Annals of Biomedical Engineeringol. 28, pp. 781-792, 2000 0090-6964/2000/28781/12/$15.00
Printed in the USA. All rights reserved. Copyright © 2000 Biomedical Engineering Society
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Abstract—To determine regional stress and strain distributions consistently larger than cross fiber strain and accompa-
in rabbit ventricular myocardium, an anatomically detailed fi- pjg( by a small negative shear strain, characteristics

nite element model was used to solve the equations of stress_. . . . . . .
equilibrium during passive filling of the left ventricle. Compu- similar to epicardial strains measured in rat, canine, and

h : ; 5,27,26
tations were conducted on a scalable parallel processing com-POrcine _hearté. _ _ _
puter and performance was found to scale well with the number ~ Despite experimental evidence that left ventricular

of processors used, so that stimulations previously requiring wall mechanics are three dimensioﬁhbmy a few fully

approximately 60 min were completed in just over 5 min. yea dimensional mechanics models exist. Huyghe
Epicardial strains from the model analysis showed good agree- tall®h d | d . tri il .
ment (RMSE=0.007332) with experimental measurements etal. .avle. eveioped an axisymmetric quaS|.|near Vis-
when material properties were chosen such that cross fiberCo€lastic finite elementFE) model of the canine LV

strain was more heterogeneous than fiber strain, which is alsoincorporating ventricular torsion, transmural fiber anisot-
consistent_ with _experim_ental_ obser\_/ations in other species. ropy, and intracoronary blood in the wall. Bovendeerd
© 2000 Biomedical Engineering Society. et al® have studied the effects of ischemia on the border
[S0090-696400)00507-5 . .
zone mechanics, stroke work, and global deformation
using a three-dimensional LV model featuring the depen-
dence of active fiber stress on time, strain, and strain
rate.
INTRODUCTION Mechanics models based on simplified LV geometries
have been useful for gaining basic insights into the im-
The three-dimensional geometry and fiber orientation portance of the thick LV wall geometry, torsional defor-
of the intact myocardium plays an important role in the mation, large elastic deformation, and transverse shear
diastolic mechanics of the ventricles. Previous models of strains'*!” These models, however, cannot account for
passive mechanics have simulated the canine and rat lefthe complex three-dimensional variations in wall thick-
ventricles>41%2%Yet no models have analyzed stress and ness, curvature, or fiber orientation in the analysis of
strain in the rabbit ventricles even though this species is stress or strain in the ventricle. Furthermore, simplified
a popular model for the study of mechanics, mechanoen-models do not allow for interactions between the left and

Keywords—Ventricular mechanics, Scalable parallel computa-
tion, Finite element analysis.

ergetics, and electrical propagatitht:2333 right ventricles(RV), the pericardium, or coronary blood
Two-dimensional epicardial strains were measured in flow. Hence more sophisticated models of the ventricles,
the rabbit left ventricle(LV) by Gallagheret al’® to incorporating a realistic three-dimensional geometry and

study the changes of collagen fiber structure and me-fiber architecture, a constitutive law reflecting the non-
chanics of the cardiac scar after infarction. They mea- |inear anisotropic elastic properties of myocardium, and
sured LV volume, fiber orientation, and fiber, cross fiber, boundary conditions that impose physiologically realistic
and shear strains on the anterolateral epicardium of iso-constraints under normal or diseased conditions are re-
lated hearts from a control group, and from groups at 3 quired for studying the heterogeneous regional mechan-
and 14 d postinfarction under passive LV pressure loadsics of intact myocardium. These three-dimensional ana-
of 0-30 mm Hg. In the control group, fiber strain was tomically detailed models require large-scale
computation. Fortunately, advances in parallel computing
Frederick J. Vetter is currently with the Department of Pharmacol- hardware and software have made Iarge-scale three-

ogy, SUNY Upstate Medical University, Syracuse NY. dimensional models of cardiac mechanics feasible. Our
Address correspondence to Andrew D. McCulloch, Department of oal was to estimate the material parameters of intact
Bioengineering, University of California San Diego, 9500 Gilman g . . ) P . )
Drive, La Jolla, CA 92093-0412. Electronic mail: rabbit LV myocardium using measurements of epicardial
mcculloc@bioeng.ucsd.edu strain and an accurate three-dimensional model of
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ventricular geometry and fiber orientation. We expected Q:blEf2f+b2(Er2r+E§c+ 2Er2c)+2b3(Ef2r+Ef2c)'

a parallel processing approach would be necessary to (1)
reduce the simulation run times to a point where explo-
ration of the parameter space was feasible. where the Lagrangian Green’s straifig are referred to
the local fiber coordinate system consisting of filfer,
Anatomic Model cross fiber(c), and radial(r) coordinate directions. The

material parameter€, b,, b,, and b; have been de-

The anatomic model of the rabbit ventricular geom- scribed in detail elsewherd;briefly, the material con-

etl’y and fiber architecture described by Vetter and stant C scales the Stresi)l or b2 scales the material
McCulloct™® was modified to serve as a computational siffness in the fiber or cross fiber direction, respectively,

domain for the model of passive LV inflation si[)nulating and b; scales the material rigidity under shear in the
the control group experiments of Gallaghetral.™ The fiber-radial and fiber-cross fiber planes.

discontinuous fitted fiber orientations allowed by extra  Treating the kinematic incompressibility constraint
nodes at the junction of the RV septal and free wall explicitly as an additional equation results in a mixed
surfaces were removed to avoid numerical difficulties by formulation that makes numerical solution difficult un-
assigning the average fiber orientation at the redundantiess a memory-intensive direct solution method is used.

nodes along the junction to a single node, and removing |nstead, we introduced a bulk modulus paramétginto
the redundant nodes. A small apical hole1°) was the strain enerdy

introduced to eliminate redundant nodes in this region.

The mesh was converted from prolate spheroidal to rect- 1 o N v~

angular Cartesian coordinates so that the deforming W=3C(e°~ 1)~ by(de{C]-2Vde(C]+1), (2
model could admit translations at the apex. This conver-
sion required two circumferential refinements of the FE
mesh on the left ventricular free wall to maintain the
geometry in the region of the LV papillary muscle inser-
tions. The resulting 48-element mesh was used as the
computational domain for simulating passive inflation of
the LV.

The FE model used tricubic Hermite interpolation
functions with four point Gaussian quadrature integration
in each of the local FE directions. Because no analytic
solution exists for this problem, convergence of the FE
mesh was determined asymptotically: the 48-element
model was inflated to 5 mm Hg, and regions of highest
strain energy were refined until the overall strain energy
of the deformed mesh changed by less than 0.5%. This
resulted in a 174-node modgld circumferentiaks
longitudinalx2 transmural elementswith 4176 degrees
of freedom (DOF;8 DOF per variable per node
variables<174 nodejp suitable for modeling the three-
dimensional deformation of rabbit ventricular myocar-
dium. The LV of the 90-element model was inflated
from 0 to 25 mm Hg in 5 mm Hg increments, with 5
load steps per increme® load steps for the 5-10 mm  whereE;; were the model strains arf; are the epicar-
Hg increment The RV was unloaded throughout the dial strains measured by Gallagheral'® at LV pres-
simulation to approximate the experimental protocol fol- sures of 5, 10, 15, 20, and 25 mm Hg. The parameters
lowed by Gallagheet al.* that minimized the RMSE were accepted as the best

estimates of myocardial material parameters.

where defC] is the determinant of the right Cauchy—
Green deformation tensor. As described previo@shpis
approach is equivalent to a penalty formulation for in-
compressibility since experimental estimates of the bulk
modulus parametds, are large compared with the other
coefficients(200 kPa.®® The material parametef3, b, ,

b,, and b; in Eg. (2) were estimated so that the
Lagrangian Green’s strain componeris;, E.., and
E:. agreed with epicardial strain measurements from the
isolagtgd, arrested rabbit heart as reported by Gallagher
et al.

LV passive inflation was simulated, strains were com-
pared with experimental measurements, and material pa-
rameters were adjusted to improve the agreentgnand
b, were modified to minimize discrepancies in fiber and
cross fiber strains anth; was modified according to
differences in shear strain. We computed the root mean
squared errofRMSE) of the objective function

m»

ij — Eij

Constitutive Law

The myocardium was modeled as a transversely iso- Boundary Conditions

tropic, hyperelastic material with an exponential strain  Boundary conditions were specified by constraining
energy functiof?’ the nodal displacement degrees of freedom. Nodal de-
rivatives are with respect to the arc leng® in the
W= 1C(eR-1), physical coordinate directiox; .%* Nodal coordinates and
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FIGURE 1. Schematic diagram of the rectangular Cartesian
model coordinate system  (x;,X,,X3) is collinear with the
long axis of the LV cavity. The prolate spheroidal coordinate
system (A, p, ) is convenient for modeling cardiac geom-
etry. The curvilinear parametric coordinates (£,,¢,,&;) are
the local finite element coordinates.

their circumferential and transmural derivatives were

constrained at the base on the epicardium and right ven-

tricular endocardium to approximate the effects of the
relatively stiff annuli of the valves. The LV endocardium

at the base was constrained to move only in the basal

plane, allowing cavity expansion but not longitudinal dis-

placement in the; direction. At the apex all derivatives

in the posterior direction and nodal coordinates were
unconstrained. Constraints to the longitudinal and trans-
mural derivatives at the apex prevented spurious solu-
tions with unrealistically large deformations along the

boundary of the small apical hole, and were imposed
only to improve the behavior of the model and not as an
attempt to achieve any type of symmetry or regionally

uniform response. Referring to the coordinate systems in

Fig. 1, the nodal displacement constraints used here are

expressed mathematically as

6v=0 at the epicardial base and RV endocardial
base(physical units of mny

s ov _s ov B
S, " 9S,
at the epicardial base, RV endocardial
base, and LV endocardial apex
(dimensionless
Jv .
6320 at the LV endocardial apex

(dimensionless

v

035,35,

=0 at the epicardial base, RV endocardial
base, and LV endocardial aperm 1),

783

v
5[?52(? 0 at the LV endocardial apgrmm™-),
5—531} 0 atth icardial b

= at the epicardial base
9510505, and LV endocardial apexmm ?),

where v is one of the three spatial coordinates:
v e{X1,X2,X3}. At the LV endocardial base the follow-
ing constraints allowed cavity expansion but prevented
longitudinal displacement:

6)(12 0,

X,
5_
S,

Xy,

S,

0,

97Xy
95,0S;

o 0.

These boundary conditions removed 393 DOFs from the
90 element model, leaving 3783 DOFs to be determined
via the FE method.

Computational Approach

To implement the FE method on a scalable parallel
processing(SPP computer, an ‘“element-by-element”
formulation was used in which the global stiffness matrix
K is not explicitly assembletf. Instead, each processor
maintained its assigned element stiffness matrices and
was responsible for providing any information in the
global stiffness derived from these element stiffness ma-
trices.

An iterative method was used to solve the linear sys-
tems of equations. It is important at this point to distin-
guish between the two iterative approaches that were
utilized: the iterations of the Newton—Raphson method
were part of the process to determine the solution for the
nonlinear system. The iterative methods described here
solve the linear systems that arise as approximations
within each Newton—Raphson iteration. Such a method
will perturb an initial guess of the global solutich
based on a search criteria specific to a particular iterative
method. We chose the restarted Generalized Minimal
Residual(GMRES method as implemented in the Par-
allel lterative Methods(PIM) packagé. Unlike other
implementations of iterative method$?!?8 the PIM
package places no restrictions on the underlying data
structure of the system matrix, requiring instead that the
user develop additional support routines for the parallel
computation of a matrix—vector product, vector inner
product, norm, and global accumulation. For the simula-
tions conducted here, the restarted GMRES method used
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100 subspace basis vectdes described belowa solu- tion vector{ to the appropriate columns in the element
tion tolerance of 10°, and a maximum of ten restarts. stiffness matrix and executed the multiplication. The re-
Yeckel and Derb3* have shown it is not always advan- sulting 45 vectors of partial products were summed
tageous to solve the linear system to a high degree ofacross the processors to form the full matrix—vector
precision as long as the nonlinear Newton iteration con- productKd. The current approximatiofi was then up-

verges to an acceptable tolerance. We adopted their stratdated by the restarted GMRES algorithm to form the
egy and allowed the Newton iteration to advance even subsequent approximation to the global solutionAfter

when the restarted GMRES method had executed thethe global solution was obtained, the root processor
maximum number of restarts. All components (of the wrote the nodal parameters of the deformed configura-

approximation of the global solution vect@r were ini- tion, cavity pressure, and global residual vector to output
tially set to unity. The solution was accepted when the files (approximately 860 kbyte per load sjepf the
change in strain energy was less than 4kPa. simulation was to continue to higher LV pressures the

Material parameters of the passively inflated rabbit solution procedure was repeated, otherwise the program
LV were estimated using the recently proposed form of was terminated normally on all processors. When the
the constitutive law[Eq. (1)]. The element-by-element simulation was completed the output files were trans-
approach was implemented on a SPP computer to reducderred to a laboratory work station for analysis and vi-
run time, and a modified Newton—Raphson method was sualization.
used to solve the nonlinear system of equations, utilizing
the restarted GMRES method to solve the linear systems RESULTS
of equations during each modified Newton—Raphson it-
eration. The strategy implemented here requires only that
the diagonal preconditioner, the solver residual vector, A high-order FE model of the canine L\escribed
and partial products of the element stiffness matrices elsewher® with 960 DOFs served to validate the paral-
with either the diagonal preconditioner or intermediate lel implementation of the finite element procedures. Us-
solver vectors be globally reduced and broadcast to alling the constitutive law in Eq.(2) with material
processors. We balanced the computational load by as-parametes C=1.76kPa, b;=18.5, b,=3.58, bs
signing an equal number of FEs to each available pro- =1.63, andb,=30, the LV was inflated to 7.5 mm Hg
cessor. We expected this approach to be highly scalablein four successive load steps, using either a full Newton
(i.e., speedup would increase in proportion to the number method or a modified Newton—Raphson method. Left
of processorns We computed speedup as the run time on diagonal preconditioning reduced the condition number
a single processor divided by the run time Brproces- (i.e., the ratio of the magnitudes of the largest and small-
sors. Our implementation used the Message Passing In-est eigenvalugsof the global tangent stiffness matrix
terface library on the Cray T3E272 processors running from 550x 10° to 3,570; without preconditioning the re-
at 300 MHz, each with 128 Mbyte of main memorgt started GMRES method never reduced the residuals and
the San Diego Supercomputer Center. always failed to converge. The restarted GMRES sub-

The computational problem and solution parameters space had 100 basis vectors, approximately the number
were defined on a laboratory work statit®Gl Indigd). resulting in the minimum run time. The solution was
The contents of the global data structures were thenidentical to that reported previouslyThe resulting run
written to a binary file(approximately 8.7 Mbyte which times and speedup are shown in Fig. 2. On 16 processors
was then transferred to the Cray T3E via the UNIX file run time was reduced to 8.7 min using the full Newton
transfer protocolftp). On the T3E, the parallel version method, or to 5.2 min using a modified Newton—
of the program was launched on 45 processors, each ofRaphson method. With the full Newton method speedup
which read the binary file and loaded the global data into was 13.9, but only 10.6 with the modified Newton—
memory. Assigning static global data in this manner ob- Raphson method. The full Newton method required 23
viated several one-to-all broadcasts, greatly simplifying evaluations of the global tangent stiffness matixand
the problem definition on the SPP computer. At the start 116 restarted GMRES iterations, whereas the modified
of the first solution procedure, each processor determinedNewton—Raphson method required six evaluation of
which of the element stiffness matrices it was to com- and 383 restarted GMRES iterations.
pute and store—with 45 processors and a mesh with 90
finite elements, each processor computed and stored two Rabbit LV Passive Inflation
of the 90 element stiffness matrices and carried a copy of
the current approximate solution vectér When the ComputationTwelve simulations (3783 DOF$ were
restarted GMRES algorithm required an evaluation of the conducted to determine the best estimates of the material
matrix—vector producK{, each processor mapped the parameters; the results presented here are from the simu-
subset of relevant components in the approximate solu-lation using the best estimates. The number of iterations

Validation: Canine LV Passive Inflation
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TABLE 1. Number of Newton—Raphson iterations and run

120
time required to simulate the passive inflation of the rabbit LV
=100+ from 0 to 25 mm Hg. Preliminary simulations showed the
‘2 80 F nonlinear solver diverged using five load steps for the 5-10
;E. mm Hg range. Six load steps were used to provide a smaller
CLE; 60 load increment for each step over this range.
Z 407 LV pressure (mm Hg): 0-5 5-10 10-15 15-20 20-25
=
201 Load step 1 11 17 13 15 13
2 10 11 11 10 7
0 2 4 6 8 10 12 14 16 3: 11 11 11 9 9
Processors, P 4: 13 13 10 10 9
16 ¢ 5: 1 10 8 10 7
14+ 6 o
2121 Total Newton—
b_ 10k Raphson iterations: 56 71 53 54 45
:: g L Run time (s): 4155 5484 3771 3830 2990
=
g 6
s o4r
ok that of experiment by an average of 12%, suggesting the
. elastic stiffness of the model in the tangent pldpe-
0 2 4 6 8 10 12 14 16 rameterbs; in Eq. (2)] may be lower than that in the
Processors, P actual rabbit LV myocardium. This is further highlighted
FIGURE 2. Run time and speed up for the 16 element canine in the principal strain profiles and direction of the first
LV simulation (see Ref. 6) using either a full Newton (dia- principal strain(Fig. 5, top, where the first principal
monds) or modificd Newton—Raphson (boxes) method. strain is consistently larger than experiment, the maxi-
Dashed line is ideal speedup. Using 16 processors resulted ) )
in 87% efficiency for the full Newton method, and 66% effi- mum difference occurring at 25 mm Hg pressure where
ciency for the modified Newton—Raphson method. the strain computed from the experimental data is 0.075

but the model predicted 0.088. Similarly, the second
principal strain is consistently lower than experiment
and execution times for each LV pressure range are with the largest discrepancy at 10 mm Hg pressuonea-
shown in Table 1. On 45 processors this simulation re- sured: 0.014; model: 0.0088The direction of the first
quired 237.5 CPU hours and ran for approximately 5.3 h. principal strain in the model closely followed that com-
On each processor data storage required 14.4 Mbyte ofputed from the experimental measureme(ftg. 5, bot-
main memory and the program required 9.84 Mbyte of tom), and in both cases the direction was more negative
main memory. than the local epicardial fiber angia the experimental
hearts the mean local epicardial fiber angle-i60°, in
Global Deformation of the Ventricleé cross section of  the model the angle was52°). The largest error is at 5
the unloaded and deformed ventricles at 25 mm Hg LV mm Hg pressure where the angle computed from the
pressure(Fig. 3, lefy shows the LV cavity volume in-  experimental data is-68°, but the model yielded-78°.
creased substantially and the apex displaced 2.18 mm inIn addition, variations of the first principal strain direc-
the longitudinal direction, flattening the septal wall. At 5 tion with increasing LV pressure differ slightly: the ex-
and 25 mm Hg pressure the septum was displaced 2.0perimental data show the direction becoming monotoni-
and 3.7 mm toward the RV at the equator. The RV cally more longitudinal with increasing LV pressure; in
cavity maintained a volume of at least 1 ml throughout the model the change in direction shifted from negative
the pressure range and the LV cavity volume was was to positive at pressures above 15 mm Hg.
within 10% of the experimentally measured volumes at At 25 mm Hg LV pressure, fiber strain varied from
nonzero pressured-ig. 3, righ. 0.012 to 0.093 at the subepicardium and from 0.04 to
0.14 at the subendocardiutkig. 6). Conversely, cross-
Epicardial and Transmural Straind/hen parameters of  fiber strain shows a much larger transmural variation:

the strain energy function had the the valu@és 1.76, —0.002 to 0.22 strain at the subepicardium an@.016
b;=50.0, b,=5.0, b3=1.63, b,=200, the model to 0.43 at the subendocardium. The compressive strains
showed good agreement (RMSB.007332) with epi- were isolated to a single region near the LV posterior
cardial strains measured on the anterolateral y¥ad. 4, papillary insertion(the lighter regions in the lower right

top).1° The fiber and cross fiber strains were well within portion of the cross fiber strain maps in Fig. 6
the error of the experimental measurements, but the mag- The transmural variation in strain at 10 mm Hg from
nitude of the fiber-cross fiber shear strain is larger than the same anterolateral regidrig. 7) showed that both
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FIGURE 3. (Left) Anterior view of the unloaded

5 10 15 20 25
Pressure (mm Hg)

(dashed line ) and deformed (solid line ) ventricular cross-sections at 25 mm Hg.

(Right) Measured LV cavity volume [symbols *standard error of the mean (SEM) (Ref. 10)] and LV and RV volumes from the

model.

circumferential and radial strains increase in magnitude pressure loading with the greatest amount occurring at
toward the endocardium, similar to strains measured in the subendocardium. The longitudinal strain, however,

the passively inflated (84 mmHg) canine L\?® The

remained relatively uniform through the wall (0.045

radial strain was negative because the wall thinned under=0.012). Overall, the circumferential—longitudinal shear

0.10 -
0.08 -
Eg
|
0.06 -
= 0041 Egc
g r_¢ccJ
7002
0.00 5 } %
-0.02 +
T
-0.04 - | J 1 1 1
0 5 10 15 20 25
Pressure (mm Hg)
0.10
E
0.08 - 22
*
*
0.06 - .
0.04 | *
3
ooz} * . . . En
L]
0.00 \r\-\.
L] ]
002} Epp
.004 L | t ] t ]
0 5 10 15 20 25

Pressure (mm Hg)

FIGURE 4. Epicardial strain profiles from the anterolateral
wall (top). Simulations (lines) show good agreement with
experimental fiber (diamonds ), cross fiber (circles), and
shear (boxes) strains (Ref. 10). Error bars are = SEM. Epi-
cardial strains from the same region in cardiac coordinates
(bottom ). Simulations (lines) show good agreement with ex-
perimental circumferential  (circles ), longitudinal (diamonds ),
and shear (boxes) strains.

strain was small and negative through the wall
(—0.018+-0.011) but became positive at 95% wall
depth, with a value of 0.011 at the endocardium. The
circumferential-radial shear was negative throughout the
the wall (—0.086-0.031) and the longitudinal—radial
shear rapidly became most negati¢e0.08]) at 66%
wall depth, then sharply increased to a maximum
(+0.218 at the endocardial surface.

Regional LV Wall Stres©ver the lateral wall and apex,

Cauchy stress resolved in the fiber direction was on av-
erage higher than that in the cross-fiber direction; for the
region shown in Fig. 8 the mean fiber stress was 2.91
+3.93kPa and the mean cross fiber stress was 1.47
+3.51kPa. At the midventricle fiber stress tended to be

0.10
E,
0.08
L]
g .
£ 006 .
Z3
e .
g 0.04
£ .
E
0.02 [ . - .« 22 ...
.
0.00 ¥== S L I ! ]
0 5 10 15 20 25
Pressure (mm Hg)
pressure: 5 10 15 20 25 mm Hg
experiment: —68.4 -71.2 —74.1 =759 —76.9 degrees
model: —78.6 —80.0 —80.0 -79.8 —794 degrees

FIGURE 5. Principal strain profiles (top) and angle (bottom )
from the epicardial surface on the anterolateral wall. Simula-
tion (line) shows good agreement with experimental strains
(symbols ) (see Ref. 10).
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Ankerior Posterior

Apex

subendo

FIGURE 6. Hammer projection maps of fiber strain (left) and cross fiber strain  (right ) in the LV free wall at 25 mm Hg pressure.
Contours are drawn at 0.05, 0.10, 0.15, 0.20, and 0.25 strain levels.

larger than cross fiber stress transmurally. At the epicar- High-order FE models have been used previously to
dium and midwall, cross-fiber stress was more uniform investigate ventricular mechanics. Some assume an axi-
than the fiber stress, although fiber stress tended to besymmetric geometry that cannot model regional varia-
larger. The apex and papillary insertions at the suben- tions in stress due to local variations in wall thickness or
docardium show the greatest magnitude and regional curvature'®?° Others have assumed constant transmural
variability in both directions, where negative stresses oc- variation in fiber orientation or lack the right ventricté.
curred predominately at the regions of negative curva- A high-order FE model of the canine left and right ven-
ture. tricles has been developédut its use in modeling ven-
tricular mechanics has been limitédThe model used
DISCUSSION here features an anatomically accurate left and right ven-
tricular geometry and a realistic nonuniform transmural
Simulations of passive LV inflation were conducted variation in fiber orientation. The element-by-element ap-
using a realistic model of the rabbit ventricles. Material proach to solving the nonlinear system of governing
parameters of a transversely isotropic, hyperelastic con-equations was shown to be highly scalable on a parallel
stitutive law were found that predicted epicardial strains processing computer, achieving near-linear speedups for
in the anterolateral wall which were consistent with ex- a similar passive inflation problem in the canine LV.
periment. These results further the understanding of the Previous simulations requiring 60 min to complete on a
passive mechanics of the intact rabbit ventricular myo- laboratory work station were completed here in just over
cardium, and may be important when interpreting the 5 min, a 90% reduction in run tirfeMore importantly,
results of experimental investigations in mechanfcs, larger and more detailed models can be utilized to obtain
mechanoenergetics,or electrical propagatioht new insights regarding myocardial processes and interac-
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FIGURE 7. Transmural normal and shear strains with respect

to cardiac coordinates in the anterolateral region at 10 mm

Hg LV pressure. (Top) Circumferential (E..), longitudinal
(E;), and radial (E,) strains. (Bottom ) Circumferential—
longitudinal fiber  (E.), circumferential-radial (E.), and
longitudinal-radial (E,,) shear strains.

subepi

tions that are not possible to measure with current ex-
perimental techniques.

CompUtatlonal Approach FIGURE 8. Cauchy stress (kPa) resolved in fiber (left) and

In validation runs involving the canine LV simula- cross-fiber (right) directions in the LV free wall and apex at
. . . 10 mm Hg pressure. Contours are drawn at —2, 0, 2, 4, 6, and
tions, the full Newton method required nearly four times g kpa stress levels.
as many evaluations of the global tangent stiffness ma-
trix than did the modified Newton—Raphson method.
Evaluation of the global tangent stiffness matrix was an ness matrix was more computationally expensive than
efficient data parallel operation since it required only the interprocessor communication overhead. For a prob-
local data(i.e., information available on the individual lem where the reverse situation exists using the full
processorto evaluate the element stiffness matrices and Newton method would likely provide shorter run times.
no interprocessor communication. The restarted GMRES  The left diagonal preconditioner we utilized was rela-
method, on the other hand, relied heavily on interproces- tively simple to implement and effective for our prob-
sor communication since partial matrix—vector products lem. Without preconditioning the restarted GMRES
must be globally reduced at each iteration. For this phasemethod never reduced the residuals and always failed to
of the solution procedure the full Newton method re- converge. More elaborate parallel preconditioners exist,
quired only 116 restarted GMRES iterations, less than however, and would likely accelerate convergence of the
one-third of 363 iterations required by the modified restarted GMRES method at the cost of a more compli-
Newton—Raphson method. Hence the full Newton cated implementation. Yeckel and Detbyhave shown
method spent proportionally more time executing fully that symmetric left and right diagonal preconditioning is
data parallel operations, whereas the modified Newton— sometimes more effective for accelerating restarted
Raphson method had a much larger number of synchro-GMRES convergence in computational fluid dynamics
nization points. Even so, the modified Newton—Raphson problems. Preconditioners based on the individual ele-
method had a shorter run time suggesting that, for this ment stiffness matrices of trilinear brick elements have
particular problem, evaluation of the global tangent stiff- been shown to be more effective than diagonal scaling,
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producing preconditioned systems with substantially
lower condition number&

Global Deformation of the Ventricles

The global deformation of the model LV reproduces
the experimentally measured volumes within 18%x-
cept at the unloaded statEig. 3). The initial volume of
the model was 1.71 ml, whereas the experimental vol-
ume was 1.170.39ml. The disagreement may be due
to two factors: one related to the model and the other to
the experimental technique. The model omits the LV
papillary muscles, and surfaces representing the LV en-
docardium do not have sufficient spatial resolution to
capture the detailed variations on the endocardifim;
thus it is likely that the model has a higher LV volume
than an actual heart. The balloons used to experimentally
measure the LV cavity volumes may not completely fill
the narrow spaces around the endocardial trabeculae an
papillary muscles, resulting in a lower LV volume. These
two factors combined may be the cause of the large
discrepancy in the unloaded LV volume.

Epicardial and Transmural Strains

During diastole, passive filling of the LV increases
cavity volume and distends the ventricular wall. The
deformation of the myocardium during filling is highly
dependent upon the passive material properties of the
myocardium, which are known to vary across speties.
Characterizing the passive material properties of myocar-
dium is complicated by the complex myofiber arrange-
ment, anisotropy, and nonlinear constitutive relations of
the myocardium. Attempts to estimate passive myocar-
dial material properties, however, have been successful
in a few cases. Using an exponential form of the consti-
tutive law, Guccioneet al!* have estimated the material
properties of passive myocardium in the canine using a
cylindrical model of the LV. These material parameters
have proven to be effective in reproducing left ventricu-
lar strains in the fiber, eross fiber, and radishnsmural
directions in a more realistic prolate spheroidal, high-
order FE description of the canine L%.The
circumferential-radial and longitudinal-radial compo-
nents of shear strain, however, did not agree with experi-

mental measurements, suggesting the myocardium may

be orthotropic, thus requiring a more detailed mathemati-
cal descriptior?. Validated orthotropic constitutive laws

have not yet been developed, and the transversely isotro-

pic description of three-dimensional passive myocardium
has performed sufficiently well in the pdst.

The longitudinal strain measured in canine LV in-
creased from approximately 0.04 at the epicardium to
0.12 and the subendocarditfthin our model, however,
longitudinal strain was relatively uniform through the
wall. The small positive circumferential—longitudinal

4

789

shear strain at 95% wall depth indicated the ventricular
torsion changed directiorifrom left-handed to right-
handed at the subendocardium, also at odds with experi-
mental findings. The nonlinear form of the strain-energy
function makes it difficult to specify precisely the param-
etels) responsible for this behavior; analyses conducted
on similar models with the same strain-energy function
suggest the ratio of the fiber stiffness to cross-fiber stiff-
ness parametets; /b, may influence this resutf. Simi-
larly, the circumferential-radial shear was negative
throughout the wall and the longitudinal-radial shear
showed a sudden change in magnitude at the inner third
of the wall, neither of which has been observed in the
canine or porcine heal?:?® These responses of the
model could possibly be improved by incorporating ma-
terial parameters that vary through the wWallThe error

in the strain components suggests the computed stresses
re also in error, although the inaccuracy is difficult to
uantify since each component of the three-dimensional
stress tensor will depend on all the components of the
strain tensor.

Despite these shortcomings, the model accurately pre-
dicts epicardial deformation on the anterolateral wall un-
der passive loading. The stiffness in the fiber direction is
much greater than in the cross-fiber direction, character-
istics similar to those in the canine and rat B{2°
Transmurally, cross-fiber strain showed much greater
variation than fiber strain, similar to characteristics found
in the canine, but transmural three-dimensional strains
have yet to be measured in the intact rabbit ventricle so
implications of this result must be derived cautiously.

Regional LV Wall Stress

Lin and Yir?® recently proposed a constitutive law
that is a function of the principal strain invariants for the
rabbit ventricular myocardium. Using thin slabs of rabbit
myocardium from LV midwall, they measured material
deformation in response to a range of applied loads and
determined representative material parameters by fitting
an exponential form of the strain energy function to data
obtained from uniaxial and biaxial tests. Their strain en-
ergy function has the form:

W= 1C(e®—1)
3
Q=b;(1;—-3)2+by(1;—-3)(I,— 1) +bs(1,— 1),
wherel; is the first strain invariant ant, they define as

|4:ﬁ'C'n,

where C is the right Cauchy—Green deformation tensor
and f is a unit vector along the muscle fibers in the
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TABLE 2. Material parameters used in Eq. (1), (2), or (3) to 250 T T T T
model the stress—strain relation in the rat (Ref. 27), dog (Ref. model "..'
6), or rabbit (Ref. 23) myocardium, and the parameters 200 N B
estimated using the model. § I
= J 4
c b, W E 150 N
(kPa) b, b, by (kPa) form 2 ;
£ 100 K 7
Rat 2.2 9.2 2.0 3.7 Eq. (1) 5 ;
Dog 1.76 18.5 358 1.63 Eq. (1) £ 50 K e
Rabbit 0.206 9.13 232 0.08 Eq. (3) T e
Model 1.76 50.0 5.0 163 200 Eq. (2 0 SRS SRR L .
0.00 . 0.20 0.30 0.40
Fiber strain Eff
. 250 T T ] T
undeformed state. Note that the material paramdigrs _ model ; :
b,, and b are unrelated to those in E¢l), and typi- £ 200 [ ’3322.'.'.'.' i 8
cally do not have the same values as in EL. 3 raf =r-emee !
The material parameters for the ¥aand dog* are e 1907 !
listed in Table 2, along with the parameters reported by £ 100
Lin and Yir?® using the strain energy function above §
[Eqg. (3)] and the parameters we propose here. Figure 9 2 50
shows the equibiaxial fiber and cross-fiber stress—strain &
relations. 0 ' ’
It has been previously shown that the rat myocardium : 010 Cross ﬁotﬁ?stmin Eec 030 040

is significantly less stiff than that of the canine, and that
both materials are stiffer in the fiber direction than in the F/GURE 9. Equibiaxial fiber (top) and cross fiber (bottom )
. . . 26 . stress-strain relations from models of the dog (Ref. 6), rat

cross-fiber directio”® The material parameters proposed (Rref. 27), rabbit (Ref. 23) myocardium, and the model de-
here also suggest that rabbit myocardium is stiffer in the scribed here.
fiber direction than in the cross-fiber direction. In addi-
tion, our results suggest rabbit myocardium may be
stiffer than canine myocardiurtnote the solid lines are
steeper than the dotted lines in Fig. 9

Gallagher et all° noted that strains they measured

the LV and apex. Negative stresses tended to be located
in the highly curved regions near the papillary insertions
at the subendocardium, although cross fiber stress was

. . also negative at the midwall near the posterior papillary.
were Ipwer than those obse'r ved in other SPecies, and th he largest variations in both fiber and cross-fiber stress
matgrlal parameters.determlned.here suggest !ntact MYOhccurred at the subendocardium, where the largest
cardium .Of the rabbit may be stiffer than that in the rat stresses were at the apex, although it is unknown if this
and canine. These results, however, are not Completelyactually occurs in the heart. The apex is the thinnest
consistent with the material description of the rabbit region in the L\ and may bé a site of high stress, but
myocardium pr.oposed. by L|n. and Yfﬁ’Wh'Ch. ShOVY this has not been experimentally measured. Throughout
nearly equal stiffness in the fiber and cross-fiber direc-

) . . .~ _the entire LV wall and apex the mean fiber stress was
tions, and a generally more compliant material at strains | . ) :
o . higher than the mean cross-fiber stress, suggesting that
below 20%. This discrepancy may be due in part to . . L X
. . ; T . fiber orientation may play a significant role in the stress
differences in the experimental preparations: strains ob- .~ .~ =~ . " . . .
. N : distribution in intact myocardium. Aside from this, how-
tained from LV passive inflation may be affected by the .
: . . . . . ever, there were no other apparent correlations between
myocardial laminae, but in thin slabs of tissue this effect X . )
N ; stress and fiber orientation.
would be minimized because the sheets lie transmurally
in the ventricle. The specimens used in Lin and ¥in

were excised at the midwall where the sheets run ap- Limitations
proximately normal to the epicardial plaffeln addition, Though this model was anatomically detailed in terms
the passive inflation protocol used by Gallaglketral° of the geometry and fiber orientations, many features of

produced maximal fiber strain on the order of 10%. The the heart are still lacking. The model does not include
thin slabs used in the equibiaxial tests conducted by Lin the imbrication angle of the myofibet3.By including
and Yin were subjected to 30% strain in the fiber or the imbrication angle in simulations of passive LV infla-
cross-fiber direction. This may have made the tissue tion, Bovendeerd and co-workérfound that shear de-
more compliant due to strain softenifg. formation was significantly reduced in the basal and api-
Similar to the strain, Cauchy stress resolved in fiber cal regions of the ventricle. The model lacks the
and cross-fiber directions varied regionally throughout myocardial laminar sheet structure which was first quan-
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tified by LeGrice et al?> and most recently by Costa
et al,” who showed that sliding and deformation of the
myocardial laminae may contribute significantly to sys-
tolic thickening of the LV wall and suggested an ortho-
tropic (rather than transversely isotropiconstitutive law
may better describe the material properties of LV myo-
cardium. The unloaded reference state for the model con-
tained no residual stress, though residual stress is known
to exist in the unloaded hearand reduces transmural
cross-fiber strain gradient$.Thus the cross-fiber strains
reported here may be overestimated.

Numerically optimized material parameters, obtained
by minimizing the sum of squared differences between
experimental and model-predicted variables, have beenk;
determined previously by Guccioret al!* using a cy- W
lindrical model of the LV. They verified that a global X;
minimum had been obtained by repeating their optimi- T
zation procedure from a wide range of initial parameter T
values and computing the variance of each parameter.l
Such an effort can potentially require a very large num- K
ber of simulations, and the resulting solution may not be i
unique? From a practical standpoint we chose not to Tjj
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NOMENCLATURE

Lagrangian Green’s strain tensor components
strain energy function

rectangular Cartesian coordinate

unit vector in the direction of cardiac myofibers
global solution vector

approximation ofti

global tangent stiffness matrix

Cauchy stress tensor components

second Piola—Kirchhoff stress tensor compo-

numerically optimize the material parameters given that
each simulation required approximately 5(&and over
230 CPU hours to complete. We would expect the

nents
finite element arc length

[ strain invariant

model to better reproduce the experimental strain mea-\+ 4 ¢ prolate spheroidal coordinates

surements had the material parameters been numericallyfi

optimized instead of heuristically estimated. Neverthe-
less, by using the estimated material parameters obtaine
after 12 simulations, the model reproduced the experi-
mentally measured fiber and cross-fiber strains well
within the experimental accuracy.

CONCLUSIONS

We have estimated the material properties of the in-
tact rabbit myocardium using a three-dimensional model
of the rabbit ventricles. The parallel computational ap-
proach was shown to be highly scalable, reducing the
time required to obtain a solution by 90%. Estimated

isoparametric finite element coordinate
i,C  passive material parameters

P displacement of variable

right Cauchy—Green deformation tensor
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