography. Inclusion of material properties models 
would permit the effects of compliance on hemodynam­
ics to be considered. Conversely, the impact of hemody­
namics on vessel structure could also be studied. Hemo­
dynamic interactions with the mechanical properties of 
the wall are believed to playa major role in atherogenesis 
(long-term formation of lesions in the arterial wall), in 
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restenosis following balloon angioplasty, and in the onset 
of symptoms, including myocardial infarction, in previ­
ously asymptomatic coronary artery disease patients. For 
example, plaque, a constituent of atherosclerotic lesions, 
may rupture as a result of material fatigue caused by 
hemodynamical forces,24 which may in turn lead to flow­
limiting clot formation. Yet many plaques develop only 
small fissures that heal without consequence and pose no 
threat to the patient. A method is needed for examining 
the mechanical properties of plaques and considering the 
influences of hemodynamics on the development of stress 
cracks in plaques. 

The creation of a synthetic artery, although an under­
taking requiring substantial resources to accomplish, will 
offer a unique ability to study and probe questions of 
coronary health not easily addressed otherwise. Another 
research opportunity using this capability is the design of 
a virtual catheterization environment for training and 
surgical planning. Development of this environment will 
require the incorporation of force-feedback devices to 
simulate catheter tension, balloon pressure, and three­
dimensional imaging. A student using the tool could train 
and learn from an extensive set of catheterization exercis­
es, thus offering educators greater control of the training 
environment and assuring a thorough exposure to the 
major issues in catheterization. The virtual catheteriza­
tion environment would permit improved evaluation of 
students using standardized materials and unlimited op­
portunities for practice without exhausting the supply of 
test materials or fear of patient or animal injury. Such a 
simulation tool would also offer treatment advantages, 
since it could be used by the clinician to plan catheter­
ization or angioplasty or to consult with other clinicians 
in a lifelike, interactive fashion. This pilot study is, of 
course, a small step along the path to a synthetic artery, 
but continued evolution of this and other simulation tools 
integrated with additional sensory devices poses exciting 
possibilities for future medical applications. 

REFERENCES 
I Wittels, E. H., Hay, J . W. , and Gotto, A. M. , "Medical Costs of Coronary 
Artery Disease in the United States," Am. J. Cardiol. 65, 432-440 (1990). 

2Giuliani , E. , "Percutaneou Transluminal Coronary Angioplasty," J. Am. Coil. 
Cardio/. 6, 992 (1985). 

3 Kuntz, R. E., Gibson, C., and obuyoshi , M. , "Generalized Model of 
Restenosis After Conventional Balloon Angioplasty, Stenting and Directional 
Arthrectomy," J. Am. Coli. Cardiol. 21, 15-27 ( 1993). 

4 icoUni , F. A., and Pepine, C. J., "Biology of Restenosis and Therapeutic 
Approach," Surg. CUn. North Am. 72, 9 19-929 (Aug 1992). 

5yock, P. G. , Fitzgerald, P . J., Linker, D. T. , and Angel en, B. A. J., 
"Intrava cular Ultra ound Guidance for Catheter-Based Coronary Interven­
tions," J. Am. Coil. Cardiol. 17, 39b- 45b (J 991). 

6Cline, H. E. , Lorensen, W. E., and Schroeder, W. J., "3D Phase Contra t MRI 
of Cerebral Blood Flow and Surface Anatomy," J. Compo Asst. Tomg. 17, 
173-177 (1993). 

7 Raul , R., Geckle, W. J., Aver ano, T. , and Walford, G. D., "Visualization and 
Numerical Modeling of Disturbed Flows Observed in Cineangiography," in 
Computers in Cardiology 1992, IEEE Computer Society Press, Los Alamitos, 
Ca]jf., pp. 323- 326 (1992). 

8 GeckJe, W. J., Raul, R., and Aversano, T., "Effects of Simulated Pulsati le 
Background Flow on Parametric Visualization in Cineangiography," in 
Computers in Cardiology 1993, IEEE Computer Society Press, Los Alamitos, 
Calif., pp. 369-372 ( 1993). 

9Young, D. F. , and Tsai , F. Y., "Flow Characteristics in Models of Arterial 
Stenoses-ll. Unsteady Flow," J. Biomechanics 6, 547-559 (1973). 

IOMates, R. E. , Gupta, R. L. , Bell , A. c., and Klocke, F. J., "Fluid Dynamics 
of Coronary Artery Stenosis," eirc. Res. 42, 152- 162 (1978). 

135 



W. 1. Geckle and R. Raul 

II Solzbach, U., Wollschlager, H. , Zeiher, A. , and Just, H., "Effect of Stenotic 
Geometry on Flow Behavior Across Stenotic Models," Med. BioI. Eng. 
Comput. 25, 543-550 (1987). 

12Sommerfeld, A., Mechanics of Deformable Bodies, Academic Press, London, 
p. 261 (1950). 

13Collins, S. M. , and Skorton, D. 1., Cardiac Imaging and Image Processing , 
McGraw-Hill, N.Y., p. 269 (1986). 

14 Russ, J. C., The Image Processing Handbook, CRC Press, Boca Raton, Fla., 
p. 96 (1992). 

ISCusma, J. T., Toggart, E. J., Folts, J. D., Peppler, W. W. , Hangiandreou, 
. J. , et al. , "Digital Subtractive Angiographic Imaging of Coronary Flow 

Reserve," Circulation 75(2), 461-472 (1987). 
16Smedby, 0., Fuchs, L. , and Tillmark, ., "Separated Flow Demonstrated by 

Digitized Cineangiography Compared with LDV," Trans. ASME 113, 336-
341 (Aug 1991). 

17 Norrie, D. , and DeVries, G. , An Introduction to Finite Element Analysis, 
Academic Press, N.Y. (1978). 

18Young, D. F. , and Tsai, F. Y. , "Flow Characteristics in Models of Arterial 
Stenoses-I. Steady Flow," J. Biomechanics 6, 395-410 (1973). 

19Cuvelier, c., Segal , A., and Steenhoveen, A. A., Finite Element Methods and 
Navier-Stokes Equations, D. Reidel Pub. Co. , Dordrecht, The etherlands 
(1986). 

20Kleinstreuer, c., Nazemi, M. , and Archie, J. P. , "Hemodynamics Analysis of 
a Stenosed Carotid Bifurcation and Its Plaque-Mitigating Design," ASME 
J. Biomech. Eng. 113,330-335 (1991 ). 

THE AUTHORS 

WILLIAM 1. GECKLE is a Senior 
Staff physicist and software devel­
oper specializing in graphical in­
terfaces and biomedical image pro­
cessing in APL'S Biomedical Re­
search and Engineering Group. He 
received B.S. and M.S. degrees in 
physics from Loyola College in 
Baltimore, and Michigan State 
University, in 1977 and 1979, re­
spectively. Mr. Geckle joined APL 
in 1979 as a member of the Asso­
ciate Staff Training Program and 
later became a member of the 
Space Department, where he began 
working on collaborative biomedi­
cal projects. In 1984, he joined the 

Biomedical Programs Office, which was restructured in 1991 as the 
Biomedical Research and Engineering Group. Mr. Geckle is an 
instructor for the Armed Forces Institute of Pathology, Washington, 
D.C., in the telemedicine program and has recently completed a book 
chapter to be included in the second edition of The Principles of 
Nuclear Medicine. 

136 

21 Tu, c., Deville, M., Dheur, L., and Vanderschuren, L. , "Finite Element 
Simulation of Pulsatile Flow Through Arterial Stenosis," J. Biomech. 25, 
1141-1152 (1992). 

22Friedman, M. H., Deters, O. 1. , Bargeron, C. B. , Hutchins, G. M. , and Mark, 
F. F. , "Shear-dependent Thickening of the Human Arterial Intima," 
Atheroscler. 60, 161-171 (1986). 

23 Milnor, W. R., Hemodynamics, 2nd edition, Williams & Wilkens, Baltimore, 
p. 16 (1989). 

24Constaninides, P. , "Plaque Hemorrhages, Their Genesis and Their Role in 
Supra-Plaque Thrombosis and Atherogenesis," in Pathobiology of the Human 
Atherosclerotic Plaque, Glagov, S. , Newman, W. P., III, and Schaffer, S. A., 
(eds.), Springer-Verlag, .Y. , pp. 393-411 (1990). 

ACKNOWLEDGMENTS: We gratefully acknowledge the collaboration of Gary 
D. Walford, M.D., of St. Joseph ' s Hospital, Syracuse, .Y. , formerly of the 
Division of Cardiology ofthe Johns Hopkins Medical Institutions. His participation 
was supported by The Johns Hopkins University 's Frank T. McClure Fellowship in 
Cardiovascular Research. The acrylic models were machined by the APL Technical 
Services Department, and software coding assistance was provided by ObaMcMillan, 
a summer student employee. 

ROBIN RAUL received his B.S. in 
aerospace engineering from the 
Indian Institute of Technology, 
Kbaragpur, in 1980, and his M.S. 
in aerospace engineering from the 
Indian Institute of Science, Banga­
lore, in 1982. He has also studied 
at the University of Maryland, 
where he received his Ph.D. in 
mechanical engineering in 1989. 
Dr. Raul joined APL'S Milton S. 
Eisenhower Research Center as a 
postdoctoral research associate in 
1989 and has been a member of 
the Senior Professional Staff since 
1993. He has been conducting re­
search in computational fluid dy-
namics, turbulence modeling, and 
biofluid mechanics. 

Johns Hopkins APL Technical Digest, Volume 15, Number 2 (1994) 


