Engineering and Applied Science Research October — December 2018;45(4):301-307 Research Article

Effect of aspect ratios on stress and strain of a multilayer model for the left ventricle
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Abstract

A basic understanding of the heart behavior assists in the accurate diagnosis of heart disease, which is the leading cause of
death in Thailand. The mechanical behaviors of the heart can be ideally explained by strain and stress. This work numerically
and analytically described three layers of the heart wall in a computational model, while previous studies only considered the
myocardium, which is a muscular layer. Moreover, the shape of the left ventricle (LV) varies among individuals. The influence
of the LV shape, as assumed to be a truncated ellipse, was considered by varying the short-to-long-axis and wall-to-cavity-
volume ratios to investigate strain and stress in the radial, circumferential and longitudinal directions during a passive filling
with blood using a continuum approach. For verification, the model was compared to other research work by defining the wall-
to-cavity-volume and short-to-long-axis ratios as well by as fiber distribution. The results showed that an increasing short-to-
long-axis ratio obviously resulted in decreased overall strains and stresses. Whereas, increasing the wall-to-cavity-volume ratio
slightly decreased radial contraction as well as circumferential and longitudinal expansion. The fiber strains of the linear fiber

distribution corresponded well with previous work at a high longitudinal curvature.
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1. Introduction

Cardiovascular disease (CVD) was the leading cause of
death of Thai people in 2012 [1] and more than 58,000 of
Thais will die annually from this disease [2]. However, it is
preventable and mostly treatable with early detection. A
computational model of the left ventricle (LV) or the left
chamber of the heart that pumps blood through the whole
body is used to understand heart behavior. Its analysis will
give support as a tool for medical diagnosis in case of CVDs.
Several computational models of the LV have been presented
assuming the shape as a cylinder [3-4], a truncated cone [5-
6], and truncated ellipse [7-8]. Most focused on the
myocardium, which is a muscular layer responding for the
heart function. The heart is composed of three layers,
endocardium, myocardium, and epicardium located at the
inner, middle and outer wall, respectively [9]. The
endocardium and epicardium are extremely thinner than the
myocardium, but they are capable of carrying loads in the
circumferential and longitudinal direction [10-11]. They
show isotropic behavior, but exhibit a highly nonlinear
behavior near the limit of extensibility and have a major
influence in a passive filling process [12]. Hence, the one-
layer LV model is inadequate. Moreover, the LV size and
shape is different among individuals based upon gender, age,
and health, resulting in different stress and strain values.
CVDs caused remodeling in the LV shape so that the
chamber was more spherical and the LV wall increased [13-
14]. The various LV shapes also lead to changes in fiber
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angles, which is influent in a twisting deformation and
cardiac function [15]. Individuals with a high sphericity in
the LV shape are at high risk of heart failure as well as atrial
fibrillation [16]. Even though there were previous studies
concerned about the influence of LV shape, they only
considered the myocardium in their models [7, 17]. In the
current study, an analytical method using a continuum
approach was applied to determine strain and stress in a
multi-layer model. Then strain and stress were compared for
various LV shapes in terms of short-to-long-axis and wall-
to-cavity-volume ratios during the passive filling phase.

2. Methodology
2.1 Left ventricular model

The LV geometry was assumed to be a truncated ellipse
in a prolate spheroidal coordinate system (X1, X2, X3) that
provided a good correlation with the actual LV shape 0. The
X1 coordinate varies along the radial direction perpendicular
to the confocal LV surface, whereas the Xz and Xs
coordinates provide the circumferential and longitudinal
position on the surface, respectively, as seen in Figure 1(a).
The transformation between prolate spheroidal and Cartesian
(X, Y, Z) coordinates is given by 0:

X = d - sinh(X;)cos(X;)sin(X3)
Y = d - sinh(X;)sin(X,)sin(X3) 1)
Z = d - cosh(X;)cos(X3)
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Figure 1 (a) Parameters are illustrated in the prolate spheroidal coordinate system. (b) The distribution of the fiber angles in
the myocardium is defined. (c) The fiber angle helically distributes 60° and -60° at the inner and outer surface, respectively.

where the focal length (d) is given by d = Va? — b?, a and
b are the major and minor radii of the ellipsoid, respectively,
as shown in Figure 1(a).

The initial cavity volume was 85 ml, and the final
volume of blood filled into the LV chamber during a passive
filling was 100 ml [7]. The basal diameter of the LV shape
was fixed at 30 mm [8] representing the mitral valve annulus
in Figure 1(a).

The LV shape was defined by the short-to-long-axis and
wall-to-cavity-volume ratios, which were controlled
parameters for all various shapes. The short-to-long-axis
ratio is the ratio between the minor (b) and major (a) radii of
the ellipsoid, while the wall-to-cavity-volume ratio is the
ratio between the volume of LV cavity and wall.

2.2 Myocardium

The myocardium is a muscular layer composed of helical
fibers, which are oriented spirally and smoothly across the
wall 0 as shown in Figure 1(b). The helical angle (®) of the
nonlinear fiber distribution in the myocardium is shown in
Figure 1(c) and is defined by:

_ _ 2R—(Ro+R)]3) (@ (R)—P(Ro)
®(R) = B(R) {1 + [Pt }( 2®) ()
where R; and R, are undeformed inner and outer radii,
respectively, measured from Xi1=0. The deformation
gradient (F;;) of the myocardium can be written as:

ar/dR  or/RI® 0r/dZ1 [r 0 0
F;=|rd6/0R 1d6/RI® rd6/0Z|=|ro’ r/R ry| (3)
0z/0R 0z/R0©® 0z/0Z w' 0 A

where v is a twist-per-unit undeformed length, ® and w are
a radially dependent part of the circumferential and apex-to-
base displacement, respectively, and A is an extension ratio
in the apex-to-base direction.

Using the right Cauchy-Green deformation tensor (C =
FT - F), the components of the Green strain (E;;) calculated
byE =(C—-1)/2are:

B = [(r)? + (ro)? + (W)? - 1]/2 (42)

Ep = [(r/R)* —1]/2 (4b)
Esz = [(rp)* + (A)? - 1]/2 (4¢c)
The first principal strain invariant (1) is:

L=trC=")?+ (w)?>+@/R)?*+ (@P)?+ W)+
(n)? ()

The stretch ratio in the fiber direction () is derived by a unit
vector in the fiber direction in undeformed LV (N), which is:
a’?=N-C-NT,

N; = [0, cos®(R), sin®(R)] (6)

a? ={(r/R)?*cos?®(R) + 2(r/R) (ry)sin®(R)cos®(R) +
[rP)? + (A)?]sin*D(R)} Q)

The constitutive relation, which describes the mechanical
behavior of the myocardium, was expressed as a strain-
energy function, (W). It was derived in terms of the first
strain invariant (I;) and stretch ratio in the fiber direction (a)
as [4]:

W = Ale®h=3) — 1] + B[eb@D* — 1] )

where A, a, B and b are material parameters derived from
multi-axial test. The main components of the Cauchy stress
(a;) for the myocardium are:

011 = —p(r) + 2W;(r')? (99)

022 = —p(r) + 2W;[(r/R)? + (rP)? + (rw')?] + (W, /
a)[a? — (A%sin?d(R)] (9b)

033 = —p(r) + 2W,[(W")? + (A)?] + (W, /
a)[A%sin?®(R)] (9¢c)

where p(r) is the Lagrange multiplier for incompressibility,
W, = ade®i=® and W, = 2b(a — 1)Be?@D* are
partial differentiations of the constitutive relation expressed
in Equation 8 on I; and a, respectively.
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Table 1 Material parameters of the endocardium and epicardium
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Endocardium Epicardium

Direction Circumferential Longitudinal Circumferential Longitudinal
c (g/cm) 7.58 x 10 3.82x 10* 2.94x 103 2.94 x 10

C1 6.66 5.93 0.78 0.78

C2 12.8 12.1 12.9 9.69

C3 6.36 6.32 0.20 0.20
ca4(g/cm) 2.94 0.20
cs (g/cm) 2.94 0.20
Cs (g/cm) 0.20 4.60

p(r) =2W,(r')? + P; —
e {ZWI[(r/R)2 +(P)? + (ro’)? - (r’)z]} dr.

+(We/a)[a® — Asin?@(R)] (10)

Tir
2.3 Endocardium and epicardium

The endocardial and epicardial layers are extremely thin
that could be conducted under a biaxial test in the
circumferential and apex-to-base direction [10-11]. Then, the
in-plane shear stresses of these layers are zero and the
deformation gradient tensor is:

% 0 0
Fij =10 }\@ Ko (ll)
0 Kz }\Z

where 2, is the stretch ratio and x; is shear value that cannot
be controlled and should not exceed 0.2 0. The right Cauchy-
Green deformation tensor was used to calculate the Green
strain.

The behaviors of the endocardium and epicardium were
similar, but the endocardium was stiffer at lower extensions
[10-11]. The constitutive relation for the endocardium was
described by a combined polynomial-exponential
pseudostrain-energy function 0:

Q = 0.5¢,E3¢g + c2E9oEzz + 0.5¢3EZ; (12)

W =c(e? — 1) + 0.5¢,Edg + csEgoEzz + 0.5¢4E2Z; (13)

The equation for the epicardium was a Fung-type
exponential pseudostrain-energy function:
W =c(e?-1) (14)
where ¢ and c; are material parameters. The membrane

stresses (t in gf/cm) in the circumferential and longitudinal
directions of the endocardium and epicardium were directly

determined from the constitutive equations (t = % -F -‘;—Z-

FT) 0. The equilibrium equation providing the Lagrange
multiplier was used to calculate the radial stress. The details
of strain and stress calculation were provided in a previous
study 0.

2.4 Boundary conditions

The border between layers were attached in the
circumferential and  longitudinal  directions.  The
circumferential and longitudinal deformations at the
border between the endocardium and myocardium were
equal (EZZ(Ro,endo)=E22(Ri,myo) and E33(Ro,end0)=
E33(Rimyo)) and vice versa between the myocardium and

epicardium (EZZ(Ro,myo) = EZZ(Ri,epi) and E33(Ro,my0) =

E33(Riepi)). The circumferential deformation showed that
the undeformed and deformed radii at the border were equal
and k; was zero. The longitudinal strain between layers was
used to determine kg. Moreover, the transmural pressure,
which perpendicularly acts to the heart wall, resulted in
radial stress and was even between layers (a1 (7o,endao) =

all(ri,myo) and O-ll(ro,myo) = O-ll(ri,epi))-
2.5 Parameters

A short-to-long-axis ratio was constant during passive
filling with settings of 0.5 to 0.99, and the wall-to-cavity-
volume ratios were set to 1, 2 and 3. The initial and final
cavity volume was constrained at 85 and 100 ml [7],
respectively, for all LV shapes. The basal diameter
representing the heart valve position was assumed to be 30
mm, as seen in Figure 1(a), through the filling process [7-8].
The outer pressure (P,) was constant at 0 kPa [7-8].

The material parameters for the myocardium were as
follows [4]: y=1.7/cm, A =0.115 kPa, a =9.665, B =0.082
kPa, b = 61.52, w'(R;) = 0.2, and w'(R;) = 0.1 rad/cm. The
fiber angle varied from 60° at inner wall to -60° at outer wall
[6].

The wall thickness of the endocardium and epicardium
was 0.188 and 0.297 mm, respectively 0. The material
parameters obtained by using a nonlinear curve-fitting
method of the extracted data from the biaxial test
(circumferential and longitudinal direction) on six animals 0
are shown in Table 1 for the endocardium and epicardium.

3. Results
3.1 Strains and stresses

The overview of strains and stresses are given in
Figures 2 and 3, respectively, in three main directions, radial
(Xa), circumferential (X2), and longitudinal (Xs) direction,
and in the right half of a longitudinal cross-section. A
deformed LV is in front of an undeformed LV drawn in a
black line.

During passive filling, the LV expanded in the
longitudinal and circumferential directions, especially at the
apex, as seen in Figures 2(c) and 2(b), respectively. The
circumferential and longitudinal expansion was consistent
with observations of the heart during blood filling 0.
According to the incompressibility of the heart wall, the LV
radially contracted particularly at the apex in Figure 2(a).
The circumferential and longitudinal deformation decreased
from the inner wall to the outer wall as well as the radial
contraction.

The stress distributions in the radial, circumferential and
longitudinal direction are shown in Figure 3. During blood
filling, the deformation mostly took place at the apex and
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Figure 2 Strain distributions in (a) radial, (b) circumferential and (c) longitudinal direction. The distributions are shown for
short-to-long-axis ratios of 0.5, 0.7, and 0.9 from left to right, and for wall-to-cavity-volume ratios of 1, 2 and 3 from the top

to bottom.
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Figure 3 Stress distributions in (a) radial, (b) circumferential and (c) longitudinal direction. The distributions are shown for
short-to-long-axis ratios of 0.5, 0.7, and 0.9 from left to right, and for wall-to-cavity-volume ratios of 1, 2 and 3 from the top

to bottom.

caused maximum stress at the apex. The magnitude of stress
in all directions was high at the inner wall and then gradually
decreased to the outer wall.

Increasing the short-to-long-axis ratios obviously
decreased the strain and stress in all directions. Increasing
the wall-to-cavity-volume ratios insignificantly varied both
contraction and expansion.

The middle wall of each layer was selected to observe
variation in the short-to-long-axis ratio. The three
longitudinal positions were measured at 10%, 50% and 90%
from the base of an undeformed LV, represented as the base,
mid-LV, and apex, respectively, as indicated by the black
lines in Figures 2-3.

In Figure 4(a), the endocardium was more radially
contracted than other two layers. With an increasing short-
to-long-axis ratio or increasing degree of sphericity, the
contraction in all layers was gradually increased at the base,
but it significantly decreased in contraction at the apex. The
endocardium had the highest circumferential and
longitudinal expansion. The circumferential expansion in
Figure 4(b) slightly increased at the base, insignificantly
varied at the mid-LV, but extremely decreased at the apex for

increasing short-to-long-axis ratios. As seen in Figure 4(c),
the longitudinal expansion of the base slightly varied in the
myocardium and epicardium, while it increased in the
endocardium. All layers tended to decrease in longitudinal
deformation at the mid-LV and slightly changed at the apex
during an incremental change in sphericity.

With increasing longitudinal curvature, the stress in the
epicardium was insignificantly different at the base, mid-LV,
and apex in all directions. The radial stress, as seen in
Figure 5(a), in the endocardium at the apex was greatly high
for low longitudinal curvature in LV shape according to the
transmural pressure acting at the wall surface while the apex
extremely contracted in the radial direction. At the apex, the
circumferential and longitudinal stress, in Figure 5(b) and
5(c), respectively, in the endocardium increased and then
insignificantly decreased. The stress in the circumferential
and longitudinal directions in the myocardium were
substantially higher for a low sphericity LV shape and then
decreased with high sphericity. A nonlinear fiber distribution
in the myocardium resulted in high circumferential stress,
especially for the low short-to-long-axis ratio.
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Figure 4 Strain distribution at the middle layer of the endocardium, myocardium and epicardium for wall-to-cavity-volume
ratios of 2 and short-to-long-axis ratios of 0.5, 0.6, 0.7, 0.8, 0.9 and 0.99 at the base, mid-LV, and apex from left to right as
indicated by black lines in Figure 2 in (a) radial, (b) circumferential, and (c) longitudinal directions.
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Figure 6 Distribution of fiber strain in short-to-long-axis ratios of 0.6, 0.8 and 0.99 at the base, mid-LV, and the apex of linear
fiber distribution at the middle myocardium, in comparison to Choi et al. (2010) [7].

3.2 Model verification

For verification, the model was compared to other with
respect to fiber direction since they only considered the
myocardium layer. The fiber direction depends on the
circumferential and longitudinal direction and was simply
determined using strain transformation. Parameters were
varied to match Choi et al. (2010) [7] in that the fiber
distribution was linear and aligned 75° to -45° at inner and
outer walls, respectively. The twist-per-unit undeformed
length was zero (y = 0), the wall-to-cavity-volume ratios
were 1 and 3, short-to-long-axis ratio were 0.6, 0.8 and 0.99.
Figure 6 shows fiber strains for wall-to-cavity-volume ratios
of 1 and 3 at mid-LV (equator line or Z = 0) and apex.

The strain in the fiber direction for the wall-to-cavity-
volume ratio of 1 in Figure 6(a) was rather higher than the
wall-to-cavity-volume ratio of 3 in Figure 6(b). Increasing
the short-to-long-axis ratio showed that the fiber strain
increased at the base and mid-LV, while it certainly
decreased at the apex. At high short-to-long-axis ratios (axis
ratio > 0.8), the fiber strain at the apex was higher than other
longitudinal positions, which is consistent with other, even
though the magnitude was different.

4. Discussion

Increasing the wall-to-cavity-volume ratio presented a
small variation of strains by reducing radial contraction as
well as decreasing circumferential and longitudinal
expansion and stress. This occurred while increasing radial
stress and decreasing stress in the circumferential and
longitudinal direction. Whereas increasing the short-to-long-
axis ratio or longitudinal curvature of LV shape showed a
wide variation of strains and stresses, especially at the apex,
as seen in Figures 4 and 5, respectively.

Considering the fiber direction, increasing the wall-to-
cavity-volume ratio showed that the fiber strain decreased
while increasing the short-to-long-axis ratio certainly caused
strain reduction in the fiber direction at the apex. The more
that the LV shape is spherical, the less the LV
circumferentially expands, which can easily be seen in
Figure 4(b) at the apex. This is because the high spheroidal
shape of LV evenly dissipates load during LV expansion.
The fiber strain with high longitudinal curvature was similar
to that reported by Choi et al. (2010) [7] that the strain at the
apex was higher than at the mid-LV for wall-to-cavity-
volume ratios of 1 and 3, even though the magnitude was

different. Thus, the model was appropriate for investigation
of strain and stress of the three LV layers.

Even though a truncated ellipse is close to the actual LV
shape, an imaging technique such as a magnetic resonance
imaging (MRI) or a computed tomography (CT) scan will
give real geometry and other parameters such as a cavity
pressure, LV size, and thickness. Moreover, a lack of
validation in the same specimen or animal was seen in the
discontinuous distribution of stain and stress across the three
layers of the LV wall in some directions. To complete the
multi-layer model for the LV, the material parameters should
be determined on the same animal or specimen.

Factors such as tissue growth, remodeling, and acute
geometric change could alter residual stress. These can be
observed in the ratio of wall thickness to radius and opening
angle of the LV sliced ring 0. Dilated cardiomyopathy
resulted in a decreaced ratio of wall thickness to radius, and
may cause a major decrease in residual strain and stress 0.
Considering a cardiac disease condition, residual stress
should be significantly considered in the model because it
plays a major role in acute geometric remodeling from
reduction surgery of a dilated heart. This type of remodeling
can restore some of the lost residual stress.

In future work, the strain and stress distribution across
the three layers of the LV during a passive filling will provide
a basic foundation to develop an artificial heart that it should
be able to carry higher loads during a cardiac cycle.

5. Conclusions

The computational results showed that the strain and
stress in three main directions that can be summarized as
follows:

e  When the short-to-long-axis ratio was altered from
0.5 to 0.99, the radial and circumferential strain in
all layers at the apex was reduced by more than
50% and 75%, respectively, and stresses in the
endocardium varied by more than 75%, 170%, and
250%, in the radial, circumferential and
longitudinal directions, respectively.

e Varying wall thickness, which is defined by the
wall-to-cavity-volume ratio, slightly affected the
strain and stress variation at the same short-to-
long-axis ratio.

e High curvature assists to distribute the load in all
directions, which results in uniformly distributed
longitudinal strain and stress.
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e The results show that a person who has low

sphericity in the LV shape, appears to have higher
strain and stress during blood filling than a person
with high wall thickness.

e  However, the LV under CVDs remodels that as the

shape is more spherical [13], the parameters used
for the model, such as an intraventricular pressure
and material parameters of the constitutive relation
of each layer are needed to model the disease
condition and are different than those used in this
work.
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