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Infarcted Left Ventricles Have
Stiffer Material Properties and
Lower Stiffness Variation:
Three-Dimensional Echo-Based
Modeling to Quantify In Vivo
Ventricle Material Properties

Methods to quantify ventricle material properties noninvasively using in vivo data are of
great important in clinical applications. An ultrasound echo-based computational model-
ing approach was proposed to quantify left ventricle (LV) material properties, curvature,
and stress/strain conditions and find differences between normal LV and LV with infarct.
Echo image data were acquired from five patients with myocardial infarction (I-Group)
and five healthy volunteers as control (H-Group). Finite element models were constructed
to obtain ventricle stress and strain conditions. Material stiffening and softening were
used to model ventricle active contraction and relaxation. Systolic and diastolic material
parameter values were obtained by adjusting the models to match echo volume data.
Young's modulus (YM) value was obtained for each material stress—strain curve for easy
comparison. LV wall thickness, circumferential and longitudinal curvatures (C- and L-
curvature), material parameter values, and stress/strain values were recorded for analy-
sis. Using the mean value of H-Group as the base value, at end-diastole, I-Group mean
YM value for the fiber direction stress—strain curve was 54% stiffer than that of H-Group
(136.24 kPa versus 88.68 kPa). At end-systole, the mean YM values from the two groups
were similar (175.84 kPa versus 200.2 kPa). More interestingly, H-Group end-systole
mean YM was 126% higher that its end-diastole value, while I-Group end-systole mean
YM was only 29% higher that its end-diastole value. This indicated that H-Group had
much greater systole—diastole material stiffness variations. At beginning-of-ejection
(BE), LV ejection fraction (LVEF) showed positive correlation with C-curvature, stress,
and strain, and negative correlation with LV volume, respectively. At beginning-of-filling
(BF), LVEF showed positive correlation with C-curvature and strain, but negative corre-
lation with stress and LV volume, respectively. Using averaged values of two groups at
BE, I-Group stress, strain, and wall thickness were 32%, 29%, and 18% lower (thinner),
respectively, compared to those of H-Group. L-curvature from I-Group was 61% higher
than that from H-Group. Difference in C-curvature between the two groups was not stat-
istically significant. Our results indicated that our modeling approach has the potential
to determine in vivo ventricle material properties, which in turn could lead to methods to
infer presence of infarct from LV contractibility and material stiffness variations. Quanti-
tative differences in LV volume, curvatures, stress, strain, and wall thickness between the
two groups were provided. [DOI: 10.1115/1.4030668]
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1 Introduction

Medical images and computational modeling have been used
more and more in cardiovascular research [1]. Accurate evalua-
tion of global and regional LV function is of vital importance for
diagnosis, prognosis, and therapeutic options of multiple cardio-
vascular diseases [2—8]. Echocardiography is the main imaging
modality for the assessment of LV structure and function [9-13].
In daily clinical practice, echocardiographic evaluation of regional
LV function is mainly performed by visual estimation on two-
dimensional echocardiographic images [14,15]. Several techni-
ques were developed to quantify ventricle regional myocardial
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function, deformation, and strain rate [16—19]. Early 3D models
for blood flow in the heart included Peskin’s model which intro-
duced fiber-based LV model and the celebrated immersed-
boundary method to study blood flow features in an idealized
geometry with fluid—structure interactions [20]. McCulloch et al.,
Guccione et al., and Holmes et al. have developed finite element
ventricle models to investigate ventricle functions and various dis-
eases [2-8]. A large amount of effort has been devoted to quanti-
fying heart tissue mechanical properties and fiber orientations
mostly using animal models [21-26]. Mojsejenko et al. proposed
a method to estimate passive mechanical properties in a myocar-
dial infarction using magnetic resonance imaging (MRI) and finite
element simulations [27]. Hassaballah et al. introduced an inverse
finite element method for determining the tissue compressibility
of human LV wall [28]. Humphrey’s book provides a comprehen-
sive review of the literature [29]. Early MRI-based ventricle
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Table 1

Patient data and ventricle volume data. I-Group: infarct group; H-Group: healthy group.

Pressure (mm Hg)

Echo vol (ml) Model vol (ml)

Age Sex Disease Min Max Min Max  Echo EF (%) Min Max Model EF (%)
P1 60 M Inferior and posterior 10 121 103 176 41.48 102.84 175.79 41.5
myocardial infarction
P2 72 F  Anterior myocardial infarction 8 96 50 98 48.98 50.1 97.78 48.76
P3 73 M Inferior and posterior 105 115 193 40.41 114.93 192.73 40.37
myocardial infarction, smoker
P4 71 M Anterior myocardial infarction, 10 120 134 228 41.23 13375  227.84 41.30
lower limb atherosclerosis
P5 58 M Anterior myocardial infarction, 9 110 70 147 52.38 69.87 146.37 52.27
mellitus, smoker
I-Group mean 66.8 9.2 110.4 94.4 168 449 94.3 168.1 44.8
P6 48 M Hypertension, smoker 9 115 46 116 60.34 46.01 115.69 60.23
P7 43 F  none 10 130 46 120 61.67 45.73 119.58 61.77
P8 59 M  Hypertension 10 118 33 79 58.23 32.94 78.8 58.2
P9 43 M None 9 115 51 120 57.5 50.88 119.83 57.54
P10 56 M Diabetes mellitus 10 138 46 121 61.98 45.92 120.58 61.92
H-group mean 49.8 9.6 123.2 444 111 59.9 443 110.9 59.9
P-value 0.006 0.397 0.088 0.012 .040 .0004 0.0120  0.0403 0.0003

models were introduced by Axel and Saber et al. for mechanical
analysis and investigations [30,31]. In our previous papers,
patient-specific cardiac magnetic resonance imaging (CMR)-
based computational right ventricle/left ventricle (RV/LV) models
with fluid—structure interactions were introduced to assess out-
comes of various RV reconstruction techniques with different scar
tissue trimming and patch sizes [32-36]. Recent reviews can be
found in Refs. [33] and [36].

In this paper, echo-based 3D LV models were introduced to
quantify ventricle material properties, and to investigate
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Fig. 1

morphological and mechanical stress/strain differences between
ventricle with and without infarct. This will serve as a starting
point to use computational models for infarct differentiation and
surgical planning.

2 Methods

2.1 3D Echo Data Acquisition. Two groups of people were
recruited to participate in this study with consent obtained (eight
males, mean age 58.3 yr). The infarct group (I-Group) included
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Echo images from a patient (P5) with infarct, and reconstructed geometry. Infarct

locations were marked by thick circles on the echo images: (a) end-systolic echo images,
(b) end-diastolic echo images, (c¢) reconstructed end-systolic LV geometry, and (d) recon-

structed end-diastolic LV geometry
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Fig. 2 Echo images of a healthy volunteer (P6), contours and reconstructed geome-
tries: (a) end-systolic echo, healthy volunteer, (b) end-diastolic echo, healthy volun-
teer, (c) reconstructed end-systolic LV geometry, and (d) reconstructed end-diastolic

LV geometry

five patients (P1-P5) with recent infarction. The healthy group
(H-Group) included five healthy volunteers (P6-P10). Basic infor-
mation and patient data are given in Table 1. Echo data acquisi-
tions were performed at the First Affiliated Hospital of Nanjing
Medical University, Nanjing, China. Standard echocardiograms
were obtained using an ultrasound machine (E9, GE Mechanical
Systems, Milwaukee, Wisconsin) with a 3 V probe. Patients were
examined in the left lateral decubitus position, and images were
acquired at end expiration in order to minimize global cardiac
movement. Details of the data acquisition procedures were previ-
ously described and are omitted here [36]. Figures 1 and 2 show
the echo images and reconstructed 3D LV geometries from the
two group patients. The location of infarction was defined as a
decrease in or cessation of myocardial contractility, which was
determined by two experienced observers through visualization of
all LV wall segments, combining with the electrocardiogram and

||Numu 0224 ADULT:ADULT 0s

results of coronary angiography. In Vivo LV pressure was
recorded for modeling use (Fig. 3).

2.2 Two-Layer Anisotropic LV Model Construction With
Fiber Orientations. The ventricle material was assumed to be
hyperelastic, anisotropic, nearly incompressible and homogene-
ous. Infarct tissue was assumed to be hyperelastic, isotropic,
nearly incompressible and homogeneous. The standard governing
equations and boundary conditions for the LV model were the
same as those given in Refs. [33] and [34] and are given here for
easy reading
i,j=12,3;

PViu = 0ijj, sum over j (1)

81/ = (Vi.j + Vj,i + Voc,ivxj) /27 ivj? o= 17 27 3 (2)

Pressure(mmHg)

0 0.5 1 15 2
time(s)

Fig. 3 A sample of recorded and imposed LV blood pressure profile: (a) recorded LV
blood pressure profile and (b) imposed LV blood pressure profile
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Fig. 4 Modeling fiber orientation: (a) fiber orientation from a pig model; (b) fiber orientation from a human heart;
(c) fiber orientation from our two-layer LV model, end-systolic; and (d) end-diastolic condition

where ¢ is the stress tensor, € is the strain tensor, v is displace-
ment, and p is material density. Structure-only LV model was
used to save model construction effort and computing time. This
was adequate for our purpose in this paper to obtain LV stress/
strain values for analysis.

The nonlinear Mooney—Rivlin model was available in the finite
element package apiNa (ADINA R&D, Watertown, MA) which is
the software we use to solve our models. So the Mooney—Rivlin
model was used to describe the nonlinear anisotropic and isotropic
material properties. The strain energy function for the isotropic
Mooney—Rivlin model is given by [32-34]

W:CI([I*3)+C2([2*3)+D1[€XP(D2(11*3))*1} (3)

where /; and /, are the first and second strain invariants, ¢; and D;
are material parameters chosen to match experimental measure-
ments [26,29,34]. The strain energy function for the anisotropic
modified Mooney—Rivlin model anisotropic model was obtained
by adding an additional anisotropic term in Eq. (3) [32,35]

W= Cl(ll - 3) +Cz([2 *3) +D1[6Xp(D2(11 — 3)) — ”

LK1 /(2K>) exp| Ka(Is — 1)2—1} )

where 14 = C;; (ny); (ng);, Cj; is the Cauchy—Green deformation ten-
sor, n¢ is the fiber direction, and K, and K, are material constants
[35]. Choosing ¢; =0.351kPa, ¢, =0, D; =0.0633 kPa, D, =5.3,
K,=1913kPa, K,=6.00, it was shown in Ref. [35] that
stress—strain curves derived from Eq. (4) agreed well with the
stress—strain curves from the dog model given in Ref. [2]

_Cro_
=S 1) )

Q=hEg; +by(Ex +Ex+ EL + Ep) + b3 (Ef. + E + Ef + E)
©)

where Ey is fiber strain, E.. is cross-fiber in-plane strain, E; is
radial strain, and E,, Ef., and Ey. are the shear components in their
respective coordinate planes, C, by, b,, and b5 are parameters to
be chosen to fit experimental data. For simplicity, by, b,, and b5 in
Eq. (6) were kept as constants, time-dependent parameter values
C(¢) in Eq. (5) were chosen to fit echo-measured LV volume data.
Active contraction and expansion of myocardium were modeled
by material stiffening and softening in our model. The
stress—stretch curves and parameter values of the LV and infarct
tissues are reported in Sec. 2.3.

As patient-specific fiber orientation data were not available
from these patients, we chose to construct a two-layer LV model

081005-4 / Vol. 137, AUGUST 2015

and set fiber orientation angles using fiber angles given in Ref.
[29]. Fiber orientation can be adjusted when patient-specific data
becomes available [37]. Figure 4 shows ventricular fiber orienta-
tions on epicardium and endocardium layers from human and a
pig hearts and fiber orientations marked on the two-layer LV
model corresponding to end-systole and end-diastole conditions
[32-35].

2.3 A Preshrink Process and Geometry-Fitting Technique
for Mesh Generation. Under in vivo condition, ventricles were
pressurized and the no-load (under zero pressure) ventricular geo-
metries were not known. In our model construction process, a pre-
shrink process was applied to in vivo end-systolic ventricular
geometries to generate the no-load starting geometry for the com-
putational simulation. We start with initial guesses of shrinkage
rates and material parameter values, construct the model, and
apply the LV minimum pressure to see if the pressurized LV vol-
ume matches in vivo LV volume data. If not, we adjust the mate-
rial parameter values, pressurize it, and check again. The process
is repeated until LV volume matches in vivo data with
error < 0.01 cm?. Initial shrinkage was needed so that when the
end-systolic pressure was applied, the ventricles would regain its
in vivo morphology. The short-axis shrinkage was larger because
the ventricle expanded mostly in the short-axis direction. Without
this shrinking process, if we started from the in vivo end-systolic
LV geometry, the ventricle would expand under pressure and its
volume would be greater than the acquired in vivo end-systolic
ventricle volume leading to large computational errors. The effect
of the preshrink process was demonstrated by Fig. 5 [36].

A geometry-fitting mesh generation technique we developed in
our previous studies was used to generate mesh for our models
[24]. Using this technique, the 3D LV domain was divided into
many small “volumes” to curve-fit the irregular ventricle geome-
try with the infarct tissue as an inclusion. Mesh analysis was per-
formed by decreasing mesh size by 10% (in each dimension),
until solution differences were less than 2%. The mesh was then
chosen for our simulations.

2.4 Modeling Active Contraction and Expansion by Mate-
rial Stiffening and Softening. Modeling active LV contraction
and relaxation is very difficult, and some simplifications are
needed to obtain proper models to serve our purposes: (a) quantify
material properties under maximum and minimum pressure condi-
tions; (b) compare morphological and mechanical stress/strain
parameter values under maximum and minimum pressure condi-
tions. Actual LV contraction and expansion involve two different
RV zero-stress geometries (diastole and systole) and intercon-
nected changes of LV volume, pressure, stress/strain, and imposed
active stress or active material properties. A cardiac cycle consists

Transactions of the ASME
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Fig. 5 LV geometries corresponding to no-load, end-systolic, and end-diastolic conditions: (a) no-load
geometry, (b) end-systolic geometry, and (c) end-diastolic geometry

of four phases (phases 1 and 2=systole; phases 3 and
4 = diastole):

Phase 1. Isovolumic contraction: Both mitral (inlet) and aortic
(outlet) valves are closed; LV volume has no change; zero-stress
sarcomere length (SL) shortens (changing from diastole zero-stress
length to systole zero-stress length); however, this sarcomere short-
ening is not physically observable, i.e., apparent (observable) SL
does not change; active stress kicks in and LV stress/strain to peak;
increased stress pushes pressure to maximum.

Phase 2. Ejection: Aortic valve opens up and ejection starts; LV
volume drops; strain decreases and apparent SL shortens; pressure
drops; stress drops; at end of systole, LV volume reaches its
minimum.

Phase 3. Isovolumic relaxation: Aortic valve closes (both valves
closed); zero-stress SL relaxes from systole zero-stress length to
diastole zero-stress length (noncontracted length); apparent SL
does not change since LV volume does not change; strain and
stress decrease to minima; pressure drops to minimum.

Phase 4. Filling: Mitral valve opens; LV volume increases to its
maximum (end of diastole); pressure increases; apparent SL
expands; strain and stress increases. Phase 1 will follow when
filling ends.

It is very difficult to model the two isovolumic phases when the
ventricle zero-stress geometry, pressure, stress, and strain are
changing without volume change. For simplicity, we combined
the four phases into two simplified phases [33]: (a) the filling
phase when LV volume and pressure increase from their minima
to their maxima. This is the combination of phases 4 and 1 given
above; (b) the ejection phase when LV volume and pressure
decrease from their maxima to their minima. This is the combina-
tion of phases 2 and 3 given above. Active contraction and expan-
sion were modeled by material stiffening during contraction and
material softening during expansion. Stiffening the material leads
to increased stress in the strain energy function. This is actually
similar to adding an active stress in other active contraction
models.

Since the two isovolumic phases were omitted in our two-phase
filling—ejection model, RV volume, pressure, stress, and strain
achieve their minima and maxima at BF and BE, respectively.
This simplified our modeling effort considerably. By omitting the
two isovolumic phases, end-systolic and end-diastolic were made

equivalent to BF and BE and used equally in this paper. They
should be understood with our model assumptions.

Material stiffening and softening were achieved by adjusting
parameter values at each echo-time step (28 echo frames per
cycle) to simulate active contraction and expansion and match LV
volume data. For simplicity, we set by =0.8552, b, =1.7005, and
b3 =0.7742 in Eq. (6) so that we can have a single parameter C
for comparison. The least-squares method was used to find the
equivalent YM for the material curves for easy comparison.

2.5 Solution Methods and Simulation Procedures. The ani-
sotropic LV computational models were constructed for the two
groups, and the models were solved by apina (ADINA R&D,
Watertown, MA) using unstructured finite elements and the
Newton—Raphson iteration method. Stress/strain distributions
were obtained for analysis.

2.6 Ventricle Wall Thickness and Curvature Calculation,
Data for Statistical Analysis. For each LV data set (11 slices, sli-
ces are short-axis cross sections), we divided each slice into four
quarters, each quarter with equal inner wall circumferential
length. Ventricle wall thickness, circumferential curvature (C-
curvature), longitudinal curvature (L-curvature), and stress/strain
were calculated at all nodal points (100 points/slice, 25 points/
quarter). Since stress and strain are tensors, the maximum princi-
pal stress and strain were used as the representative scalar values
for stress and strain at each node, respectively. The “quarter” val-
ues of those parameters were obtained by taking averages of those
quantities over the 25 points for each quarter and saved for analy-
sis. The quarter values of those from the two patients were com-
pared to see if there are any statistically significant differences.

C-curvature (x.) at each point on a LV inner surface slice
contour was calculated using

x/y// _ x//y/

(2 + y/2)3/2 Q)

Ke =

where each contour is a planar curve, (x,y) are coordinates of
points on the contour, and the derivatives were evaluated using
neighboring points on the contour. L-curvature (x) at each point
on a LV inner contour was calculated using

\/(Z”(f)y’(f) — (O (O + (" (0)2 (1) = 2" (O (1) P+ (" () (1) = & (1)y' (1))

K=
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Table2 LV material parameter values. YM.:YM in circumferential direction.

C (kPa) YM; (kPa) YM., (kPa) C (kPa) YM; (kPa) YM, (kPa)
End of diastole End of systole
Pl 6.6748 191.1 66.4 7.7572 223 77.1
P2 5.9532 171.2 59.2 7.216 207.5 71.7
P3 3.6982 106.3 36.8 4.3296 124.5 43.1
P4 2.5256 72.6 25.1 2.7962 80.4 27.8
P5 4.8708 140 484 8.4788 243.8 84.3
I-Group mean 136.24 47.18 Mean 175.84 60.8
P6 2.5256 72.6 25.1 6.6748 191.9 66.4
P7 2.5256 72.6 25.1 7.5768 217.8 75.3
P8 3.7884 108.9 37.7 6.8552 197.1 68.2
P9 4.059 116.7 40.4 6.8552 197.1 68.2
P10 2.5256 72.6 25.1 6.8552 197.1 68.2
H-Group mean 88.68 30.68 Mean 200.2 69.26
P (t-test) 0.07889 0.07929 0.46321 0.46098

where the longitudinal curve is given by X = (x(?), y(¢), z(?)), the
derivatives were evaluated using points from neighboring slices
vertically below and above the point being considered.

2.7 Statistical Analysis. All LV wall thickness, volume, ejec-
tion fraction (EF), C- and L-curvature, and stress and strain data
were collected, and standard correlation analyses and Student -
test were performed for possible correlations and group
differences.
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3 Results

3.1 Echo-Based Models Were Able to Estimate In Vivo
LV Material Parameter Values. Human ventricle tissue material
properties are extremely hard to get noninvasively under in vivo
conditions. With patient-specific echo ventricle morphological
data and the corresponding recorded pressure conditions, we were
able to determine parameter values in the Mooney—Rivlin models
in Egs. (3), (5), and (6). Using the fiber coordinates and Eq. (6),
end-systole and end-diastole LV material parameter values for the
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Fig. 6 Material stress—stretch curves (in fiber coordinate) for P5 (infarct group) and P6 (healthy
group). Ty: stress in fiber direction and T..: stress in circumferential direction of the fiber: (a)
P5, end-systole, (b) P5, end-diastole, (c) P6, end-systole, and (d) P6, end-diastole.
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Table 3 Correlations between EF and mean values of morphological and stress/strain parameters. WT: wall thickness; C-cur: C-
curvature; L-cur: L-curvature; and Vol: volume. Boldfaced values indicated significant correlations.

EF (%) WT (cm) C-cur (1/cm) L-cur (1/cm) Stress (kPa) Strain Vol (ml)
BE
I-Group 41.5 0.5488 0.4408 0.3449 247.6 0.6478 175.79
48.76 0.5651 0.6550 0.6324 194.1 0.7861 97.78
40.37 0.6052 0.4278 0.3175 174.7 0.6425 192.73
41.30 0.7628 0.4160 0.3642 176.6 0.5329 227.84
52.27 0.5649 0.4942 0.5435 239.7 0.7740 146.37
H-Group 60.23 0.7562 0.5642 0.2548 337.3 1.0323 115.69
61.77 0.6110 0.6030 0.2570 413.0 1.0483 119.58
58.2 0.7134 0.7904 0.3483 280.6 0.9985 78.8
57.54 0.7495 0.6196 0.2470 275.3 0.9755 119.83
61.92 0.6853 0.5949 0.2348 432.7 1.0820 120.58
r 0.3495 0.7002 —0.3797 0.8517 0.9763 —0.7848
p 0.3223 0.0241 0.2792 0.0018 1.17E—-06 0.0072
BF
I-Group 41.5 0.6331 0.5588 0.3870 8.852 0.1738 102.84
48.76 0.6914 0.8516 0.5968 4.848 0.2081 50.10
40.37 0.7129 0.5427 0.3215 6.715 0.1969 114.93
41.30 0.9126 0.4985 0.4016 7.645 0.1670 133.75
52.27 0.6895 0.7146 0.5410 5.488 0.1608 69.87
H-Group 60.23 0.9816 0.8062 0.3597 3.494 0.2158 46.01
61.77 0.8040 0.8759 0.2889 3.803 0.2078 45.73
58.2 0.9003 1.1392 0.3642 3.193 0.2080 32.94
57.54 0.9709 0.8781 0.2743 3.249 0.2076 50.88
61.92 0.9166 0.8682 0.3103 3.394 0.2115 45.92
r 0.5847 0.8097 —0.3240 —0.9201 0.6505 —0.8961
p 0.0759 0.0045 0.3610 0.0002 0.0417 0.0005

two groups are given in Table 2. Figure 6 gives the stress—stretch
plots for two patients, one from each group for illustration. Using
the mean value of healthy group (H-Group) as the base value, at
end-diastole, the mean infarct group (I-Group) YM value for the
fiber direction (YMy) was 54% stiffer than that of the healthy
group (136.24kPa versus 88.68 kPa). At end-systole, the mean
YM values from the two groups were similar (175.84 kPa versus
200.2 kPa). More interestingly, while H-Group end-systole YM;
was 126% higher that its end-diastole value, I-Group end-systole
YM; was only 29% higher that its end-diastole value. This indi-
cated that H-Group ventricles had much better contractibility
reflected by greater material stiffness variations.

3.2 Correlations Between EF With Ventricle Morphologi-
cal and Stress/Strain Conditions. Correlations between LVEF
and wall thickness, circumferential and longitudinal curvature,
stress and strain values for each patient are given in Table 3.
Because stress and strain are tensors, maximum principal stress
and strain were used as their scalar representatives in this paper.

At BE (LV pressure and volume at maximum), LVEF showed
positive correlation with circumferential curvature (C-curvature),
stress and strain (r=0.7000, 0.8517, and 0.9763), and negative
correlation with LV volume (r= —0.7848), respectively. At BF
(LV pressure and volume at minimum), LVEF showed positive
correlation with C-curvature, strain (r=0.8097, 0.6505), but neg-
ative correlation with stress and LV volume (r=—0.9201,
—0.8961), respectively. LVEF showed no significant correlation
with wall thickness and L-curvature.

3.3 Infarcted LV Had Lower Stress/Strain and Thinner
Wall at BE. Comparison of LV quarterly averaged wall thick-
ness, circumferential and longitudinal curvature, stress and strain
values are given in Table 4. Figure 7 shows stress and strain plots
from two patients, one from each group, to illustrate stress/strain
distribution patterns.

Among the five parameters, longitudinal curvature (L-curvature)
and LV stress showed largest differences. At BE when LV volume,
pressure, stress and strain were at their maxima, I-Group stress,

Table 4 Comparison of quarter mean values of ventricle wall thickness, circumferential curvature, longitudinal curvature, and
mechanical stress/strain between I-Group and H-Group. Qts, quarters; WT, wall thickness; C-Cur, circumferential curvature; L-Cur,

longitudinal curvature; and Stdev, standard deviation.

Qts WT (cm) C-Cur (1/cm) L-Cur (1/cm) Stress (kPa) Strain
BE
I-Group (220Qts) Mean 0.5745 0.4934 0.4325 237.42 0.7331
Stdev 0.1209 0.3085 0.3051 72.36 0.2158
H-Group (220Qts) Mean 0.7031 0.6344 0.2684 347.77 1.0273
Stdev 0.1630 0.4720 0.1933 87.90 0.1285
P-value 2.33E-06 0.0667 0.00091 5.55E—11 3.66E—14
BF
I-Group (220Qts) Mean 0.6867 0.6406 0.4461 7.47 0.2276
Stdev 0.0974 0.3812 0.2661 3.05 0.1175
H-Group (220Qts) Mean 0.9147 0.9135 0.3195 343 0.2101
Stdev 0.1393 0.6401 0.3027 0.70 0.0375
P-value 9.526E—20 0.00778 0.0174 3427E—-16 0.29328
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Fig. 7 Stress-P; (maximum principal stress) and strain-P; (maximum principal strain) plots from P5 (with infarct) and P6
(healthy) showing stress/strain distribution patterns corresponding to maximum and minimum pressure conditions: (a) P5,
stress-P1, BF; (b) P5, strain-P1, BF; (c) P5, stress-P1, BE; (d) P5, strain-P1, BE; (e) P6, stress-P1, BF; (f) P6, strain-P1, BF;

(g) P6, stress-P1, BE; and (h) P6, strain-P1, BE

strain, and wall thickness were 32%, 29%, and 18% lower (thin-
ner), respectively, compared to those of H-Group. L-curvature from
[-Group was 61% higher than that from H-Group. Difference in C-
curvature between the two groups was not statistically significant.

At BF when LV volume, pressure, stress, and strain are at their
minima, [-Group stress and L-curvature were 118% and 39.6%
higher, respectively, than those of H-Group. Wall thickness and
C-curvature from I-Group were 25% and 30% thinner (lower)
than those from H-Group. Difference in strain between the two
groups was not statistically significant.

3.4 Sensitivity Analysis and Impact of the Model Assump-
tions. Sensitivity analysis was performed to study impact of
model assumptions. PS was used to make four models to demon-
strate differences caused by changing one model conditions. For
simplicity, the base model of patient PS5 is referred to as PS. Model
P5-1 is the same as PS5 except that we dropped the preshrinking

process, i.e., the in vivo LV geometry corresponding to minimum
pressure was used as the no-load geometry to construct the model.
Model P5-2 is the same as P5 except that we treated the infarct
part as normal tissue. Model P5-3 was made by changing maxi-
mum pressure in P5 from 110mm Hg to 140 mm Hg, keeping
other conditions the same. In Model P5-4, parameter C value was
increased by 50% to find the impact of material stiffness on model
outcome. Model comparisons are given by Table 5 showing
impact of model assumptions on calculated model LVEF and
stress/strain outcome. Without preshrink, P5-1 led to a 42% over-
estimate of LV volume at BE. Treating infarct as normal tissue
also led to increased LV volume (18%) and stress/strain level
(25%/17%). A 30 mm Hg pressure increase led to only a small LV
volume increase (2.5%), but a considerable increase in stress
(37.3%). Strain increase was only 5.2%. A 50% increase in stiff-
ness coefficient C led to decrease of LV volume (—6.6%),
decrease of stress (—14.4%), and strain (—8.3%).

Table 5 Model comparisons showing impact of model assumptions on stress/strain outcome. Remark: BE corresponds to maxi-

mum LV pressure and volume.

Pressure (mm Hg) Echo vol (ml) Model vol (ml)

Min Max Min Max Min Max Model EF (%) BE mean stress (kPa) BE mean strain
P5 9 110 70 147 69.87 146.37 52.27 239.7 0.7740
P5-1 9 110 70 147 99.34 208.31 52.31 236.7 0.7647
P5-2 9 110 70 147 76.70 173.30 55.74 301.3 0.9092
P5-3 9 140 70 147 69.87 153.17 54.38 329.2 0.8147
P5-4 9 110 70 147 63.85 136.73 53.30 205.1 0.7102

081005-8 / Vol. 137, AUGUST 2015

Transactions of the ASME



4 Discussion

4.1 In Vivo Image-Based Models: What Do We Know and
What Do We Want to Know. Since it is highly risky, and often
impossible, to use direct surgical approach to investigate ventricle
cardiac functions and evaluate impact of different therapies, com-
putational models have been used to perform simulations to test out
feasibilities of surgical options, features of assist devices, and
impact of various factors on cardiac functions [2,6,8,32]. In gen-
eral, computational ventricle models require “input” information to
provide accurate and reliable “output” predictions. Those input in-
formation normally include ventricle morphology, tissue material
properties, fiber orientation, blood pressure, valve mechanics,
active contraction information, and electric coupling. Unfortu-
nately, when making patient-specific models using in vivo data, it
is difficult to get the complete data set with desirable accuracy for
the model. Patient-specific myocardium material properties are
often missing in most published ventricle models. An inverse
method was presented in this paper for calculating ventricle mate-
rial properties based on echo image and pressure data. It should be
noted that active contraction was modeled by material stiffening.
No-load ventricle geometry was also determined in the process.
Those made our approach unique.

4.2 Material Stiffness Parameters as Predictors of Pres-
ence of Infarct. Identification of infarct area is of great important
in clinical applications. Now that we demonstrated that ventricles
with and without infarct have considerably large differences in
contractibility and material stiffness variations, proper inverse
methods could be introduced to determine if a ventricle had
infarct based on its contractibility and material parameter values
predicted by our models. This could serve as the basis for people
to develop accurate and automatic methods to identify infarct area
based on image data, which is of great clinical relevance.

It should be noted that our method is a “global” method in a
sense that our material parameters were for the entire ventricle.
Indeed, we did not have any local ventricle “tagging” information.
It is beyond our method to have local property predictions.

4.3 Search for the Best Predictor for Presence of Infarct.
How to determine if a patient had infarction is of great clinical
importance. Among those morphological (size, volume, wall
thickness, curvature), mechanical (stiffness, stiffness variation,
stress, strain), and biological (pressure, clinical symptoms) indica-
tors, what is the best predictor for presence of infarction? Our lim-
ited study of these ten patients may provide some hint, but we
could not draw any conclusion, partially because of the small size,
and partially because the two groups are distinctively different.
We have a long way to go to find out if the modeling approach
could provide better tools to aid diagnosis or inform treatment.
Basically, it is an inverse problem. First, we study enough patients
to find if the two groups differ in those morphological and me-
chanical parameters. After we gather enough data, we ask the
“reversed” questions: can we use those parameters to differentiate
patients with infarct from those without? Or, can we show that
some parameters have better predicting power? Large scale pre-
dictive studies are needed to get better conclusions.

We should clarify that our method would not be able to deter-
mine infarct size accurately. It would only give indication that
infarct may be present. That is a hope for future application. This
is to detect presence of infarct (without specific size or location
information) without using more expensive imaging tools.

Several imaging techniques, such as echocardiography, MRI,
and myocardial perfusion tomography are being used clinically to
assess myocardial infarction. Evaluation of regional myocardial
motion by echocardiography is mainly performed by visual esti-
mation on two dimension images, which is subjective and not
very reliable. Myocardial perfusion tomography is a nuclear medi-
cine procedure that illustrates the function of myocardium. It can
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be used to identify location and degree of myocardial infarction.
However, this technique cannot determine infarct size precisely,
especially in patients with nontransmural myocardial infarction.
MRI is a precise technique to quantify infarct size. But it is expen-
sive, and the side effects of MRI contrast agent (magnetism) can-
not be ignored. Besides, none of the above techniques could
assess the material properties of myocardium, which is the main
purpose of this paper.

4.4 Our Two-Phase Model Assumption and End-Systole/
End-Diastole Terminologies. There is a general misconception
that heart contraction is kind of equal to high stress and high pres-
sure, which is not true. Heart contraction is caused by shortening
of myocardium fibers (sarcomere), which is directly related to
zero-stress length of sarcomere. Heart contraction leads to high
stress/high pressure during the isovolumic pre-ejection phase.
When heart contract is fully realized, i.e., the heart is at its end-
systole, sarcomere is at its shortest length, ventricle has its mini-
mum volume, and stress is low, even though not at its minimum
yet. Ventricle pressure and stress will continue to drop as sarco-
mere “relaxes,” and reach their respective minimum before mitral
valve opens (prefilling). That is why we used BE and BF in this
paper when end-systole and end-diastole might be misleading.

4.5 Stiffness Parameter Choices. When adjusting material
parameters in Eqs. (5) and (6) during a cardiac cycle for a given
patient, we kept by, by, and b3 as constants, and were adjusting
only C value to match LV volume data. The main reason for that
is we do not have data to be more specific. For most modeling
research based on in vivo data, we normally work with very lim-
ited data. Theoretically, those problems are under-determined and
solutions are not unique. For our paper here, the only data we have
is ventricle volume. With that, we can only determine one parame-
ter value. That is why we fixed b, b,, b3, and used volume data to
determine C value. Different sets of parameter values could be
used to match LV volume and they would be equally good. Still,
by, by, by are three numbers, it is more natural to choose C as the
working parameter as our first-order approximation.

4.6 Model Limitations. Model limitations include the fol-
lowing: (a) ventricle valve mechanics was not included. Valve
mechanics plays an important role. However, including it will
require considerable more data and modeling effort; (b)
fluid—structure interaction was not included; (c) local ventricle
deformation imaging data (by particle tracking) was not included;
such data will be very useful for determining tissue material prop-
erties and infarct area; (d) active contraction and expansion were
modeled by our two-phase model with material stiffening and
softening without adjusting zero-stress ventricle geometries.
Accurate zero-stress ventricle geometries are needed to further
improve our models.

5 Conclusion

An echo-based computational modeling approach was proposed
to investigate LV material properties and stress/strain conditions.
With ten patients studied, our results indicated that our modeling
approach has the potential to be used determine in vivo ventricle
material properties, which in turn could lead to inverse methods to
infer presence of infarct from LV contractibility and material stiff-
ness variations. Quantitative differences in LV volume, curvatures,
stress, strain, and wall thickness between the two groups were
provided.
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