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Am J Physiol Cell Physiol 288: C510-C522, 2005, First published
October 20, 2004; doi:10.1152/ajpeell.00261.2004.—To investigate
the characteristics and underlying mechanisms of Ca®** wave propa-
gation, we developed a three-dimensional (3-D) simulator of cardiac
myocytes, in which the sarcolemma, myofibril, and Z-line stucrure
with Ca®* release sites were modeled as separate structures using the
finite element method. Similarly to previous studies, we assumed that
Ca** diffusion from one release site to another and Ca?*-induced
Ca* release were the basic mechanisms, but use of the finite element
method enabled us to simulate not only the wave propagation in 3-D
space but also the active shortening of the myocytes. Therefore, in
addition to the dependence of the Ca?* wave propagation velocity on
the sarcoplasmic reticulum Ca?* content and affiniry of troponin C for
Ca®*, we were able to evaluate the influence of active shortening on
the propagation velocity. Furthermore, if the initial Ca®* release took
place in the proximity of the nucleus, spiral Ca®>* waves evolved and
spread in a complex manner, suggesting that this phenomenon has the
potential for arthythmogenicity. The present 3-D simulator, with its
ability to smdy the interaction between Ca®* waves and contraction,
will serve a5 a useful tool for studying the mechanism of this complex
phenomenon.

cardiac muscle cell; excitation-contraction coupling; mechanoelectri-
cal feedback; spiral wave; arthythmia

CARDIAC MUSCLE CONTRACTION is regulated by rhythmic changes
in intracellular Ca®* concentration ([Ca’*}). Under normal
conditions, transsarcolemmal Ca** influx activated by mem-
brane depolarization triggers synchronous Ca®* release from
the sarcoplasmic reticutum (SR) to bring about a uniform rise
in [Ca®*]; (Ca®*-induced Ca®* release, or CICR) (3). SR Ca**
release can occur spontaneously without membrane depolar-
ization to cause a local elevation of [Ca®*]; that propagates

throughout the cell in a wavelike pattern under certain condi- -

tions (8, 9, 30). Besides their importance in basic physiology,
Ca?* waves also have clinical relevance because a focal
increase in [Ca®*); could activate a transient inward current
and membrane depolarization, thus constituting a potentially
arthythmogenic event (2, 6). Accordingly, several studies have
attempted to clarify the characteristics and underlying mecha-
nisms of Ca®* waves using single-cell (8, 15), multicellular
(24), and whole heart (17) preparations.
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Simulation studies have also been performed to integrate the
experimental findings and provide a mechanistic explanation
for them (1, 10, 16, 19, 29, 31). Basically, ali of these models
assumed that Ca?* diffusion from one release site to another
and CICR were the basic mechanisms, although varicus mod-
ifications were made by incorporating novel experimental find-
ings, such as stochastic opening of ryanodine receptors (RyR)
(16, 19) and anisotropy in diffusion (31). In addition, to
reproduce the evolution of the characteristic wave pattern,
including the spiral wave, simulations have been extended to
two-dimensional (2-D) space (10, 16, 31}. However, there are
virtually no 3-D models that can be used for detailed analyses.
Indeed, a recent study using a novel confocal microscope clearly
demonstrated the 3-D nature of Ca®* wave propagation (15), thus
necessitating the development of a competitive 3-D model.

Ancther important step in excitation-contraction coupling
that is not taken into consideration by current simulation
models is myocyte contraction, Initially identified as a focal
contraction (7), a Ca®>* wave definitely changes the distance
between adjacent Ca®™ release sites as it propagates longitu-
dinally along a myocyte. Furthermore, force development may
change the affinity of troponin C (TnC) for Ca**, a major
buffering system in the cytoplasm (13). Both of these aspects
could potentially modulate Ca?* wave propagation but have
not yet been investigated fully.

In the present study, we have developed 2 3-D simulator of
Ca®* wave propagation and contraction in cardiac myocytes in
which the sarcalemma, myofibril, and Z line with Ca** release
sites were modeled as separate structures using the finite
element method. The wave front in 3-D space can be visuatized
in an arbitrary 2-D plane, facilitating detailed comparisons
with the results obtained in earlier experimental and model
studies. Furthermore, the effect of contraction on Ca®™* waves
can be evaluated by simulation for the first time.

MATERIALS AND METHODS

CICR und Ca®* diffusion model. The basic principle of the present
sitnulation model was similar to those of previous reports (1, 10, 31)
and is illustrated schematically in Fig. 1. In each sarcomere, Ca?*
release channels are located at the Z lines. Ca®* released from the
junctional SR {JSR) through a release channel (fr) is buffered by
calmodulin (CaM) in the cytosol and TnC on the thin filament or
sequestered by the nonjunctional SR (NSR) (L.p) and translocated to
the JSR to replenish it (fz). The Ca®* leak curment (ficax) was also
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modeled. The remaining free Ca®* diffuses into the sarcomere space,
and if the [Ca®*]; at the adjacent Z line exceeds a certain threshold,
regenerative Ca®* release takes place, In this analysis, we adopted a
deterministic rule for triggering Ca?* release (22), instead of a
stochastic model (16, 19), for the following reasons: I) although a
stochastic model may be a prerequisite for analyzing the evolution of
Ca** from a Ca®* spark, the present analysis exclusively studied the
wave propagation; and 2) implementation of a stochastic process
heavily increases the computational burden. We admit that this model
is not necessarily the best, but it should represent a reasonable starting
point. For the same reasons, ranssarcolemmal ion exchange processes
were eliminated,

The mathematical formulation for {Ca®*); dynamics is represented
by the reaction-diffusion equation described below for the y-axis
coordinate in the longitudinal direction and the x- and z-axis coordi-
nates for the transverse directions (Fig. 1)

d[ca®);

5=V (DG ) + F([(Ca™])

&)

! framework of the model. The cylindrical
' myocyte is occupied by myofibrils, and Ca?*
I release sites (junctional sarcoplasmic reticu-
' Jum (JSR) nodes] are located at the Z line
| (top). In each sarcomere, Ca®* is released
, from the ISR at the Z line (/1) and diffuses
into the cytoplasm, where it becomes bound
by a buffering system [troponin C (TnC) and
I calmodulin {CaM)]. Free (unbound) Ca®* is
\ sequestered by the nonjunctional sarcoplas-

mic reticnlum (NSR) {Jup) and translocates
I into the JSR (). fiew: Ca?* leakage from
' the NSR. B, left: 4-state model of the regu-
l latory and contractile protein unit (T). ¥; {i =
L3, dorehand Xi(6=1,2,% 4, 00 ch
are rate constants govemning the transition
between the states; right: physical entities of
the states. TCa* and T* are force-bearing
states.

where dt is development over time, D. is a diagonal matrix describing
the diffusivity of Ca2*, and f{{Ca?*1;) describes the kinetics of Ca?*
transport into and out of the cytoplasm. In this analysis, the diffusion
coefficient for Ca®* (diagonal elements of D.) was set to 1.0 pm*/ms
for the longitudinal (y-axis) direction and 0.5 pm*ms for the trans-
verse (x- and z-axis) directions on the basis of previous experimental
studies (16, 27). Modifications were made depending on the location
to yield the following equations.

At the nodes where NSR is facing cytoplasm (NSR node in Fig. 1A,
top):

d[ca®]

Visraode
) v

myonode

=V (DV[C N + (Fou —

2
_ d([CaM ~ Ca**] _ d(TnC —~ Ca**] @

dt dr
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Table 1. Mechanical properties of myocytes

SIMULATION OF Ca?* WAVES AND CONTRACTION

Truss Element Solid Element
Shell Element,

Parameter Sarcolemma Myofibril Z line Intercaluted disk Cytoplusm Nueleos
Young's modulus, kPa 10 Negroni's model (Ref. 25) 500 500 001 10
Poisson ratio 0.45 0.45 045 0.45
Thickness, pm 1
Diameter, pm 1 0.01

At the nodes where ISR is facing cytoplasm (JSR node in Fig. 14,
tap):

C 2+ : . v
dca”) =V - DV[Ca"* ) + Lucicn 7
ds anu’g 3)
dCaM — Ca™]  d([TnC — Ca®*])
dr dr

where (TnC — Ca®*) is the Ca®** buffered by TnC and (CaM —
Ca®*) is the Ca* buffered by CaM. At nodes corresponding to the
nucleus, permeability to Ca®* diffusion was altered to examine its
effect. We assumed that the puclear membrane does not act as a
diffusion barrier (4).

Muscle contraction model. To relate the local [Ca%*]; 1o cross-
bridge kinetics and force generation, we adopted the theoretical
formalism proposed by Negroni and Lascano (25). Briefly, the TnC
state (regardless of whether bound to Ca2*) and the cross-bridge state
(artached or detached) are combined into four states as shown in Fig.
LB: 1) TnC is bound to Ca®"*, and the cross bridge is attached (TnC*);
2) TnC is not bound to Ca*, but the cross bridge remains attached
(T*); 3) TnC is bound to Ca®*, but the cross bridge is detached (TCa);
and 4) TnC is not bound to Ca®*, and the cross bridge is detached (T).
The transitions between these four states are governed by the evolu-
tional equations described in the appENDIX. In the analysis examining
the effect of the affinity of TnC for Ca®*, we changed the rate
constant for Ca** binding to TnC (Y1). Of the four states, TCa* and
T* contribute to force generation such that the active force per unit
length (Fb) is as follows:

F,=A- ([TCa*] +[T*D - h 4)

where A is a constant and A is the cross-bridge elongation. The
sarcomere shortening concomitant with the detachment of a certain
proportion of cross bridges further decreases the number of attached
cross bridges through two additional paths whereby TCa* and T*
decrease depending on the velacity of the shortening. This mechanism
is known as shortening-induced deactivation (13).

The passive property is characterized by the force developed by the
parallel elastic component (Fp):

Fp=K-(L-Ly (5)

where K is a constant, L is the length of a half-sarcomere (L), and Lo
is the unstressed length of L.

The total muscle force (F) can be expressed as the sum of the active
and passive forces as follows:

F=F, +F, (6)

Cell geometry and finite element modeling. We assumed the pe-
ometry of the cell to be a cylinder with a diameter of 16 pm and a
height of 104 pm. The Z lines, each of which is represented by a truss
clement network, are spaced at 2-pm intervals. The myofibrils werse
modeled by 113 vertical truss elements within a sarcomere, each of
which had a diameter of 1 wm. They occupied 47% of the cross
section. These values were estimated from Figs. 1 and 2 in Lipp and
Niggli (21) and Fig. 2 in Ishida et al. (15). The sarcolemma including
the cytoskeleton was represented by mixed interpolation of tensorial

companent shell elements (11), and the cytoplasm was represented by
hexahedral bilinear solid elements. The nucleus had a diameter of §
pm and a height of 10 wm (15). Its center was located 15 pm from the
end in the longitudinal direction and 4 pm from the center in the cross
section. We also estimated these values from data in the literature (15,
21). There were 15,168 solid elements, 16,884 truss elements, and
5,248 shell elements, and the total number of degrees of freedom was
64,401. As a constitutive law for these finite elements, we assumed an
isotropic St. Venant's hyperelastic model, in which the strain energy
function is calculated as follows (5):

w=1 (—wﬂ-—)(rﬂz)’ + (L)E'E 7
2\ +v)(1 - 2v) 1+

where E is the Green-Lagrange strain tensor, E is the Young's
modulus, apd v is the Poisson’s ratic, The colon denotes the scalar
products of two second-order tensors (23). Differentiation of the
above equation with respect to E gives the second Piola-Kirchhoff
stress tensor as follows:

S—[(L) ®I+2(L)l]-E—C-E 8
B (1+v)(l—2v)l W+ T (8)

where [ is the second-order unit tensor, and (I & I) and [ are the
fourth-order tensors that operate on E as (I ® I) : E = (trE)I and 1 :
E = E, respectively. C is the fourth-order elasticity tensor that results
in a constant due to the quadratic form of W, and § is the second
Piota-Kirchhoff stress. These equations were defined using the coor-
dinate system shown in Fig. 1. Because of the lack of numeric data on
the material properties of the subcellular components, these values
were adjusted to reproduce the cardiac muscle properties determined
at the tissue level (20}, The model-adjusted material properties used in
this simulation are summarized in Tables 1—4.

Ca* diffusion was analyzed by a Galerkin method-based finite
element method in which bilinear hexahedral solid elements are used
with the same mesh used for the cytoplasm. It has been shown that a
cluster of SR Ca®* channels is involved in the formation of a Ca?*
spark (i.e., Ca®* release unit, or CRU) (21, 27). It also has been shown
that these CRUs are discretely located at Z lines (27). CRUs were

Table 2, Cell geometry

Parameter Definition Value
L Cell length 104 pm
r Cell radius 8 pm
Veel Cell volume 20.9 X 107 pl
Vioyo Cytoplasm volume Veen X 047 = 983 X 107% pl
Vinra Mitochondria volume Veen X 036 = 7.53 X 107% pl
Vsr SR volume Veen X 0.035 = 0.732 X 107°% )
Vausr NSR volume Veen X 0.0315 = 0.659 X 1079 p]
Visk ISR volume Veer X 0.0035 = 0.0732 X 107l
Voter Other volume Vet X 0,115 = 2.405 X 107 pl

SR, sarcoplasmic reticulurn; JSR, junctional SR; NSR, nonjunctional SR;
Visrnoge, VnsrAFE node numbers comresponding to NSR = 11,744) (ul);
Visrnode, Visr/(FE node numbers corresponding to JSR = 5986) ()
Vinyonode, Vmyo/(FE node numbers corresponding to cytoplasm = 17,730) (ul).
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Table 3. Initial conditions of stimulation

Noemal Consraction and

Cell Contruction with 3-D

Parsmeter Ca*™ Wave Collision Ca** Wave Propugation
[Ca®*) 0.00014 mmeli 0.000115 mmolA
[Ca®*Insr 1.889 mmiol/] 1.661 mmol/]
[Ca**lisk 1.842 mmoll 1.628 mmolA
[CSQN — Ca®*] 6972 mmol] 6.705 mmol/

[CaM — Ca®*] 0.002769 mmeol/l 0.002304 mmolA

[TCa) 0.2006 X 1072 mmol/ 0.J678 X 1072 mmol/l
[TCa*] 0.8131 X 10™* mmol/] 0.6029 X 1074 mmel/]
[T%] 0.4638 X 107* mmol/] 03884 ¥ 10™4 mmol/
[T] 04866 X 10-2 mmolA 05223 X 1072 mmol/l

3-D, three-dimensional. See text for additional definitions.

modeled at the nodes on the cross-sectioned planes comresponding to
the Z lines (Fig. 14, tap). Ca®* was sequestered or released on the
basis of Eq. 2 and 3, and the diffusion was simulated using the finite
clement method, in which a time step of Ar = 0.01 ms was used. The
Ca®* concentration thus computed was applied to Negroni and Las-
cano's model (25) to evalvate the contraction force. Next, the total
muscle force was calculated using Egs. 4-6 such that the new internal
force of the wuss element was determined for the finite element
deformation analysis of the cell model. The resultant deformation of
the myofibril was retumed to the finite element model of the Ca®*
diffusion analysis and Negroni and Lascanc's model, Excitation-
contraction coupling was thus realized. Excitation-contraction cou-
pling analyses were performed for every 200 steps of the Ca**
diffusion analysis.

Experiments. Although originally recognized as spontaneous myo-
filament oscillation within cells (7), sarcomers dynamics during Ca®*
waves are not well understood. We monitored the sarcomere length in
isolated rat cardiomyocytes during Ca®* waves, Hearts were removed

Table 4, Model parameters

C513

from adult male Wistar rats (200-300 g) that were under pentobarbital
sodium anesthesia (50 mg/kg), and the left ventricular myocytes were
isolated using enzymatic dissociation as described previously (35).
Myocytes were suspended in 1.8 mmol/l Ca** HEPES-Tyrode solu-
tion (in mmolA: 137 NaCl, 5.4 KCl, 1.8 CaCls, 0.5 MgCl,, 0.33
NaHzPO., 5 HEPES, and S glucose, adjusted to pH 7.4 with NaOH at
22°C), transferred to a silicone-coated (Sigmacote; Sigma) glass
chamber, and viewed using an inverted microscope (X40 objective,
IX71; Olympus). During spontaneous Ca®* waves, we recorded the
sarcomere length in the middle region of the sarcomere using online
Fourier analysis of digitized myocyte images (SarcLen; IonOptix).
From simultaneously recorded myocyte images, we measured the cell
length using NIH Image software (National Institutes of Health,
Bethesda, MD). To visualize Ca®* waves, myocytes were loaded with
flue-3 by incubation in the 1.8 mmol/l Ca** HEPES-Tyrode solution
containing 5 moll fluc-3 AM (Molecular Probes, Eugene, OR) for 45
min at room temperature. Myocytes were observed using a confocal
microscope (CSU22; Yokogawa) equipped with a charge-coupled
device camera (EVM285SPD; Texas Instruments),

RESULTS

Simulation of normal excitation and Ca** waves. Simulated
cell shortening and color-coded [Ca2*]; during normal excita-
tion are shown as time-lapse images in Fig. 2. In this case,
normal excitation was simulated by homogeneously raising the
[Ca**}; above the threshold (0.2 wmol/1; Refs. 18, 19) at time
0. Ca®" release was evoked uniformly and instantaneously (0.1
s) along the whole cell length, such that the cell contracted
quickly (0.1-0.3 5). When a localized Ca®* spark occurred
(simulated as Ca®* release from a single release site; 0.05 s),
it evolved into a Ca®* wave and spread in opposite directions
at equal velocity (Fig. 3). However, in this case, the Ca** wave

Purumeter Definition Vilue
Kmup Half-saturation concentration of fup 0.00092 mmol/1
Le Maximum current through the Jop channel 0.00875 mmol/Vms
Kmnuciens Half-saturation concentration of Jaseisan 0.00092 mmol
- Maximum cusrent through the Jauciees channel 0.0015 mmolHms
[Ca**Insr Maximum Ca** buffered in the NSR 15 mmolA

T Time constant of Ca®* transfer from the NSR to the JSR 180 ms

Grcier Rate constant of Ca®* release from the JSR to the cytoplasm due to CICR 21/ms -

Ton Time constant 10 ms

Torr Time constant 10 ms

[CSQN) Maximum Ca** buffered by CSQN 10 mmol
Kmcson Equilibrium constant for buffering by CSQN 0.8 mmol/l

Y Rale parameter of Ca?* binding to TnC 78 Vmmol'ms

Yz Rate parameter of cross-bridge attachment to a thin filament site associated with TCa 0.104 Vs

Ya Rale parameter of Ca?* release from TCa* 0.36 Vms

Yo Rate parameter of T* detachment 0.2 V/ms

Diag (D) Diagonal matrices describing the diffusivity (0.5, 1.0, 0.5) pm®my
A Rate parameter of Ca?* unbinding from TCa .36 V/ms

Z Rate parameter of TCa* detachment 0.0013 J/ims

Zy Ratc parameter of Ca?* rebinding to T* 3,120 Vmmol-ms
Ya Parameter determining the infiuence of dX/4r on Qm and Qa2 . 9,000 ms/pm?

gy Total TnC 0.07 mmol1

R Exponential parameter characterizing the L dependence of [TCaler 20 Vpm?

e Optimat L for maximum [TCa)er 1.17 pm

[CaM) Maximum Ca?* buffered by CaM 0.05 mmola
Kmcam Equilibrium constant for buffering by CaM 0.00238 mmol/

K Proportional parameter of the paralle] elastic component of £, 10,000 mN/mm?/um®
g Unstressed L characterizing £ 0.97 pm

he Cross-bridge elongation at steady-state L 0.005 um

A Stiffness of the equivalent cross-bridge clastic element referred to concentrations 1,800 mN'Vmm¥pm/pmol
B Proportionality parameter for dX/dt 12 Vms
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Fig. 2. A: time-lapse images of a three-dimensional
(3-D) simulation showing intracellular Ca?* con-
centration ([Ca®*],) changes and myocyte contrac-
tion during normal excitation. B: Ca®* signal
(fluo-3) and contraction of a single rat ventricular 2
myocyte. [Ca?*] rises and then decays rapidly PR
throughout the cell.

SIMULATION OF Ca2* WAVES AND CONTRACTION
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could induce only weak contraction (0.1-0.3 s}, consistent
with our experimental observations (Figs. 2B and 3B) and
those in another report (24). We also simulated a case in which
two independent Ca?* waves collided (Fig. 4). Waves were
initiated at both ends of the cell and propagated toward the
center. Because the propagation velocity was the same, the two
waves collided in the middle (0.4 5) and then disappeared (0.6
s). This simulation also reproduced our experimental findings
(Fig. 4B) and those described in a previous report (8).

Wave propagation velocity. In this study, the Ca’* wave
propagation velocity was 140 pm/s under the control condi-
tions (resting {Ca**]; = 0.13 wmol/l, [Ca®* hisg = 1.86 mmolA).

» Time [ms]

Because previous experimental studies (24) suggested a depen-
dence of the propagation velocity on Ca2* loading of the cell,
we evaluated the effect of the SR Ca®t content on the propa-
gation velocity to investigate whether they had a linear rela-
tionship with each other (Fig. 5A). The dependence was con-
firmed when either the myocyte was allowed to shorten (solid
line) or its length was fixed (broken line). We changed the
Ca** content of the JSR because Miura et al. (24), in the
relevant experiment, estimated SR Ca®* loading on the basis of
the released Ca?*, which presumably was stored in the JSR.
We examined the effect of NSR Ca** store to find a similar
result with JSR Ca®* store (data not shown). We think this is
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because the Ca®* content of NSR and JSR are closely related.
The difference in velocity between the two conditions is
discussed below. When we changed the affinity of TnC for
Ca®* by altering the rate constant for Ca?* binding with TnC
(Y in Fig. 1B), the velocity decreased as the affinity increased
(Fig. 5B). These results are consistent with previous experi-
mental findings (8, 24) and therefore validate the basic assump-
tion of the current simulation model.

Effect of contraction on Ca?™* waves. In all of the analyses
described above, the myocyte was allowed to shorten in the
unloaded condition. Under physiological conditions, however,
each myocyte is connected to adjacent myocytes and thus
under constraint, Accordingly, we sirmilated a case in which
the myocyte length was held constant under load (isometric

C515

.
400 500
2000
1600
1200 Vi Fig. 3. A: time-lapse images of a 3-D simulation
during a Ca®* wave. The cell shortening is moderate
1 in length {shortening fraction 10%) but long lasting
800 compared with normal excitation (Fig. 2; shortening
< fraction 20%). B: Ca?* wave observed in the same
400 i myocyte shown in Fig. 28. The cell shortening is
E mederate compared with Fig, 28.
0
[nmol/L]

1020

Time [ms]

condition). In Fig. 6, the propagations of both the Ca?* (left
column) and contraction (sarcomere strain pattern; right col-
umn) waves are color coded and shown for the unloaded (Fig.
6A) and isometric (Fig. 68) conditions with time on the x-axis
and longitudinal location on the y-axis. The Ca?* waves
propagated smoothly under both conditions, but the unloaded
Ca®* wave reached the end of the cell earlier because of cell
shortening. On the other hand, the contraction (sarcomere
shortening) wave exhibited different patterns of propagation
depending on the mode of contraction. In contrast to the very
smooth propagation in the unloaded condition (Fig. 64, right),
isometric contraction produced a heterogeneous progression of
sarcomere length distribution (Fig. 68, righr). Such heteroge-
neity in the strain distribution cannot be explained by the
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Fig. 4. A: time-lapse images of a 3-D simulation 3
showing the collision and disappearance of 2 inde- '
pendent Ca®* waves. B: collision of the Ca®* waves
observed in the experiment.
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[Ca®*}; distribution or the stress equilibrium on the basis of the
stalic stress-strain relationship. In Negroni and Lascano’s con-
traction model (25), shortening deactivation is implemented by
the force deficit terms Qar and Qqo, formulated as follows (see
also the APPENDIX): :

dx\*
Qu=Y" (E) - [T+}

ax\?
Qu=Y," (E) N [TCa*],

*

(10)

» Time [ms])

where dX/dr is the strain rate. We hypothesized that the
complex pattern of contraction was induced by the strain rate,
depending on the heterogeneity of the stress-strain relationship.
In other words, in the proximity of active shortening (blue
region), the sarcomere becomes softer because of the high
(dX/dr)? value and local stretching, thus leading to the complex
strain pattern in Fig. 6B. To test this hypothesis, we repeated
the simulation under the isometric condition without the force
deficit terms Qg4 and Qg2 and compared the result with the
original calculation (Fig. 6C). The results clearly revealed that
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Fig. 5. A: relationships between the SR Ca®* Joad and the Ca®* wave
propagation velocity under shortening (solid line) and isometric (broken line)

conditions. B: relationship between the affinity of TnC for Ca®* and the Ca®*
wave propagation velocity under shorfening conditions.

the complex pattern disappeared, thus supporting our hypoth-
esis. A similar tendency was observed experimentally in iso-
lated cardiomyocytes. During a Ca®* wave, each myocyte
exhibited prolonged shortening to a small extent (<20 pm)
(Fig. 7, A and B, broken lines). However, because the intensity
of the cell attachment to the glass surface varied considerably,
thereby applying different loads to the contracting cell, the
shortening length of each myocyte differed significantly. In a
myocyte that shortened by nearly 20 pum (Fig. 74, broken line),
the sarcomere shortened smoothly by ~0.2 pm (Fig. 74, solid
line). On the other hand, in a myocyte shortened to a lesser
extent (<10 jum), the sarcomere stretched first before it short-
ened (Fig. 7B, solid line). In the simulation, heterogeneity in
the sarcomere strain had an influence on the propagation
velocity of the Ca®>* wave. Although the color-coded presen-
tations appeared the same (Fig. 6, leff), close examination of
the isometric Ca?t wave tevealed local heterogeneity in the
propagation velocity (Fig. 84, broken line), in clear contrast to
that of unloaded shortening (Fig. 84, solid line). However,
when averaged over its entire course, the propagation velocity
of the Ca?™ wave was slightly faster in the isometric condition
(Fig. 8B, thin solid line), while the velocity of the contraction
wave was faster in the unloaded condition (Fig. 8B, thick
broken line).

Evolution of spiral waves in 3-D space. We examined the
effect of the nucleus on Ca®* wave propagation by initiating
Ca®* sparks in the proximity of the nucleus. Each nucleus was
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treated not only as a region lacking a releasable Ca®™ pool but
also as a buffering pool (21). In the short-axis slice, the Ca®*
wave spread around the nucleus, creating a spiral wave (Fig.
94, tap). In the longitudinal plane (middle and bottom), how-
ever, the evolution of the wave differed significantly depending
on the depth of the slice. As shown in Fig. 9 (middle), the spiral
wave was observed only in the slice including the nucleus. This
result is consistent with the experimental observations in Ishida
et al. (15}, thus substantiating the importance of 3-D simula-
tion. The propagation velocity of a spiral wave was 76 pm/s
and thus slower than a planar wave. When the buffering power
of the nuclens was excluded, formation of a spiral wave was
not evident (data not shown) and the propagation velocity
became slightly faster (81 wm/s).

DISCUSSION

Assumption of rapid Ca** buffering, The role of buffering in
Ca?* waves has been studied in detail by Keizer and col-
leagues (28, 33). On the basis of a simulation model, they
showed that assumption of rapid buffering is valid if the
equilibration time of the buffer is much smaller than the time
required for Ca** diffusion across a region of the size of a
typical gradient. Quantitatively, their criteria are expressed as
follows:

= 1 <& -L:
T+ (CaI+ [B]) D,

where T is the equilibration time constant for the buffer, k¥~ and
k* are the rate constants for the binding and dissociation
between Ca®* and the buffer, respectively, [B] is the concen-
tration of the buffer, L is the characteristic length of the [Ca?];
profile, and D is the diffusion constant of Ca**, Calculating T
for CaM with the values used in our study ([Ca®*]; = 1 pmol],
{CaM - Ca] = 50 pmol/l) and those in the previous report by
Smith et al. (28), the + value for CaM is ~0.00004. This value
is much smaller than the L%D, value calculated in the present
study (L%De: 0.001, L = 1 pum, and De = 1,000 wm?s), thus
indicating that the assumption of rapid buffering can be applied
to the present simulation.

In this simulation, we treated CaM as stationary for the sake
of simplicity. According to Smith et al. (28), however, the
existence of a mobile buffer reduces the effective diffusion
coefficient for Ca* (D.y) as follows:

Dcff = B(Dc + ‘YmDm)

where [ is the differential fraction of free to bound Ca®* (< 1),
and '

(11

(12)

Kl B
Y= —% 13
(Km + [Ca ]n)

where K is the dissociation constant of the mobile buffer,
[Bmlr is the total concentration of the mobile buffer, and Dy, is
the diffusion constant for the mobile buffer. Again, calculating
YmDm for CaM, the result is ~330 wm?s for the conditions
used in this simulation (Km =24 pmol/l, [B.]r = 50 pmol/l,
[Ca?*}; = 1 wmolfl, Dy = 32 pm¥s). This wonld amount to
~33% of the D, used in this study, thus leading to an ynder-
estimation of the propagation velocity.
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Comparisons with previous studies. Studies of Ca®>* waves
have been promoted by a number of breakthroughs in experi-
mental technique, such as the application of Ca?* indicators
(26, 32), laser confocal microscopy, and digital image process-
ing (8, 15, 24, 34). Along with these developments, simulation
studies also have made a significant contribution to the under-
standing of this complex phenomenon involving various intra-
cellular dynamics (1, 10, 16, 19, 29). Most of these studies are
based on a mechanistic mode! in which the diffusion of Ca®*
released by Ca®* sparks induces a regenerative Ca?* release
from the adjacent SR (B). Qur simulaticn model also adopted

this conceptual framework and used the mathematical formu-
lation of SR Ca®* uptake, relocation, release, and intracellutar
binding proposed by Luo and Rudy (22). Although transsar-
colemmal ion flux was ignored, our model could successfully
reproduce the bidirectional propagation and disappearance af-
ter collision of Ca®* waves together with the changes in cell
length (Figs. 2—-4). Furthermore, dependence of the Ca®>* wave
propagation velocity on intracellular Ca®* loading and affinity
binding was also confirmed {24).

On the other hand, we did not incorporate the stochastic
nature of Ca?* sparks (16, 19), owing to limitations in com-
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Fig. 7. Cell length (broken line) and sarcomere length (solid line) under low
(A) and high (B) load during Ca®* wave propagation observed experimentally
in isolated rat cardiomyocytes.

puter power. In this sense, our simulator is ineffective for
studying the evolution process of Ca®** waves from partial
Ca®* sparks but can be used to investigate the coupling of a
Ca®** wave with local sarcomere contraction and complete
simulation in 3-D space, which were not achieved by previous
simulators.

Effect of contraction on Ca’* waves. Using the cardiac
contraction model of Negroni and Lascano (25}, we coupled
[Ca®*); with contraction to evaluate its influence on Ca?*
waves. To our knowledge, this is the first attempt to couple
these aspects of cardiomyocytes using full 3-D simulation.
Currently, it requires ~37 h to complete the computation for a
single contraction {2 s} using a CPU running at 3.2 GHz with
2-GB memory. Although the limitations in computational
power forced us to adopt this relatively simple model, the
analysis revealed interesting findings. As expected on the basis
of experimental observations, there was significant internat
shortening and stretching along the course of Ca* wave
propagation while the cell length was kept constant (Fig. 65,
right). These changes in sarcomere length can influence a Ca**
wave in at least two ways. First, strain applied to the thin
filament increases the affinity of TnC for Ca** (14) and thus
potentially slows the propagation. This property was incorpo-
rated into our model as a decrease in Ca?* from TnC as the
sarcomere shortened. Second, sarcomere shortening can de-
crease the diffusion distance to accelerate the propagation.
Through these mechanisms, isometric contraction is expected
to slow the propagation. In our analysis, however, isometric
contraction exhibited a complex velocity pattern (Fig. 74). To
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clarify these apparently contradictory results, further studies
are required in both the experimental and simulation fields.

Nucleus and Ca** waves. Although 3-D simulations of
Ca®* waves have been reported (16, 31), most have been
simple extrapolations of 2-D simulations. Considering the
axisymmetric and repetitive structure of cardiomyocytes, this
type of simplification may be validated. However, a recent
report by Ishida et al. (15) showing the evolution of spiral
waves in 3-D space highlights the necessity for complete 3-D
simulation, especially in the presence of the nucleus as an
obstacle to propagation. The role of the nucleus in the gener-
ation of spiral waves was investigated by Dupont et al. (10),
but their 2-D simulation could not provide an answer to the
vertical heterogeneity in wave propagation reported by Ishida
et al. (15). Although our simulation model successfully repro-
duced the previously reported generation, velocity, and vertical
heterogeneity of spiral waves (15, 21), we could not model the
oscillatory waves emanating from the spiral waves (21). Gen-
eration of repetitive waves may require a different model for
CICR. Because recent studies have revealed spreading of Ca**
waves over trabeculae (24) and the whole heart (17), oscilla-
tory waves may be an origin of fatal arrhythmia. Further
studies are required to clarify the conditions for generating
oscillatory waves,

Study limitations. As stated repeatedly, we excluded the
transsarcolemmal jon flux from the analysis because of limi-
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(breken tines) and constant cell length (solid lines) conditions,
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Time [ms]

Fig. 9. The numbers below the Jong arrow
indicate the elapsed time after the imitial
Ca?* release. Top: short-axis view including
the nucleus. A Cal* wave originating from
the proximity of the nucleus spreads around
the nucleus to form a spiral wave. Middie
{A): longitadinal section simulating confocal
microscopy for a slice including the nucleus
{A in short-axis view). The formation of a
spiral wave is observed around the nucleus.
Bottom (B): longitudinal section for a slice
without the nucleus (8 in short-axis view).
The Ca** wave propagates homogeneously.

tations in computer power. It has been shown that spontaneous
Ca®* release can cause membrane depolarization that some-
times induces an action potential (6). To analyze this poten-
tially arthythmogenic event, more comprehensive models that
include ion channels and exchangers are needed.

Because of a lack of experimental data, the nucleus was
treated as a region lacking a Ca®* release store and a site for
Ca?* buffering. However, judging by the complex wave pat-
tern around the nucleus reported in the literature (15, 21), the
nucleus may have another role in cytosolic Ca®* regulation.
Further experimental evaluation of not only this aspect but also
anisotropy in diffusion (12, 31) and Ca?* buffering will surely
contribute to the development of a complete model of cardio-
myocytes.

Summary. To simulate Ca?* wave propagation in cardiomyo-
cytes, a finite element simulation program incorporating Ca®*
diffusion and excitation-contraction coupling mechanisms was
developed. The results clearly indicate the 3-D nature of this
phenomenon, the modulatory effect of contraction, and the role
of the nucleus in the evolution of complex wave patterns.

APPENDIX: FORMULATION OF THE MODEL

Iy Ca®* dynamics
At the NSR node:

Ca®*l. Viskaode
A€ Lo _ g (D VICEY) + (o — L) 22
df memg
Ca® batance in the cytoplasm
d[Ca** 1
dICa e _ Ipp = Do — Iy * === : Ca* balance in the NSR
dr NSRnode
Iup ! [Caz+]i
I = —Fr———=—: Ca®* uptake by the NSR
= [Ca b+ Knep) pae™

A J

120

160

Ly

!u e v
e [Ca2+]NSR

— (Ca™ Jusn = [Ca** Lisz) B

Tir

[Ca™]sk : Ca®* leakage from the NSR

Iy

Translocation of Ca’* from the NSR to the JSR
At the JSR node:

d[caz+]lntal _

Visanode
= — I+ V- (D, 1) -
o Tacca v (DV[Ca™ D)

myonnde

Ca®* balance in the cytoplasm
[Ca** Lispson = [Ca®*1isr + [CSQN — Ca**]: Total Ca®* in the ISR
[TSQN] - [Ca™ Iisa

CSOQN — Ca**] = :
[esQ 1= (G Tae + Knesa)
Calsequestrin (CSQN) Ca™t buffering in the JSR
C 24 o
% = I, — Loexn : Ca balance in the JSR

Licicr = Guacs * ([C32+Lsn - [C32+]i) :
Ca®*-induced Ca®*release (CICR) from the JSR:
Guiacs = 0 when [Ca®*] < the threshold level

- H 1
Gracicr = Grcicr * [l - ﬁxP(-_r_)] . [exP(—'r_)]
on off.

when [Ca**] = the threshold level; 1 = 0 at the onset of CICR
For both the NSR and JSR nodes:
[Ca®*]wa = [Ca™ ) + [TnC — Ca™] + [CaM — Ca®*]:

Total Ca®* in the cytoplasm
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2) Ca** buffering in the cytoplasm

CMDN:
[CaM - Ca!+] = m] " {Caz+]i
(Ca™) + Kcum)
{Fast buffering was assumed; see text for details.)
TnC:

[TaC — Ca®*] =[TCa] + [TCa*]:

Total amount of TnC bound to Ca®*

dTCal .
dr - (]
drcat)
& - Ql Qr QdZ
d[T*
[dr ]=Qr_Qd"Qd1

[T] = [T} - [TCa] - [TCa™] - [T*]
O =Y, * [Ca*]; + [T] - 21+ TCa)
o0.=h- {Ca“],g -z [TCa*]
[TCals = [TCa] + exp[—R( — L]
0, =Y;-[TCa*] — Z; - [T*] - [Ca™};
;=Y [T*]

dx\?
On ="V (E) [T
Qn=1Y" (‘a}‘) [TCa”‘]

At nodes including the nucleus:

2+
ACa" Jo _ _,n_,,_@ + V- (DVIC2*])

dr myanode
I — In\:dﬂn ) [Ca2+]i .
ke ([C31+]~i + Kn\.mcleus) )

3) Mechanical properties of myofibrils

Ca®* uptake by the nucleus

F=Fb+Fp
Fp=K-(L-L)
dX
;—B'(h—h;)

Fo=A-([(TCa*]+[T*D - &
h=L-X

Definitions of variables: [Ca*];, free Ca®* concentration in the
cytoplasm (mmol/1); [Ca®* i, total cytoplasmic Ca®* concen-
tration (mmol/); [CaM — Ca®*], CaM-buffered Ca®** concentra-
tion (mmolf); [TnC — Ca?*), TnC-buffered Ca®* concentration
(mmol1); [Ca®*nsr, NSR Ca** concentration (mmold); [Ca?*lisw,
ISR Ca?* concentration (mmol/l); [Ca®* lisk o, total JSR Ca?t
concentration including buffered Ca** (mmol/); [CSQN — Ca?*},
calsequestrin-buffered Ca** concentration (mmol/l); L,p, C2** uptake
from the cytoplasm to the NSR (mmol//ms); feax, Ca®* leakage from
the NSR to the cytoplasm (mmol/l/ms); J, translocation current of
Ca®* from the NSR to the JSR (mmol/Vms); leicicr, Ca®* release
from the JSR to the cytoplasm due to CICR (mmol/V/ms); Jhuciens,
Ca®* uptake from the cytoplasm to the nuclens (mmol/l/ms);
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[TCa?*), thin filament site with TnC bound to Ca** (romold);
[TCa?*err, effective [TCa®**] (mmolA); [TCa*], thin filament site
with TnC bound to Ca** and an attached cross bridge (mmol/1); [T],
thin filament site with free TaC (mmol/1); [T*], thin filament site with
an attached cross bridge and without Ca®** bound to TnC (force
generator} {(mmol/l}; 0w, net rate of Ca®* binding to T (mmol/L/ms);
Q., net rate of cross-bridge attachment; O, net rate of Ca®* release
from TCa* (mrmol/l/ms); Qs, rate of T* detachment to give Ca®* and
T (mmol/Vms); Qai, additional rate of T* detachment during filament
sliding (mmol/V/ms); Quz, additional rate of TCa* detachment during
filament sliding (mmol/l/ms); Fs, equivalent cross-bridge force nor-
malized with respect to the muscle cross-sectional area (kPa); Fp,
elasiic force in parallel with F» normalized with respect ta the muscle
cross-sectional area (kPa); F, force developed by a muscle unit
normalized with respect to the muscle cross-sectional area (kPa);
Ken.op, half-concentration saturation of Jup; L, half-sarcomere length
{pm); h, cross-bridge elongation (um); X, length composed of half of
the thick filament and the free portion of the thin filament (um);
VNSRande and VISRuode, NSR and VSR volume for each FE node,
respectively; Vmyonode, Cytoplasm volume for each FE node.
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Finite Element Analysis of Ventricular Wall Motion

and Intra-Ventricular Blood Flow

in Heart with Myocardial Infarction®

Hiroshi WATANARBE**, Takeshi SUGANO*", Seiryo SUGIURA™ and Toshiaki HISADA™

To study the wall motion abnormality and characteristic flow distribution observed in the
heart with myocardial infarction, we modified our finite element model of ieft ventricle and
performed simulations at two different phases after the onset of the disease by applying char-
acteristic material property to the infarcted region. The model could not only reproduce the
hemodynamic change in myocardial infarction but also give mechanistic insight into the fol-
lowing complicating problems. 1) Stagnation of blocd as the cause of clot formation 2) Extra
energy wasted for the stretch of infarcted tissue. The effect of compensatory enhancement of
the force generation in normal myocardial tissue is also discussed.

Key Words:

Biomechanics, Computational Mechanics, Finite Element Method, Fluid-

Structure Interaction Analysis, Heart, Electro-Physiology

1. Introduction

Myocardial infarction is a severe form of ischemic
heart disease caused by the acute blocking of coronary cir-
culation leaving serious damage to the myocardial tissue
down stream to the blocking site. Because it constitutes
a major health problem in the industrial countries, active
studies are still underway for the cure and prevention of
this disease’’, Although, of course, clarification of un-
derlying biological mechanism is the key to the complete
understanding of this disease, some of its aspects need en-
gineering analysis for their solution.

In myocardial infarction, the non- or poorly contract-
ing affected heart muscle is stretched by the wall tension
generated by the contraction of normal muscle. Stretch-
ing the muscle not only causes the secondary damage to
the infarcted tissue but also demands extra work to the
normal tissue thereby leading to the deterioration of the
whole ventricle {(cardiac remodeling). In addition to the
mechanical disorder, stretching of the heart tissue could
form a substrate for fatal arrhythmia through the excita-
tion abnormality induced by the mechao-electrical feed-
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back mechanims®®, Both processes are closely linked to
the temporal and spatial distribution of stress and strain in
the ventricular wall accurate assessment of which can be
achieved only by solid mechanics. In this respect, Janz et
al.®, Bogen et al.™, Guccione et al.®®), and Moustakidis
et al.®® performed finite element method based analyses of
ventricular wall with myocardial infarction. Another seri-
ous complication of myocardial infarction is the formation
of ventricular thrombus, which sometimes detaches and
produces systemic arterial embolization. Because the clin-
ical studies have identified close correlation between the
thrombus formation and wall motion abnormality” and/or
flow characteristics in the ventricle®®, engineering analy-
sis could make significant contribution also to the study of
this problem.

We have already developed a finite element model
of the left ventricle based on the molecular mecha-
nisms of cardiac excitation-contraction'” "), Because, in
these analyses, both structure (ventricular wall) and fluid
(blood) were simulated by fluid-structure interaction anal-
ysisY, we could examine the relation between the struc-
ture and function of cardiac tissue and hemodynamic pa-
rameters in detail. In this study, based on this model, we
simulated the heart with myocardial infarction by adopt-
ing different material property locally to the affected area
of the ventricle. We could successfully reproduce both
wall moticn abnormality and characteristic flow distribu-
tion in the ventricle reported in experimental studies and
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clinical observations. Detailed flow distribution and ener-
getic consideration derived from this model analysis will
also be discussed.

2. Methods

2.1 Model framework
Details of the formulations have been described in
our previous reports™” (D Here, we briefly present
the framework of the comprehensive simulation program
based on finite element method. This program is com-
posed of the following four models:

1) Excitation and propagation model: Upon stimula-
tions, myocardial cells are excited and contract to develop
force. In this program, the FitzHugh-Nagumo (FHN}
model™+1¥, a well-known simple model of membrane
action potential, is coupled with the monodomain propa-
gation model!!2-04),

2} Excitation - contraction (E-C) coupling: After
excitation (membrane depolarization), a series of sub-
cellular events lead to a transient increase in intracellular
calcium concentration [Ca?*], which in turn controls the
interaction of contractile proteins named actin and myosin
(cross-bridge kinetics) to develop a force. To describe the
dynamic relationship between [Ca®*] and cross-bridge ki-
netics, a four-state model proposed by Peterson et al.(!¥
was employed. To connect the membrane depolarization
(FHN model} and the four-state model for E - C coupling,
a FHN model was used to give a trigger (timing) for the
phasic change in Ca®* ion concentration (Ca?*-transient).

3)  Material property of cardiac muscles: To charac-
terize the properties of cardiac muscles, we adopted the
Lin-Yin model'*®! for the constitutive equation which is
based on hyperelastic material theory. In this model, the
strain energy potential (W) 1s divided into two compo-
nents, i.e., passive (Wpas), and active (W) ones. As the
E - C coupling model provides active force (F) of the mus-
cle depending on the calculated population of the attached
cross-bridges, we can consider the coefficients for the ac-
tive components in Lin-Yin model to be a function of F,
whereas those for the passive components to be constant.

4) Finite element model: The ventricle and the blood
are modeled by the fluid-structure interaction (FSI) finite
element method which has been developed by us!P-07,
For the analysis of blood flow, the ALE form of the
Navier-Stokes equations are discretized by the stabilized
Galerkin (SUPG){"® method. For the analysis of ventri-
cle, the total Lagrangian formnlation is discretized by a
standard finite element method, and a nonlinear system
of equations is obtained. These equations are strongly
coupled so that the full interaction conditions between the
fluid and structure are introduced. In addition to the FSI
program, our simulator has a function to deal with the ven-
tricle motion only by the structural analysis. In this anal-
ysis, the effects of the blood flow are represented only by
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the pressure. In other words, the inertial and the viscous
terms are neglected in the momentum equation of blood.
Also, the inertial effect of the ventricle is neglected. Thus, -
the FSI program is reduced to a static structural finite el-
ement code that models only the cardiac muscles. This
analysis will be termed “structure only analysis™ hereafter.
For precise formulation, see previous study®,
2.2 FE model of normal LV and its loading condi-
tions
Although it is an essential requirement for FE analy-
sis to determine the mesh of an object based on the initial
shape in an undeformed state under stress-free conditions,
it is difficult to know this for a living human LV. In the
previous study™ -1 as well as in this study, we estimated
the initial shape of LV from MR images of adult human LV
at end-diastole by applying an appropriate negative pres-
sure to it so that the volume becomes 60x 10° mm?>. This
process was done only to make an initial finite element
mesh under stress-free state. Then we applied physiolog-
ical ventricular pressure at end-diastole (1 500Pa) to ob-
tain the fiber strain at the beginning of contraction. In this
study, ventricular wall was divided into six layers. The
fiber orientations of the model were —90, —60, -30, 0,
30 and 60 degrees respectively. We used Q1-PO mixed
hexahedral elements (eight nodes for the bilinear velocity
or displacement interpolation/constant pressure field) for
both the fluid and the structure. The number of solid el-
ements was 9792, that of fluid elements 18976, and the
total DOF was about 120000. Numerical convergence of
this model was confirmed in the previous study!", In the
electro-physiological analysis, the same structural mesh
was used as an electro-physiological unit. In other words,
FHN cell unit is embedded in each finite element, and is
electrically connected with the cells surrounding it (see
Fig. 1). We assumed isotropic conduction of excitation.
To simulate the systemic arterial tree, the windkessel
model'¥was connected to the aortic valve (see Fig. 1). An
electric analog model of LA and pulmonary circulation
proposed by Alexander et al. Y% was modified and con-
nected to the mitral valve to simulate the preload of LV. In
a similar way to the LV, the LA was characterized by the
time-varying elastance®? defined as Ez4 = Pra /(gr4 — o),
where Pp,4 and g4 are instantaneous pressure and volume
of LA, respectively, and g is the volume axis intercept.
Py is the pulmonary source pressure, Ry is the source re-
sistance, Cp is the pulmonary venous capacitance, Rp is
the pulmonary resistance, Lp is the pulmonary inertance,
Rav is the atrioventricular resistance, Ly is the atrioven-
tricular inertance, Fpgy is the pulmonary venous flow, Fyy
is the blood flow through the mitral valve, gp is the vol-
ume of the pulmonary venous, and Ppy is the pressure
boundary condition for the FSI model (Fig. 1). The fol-
lowing values are assumed for these parameters: Py =
1600Pa, Ry = 0.333MPasec/m®, Cp = 0.0525um?/Pa,

JSME International Journal



'RV RF LP RAV LAV

Preload Tr Tcp O
— P2 P
f—— o ——

Afte rloamm
. Ry P

Fig. 1

(=4

FE mesh and boundary condition

Rp = 12.0MPasec/m?, Lp = 0.133 MPasec¥/m?, Ruv =
3.47 MPasec/m?, Ly =0.267 MPasec?/m?. In this analy-
sis, the time course of E;4 was defined as follows; 1) in the
resting state LAP was a linear function of LAV, i.e., E4(7)
was constant (Ep4(f) = 13.3 MPa/m?), 2) the contraction of
LA started 0,15 seconds prior to the onset of LV contrac-
tion and lasted for 0.2 seconds with a time course repre-
sented by a sinusoid whose amplitude is 26.7 MPa/m?.

The coefficients of Lin-Yin constitutive equation (see
Eqgs.(3) and (4) in section 3) for the cardiac muscles
were assumed as follows® =11 ¢ =82.4Pa, ¢, =7.304,
c3=1.856, ¢4 =0.064, ¢ =0.0, ¢ = -6.39kPa, ¢7** =
18.0kPa, cg™ = 17.4kPa, cg™ =7.61 kPa, c[* = 19.4kPa.
The density of cardiac muscle was assumed to be p =
1.37x 10 kg/m?, the density of blood p = 1.06x10° kg/m?,
and the viscosity of blood p=4.71x 1072 Pa sec.

2.3 Simulation

The following boundary and initial conditions were
set for each phase of cardiac cycle: Puring isovolumic
contraction (phase 1), both the mitral and aortic valves
were closed so that the flow velocity was zero at those
two boundaries. The initial value of the volume of LV
(LVV) was about 120x 10> mm? under fully relaxed condi-
tions. Then, the muscles were activated by the excitation-
contraction mechanism (represented by the FHN model
and the four-state model) to increase the pressure of LV
(LVP). When the LVP exceeded the aortic pressure cal-
culated by the windkessel model, the aortic valve opened.
During ejection (phase 2), with the mitral valve closed,
the pressure boundary condition given by the windkessel
model was applied to the open aortic valve area. The FSI
FE model and the windkessel model were iteratively cal-
culated to determine the equilibrium state. In the first half
of the ejection, pressure gradient between the left ventricle
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and aorta accelerates the blood and, due to the inertia, the
blood keeps flowing out of the ventricle even if the aor-
tic pressure exceeds the ventricular pressure in the second
half of ejection. However, reversed pressure gradient de-
celerates the blood and finally causes the backward flow.
When backward flow occurred in the aorta, the aortic valve
closed to finish phase 2. From this point, the windkessel
was disconnected from the LV and its state was calculated
under the condition that Fs, =0 until the next cardiac cy-
cle. During isovolumic relaxation (phase 3), the retaxation
of cardiac muscles proceeded while both the aortic and mi-
tral valves closed. When the LVP fell below the left atrial
pressure (LAP) calculated by the Alexander model, the
mitral valve opened and ventricular filling (phase 4) be-
gan. Heart rate was set at 60 beats per minute (one cardiac
cycle = 1.0sec). In the case of structure only analysis, the
flows though aortic and mitral valves were obtained from
the volume change rate of LV. Based on these assump-
tions, we calculated four cardiac cycles in the case of FSI
analysis, and five cardiac cycles in case the of structure
only analysis.

We have tested the performance of this model by
comparing some of its results with the clinical data re-
ported in literatures. These are: intra-ventricular and aor-
tic pressures and the ventricular pressure-volume relation
during the cardiac cycle®®, rotation and vertical displace-
ment of the ventricle!'?, diastolic flow propagation ve-
locity obtained from the flow mapping!'V. All of these
comparisons demonstrated good agreement thus support-
ing the validity of this model. Based on the verification
made on normal heart, we attempted to develop a diseased
heart model in this study.

3. FE Model of Ventricle with Myocardial Infarction

When a poorly collateralized anterior descending
coronary artery is totally occluded, severely damaged ven-
tricular wall composed of fibrous tissue, necrotic tissue,
and slightly remaining viable cardiac muscle is stretched
and becomes thinner and buiges in each contraction'”’, To
simulate this condition termed as ventricular aneurysm,
we modeled a case in which anterior descending coronary
artery was occluded in its middle portion. According to
the anatomy of coronary arteries, affected region of the
ventricular wall from such an insult would extend from
the apex to the middle of LV longitudinally and from the
middle of the ventricular septum to diagonal branch cir-
cumferentially®!}. The shape and the wall thickness of
the infarcted region were adopted from the MR image data
reported in the literature (5). In the present model of my-
ocardial infarction, infarcted region amounted to 40% of
the total LV wall. Because we assumed 10% of the border
zone, having the material property between normal and
infarcted tissue, surrounding the infarcted region, 50% of
the ventricular wall remained normal (Fig. 2). Wall thick-
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Fig. 2

(-

Distribution of normal. infarcted, and border zone
regions

Fig. 3 FE model of LV with myocardial infarction

ness of the infarcted region was set at 50% of the normal
region (Fig. 3).

In infarcted region of the ventricular wall, both pas-
sive and active properties of the tissue change depending
on the time after the onset. In the animal model of myocar-
dial infarction, Rabinowitz et al.® reported that the pas-
sive stiffness of the cardiac muscle decreases in the early
phase (1-hour) of infarction, but it progressively increases
over a period of days to weeks. Based on these experimen-
tal results, Bogen et al.* proposed the following uniaxial
constitutive equation:

o= A = A7l (1

Parameters for normal, acute and subacute infarction are
Hp=2,ky=16,,=79, k,=13, and u,=0.8, k, =31, re-
spectively. To reproduce these stress-strain relations by
hyperelasticity based constitutive law, we modified the
Lin-Yin model by adding the extra potential term proposed
by Humphrey et al.?¥
Wiotat = Wprr.vs + Waer + mea:sJumlph- (2)
Wpa.v.r =0 (eQ -1,
Q=ca(l} =37 +c3(]) =3I - D) +ealla— 102,
Waer =5+ ¢ty = 3)(Is — )+ ea(h = 3)?
+eg(la =1 +co(f = 3) +ciols ~ 1), 4)

(3)
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cs = Fel™,

ey =Fcf™, co=F ™, c¢yp=F,

Ce= Fcémnx' = FC;MX,

(5)

1 |
Wpass tuampi = Cn{ 2 = D? + ean(I7 =17 + el = 3)

] )
+ean(hy =37 — D+ esull) = 3), (6

where the parameters of Humphrey-Yin model are ¢, =
1.97kPa, cz;, =6.21 kPa, ¢3, =0.164 kPa, ¢y, = -2.70kPa,
cspy = 2.35kPa. Since the stretch in fiber direction takes
the value between 0.85 and 1.25 in normal case, in Eq. (2)
the value of ‘m’ was selected 10.0 and 30.0 in the cases of
acute and subacute infarction, respectively, to fit the stress-
stretch curves in this range. In Fig. 4, the reproduced uni-
axial stress-strain relationships in the fiber direction are
shown. For the border zone, same material property as
that of normal region was given.

As the cardiac contractility is depressed in the in-
farcted regton, the activations of (F) infarcted and border
zone regions were set at 30 and 70% relative to the normal
region respectively.

It is well known that the preload and afterload are var-
ied by the compensation. However, because the objective
of this paper is to elucidate the difference of the mechan-
ical behavior of heart in normal and diszased case exclu-
sively, the parameters of pretoad and afterload models are
set at the same values as the normal case. Based on this
model, the effect of the compensation of preload and af-
terload should be incorporated in the future medeling.

4. Results

4.1 Fluid-structure interaction analysis of acute
infarction model _

Figure 5 compares the pressure-volume loops of LV
obtained by FSI (solid line) and structure only (broken
line) analyses. Two loops are in good agreement indi-
cating that the structure only znalysis gives fairly good
approximation for the study of global (ventricular level)
hemodynamics. Time-lapse images of LV contraction and
resultant blood flow are shown in Fig. 6 together with the
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color-coded presentation of the activation level (normal-
ized F) of the myocardial tissue. While the normal region
of the wall becomes thick as it is activated (indicated in
red), the infarcted region remains inactivated (indicated
in blue) or rather being stretched to become thinner and
bulge (aneurysm formation). In the ventricular aneurysm,
the flow velocity is low throughout the cardiac cycle. We
quantitatively compared the flow velocities computed in
infracted and normal cases. Namely, time-averages of
flow velocity at the node nearest to the center of aneurysm
are taken during systole and diastole, respectively, and
they are compared with those of the corresponding node
in normal model. During systole they were (10.0 crmy/sec
in infracted case, 15.6cm/sec in normal case), and dur-
ing diastole (5.16 cmy/sec, 9.10 cmy/sec). These results sug-
gest the causal relation between aneurysm formation and
ventricular thrombus via blood stagnation. Indeed, in a

14.0-

12.04 Pt _

10.04
| FsI

— structure only

8.04:

6.04:

LVP [kPa]

4.04:
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0.0 Sy
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Fig.5 Pressure-volume loop
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study using Doppler echocardiography, Maze et al. 2% ex-
amined the flow characteristics in the patients with dilated
cardiomyopathy with and without apical thrombus to find
that the flow velocities during both diastole (11,7+15.3,
28.3x10.5 em/sec) and systole (7.1+8.1, 15.3+7.0 cm/sec)
were significantly lower for the thrombus group. To fur-
ther examine the flow abnormality in myocardial infarc-
tion and gain mechanistic insight into it, we compared the
intra-ventricular flow and pressure distribution between
infarction and normal cases in Fig.7. During systole

F18200

15900 988
115800 925
; '_15300 883
h15000 800
0.2sec 0.8sec
(a) Normal
413500
’.13250
Lmouo
‘F 12750
i12500
0.2sec

(b) Acute infarction

Fig. 7 Intra-ventricular flow pattern and pressure distribution

Fig. 6
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(0.2 sec), whole ventricle was filled with ejection flow di-
recting the aortic valve in normal case. On the other hand,
in infarction, ejection flow existed only in the upper half,
rather, even the flow directing toward the apex was ob-
served. In normal case, monotonous pressure gradient was
formed from the apex to aortic valve, whereas, in infarc-
tion, pressure was highest in the upper portion of the ven-
tricle where normal myocardial tissue generated contrac-
tion force. During diastole (0.8 sec) large vortices were
observed in both cases, but, in acute infarction, the vor-
tex is distorted and its center was shifted toward the apex.
These findings are in good agreement with the clinical ob-
servation by echocardiograph by Van Dantzig et al.® The
above observations are further exemplified in Fig. 8, where
flows in lateral and longitudinal cross sections in acute and
normal cases are compared.
4.2 Energetic efficiency of cardiac muscle

As shown in the previous section (Fig.5), the FSI
analysis and the structure only analysis showed the same
trend in terms of global hemodynamic parameters. We
therefore use the structure only analysis in the following
investigation to save the CPU time. In infarction models, it

normal acute infarction

normal

Fig. 8 Intra-ventricular flow pattern
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was found that the contraction of the normal cardiac mus-
cle stretches the myocardial tissue in the infarcted region
during systole. Figure 9(a) shows the stress-strain loop
of the myocardial fiber in infarcted region (sampling point
B in acute model, Fig. 3), and Fig. 9 (b) shows the stress-
strain loop at same sampling point of normal model. [t
shows that the area of stress-strain loop, i.e., work, is al-
most zero or takes negative value, Negative work means
that this specific fiber absorbs work done by active con-
traction of the normal muscle and reduces the net work
output of the whole ventricle. We, therefore, calculated
the energetic efficiency defined by Eqgs. (7)-(9), i.e., the
ratio of the network of ventricular wall that is done for
fiuid (it was confirmed numerically this work is exactly
the same as the area of P-V loop in our FE analysis) to
the total work of ventricular wall that is done for fluid and
absorbed within ventricular wall, It was 82.1% for normal
case, 68.3% for acute infarction and 71.2% for subacute
infarction. Such reduction in energy efficiency, at least in
part, could be a cause of the deterioration of the whole
ventricle in the long run.

- [ pawa

efficiency = ; (7)
-ngI(—dW)deV
v
dW=8:dE, (8)
1= *< ©
= 1 x>0

where, S is the second Piola-Kirchoff stress, E the Green-
Lagrange strain, and /{x) the unit step function.

4.3 Compensatory mechanisms in myocardial in-

farction

Myocardial infarction causes significant impairment

of cardiac pump function and sometimes threatens patient

survival. To maintain the homeostasis under such condi-

tions, hurnan body resorts to various compensatory mech-
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Fig.9 Stress-stretch loop
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anisms including the enhancement of contractility of the
remaining normal myocardial tissue through neural and
humoral stimulation. We simulated this mechanism to
study its effect in myocardial infarction,

Figure 10 shows the series of P—V Joops produced by
the normal, acute and subacute infarction model. It may
seem strange that the end diastolic volumes of acute and
subacute infarction were larger than that of normal case
despite their stiffer passive material properties (Fig.4).
This was caused by the thinning of wall in infarcted
cases, which made the ventricle as a whole more com-
pliant. Ejection fraction became smaller due to the loss
of contraction force and stretch of cardiac muscle in in-
farcted region absorbing the work done by the normal
myocardium as shown above. As a result, the net work
output calculated as the area circumscribed by each loop
dropped dramatically thus necessitating the compensatory
response. To simulate the compensatery response, we in-
creased the contraction force of the normal region by 120
and 150% and showed the resultant P-V loops also in
Fig. 10. Hereafter these models are referred as acute-120,
acute-150, subactute-120, and subacute-150. It is shown
that the ejection fractions recovered by compensation as;
(acute 38.8%, acute-120 41.9%, acute-150 44.7%), (sub-
acute 40.5%, subacute-120 43.7%, subacute-130 46.6%),
where the ejection fraction of normal heart was 52.2%.
However, if we calculate again the energetic efficiency for
each case, we find that the efficiency decreases as the com-
pensation progresses as; (acute 68.3%, acute-120 67.7%,
acute-150 64.7%), (subacute 71.2%, subacute-120 70.0%,
subacute-150 66.5%). As stated in section 4.2, the ener-
getic efficiency of normal heart was 82.1%. It is clear that
compensatory enhancement of the function of the remain-
ing viable myocardium works effectively to recover work
output of the heart to maintain life of the affected individ-
ual, but we must be aware that these improvements were
achieved at the expense of energetic inefliciency.
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5. Conclusions

To study the abnormal wall motion and intra-
ventricular flow in LV with myocardial infarction, a simu-
lation program was developed by medifying our FE model
of LV. By adopting different material properties for pas-
sive and active myocardium and giving thinner wall thick-
ness to the infarcted region of the ventricle as reported in
the literature, we could reproduce characteristic wall mo-
tion, aneurysm formation, and stagnated flow that are clin-
ically observed at acute and subacute phases of infarction.
Furthermore, the relation between compensatory enhance-
ment of the remaining viable myocardial tissue and ener-
getic efficiency was discussed.
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