Online publication December 18, 2006

e[J00O0e

oooooooooooooooooboOoooo—-o0o0O00O0-—

gooooobooobooboood

cobooboooooboobboobooooooboobooboooboooboonn

goooooooooooobooooooooooobOboooooOoboOooooOoooooobooOoooDo
00000000000 finite element method: FEMID 000000000000 0O0O0OO
goboooooooooOooooO0oOoooOoOoOoObocOoOoOoOoboOoOoOoObOOOoOooOoboOoOooa
goboooooooooOooooO0oOoooOoOoOoObocOoOoOoOoboOoOoOoObOOOoOooOoboOoOooa
OO0oOoOoOooooOoOoOO0ODOOO0OOO0OO0OO0O0OO0Omddpn Coll Angiol, 2006, 46: 769-7760]

Key words: computational mechanics, finite element method, heart, coronary artery, multiscale multiphysics

analysis

ggodg

000000oooO0o0o0oooOoO0oooooooooon
00000000 DO0O computational mechanicsO
o020 00000000000000O0000OO
000000000000 O3 continuum mechanics[T]
goooobooooooooooooooooooo
goooobooooooooooooooooooo
000000oooooUoooOo0oooooooooon
000000oooooUoooOo0oooooooooon
000000oooooUoooOo0oooooooooon
goooobooooooooooooooooooo
ooooooooooooooooboooooon
goooobooooooooooooooooooo
000000oooooUoooOo0oooooooooon
oooooooog

000000oooooUoooOo0oooooooooon
goooobooooooooooooooooooo
000000000000 OO finite element method:
FEMO ODODOOODOOOODOO0OOO0O0ODOOooOooag
000000oooooUoooOo0oooooooooon
000000oooooUoooOo0oooooooooon
000000oooooUoooOo0oooooooooon
goooobooooooooooooooooooo

oooooooooooooooooobobooooa
gboobooboobOoooboobooboOoboooonog
oooooooooooooooooobobooooa
oooooooooooooooboboboboooooo
goooooooooooooobooooooon
oooooooooooooooboboboboooooo
gboobooboobOoooboobooboOoboooonog
oooooooooooooooooobobooooa
oooooooooooooooooobobooooa
oooooooooooooooboboboboooooo
oooooooooooooooboboboboooooo
oooooboooo
oooooooooooooooooobobooooa
oooooooooooooooooobobooooa
oooooooocoooooo

gobobooboooboobooon

gbooooboooobooooobooobooooboooobo
gbooooboooobooooobooobooooboooobo
00000000 0o0ooooooooo™woooao
d0000o0o0oOoO0OOoOoOoOoOoOoOoo®*pmooooo
C0 00000000000 DDOOODOODDO
doooo*®™o000000O0O0OoOooooooo
0oooo*®poo00000o0ooooooon

gooo0ooOoOooOooooooooo

THE JOURNAL of JAPANESE COLLEGE of ANGIOLOGY Vol. 46, 2006

20060 9025000

769



pooooooooooonoo

Figure 10 Heart simulator currently
under development at the University
of Tokyo.

Figure 200 Reproduction of ventricle fibrillation by the UT Heart
Simulator.
A: Spiral re-entry.

B: Blood flow.
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Figure 30 Finite element cell model and simulation examples.
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Figure 600 LDL concentrations in the blood near wall interface (E-H) and those in the

wall near blood interface (I-L).

For comparison, the results of rigid-wall and/or steady-flow model are shown.
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Figure 70 LDL concentration profiles in the radial direction in the blood and the wall. AlB
For comparison, the results of rigid-wall and/or steady-flow model are shown. D

ooooooooooooooooobobobooooo
oooooooooooooooboboboboooooo
gbooo0polooOb0OOODOObOOOObOOOODOO
oooooooooooooooboboboboooooo
ooooooooooooooooobobobooooo
ooooooooooooooooobobobooooo
ooooooooooooooooobobobooooo
ooooobooooo

ooo

goooooOooOoooooooOooOoOoOoOoOoOoOooOoon
goooooooOoooooooooooooooooo
goooooooooooooooooooobooooo
goo0o0ooO0o00ooo0o0o0o0oo000ooo00odsTg
g0000oD0OoooO00O0OcrRESTOOOO0O0ODOODOO
gooo00oooooO0o0ooooO0oooooO0o0omoooon

774

gobOooooooooooobooooobooooog

goog

1[Hodgkin AL, Huxley AF: A quantitative description of
membrane current and its application to conduction and
excitation in nerve. J Physiol, 1952, 117: 500-544.

2[FitzHugh R: Impules and physiological states in theoretical
models of nerve membrane. Biophys J, 1961, 1: 445-466.

3[Nagumo J, Arimoto S, Yoshizawa S: An active pulse
transmission line simulating nerve axon. Proc IRE, 1962,
50: 2061-2070.

41 uo CH, Rudy Y: A model of the ventricular cardiac action
potential. Depolarization, repolarization, and their interaction.
Circ Res, 1991, 68: 1501-1526.

50C1uo CH, Rudy Y: A dynamic model of the cardiac ventricular
action potential. I: simulations of ionic currents and con-
centration changes. Circ Res, 1994, 74: 1071-1096.

0000 Vol. 46, 2006



oooooogooso

6CWinslow RL, Scollan DF, Greenstein JL et al: Mapping,
modeling, and visual exploration of structure-function
relationships in the heart. IBM Systems Journal, 2001, 40:
342-359.

7[Nakazawa K, Namba T, Suzuki R: Dynamics of spiral waves
in three dimensional FHN model mediall A fundamental
study on the mechanism of functional reentrant
tachyarrhythmia by computer simulations] . Bio Med Eng,
1999, 37: 63-77.

8[JAshihara T, Namba T, Ikeda T et al: Breakthrough waves
during ventricular fibrillation depend on the degree of
rotational anisotropy and the boundary conditions: a
simulation study. J Cardiovasc Electrophysiol, 2001, 12:
312-322.

9[Peterson JN, Hunter WC, Berman MR: Estimated time
course of Ca? bound to troponin C during relaxation in
isolated cardiac muscle. Am J Physiol, 1991, 260, H1013—
H1024.

10CNegroni JA, Lascano EC: A cardiac muscle model relating
sarcomere dynamics to calcium kinetics. J Mol Cell Cardiol,
1996, 28: 915-929.

nmobooooboooboOoooobboOoobooooboooo
gobooobooboobobooobobomo1odg
gO00oO00obOoODO0oO0moOooooooooAOdO
199201 5800 981040

12[Feng L, Weixue L, Ling X et al: The construction of three-
dimensional composite finite element mechanical model of
human left ventricle. JSME IntJ Ser C, 2001, 44: 125—
133.

13[McQueen DM, Peskin CS: A three-dimensional computer
model of the human heart for studying cardiac fluid
dynamics. Comput Graph, 2000, 34: 56—60.

14[McQueen DM, Peskin CS, Zhu L: The immersed boundary
method for incompressible fluid-structure interaction. In:
Computational Fluid and Solid Mechanics. Elsevier, New
York, 2001, 26-30.

150Watanabe H, Sugiura S, Kafuku H et al: Multiphysics
simulation of left ventricular filling dynamics using fluid-

0000 Vol. 46, 2006

structure interaction finite element method. Biophys J,
2004, 87: 2074—2085.

16[Lin DH, Yin FC: A multiaxial constitutive law for
mammalian left ventricular myocardium in steady-state
barium contracture or tetanus. J Biomech Eng, 1998, 120:
504-517.

17[Zhang Q, Hisada T: Analysis of fluid-structure interaction
problems with structural buckling and large domain changes
by ALE finite element method. Comput Methods Appl
Mech Eng, 2001, 190: 6341-6357.

18[0kada J, Sugiura S, Nishimura S et al: Three-dimensional
simulation of calcium waves and contraction in
cardiomyocytes using the finite element method. AmJ
Physiol Cell Physiol, 2005, 288: C510—C522.

190Wada S, Karino T: Theoretical study on flow-dependent
concentration polarization of low density lipoprotein at the
luminal surface of a straight artery. Biorheology, 1999,
36: 207-223.

20CBtangeby DK, Ethier CR: Computational analysis of coupled
blood-wall arterial LDL transport. J Biomech Eng, 2002,
124: 1-8.

21[Koshiba N, Ando J, Chen X et al: Multi-physics simulation
of blood flow and LDL transport in a porohyperelastic
arterial wall model, ASME J Biomech Eng (in printing).

22[1 evenston ME, Frank EH, Grodzinsky AJ: Variationally
derived 3-field finite element formulations for quasistatic
poroelestic analysis of hydrated biological tissues. Comput
Methods Appl Mech Eng, 1998, 156: 231-246.

23[Btangeby DK, Ethier CR: Coupled computational analysis
of arterial LDL transport(J effects of hypertension. Comput
Methods Biomech Biomed Eng, 2002, 5: 233—-241.

240Wada S, Karino T: Theoretical prediction of low-density
lipoproteins concentration at the luminal surface of an
artery with a multiple bend. Ann Biomed Eng, 2002, 30:
778-791.

25[Morris ED, Saidel GM, Chisolm GM III: Optimal design
of experiments to estimate LDL transport parameters in
arterial wall. Am J Physiol, 1991, 261: H929-H949.

775



gooooooooooooo

Computer Simulation
Toshiaki Hisada, Seiryo Sugiura, Hiroshi Watanabe, Takumi Washio, Jun-ichi Okada, and Nobuko Koshiba

School of Frontier Sciences, The University of Tokyo, Tokyo, Japan

Key words. computational mechanics, finite element method, heart, coronary artery, multiscale multiphysics analysis

Recent advances of finite element simulations in the field of biomechanics are presented through two examples. The
first exampleisavirtual heart that is currently under development in the authors' laboratory. In this simulator electrophysi-
ology, excitation-contraction coupling and blood-wall interaction are taken into account. In addition to such a multiphysics
approach, a finite element cell model was introduced for multiscale simulation. The second example is a multiphysics
analysis of coronary artery, where the interactions of blood, artery wall and the filtration flow in the wall were taken into
account. Then, the LDL transport analysis was conducted based on the obtained filtration flow to reveal the spatial and
temporal LDL concentrationsin the wall. (3 Jpn Coll Angiol, 2006, 46: 769-776)
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