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Finite Element Analysis of Myocardial Diastolic
Function Using Three-Dimensional

Echocardiographic Reconstructions: Application
of a New Method for Study of Acute

Ischemia in Dogs

David D. McPherson, David J. Skorton, Srinivas Kodiyalam, Lawrence Petree,

Michael P. Noel, Robert Kieso, Richard E. Kerber, Steve M. Collins,

and Krishnan B. Chandran

The effect of acute myocardial ischemia on the myocardial elastic modulus has been a matter of
controversy. To evaluate this question, diastolic elastic modulus was assessed by finite element
analysis of left ventricular geometry using three-dimensional echocardiographic reconstructions and
right and left ventricular pressure recordings. Elastic properties were estimated before and after
coronary occlusion in 6 open-chest dogs. Elastic modulus values were derived by means of a computer
program that determined the global elastic modulus that best predicted the diastolic changes in left
ventricular geometry. In the finite element analysis after coronary occlusion, two analyses were
performed: one utilizing the control elastic modulus for all segments of the left ventricle and one in
which ischemic (dyskinetic) segments were assigned a higher elastic modulus. Results showed that the
control elastic modulus was a poor predictor of diastolic left ventricular expansion after coronary
occlusion. The finite element analysis in which the ischemic segments were assigned a higher elastic
modulus better predicted ischemic diastolic wall motion patterns. Error values (difference between
predicted and actual left ventricular segmental diastolic motion) were: control, 1.9 ± 0.3 mm (mean
± SD), ischemia, 2.9 ± 0.5 mm, and 2.2 ± 0.4 mm using the stiffer elastic modulus for ischemic
segments. Error values were significantly higher (p < 0.05) under ischemic conditions when the
control elastic modulus was uniformly applied compared with control and ischemia with dyskinetic
segments assigned a higher elastic modulus. From these data, it is concluded that the myocardial
diastolic elastic modulus is increased by ischemia and that this approach may allow clinical assessment
of intrinsic muscle stiffness. (Circulation Research 1987;60:674-*82)

The diastolic function of the left ventricle has
become a topic of increasing interest to inves-
tigators and clinicians because of the mount-

ing evidence of the importance of diastolic dysfunction
in a variety of cardiac disorders.12 There is new evi-
dence indicating that abnormalities of myocardial me-
chanical properties during diastole not only may be
independent of systolic mechanical abnormalities but
also may precede systolic abnormalities.3"5 Thus, a
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method that could demonstrate intrinsic myocardial
diastolic abnormalities would be desirable. All of the
models and methods developed to date6"10 have short-
comings: some evaluated isolated muscle prepara-
tions,6 some primarily evaluated pressure relations,7

and others determined pressure-volume relations. Al-
though pressure-volume relations are useful, they give
an estimate of total chamber mechanical forces and do
not allow evaluation of regional mechanical forces.
Other shortcomings in studies to date include the as-
sumption of spherical ventricular geometry,68 the use
of cast models to define ventricular geometry,9 the use
of two-dimensional (2D) cardiac imaging to determine
complete three-dimensional (3D) ventricular geome-
try," or the extrapolation of limited 2D cardiac images
into a 3D network to define ventricular geometry.10

Therefore, it is not surprising that in a recent review
article, Glantz12 stated that "no consensus has devel-
oped concerning how best to describe the diastolic left
ventricle" and that "computing indices of diastolic
stiffness has been counterproductive."

Two preliminary studies using finite element analy-
sis1314 evaluated the properties of the elastic structure
or modulus of the myocardium during normal and dis-
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eased states. This technique described the regional
properties of recovery of the myocardium from its end-
systolic configuration to its end-diastolic configura-
tion. However, it suffered primarily one major draw-
back: myocardial geometry was defined with multiple
cineangiographic projections, a method that gives in-
sufficient information on wall thickness. With the ad-
vent of 2D echocardiography, precise ventricular en-
docardial and epicardial border definitions could be
obtained in many different planes. Our group13 has
recently shown in an animal model that 3D finite ele-
ment reconstruction of the left ventricle can be ob-
tained from cross-sectional echocardiographic images.
This method takes multiple 2D images and, given the
spatial coordinates of each image, then reconstructs
the 3D shape. It does not require initial assumptions
about ventricular geometry and should be useful in
evaluation of regional mechanical changes.

An important clinical and physiologic question that
remains in dispute is the effect of ischemia on myocar-
dial elastic properties. Glantz and Parmley,16 in a re-
view of factors affecting the diastolic pressure-volume
curve, cast doubt on the assertion that acute ischemia
affects the ventricle's passive elasticity. However,
more recent evidence1718 indicates that ischemia does
indeed increase myocardial stiffness in a model of glo-
bal ischemia. Therefore, finite element analysis and
three-dimensional echocardiographic reconstructions
were used to answer the following questions: Does
acute ischemia alter the diastolic myocardial elastic
modulus, and does the method of 3D reconstruction
with finite element analysis accurately predict alter-
ations in diastolic regional wall motion caused by isch-
emia? To study these questions, diastasis (that part of
diastole after rapid filling and relaxation and before
atrial systole) was evaluated. In diastasis, viscous and
inertial effects are minimal, and passive elastic proper-
ties predominate.3 The goal of this investigation was to
combine previous advances in ultrasonic cardiac imag-
ing with finite element analysis to form a new method
that could evaluate ventricular diastasis.

Materials and Methods
Animal Preparations

Six mongrel dogs (weight, 18-25 kg) were anesthe-
tized with intravenous sodium pentobarbital (30
mg/kg) and Innovar Vet (3 cc), incubated, and me-
chanically ventilated with room air. Femoral arterial
and venous catheters were inserted for hemodynamic
monitoring and vascular access. The ECG was con-
tinuously monitored. Calibrated transducer-tipped
catheters (Mikrotip #MT-10, Millar Instruments Inc.,
Houston, Tex.) were inserted via the femoral artery
and vein into the left and right ventricles for instanta-
neous high fidelity left and right ventricular pressure
measurements. The thorax and pericardium were
opened, and a pericardial cradle was constructed, sta-
bilizing the heart within the thorax without altering
ventricular hemodynamics. A snare was placed around
the proximal circumflex coronary artery for later use in
coronary occlusion.

Echocardiographic Recordings
The method of 3D echocardiographic recording has

been previously reported.15 Briefly, the 2.4 MHz
phased-array transducer (Toshiba SSH-10A, Toshiba
Inc., Japan) was attached to a mechanical position
registration arm with 6 degrees of freedom that al-
lowed determination of the relative positions and ori-
entations of a set of 2D echocardiographic images with
respect to a fixed external reference. An LSI 11/23
microcomputer (Digital Equipment Corporation, May-
nard, Mass.) allowed the arm potentiometer readings
to be digitized and stored in synchrony with echocar-
diographic recordings. The transducer was positioned
over the right ventricle and was in light contact with
the right ventricular epicardium. Thus, the right ventri-
cle was used as a "standoff" so that left ventricular
images could be obtained. Ten to twenty short-axis
image recordings were obtained at mitral valve, chord-
al, papillary muscle, and apical levels for each experi-
mental condition. The real-time images and the ECG
were recorded onto 3/4-inch videotape for subsequent
playback and analysis of left ventricular geometry and
wall motion. For each image orientation, simultaneous
pressure measurements from the right and left ventri-
cles were recorded on a strip chart recorder along with
the ECG. The ECG was used as a time reference to
correlate image (videotape) and pressure (strip chart)
data. Also, the simultaneous potentiometer (orienta-
tion) data for each image were stored for later use in
reconstruction. Variations in heart position due to res-
piration were minimized by acquiring data only at sus-
pended end-expiration.

Experimental Protocol
Control 2D echocardiographic images were ob-

tained as described above with simultaneous right and
left ventricular pressure measurements and simulta-
neous transducer position information from the me-
chanical arm. Each animal was subsequently given 50
mg lidocaine i.v. and 5 mg/kg bretylium i.v. to prevent
ventricular arrhythmias after coronary occlusion. After
heart rate and blood pressure had returned to baseline
levels (10-15 minutes), the circumflex coronary artery
snare was tightened and the artery occluded. The ani-
mal was allowed to stabilize (5-10 minutes), and the
ultrasound image collection protocol was repeated
with simultaneous left and right ventricular pressure
recordings and transducer position recordings from the
mechanical registration arm.

After the postocclusion images were obtained, the
animal was killed with intravenous KC1, and the heart
was removed. In 4 dogs, a polyethylene cannula was
inserted into the proximal left circumflex coronary ar-
tery just distal to the circumflex snare. Approximately
10 cc of carbon black particles and India ink were
injected through the circumflex cannula to outline the
circumflex perfusion field to the left ventricle. The
heart was subsequently fixed in a 2.5% formalin-dis-
tilled water solution for a minimum of 72 hours. After
fixation, the heart was sectioned into slices 1-cm thick,
and the perfusion field areas outlined by the India ink
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technique were marked and compared with the wall
motion abnormalities (dyskinetic segments) identified
on the real-time, 2D echocardiographic images. Light
microscopy was then performed on hematoxylin and
eosin stained segments from the ischemic and non-
ischemic regions.

Three-Dimensional Echocardiographic
Reconstructions

Three-dimensional reconstructions of left ventricu-
lar geometry from the 2D echocardiogrpahic images
were obtained using an interactive computer program
previously reported in detail.131920 A brief description
of the procedure follows.

Before and after coronary occlusion, 3D reconstruc-
tions were performed at two points in the heart cycle: at
early diastole (the nadir of left ventricular pressure)
and at late diastole (just prior to the left ventricular
pressure A wave). The ECG, which was recorded on
both the strip chart (together with the right and left
ventricular pressures) and on the echocardiographic
videotape, was used as a time reference to correlate
pressure and echo data and thus allow identification of
the echo images corresponding to early and late diasto-
le. From stop-frame images, the early and late diastolic
endocardial and epicardial borders were traced from
the video monitor onto transparent plastic sheets.
Alignment marks on the border of the echocardio-
graphic sector were also traced onto the plastic sheets.
The traced borders were subsequently entered into a
computer using a digitizing tablet. This method of
echo image analysis has been used in previous stud-
ies,21 and it has been found to be an accurate method of
defining regional left ventricular wall motion.

The digitized epicardial and endocardial borders,
together with the orientation data from the position
registration arm, were used as input into an interactive
reconstruction program. A standard coordinate sys-
tem, fixed on the left ventricle, was defined with the
origin located at the endocardial apex which was iden-
tified as described below (Figure 1). The z axis was
defined as the line connecting the origin (endocardial
apex) to the center of mass of the most basal (mitral
valve) endocardial contour. The posterior junction of
the right ventricular free wall and the ventricular sep-
tum (usually identified from a basal level image) was

used as an anatomic landmark, and the direction of the
line perpendicular to the z axis and passing through this
landmark was determined. The x axis was defined as
parallel to this line and passing through the origin. The
y axis was defined as mutually perpendicular to the x
and z axes. The digitized data for the endocardial and
epicardial left ventricular borders were transformed to
the standard coordinate system using Euler and Bryant
angle transformations.22

The endocardial and epicardial apical points, which
were not directly imaged, were "located" in the follow-
ing manner. The endocardial apex was fixed on the z
axis inferior to the most apical image at a distance that
was the average endocardial radius (from the z axis) in
the most apical image. The epicardial apex was fixed
on the z axis inferior to the endocardial apex at a
distance equal to the average wall thickness in the most
apical image. With the use of the traced borders and
the calculated apex points, a finite element mesh was
formed. To generate finite elements of nearly equal
volumes and to avoid skewed shapes, nodes (i.e.,
corners of the finite elements) were located on each of
7 parallel levels spaced at equal intervals between the
apex and base of the reconstructed geometry. Eight
nodes, spaced at equal angles, were located for each
level for both the endocardium and epicardium. To
avoid computational problems (i.e., singularity) that
would arise if single endocardial and epicardial apical
nodes were used to construct the apical elements, the
apex points were each replaced with a small ring of 8
nodes. Thus, the reconstructed finite element mesh
had 144 eight-noded solid isoparametric brick ele-
ments. Early and late diastolic left ventricular recon-
structions for 1 dog are shown in Figure 2. It should be
noted that the reconstructed geometry below the lowest
apical level was an approximation to the actual geome-
try, as is illustrated by the conical apical cap in the
reconstruction.

Finite Element Analysis
The hemodynamic and geometric data were evaluat-

ed by a finite element analysis technique. Discussions
of finite element analysis in general and as applied to
the evaluation of left ventricular mechanics are found
elsewhere.2S'25 Details of our particular application of

Ventricular -
FreeWafl

Irrterventrfcular
Septum

Endocardia)
\ Apex
EptcardiaJ Apex

FIGURE 1. Schematic diagram showing coordinate system
fixed to left ventricular chamber.

Early Diastole Late Diastole

FIGURE 2. Typical 3D ventricular reconstruction during ear-
ly (left) and late (right) diastasis, plotted by the 3D graphics
display program M0V1E-BYU (distributed by Brigham Young
University).
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finite element analysis are found in the Appendix. The
use of the finite element method in evaluation of left
ventricular diastolic elastic properties in our study is
reviewed briefly.

In general, the finite element method is begun by
subdividing a complex 3D structure into smaller re-
gions (finite elements) commonly taking the shape of
bricks, where the corners of each element are referred
to as nodes. In the usual application of finite element
analysis, the geometry, material property (e.g., elastic
modulus), and the forces acting on a complex 3D
structure are known; the finite element technique is
used to predict the displacement of the nodes (the alter-
ation in size and shape of the structure) as the forces are
applied. In our study, however, the forces acting on
the left ventricular endocardium (change in diastolic
pressure during diastasis) and the alteration in structure
shape (change in left ventricular geometry from early
to late diastiasis) were known from the recorded left
ventricular pressure and 3D echocardiographic recon-
structions. Hence, the finite element analysis was used
to estimate left ventricular passive material properties.
Our approach was to perform a finite element analysis
on the early left ventricular diastolic geometry by ini-
tially assuming an elastic modulus for the myocardi-
um. The finite element program was then used to pre-
dict the late diastolic geometry of the left ventricle,
given the early diastolic geometry, the assumed elastic
modulus, and the change in pressure during diastasis.
The late diastolic geometry predicted by the finite ele-
ment analysis was then compared with the actual late
diastolic geometry determined from the echocardio-
graphic reconstruction. The difference between the ac-
tual and computer-predicted geometry was termed the
"error," and the assumed elastic modulus was modi-
fied and the finite element analysis repeated until the
error was minimized. Our objective was to determine
an optimal elastic modulus such that, given this elastic
modulus, the early diastolic geometry, and the pres-
sure change during diastasis, the computer-predicted
diastolic expansion would closely match the actual
diastolic expansion.

For our analysis, the force acting on the endocardial
surface of the left ventricular chamber was specified as
the measured left ventricular pressure difference from
early to late diastasis. The right ventricular pressure
difference from early to late diastasis was applied at
the right endocardial surface of the ventricular septum.
During the portion of diastole for which the analysis
was performed (diastasis or slow filling), the myocar-
dium was assumed to be a homogeneous, isotropic,
linearly elastic material. To begin the finite element
analysis, an assumed elastic modulus of 45,000 dyne/
cm2, an incompressible myocardium, and a Poisson's
ratio of 0.49 were assumed.26

A schematic diagram of a representative finite ele-
ment mesh along with the locations of the finite ele-
ments at various levels is shown in Figure 3. To esti-
mate how well the computer-predicted late diastolic
geometry matched the actual late diastolic geometry,
an error function for each element was calculated (see

BouJLivd
Free Wai

Elements

FIGURE 3. Diastolic reconstruction in which finite elements
have been identified for quantitative evaluation.

Appendix) and plotted. For ease of interpretation and
to approximate the coronary perfusion fields, the ele-
ments were plotted in groups with 2 septal elements, 2
posterior wall elements, 2 lateral wall elements, and 2
anterior wall elements identified for each of the levels
from apex to base.

For evaluation of data obtained after the coronary
artery occlusion, the finite element analysis was per-
formed on the early diastolic geometry, using the opti-
mal elastic modulus obtained for the corresponding
control study. Should there be no changes in the pas-
sive myocardial elastic properties after acute ischemia,
the error plot would be similar to that obtained in the
control study. However, as described below, large
errors were found in certain elements in the postocclu-
sion study, indicating that the computer-predicted ex-
pansion poorly matched the actual expansion in these
regions. The value of the elastic modulus was arbitrar-
ily increased by 2, 3, 5, and 10 times for those ele-
ments exhibiting large errors (excluding the apical ele-
ments where the apical geometry was extrapolated and
not measured). Elements to be assigned a higher elastic
modulus were defined as those demonstrating errors
greater than 1 SD above the mean for the postocclusion
data. Increasing the elastic modulus (stiffness) by a
factor of 10 reduced the combined error function to-
ward control levels. Increasing the stiffness further did
not improve the results appreciably. Hence, for the
results presented in this work, the stiffness in the seg-
ments with large errors was increased by a factor of 10.
Elements with increased errors were subsequently
compared with the coronary perfusion fields (ischemic
risk areas) obtained from the ink injection studies and
with the region of wall motion abnormality identified
on real-time echocardiograms.

Statistical Analysis
Analysis of variance was used to assess changes in

the value of the combined error function (differences
between predicted and actual nodal displacements) be-
tween the baseline state, ischemic state, and ischemic
state with the dyskinetic segments assigned a higher
elastic modulus. All group data are expressed as mean
± SD.
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FIGURE 4. Plot of error function for each finite ele-
ment in a single animal study: top, control; middle,
postocclusion; bottom, postocclusion with stiffened is-
chemic elements. Elements are plotted in septal, poste-
rior wall, lateral wall, and anterior wall groups from
level above apex to base to approximate coronary per-
fusion fields.
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Results
A plot of the error function calculated for each finite

element for a single animal study is shown in Figure 4.
The mean error for all the elements is also shown in the
figure. The error plot for the control study (Figure 4,
top) shows a mean error of 0.23 cm. The apical level,
where the geometry has been approximated, is not
included. In the control study, the error for any single
element did not exceed 0.32 cm. For this dog, the
optimized control elastic modulus was computed to be
20,000 dynes/cm2. The optimal elastic moduli com-
puted from the control experiments on the 6 open-chest
dogs are presented in Table 1.

The error plot for the postocclusion analysis for the
same dog (Figure 4, middle) shows a mean error of
0.32 cm and errors as large as 0.60 cm in certain
elements. The elements with errors in the upper 33%
of the variation (more than 1 SD above the mean er-
ror), lying primarily within the posterior and lateral
wall, were stiffened by 10 times, as described above.
The error plot with the stiffened elements (Figure 4,

bottom) shows that the mean error was reduced to 0.27
cm with the largest error of less than 0.50 cm. The
elements with errors in the upper 33% are those above
the 1-SD line in the error plot shown in the middle
panel of Figure 4.

When the mean value of the error for all elements for
each dog was separately evaluated, it was observed
that for all 6 dogs, the mean error for the postocclusion
study increased compared with the control study.
Also, when the elastic modulus values in elements
with large errors were increased by 10 times, the mean
error diminished and approached the value of the con-
trol study.

Figure 5 illustrates the differences (errors) between
the predicted and actual left ventricular segmental dia-
stolic nodal displacements (cavity expansion) for the
control animals, postocclusion animals, and postoc-
clusion animals in which the ischemic segments were
assigned a suffer elastic modulus. The control and
stiffened postocclusion data fit the actual wall motion

Table 1. Pressure Differences (Late Diastole-Early Diastole)
and Optimized Elastic Modulus (E)

Dog Left ventricular Right ventricular Optimized E
No. pressure (mm Hg) pressure (mm Hg) (dyDe/cm2)

1446

1451

1452

1458

1462

1463

Mean

SD

3.00

5.50

6.25

4.25

5.00

3.75

4.63

1.09

3.00

3.00

4.00

2.75

3.50

1.25

2.92

0.85

30,000

20,000

37,000

43,000

36,000

15,500

30,265

9.705

Errof
(ProOJC»a

Actual)

0.5

0.4

0.3

02

Pod Occlusion Pofl Occlusion
wtti

FIGURE 5. Errors between the predicted and actual left ven-
tricular diastolic expansionfor control data, postocclusion data
analyzed using control elastic modulus, and postocclusion data
analyzed using stiffer elastic moduli for ischemic segments.
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better than the postocclusion data in which all elements
were assigned the same (control) elastic modulus. Sta-
tistical analysis revealed significant differences (p <
0.05) between the mean error under control conditions
(1.9 ± 0.3 mm) compared with the mean error with
ischemia (2.9 ± 0.5 mm) and between the mean error
with ischemia compared with the mean error with isch-
emia and stiffer ischemic segments (2.2 ± 0.4 mm).

In the animals in which India ink/carbon black stain-
ing was performed, the perfusion field of the left cir-
cumflex coronary artery, identified by the stain, lay
within the 2D echocardiographic wall motion abnor-
mality field, identified after the creation of acute isch-
emia. Histologic specimens revealed evidence of early
ischemia (cell swelling and contraction banding) in the
ischemic areas only but did not show major histologic
abnormalities indicative of more severe or permanent
damage.

Discussion
Finite element analysis of 3D echocardiographic re-

constructions was used to demonstrate that acute isch-
emia increases regional stiffness of the myocardium.
The present analysis has demonstrated that the differ-
ence between the computer-predicted diastolic expan-
sion and the actual expansion increased in the region of
acute ischemia. In these regions, the use of an optimal
elastic modulus obtained from the control study in the
postocclusion finite element analysis overpredicts the
diastolic deformation. By increasing the elastic modu-
lus in these segments, the error between the predicted
and the actual deformation decreases, thus indicating a
stiffening of the passive elastic modulus in the region
affected by the acute ischemia.

Comparison With Prior Observations
Using a similar technique on images obtained from

biplane cineangiography on humans, Ray et al1314 have
shown that the myocardial passive elastic modulus in-
creases (indicating a stiffening) in regions of suspected
infarction. These data support the work by Visner et
al,17 Sasayama et al,18 and Hess et al27 that ischemia
increases myocardial diastolic stiffness. Visner17 eval-
uated a model of global ventricular ischemia in an
attempt to separate the results of direct ischemia from
the interactions between ischemic and surrounding
nonischemic myocardium. This was one of the first
papers to show that alterations in regional diastolic
mechanics are the direct result of ischemia. In a model
of global ischemia, Sasayama et al18 used a patient
model of pacing-induced ischemia to evaluate diastolic
segment length alterations. They found that ischemia-
induced alterations in diastolic pressure were associat-
ed with smaller changes in diastolic expansion of the
ischemic vs. the nonischemic segments. Although the
results of that study are similar to ours, their patient
model, of necessity, relied on analysis of a single 2D
ventricular angiogram to differentiate ischemic from
nonischemic myocardium.

Paulus et al28 assessed regional myocardial function
in dogs following pacing tachycardia with coronary

stenosis and coronary occlusion. Measuring regional
segmental lengths and wall thickness, their analysis
showed that the regional properties of the myocardium
were different with coronary occlusion and stenosis.
Earlier, Bourdillon et al29 showed that the regional
myocardial stiffness of the left ventricle in humans
increased during pacing-induced ischemia. The pres-
ent study, using a more sophisticated approach based
on finite element analysis of the 3D geometry of the
LV chamber, confirmed their results on the regional
changes in the myocardial material properties.

What are the mechanisms responsible for the ob-
served ischemia-induced alteration in intrinsic myo-
cardial material properties? Myocardial relaxation is
altered by ischemia, but our data were essentially ob-
tained during diastasis when active myocardial relax-
ation is presumably largely complete. Alterations in
coronary vascular turgor, systolic stretch, and accu-
mulation of hydrogen ions have been implicated by
Momomura et al30 in their study of mechanical and
biochemical events related to ischemia-induced dia-
stolic dysfunction. Although our study was not de-
signed to delineate the mechanisms responsible for
ischemia-induced alterations in diastolic myocardial
material properties, one important implication of our
findings is that in coronary occlusion-induced ische-
mia, intrinsic muscle stiffness is altered. This finding
stands in contrast to the apparent lack of alteration in
left ventricular pressure-segment length relations in
the study by Momomura and coworkers.30 Since other
studies have suggested that regional myocardial stiff-
ness is increased in coronary occlusion-induced ische-
mia in dogs,31 our data, derived from a different analyt-
ic technique, extend the previous observations and add
to the base of knowledge of the complex relations
between myocardial perfusion and diastolic function.

Advantages of Present Method
The method of estimating myocardial stiffness

based on 3D reconstruction enables more precise eval-
uation of cardiac geometry and motion than previous
methods, which used limited 2D cardiac motion pat-
terns. The method of finite element analysis, initially
proposed by Ray et al1314 and modified here to fit the
3D reconstruction, accurately evaluates and predicts
wall motion relations and alterations in mechanical
properties throughout the cardiac chamber. Finite ele-
ment analysis is the only method available at present
that can evaluate regional variability in elasticity from
a global 3D model. All other methods presume similar
changes in wall motion patterns for the total geometric
shape being evaluated. The inability to evaluate re-
gional ventricular geometry and regional mechanical
changes may in part explain previous contradictory
data indicating that ischemia does or does not alter
myocardial diastolic stiffness.16 Those previous stud-
ies were unable to evaluate regional left ventricular
function over the entire left ventricle. Templeton et al32

used a global ventricular model to evaluate elastic dia-
stolic changes with ischemia. Tyberg et al33 and Pala-
cios et al34 used multiple one-dimensional measure-
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ments to evaluate regional ventricular diastolic
function. The method used in the present study circum-
vents these problems by evaluating regional function
over the entire ventricle.

Limitations
In the present study, the myocardium was assumed

to exhibit linear elastic properties. It is well known that
the myocardium has nonlinear stress-strain behavior.
Even during the portion of diastole where the analysis
is performed, a stepwise linear analysis might be used
to account for the nonlinearity. However, such an anal-
ysis would require reconstruction of the left ventricular
chamber at several points during the diastolic period.
The images are obtained from multiple cycles at 33-
millisecond intervals, and problems also exist in the
detection of endocardial and epicardial borders. In the
postocclusion studies, only a limited number of images
were available during diastasis due to the rapid heart
rates. Hence, it was felt that the errors introduced in
the reconstruction procedure did not justify a stepwise
linear analysis. Moreover, the elastic modulus of the
myocardium was used as a parameter that shows a
change after acutely induced ischemia. Thus, it was
assumed that the myocardium is made of linear elastic
material during the part of diastole in which the analy-
sis was performed. Image acquisition systems that ac-
quire images rapidly (such as rapid acquisition com-
puted tomography) may allow for multiple images in
diastasis to evaluate the nonlinear myocardial elastic
properties. The present method of 3D reconstruction
requires many cardiac cycles for data acquisition and
cannot construct a 3D image from a single cardiac
cycle. An assumption that geometry does not change
over the multiple cycles of data acquisition must be
made, and although probably true in the control set-
ting, this may not be true after interventions have been
made. Echocardiographic image quality in the closed-
chest animal or patient population is inconsistent and
could not routinely give data as reproducible and accu-
rate as were obtained from our open-chest preparation.
Newer techniques are presently being developed, such
as rapid acquisition computerized tomography, that
may allow more accurate 3D cardiac reconstruction in
the patient population.33 Since each ventricular level
was divided into only 8 finite elements, some variable
wall motion may have occurred within each segment.
A finite element analysis procedure that divides each
level into a larger number of segments should reduce
variability of wall motion within each segment. Final-
ly, an increase of elastic modulus changing from con-
trol to intervention has been described, not the absolute
elastic modulus, which is beyond the scope of this
model.

Implications
In conclusion, a technique and model to evaluate

ventricular diastolic mechanical properties have been
described, and it has been shown that acute ischemia
increases the elastic modulus in the involved seg-
ments. This integrated approach to regional cardiac

mechanics has far-reaching implications. Now, not
only can pathologic changes be evaluated on a regional
basis, but the effects of interventions on cardiac me-
chanics can be more accurately evaluated on the in-
volved and distant segments. Hopefully, this method
will permit more consistent and representative data to
be obtained from future experiments evaluating ven-
tricular mechanics.

Appendix
Finite Element Analysis

The finite element method is an approximate nu-
merical solution procedure that uses the digital com-
puter to solve complex structural problems where
closed-form solutions of the governing equations are
mathematically intractable.23-24 This procedure has
found wide application in problems involving the me-
chanics of complex biologic structures such as the left
ventricle.23 In the finite element method, a complex 3D
structure is subdivided into smaller regions, called fin-
ite elements, which commonly take the shape of
bricks. The comers of each brick element are referred
to as nodes. Using available laws of mechanics, equa-
tions governing the elements are derived in terms of
the nodal displacements. For a static (time-inde-
pendent) analysis, the assembled equations are of the
form:

[K] {8} = {F} (1)
In this equation, [K] is the stiffness matrix which is
based on the nodal coordinates (geometry) and the ma-
terial property of the structure, {8} is a vector of nodal
displacements, and {F} is the vector of forces to which
the structure is subjected. The boundary conditions are
usually specified in the form of known displacements
of the nodes lying on the boundary, i.e., where the
structure is attached to another supporting structure.

In the usual finite element analysis described above,
the geometry, material property, and the forces on a
structure are known, and the nodal displacements are
directly solved for using equation 1. However, in the
present study, the geometry of the "deformed" struc-
ture (late diastolic reconstructed mesh) was known, as
was the load on the structure (pressure change during
diastole). Hence, this analysis was treated as an in-
verse problem where the passive elastic modulus of the
myocardium was an unknown. The finite element
analysis was performed on the early diastolic geometry
with an assumed elastic modulus for the myocardium.
The finite element program was used to predict the late
diastolic geometry of the left ventricle, given the early
diastolic geometry, an assumed elastic modulus, and
the diastolic pressure change. The computer-predicted
late diastolic geometry was compared with the actual
late diastolic geometry from the reconstruction. The
difference between the actual and the computer-pre-
dicted geometry was termed the "error," and the as-
sumed elastic modulus was modified using an optimi-
zation technique described below, until the "error" was
minimized. A general-purpose finite element analysis
program (ANSYS, Swanson Analysis, Inc., Houston,

D
ow

nloaded from
 http://ahajournals.org by on M

arch 3, 2022



McPherson et al Finite Element Analysis of Diastolic Function 681

Penn.) was applied in the interactive mode to the finite
element mesh for the early diastolic geometry. The
nodes on the most basal (mitral) level were fixed and
served as the boundary condition. It was assumed that
the LV at early diastole is at the nadir of the pressure
wave, i.e., that the ventricular relaxation is complete
at this point. The load on the endocardial surface of the
left ventricular chamber was specified as the measured
left ventricular pressure difference between early and
late diastole. The RV pressure difference between ear-
ly and late diastole was applied at the right endocardial
surface of the ventricular septum. The only other re-
quired input for the finite element analysis was the
passive material property of the myocardium. This
study was designed to compute an index that is sensi-
tive to a change in myocardial material property (as
opposed to the absolute elastic modulus) when a region
of the myocardium becomes ischemic. During the por-
tion of diastole for which the analysis was performed,
the myocardium was assumed to be a homogeneous,
isotropic, Hookean elastic material. An assumed elas-
tic modulus (E, = 45,000 dyne/cm2) was specified to
start the finite element analysis. The myocardium was
assumed to be incompressible, and a Poisson's ratio of
0.49 was also assumed.26

In this linear elastic problem, the displacements of
the nodes will be inversely proportional to the magni-
tude of the elastic modulus. In other words, the larger
the elastic modulus, the stiffer the material, and the
displacements will be proportionately reduced for the
same load. The objective was to determine an "opti-
mal" elastic modulus, E^, such that given 1) the elas-
tic modulus, 2) the early diastolic geometry, and 3) the
pressure change during diastole, the computer-predict-
ed diastolic expansion would closely match the actual
late diastolic geometry.

In the usual optimization scheme, the assumed E,
would be modified using an optimization algorithm
and the finite element analysis repeated until an index
of performance was minimized. However, the present
linear analysis took advantage of the fact that the nodal
displacements were linearly but inversely proportional
to the elastic modulus. Hence, E^ was determined by
computing a scale factor, a, such that

(2)
a

The details for computing the scale factor, a, are as

early
diastole

(endocardium)

tale
dtastole

(endocardium)

FIGURE 6. Schematic diagram of actual and computer-pre-
dicted positions of node i; dxt, predicted nodal displacement
during diastole.

follows: Let x£ be the x coordinate of the node i in early
diastole and xiL be the corresponding x coordinate in
late diastole, as schematically shown in Figure 6. Let
dxj be the displacement in the x direction of node i, as
determined by the finite element analysis program. Let
a be the scale factor by which the displacement dxi is
modified so that the difference between the x coordi-
nate of the predicted node position (x£ + adx) and
that of the actual node position (x^) is reduced. Con-
sidering the x coordinates of all the nodes in the finite
element mesh, and error Q was defined as

1 N
Q, (a) = — £ (jcffi + adx, - xj2 (3)

N i = l

where N is the number of nodes.
Similarly, errors in the y and z direction were calcu-

lated by the relations

1 N
Qy (a) = - i - 2 (yiE + ady, - y j 2 (4)

N i= 1

1 N

Qz (a) = - L 2 (zffi + adz; - z j 2 (5)
N i = 1

A combined error, Q, an index of the difference be-
tween predicted and actual diastolic nodal displace-
ments, was defined as

Q (a) = wxQ, + w,Q, + w2Qr (6)

where wx, v/y, and wz were weighting factors selected
such that wx + wy + wr = 1. The assigned values for
the weighting factors were wx = wy = 0.45 and wz =
0.1. The "z axis" resolution of the imaging technique
was poorer than the x and y axis resolution, and thus,
weighting was heavier in the x and y directions.

The optimal value of the scale factor, a, was ob-
tained when the value of the error function in equation
6 was minimized. The optimum scale factor was deter-
mined by differentiating equation 6 with respect to a
and setting the derivative to zero. The resulting opti-
mal value for a was used to compute the elastic modu-
lus, E^, using equation 2. To estimate how well the
computer-predicted late diastolic geometries matched
the actual late diastolic geometries, an error function
(defined as the sum of the square root of the errors in
each coordinate direction multiplied by the weighting
factors) was calculated and plotted. The error function
is expressed in centimeters.
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