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Method of Deciding Elastic Modulus of
Left and Right Ventricle Reconstructed by
Echocardiography Using Finite
Element Method and Stress Analysis
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=Abstract=

In order to study the shape and dimensions of heart, a procedure to reconstruct a three dimensional
left ventricular geometry from two dimensional echocardiographic images was studied including the
coordinate transformation, curve fitting and interpolation utilizing three dimensional position regis-
tration arm. :

Nonlinear material property of the left ventricular myocardium was obtained by finite element met-
hod performed on the reconstructed geometry and by optimization techniques which compared the
computer predicted 3D deformation with the experimentally determined deformation. Elastic modulus
ranged from 3.5g/cm? at early diastole to 153g/cm? at around end diastole showing slightly nonlinear
relationship between the modulus and the pressure.

Afterwards using the obtained nonlinear material propertry the stress distribution related with
oxyzen consumption rate was analyzed. The maximum and minimum of o1 (max. principal stress) oc-
curred at nodes on the second level intersection points of x-axis with endocardium and with epicar-
dium, respectively. And the tendency of the interventricular septum to be flattened was observed from
the compressive ¢1 on the anterior, posterior nodes of left ventricle and from the most significant chan-
ge of dimension in Druw(septal-lateral dimension of right ventricle).
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INTRODUCTION

A number of aftempts have been made to analyze the
mechanical behavior of the left ventricle which is closely
related with the cardiac performance. Several of these stud-
ies have concentrated on the diastolic performance since
abnormalities in diastolic function have been suggested to
be precursor to systolic dysfunctidn. The diastolic function
is usuallay evaluated by the left ventricular pressure-vol-
ume (P-V) curve. Glantz and Kernoff” attempted to corre-

late the coefficients in an exponential P-V relationship as-
suming the ventricle was a uniform spherical shell. Pinto.
and Fung? also conducted siress-strain testing to investi-
gate the elastic behavior of the heart muscle in the passive
state using an exponential equation. But in order to ana-
lyse the stress distribution the elastic modulus according to
varying pressure should be obtained from the in vivo heart
myocardium. The previous studies didn’t show the re-
lationship of the elastic modulus with respect‘to the press-
ure, E-P curve. Hence our study was focused on the E-P
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curve of the in vivo myocardium using the 2D echocardiog-
ram to investigate the stress distribution.

Attempts have also been made to compute the myocar-
dial stress distribution since the underlying myocardial
oxyzen demand is colsely related with the level of stress™?.
Janz et al” studied about the deformation of the diastolic
left ventricle using finite element method assuming the in-
ner third and two-thirds of the ventricle wall have Young’s
modulus of 30 and 60g/cm?, respectively. McCulloch® also
studied regional left ventricular epicardial deformation in
the passive dog heart experimentally. But these studies
analysed only the LV model so that these couldn’t explain
about the stress affected by the RV and interventricular
septum wall motion. To analyse the effect of the RV to the
stress distribution and the wall motion, finite element met-
hod was employed on the combined model of LV and RV.
For these investigations the study of the material proper-
ties of the myocardium during passive expansion such as
Young’s modulus is essential. Finite element technique was
used on the three dimensional reconstructed(3D) geom-

19 of the left ventricle(LV) to assess the material

etries
properties of the myocardium.

In order to determine the nonlinear material®>'"'? prop-
erty of the left ventricular myocardium, a finite element
analysis was performed on the reconstructed geometry.
The nonlinear analysis was implemented by way of a step-
wise linear analysis. The material properties of each step
within a diastole were obtained by an optimization tech-
nique which compared the computer predicted 3D defor-
mation with the experimentally determined deformation,
and the optimized elastic modulus was computed so that
an error function representing the total difference might be
minimized. These optimized elastic moduli and the press-
ure increments obtained from the experimental measure-
ments were used to analyse the stress in LV and RV ge-

ometry.

ECHOCARDIOGRAPHIC
RECORDING

From the pressure recording obtained using calibrated
transducer-tipped catheters (Mikrotip #MT-10, Millar
Instruments Inc.) inserted into the left and right ventricles

ECG video recorder

Il |

echocardiographic testar l

transducer video displayer

a0 position digitizing rablet —{ stylus pen

registration arm

IBM PC 486

Fig. 1. Schematic diagram of the equipments for the 2D
echocardiographic imaging and its position registration.

via the femoral artery and vein, an interval where discrete
pressure increase was observed in diastole was located and
divided into three or four small intervals. With the meas-
urement of the pressure increments which would be ap-
plied as pressure loads on the reconstructed geometry, the
points corresponding to the dividing points in pressure rec-
ording were sought on the ECG as time referecne.

Cross-sectional echocardiographic images frozen at each
dividing points of ECG were traced from the video moni-
tor screen and superposed onto transparent sheets. The
schematic diagram for the experiment setup is shown in
Fig. 1.

THREE DIMENSIONAL
RECONSTRUCTION

3. 1 Digitization of 2D images

The recorded images on the video tape were displayed
and frozen in order to trace the endocardial and epicardial
borders on transparent papers at various times in diastole.
These traced echocardiographic images were digitized by a
image processor connected to a computer or a Hewlett-Pac-
kard digitizer connected to a Prime computer. In each
frame the LV epicardial and endocardial contours were
manually traced using the joystick hooked up to the image
processor. The 2D LV cross-section image contours were
converted to a discrete number of data points which were
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denoted by the x and y coordinates on the digitizer local
coordinate system.

3. 2 Coordinate transformation

The coordinates of the data points were digitized with
respect to the local coordinate axes of the digitizer. In or-
der to get the coordinates of those points with respect to
the global coordinate system fixed on the experiment table,
the coordinate transformation were performed starting
from the digitizer to the table via the transducer and the

3D arm by writing reconstruction program.
3. 3 Nodal points

For the smooth surface of the epicardium and the endo-
cardium reconstructed by this program,- curve fitting and
interpolation techniques were employed between the digitiz-
ed points on each SAX (short axis cross section). Therefore
some points should be picked up according to the specified
total number of the points on each contour. These selected
points were refered to as ‘nodal points’ which were the key

points in reconstructing the heart.
3. 4 Curve fittings and interpolation

The process of curve fitting and interpolation on the
points were required because SAX’s were neither parallel
each other nor uniformly spaced and the total number of
sections for finite element mesh generation might not
always agree with the actual number of input SAX,

It was performed on the nodal points lying on the same
long axis cross-section (LAX), i. e. the intersections of the

contours and the same circular grid on each SAX.

OPTIMIZATION

The execution of the finite element analysis yielded the
displacements of each nodes as well as the stress and strain
of each element and reaction forces on the constrained nod-
es. The deformed geometry predicted by the FEM were
compared with the reconstructed geometry from the echoc-
ardiographic images at the next time point, and modified
by the optimized elastic modulus to have the two geom-
etries match as closely as possible. Therefore there may be
various ways of comparison and reduction of the mis-

match, For most cases, the difference between the calcul-
ated displacements and the experimentally obtained displac-
ements of each nodal points had to be utilized. In optim-
ization algorithm 1, object function Ei as below should be
minimized. And E: should be minimized in algorithm 2.

E = Zn; {I(xui — xe)? + (yur-yE)? + (zu — ze)?]*
a(hd+id+5d)" ) 4.1)

E:= il{[(xu — x)? + (yu-ye)? + (zu — ze)?] "
-a(dh +d% +d3)'" (4.2)

where n is the number of the considered nodal points and
ds , Xu, and Xe are the calculated displacement and x
coordinates of the node in the reconstructed geometry in
early and late diastole, respectively. d , yu, ye, d& , zui, z&i

denotes the same.
RESULTS AND DISCUSSION

Results of four experiments were plotted together in Fig.
2 and Fig. 3 with the pressure difference as applied loads
as shown in Table 1. They were also obtained in two
optimization algorithms and compared. The displacement
of endocardium were regarded to be more important since
it showed a remarkable change whereas epicardium show-
ed little change which was believed due to the pericardium
constraining the movement of epicardium as observed in
the echocardiac images.

When the geometric nonlinearity was included, the elas-
tic modulus ranged from 3400 dyne/cm? (3.5g/cm?) at early
diastole to 150000 dyne/cm?2(153g/cm?) at around end di-
astole. The slope of the best fitting lines for the E-P plottin
gs varied from 28.2 when the endocardium and the optim-
ization algorithm 2 were used, to 41.6 when both contours
and the optimization algorithm 1 were used.

From the experiments, the length of long, short axis and
longitudinal axis were obtained and standardized to con-
struct ellipsoid with major axis of 65 mm, minor axis of 48.
75mm and longitudinal axis of 55mm. The left ventricular
myocardial thickness along the major axis was 12mm and
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Fig. 2. Comparison of E-P curves of each experiment using
optimization algorithm 1 and only endocardium
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Fig. 3. Comparison of E-P curves of each experiment using
optimization algorithm 2 and only endocardium

the right ventricular thickness was 6 mm.

To investigate the effect of nonlinear material property
with the stepwise linear technique, we selected 9 loading
cases. For the loading cases #1 to #5, an incremental pres-
sure, 0.2mmHg obtained by dividing lmmHg with 5 incre-
ments was applied and 5 different Young's moduli, 220
dyne/mm?, 260 dyne/mm?, 300 dyne/mm?, 340 dyne/mm?,
380 dyne/mm? were used, whose values were obtained
t_'rom the E-P curve connecting two points (200 dyne/mm?2
at 1 mmHg) and (400 dyne/mm? at 1 mmHg) and dividing
that line into 5 intervals. The mean values of Young’'s mod-
ulus for each interval were picked. In #6 and #7 cases, |

mmHg was applied as a load and 200 dyne/mm?, the star-

Table 1. LV pressures and increments measured at several
moments between early and late diastole.

(S T SR SN S

#7 020 0.60 080 050 130 070 2.00
#15 370 035 4.05 050 455 045 500 115 6.5
#16 390 050 440 090 530 130 6.60
#17 142 083 225 092 317 142 458

ting value and 300 dyne/mm?2, the mean value between 200
dyne/mm? and 400 dyne/mm?2 were used as Young's mod-
ulus on the combined geometry of LV and RV. In #8 and
#9 cases, all conditions were same exept that the simu-
lation was implemented on LV geometry alone in order to
understand the effect of RV geometry to LV.

When only the left ventricle model was analysed, its max-
imum principal stress (1) decreased along the endocardium
from 0° to 90° in the counter-clockwise direction as shown
in Fig. 4. It also decreased when plotted as in Fig. 6 from
the top level to the bottom except that the stress curve for
the top level was lower than those for the next two levels.
It might result from the fact that the top level of the myo-
cardium was cut through and open in the model even
though the real ventricle should be closed and connected
with atria. Hence, if the model was constructed so as to
represent a whole heart composed of left and right ventric-
les as well as left and right artia the top level with largest
dimensions compared with lower levels might have shown
the highest stress distribution.

In other words, the deformation of the upper level abov-
¢ the top level, if the 4 chambers were modeled, would give
bending effect to the top level. These trends were also foun-
d in the combined model of LV and RV as shown in Fig.
5(a)-(b), Fig. 7. But the magnitude of ¢ for the combined
geometry was quite larger than those of the LV model, be-
cause the interventricular septum was affected by RV pres-
sure as well as LV pressure. Lateral side of left ventricular
endocardium showed slightly lower g1 distribution than the
septal side of left ventricular endocardium in LV model.
And the stress on the septal side of left ventricular epicar-
dium of combined model on level #1~#4 was compressive

but the absolute value of those decreased from the node of
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Fig. 4.(a} o1 distribution on top level of left ventricle model
{b) o1 distribution on the middle section of Jeft ventricle model
cut along x-axis

§=0° to the node of =45 as shown in Fig. 8. Fig. 4(b),
5(b), 6, 7 showed the max. value of o1 occurred on the
node of second level endocardium with 6= 0" and the mun.
value of m occurred on the node of same level epicardium
with same 8.

In case of #1 to #5 of stepwise linear study, the same in-
cremental pressure 0.2mmHg was applied on the geometry
which was deformed geometry of previous stage. For exam-
ple, in case #3, 0.2mmHg was applied inside the LV and
RV whose initial combined geometry was the deformed

Fig. 5.(a) o distribution on top level of combined model
{b) o1 distribution on the middle section of combined model
cut along x-axis

one of #2 case. Hence, the coordinates of nodes in the in-
itial geometry were obtained by adding those of initial ge-
omelry and the displacements of #2 case.

We could observe that displacement of RV was quite lar-
ger than that of L.V because the right ventricular wall thic-
kness was thinner than LV thickness and that elliptical
shape turned into round shape with almost same length of
x and y axis in both LV and RV as shown in Fig. 9 (a)~
(b).

According to Fig. 10 where the displacement was ploited
based on the previous deformed shapes, Dar (Anterior-pos-
terior dimension) change of case #5 in absolute value was
4.8 times larger than Dsc(Septal-lateral dimension for LV)
change. The most significant change was observed in DrL
{Septal-lateral dimension for RV) because RV was de-
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Fig. 6. Change of o1 depending on rotation angle 8§ on endo-
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Fig. 9.(a) Deformed shape (solid line) with initial geometry
(dashed line) of top level for case &5

Deformed shape (solid line) with initial geometry

Fig. 9.(b)
of middle section cut along x-axis for case 5

formed a lot more due to comparatively thin wall. In case
of #5 analysis Dre change was 2.7times larger than Dae
change. All the dimensional change in absolute value
increased from case #1 to #5 because the initial geometry
got bigger although the applied load was same.

Comparing case #5 where 380 dyne/mm? and 0.2mmHg
were used for Young’s modulus and pressure load and
case #6 where 200 dyne/mm? and 1 mmHg were used for
the same parameters, we might expect that case #6 would
bring out bigger displacement than case #5 because of the
softer material property and higher pressure of case #6.
But the result was reverse. From this fact we could con-
clude that the initial geometry size exhibited more signifi-

cant effect on the displacement than Young’s modulus and
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ventricular pressure.

We could observe the flattening tendency of septum in
the combined geometry of LV and RV whereas the ge-
ometry of LV expanded sustaining almost the same eccen-
tricity. So Ds. change increased in LV model and decreas-
ed in combined model. Dar change increased in both mod-
els but Dar of combined model changed more than that of
LV model. Little difference in change of D (Longitudinal
dimension) was found in 2 models, which meant RV ge-
ometry gave little effect in Dv change. '

The largest thickness change occurred in tr as shown in
Fig. 11. Next were 11, ts, successively, that were right ven-
tricular wall thickness, left ventricular wall thickness, and

septal thickness, respectively. It could also be found that ts
change in LV model was larger than that in the combined
model because the LV model expanded freely but the com-
bined model couldn’t expand as freely as LV model due to
RV geometry and RV pressure. But t. change was larger
in combined model because LV lateral side could expand
freely which meant the lateral side of LV in combined mod-
el expanded more whereas the septum of LV expanded less
than those of LV model.

CONCLUSIONS

The three dimensional reconstruction technique from the
two dimensional echocardiographic images and the optim-
ization algorithms in order to investigate the changing tren-
d of elastié modulus depending on the ventricular pressure
were described. With the obtained nonlinear material prop-
erty, stress distribution on the simulated geometry of LV
and RV was implemented. .

From the experiments and simulation following conclus-
lons were obtained
1. When the geometric nonlinearity was included, the elas-

tic modulus ranged from 3400 dyne/cm?2(3.5g/cm?) at

early diastole to 150000 dyne/cm? (153g/cm?2) at around
end diastole.

2. The maximum and minimum of a1 in total geometry oc-
cui’ed at nodes on the second level, intersection points
of x-axis with endocardium and with epicardium, re-
spectively. ‘

3. Lower level exhibited lower o1 distribution except the
top level which brought about the need for modeling
the whole heart with two ventricles and two atria.

4, Node on anterior or posterior showed minimum ¢ alon-
g endocardium on a same level which was tensile in LV
model and compressive in combined model because
interventricular septum had the tendency to be flatten-
ed.

5. The most significant change of dimension in Dri, which
led to the same change in tr, and shrinkage of Dsw res-
ulted in the leftward shift of septum.
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