1 Introduction

THE FORMULATION of models for the description of the
mechanics of the left ventricle (LV) has been intensively
studied. The main parameters involved in the analysis of
LV mechanics are:

(a) the real irregular geometry of the left venticle

(b) the anisotropy of its walls

(c) the large deformations the LV undergoes during the
cardiac cycle

(d) the material nonlinearity of the myocardium

(e) the mechanical activation of the heart muscle.

The recently reviewed models (Pao, 1980; PErL and Horo-
wITZ, 1985; YETTRAM and VINSON; 19794) can be divided
into two main groups. The models of the first group
account for a large number of the above listed mechanical
parameters while compromising with the geometric con-
figuration by describing the LV as a circular cylinder
(ARTS et al., 1979; FEIT, 1979; ToZEREN, 1983). The models
of the second group emphasise the geometric accuracy, but
account for a considerably smaller number of mechanical
factors (HEETHAAR et al., 1977; YETTRAM et al., 1983).

The available models usually describe only part of the
cardiac cycle, concentrating mostly on the diastolic phase
in which the ventricular wall is assumed to be passive. This
is due to the evident difficulty in simulating the mechanical
activation of the heart muscle, which is especially signifi-
cant in the systole. However, even when only the diastole
is considered, the elastic moduli of the walls must be con-
siderably adjusted (MoskOwITZ et al., 1978; YETTRAM and
VINSON, 1979b). Thus, negative elastic moduli values are
sometimes required to reproduce the measured diastolic
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volume/pressure relationships. This result leads to ques-
tioning the mechanical meaning of the elastic moduli and
the common assumption that the myocardium may be
treated throughout the diastole as an entirely passive
material.

The present paper attempts to present a comprehensive
simulation model, based on the finite element (FE) tech-
nique, of the mechanics of the LV, which includes the real
geometry of the ventricle as well as the various mechanical
parameters formerly mentioned. The model describes the
entire cardiac cycle in a continuous manner, bringing the
ventricle to its initial state at the end of the simulation
process. The simulation procedure is presented, following a
detailed discussion of the various assumptions used in the
model.

2 Mechanical model

The formulation of the proposed mechanical model of
the LV considers the ventricle as a three-dimensional
thick-walled vessel which is acted upon by the cavity blood
pressure and by the active forces which develop in the
muscle fibres. The basic assumptions regarding the LV are:

(@) the LV is an irregular three-dimensional body, without
rotation axis or symmetry planes (the right ventricle is
not included in the model)

(b) the amount of deformation the ventricle undergoes
during the cardiac cycle implies that a large deforma-
tion analysis is needed

{c) the myocardium is an elastic nonlinear material

(d) the myocardium is an anisotropic material, comprising
a fibrous structure embedded in an isotropic bulk
material

{e) the active forces which develop in the myocardial fibres
are accounted for throughout the whole cycle

March 1986 145



(f) the endocardium is subjected to a uniform time-
varying normal pressure

(9) inertial forces are insignificant during the cardiac cycle
(i.e. the system is treated quasistatically).

2.1 LV geometry

The geometric irregularity of the LV and its material
and geometric nonlinearities make the FE method the
most suitable technique for solving the problem. The
three-dimensional reconstruction of the LV is based on the
geometric data provided by RitManN et al. (1980) and
obtained by computerised tomography. The original data
were reduced to a series of 1619 parallel transverse cross-
sections of the ventricle, spaced 3 mm apart, taken at a
frequency of 60 times per second. The endocardial and
epicardial contours are delineated on each section by some
50-500 points.

Once the LV shape is determined it is necessary to dis-
cretise it prior to the FE analysis. Therefore, based on
some of the above points, a three-dimensional FE grid is
constructed. An example of the grid is presented in Fig. 1,
showing that the FE mesh consists of two types of iso-
tropic elements: the three-dimensional solid ones and the
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Fig. 1 Breakdown of the LV into finite elements. The LV wall
consists of two layers of three-dimensional elements, com-
bined with five layers of truss elements. The kinematic
boundary conditions restricting rigid body displacements
and rotations are also indicated

truss elements. The LV is shown to be divided into two
layers of three-dimensional elements representing the myo-
cardium, reinforced by truss elements which serve to
model the fibrous structure of the muscle.

2.2 Anisotropy of the LV wall

The anatomic studies of the fibrous structure of the
myocardium (GREENBAUM et al, 1981; STREETER and
HANNA, 1973; STREETER, 1979) indicate a gradual fan-like
distribution of the fibre directions across the ventricular
wall. The common, although probably simplistic, way of
describing the fibres’ architecture in the ventricle is to
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assume a linear variation of the fibre angle, from +60° to
the circumferential direction at the endocardium to —60°
at the epicardium. Alternatively, one can divide the wall
into a number of layers, each with a discrete orthotropic
direction. The directional anisotropy of the ventricular
wall is modelled here by superimposing the truss elements
on the mesh of the three-dimensional elements. In the
forthcoming implementation the set of truss elements con-
sists of five layers, each with a different fibre orientation
which approximately describes the direction of the muscle
fibres at the corresponding wall thickness. Thus the fan-
like field of the myocardial fibres is lumped into a discrete
number of truss layers. By ascribing different cross-sections
to the truss elements in each layer it is possible to model
the desired experimentally determined (STREETER and
HANNA, 1973; STREETER, 1979) quantity of fibres in a parti-
cular layer of the ventricular wall. The truss elements have
two roles:

(@) To increase the stiffness of the wall in the fibre direc-
tion relative to the normal direction: This is in accord-
ance with the results of Pao et al. (1980) from
mechanical experiments on myocardial strips under
uniaxial loading. In these experiments the uniaxial
stress/strain relationship is given by:

o= ,% [exp (k) — 1] (1)

Eqn. 1 holds for the whole strip as weli as for the fibre
direction in each layer but with different values for the
experimental constants ¢ and k. In the present model
the parameters for the truss elements are ascribed the
experimentally determined values for the fibre direction
(PAO et al., 1980). The values for the three-dimensional
elements are calculated so as to obtain for the com-
bination of the two such a behaviour under uniaxial
stretch which fits the measured parameter values for
the whole strips (Horowi1TZ, 1984; PAO et al., 1980).

(b) to define the direction of the active forces which
develop within the muscle as a result of the shortening
of the sacromeres. Since the sacromeres are aligned
along the fibres, the direction of the force coincides
with the fibre direction.

2.3 Geometric nonlinearity

The significant change of shape that the LV undergoes
during the cardiac cycle requires a large deformation
analysis, and a stepwise approach to the system is adopted.
Hence, the structure is loaded incrementally, applying rela-
tively small loading steps and assuming that the resulting
incremental displacements are small enough to be con-
sidered geometrically linear. The geometry of the structure
is updated at each step by a Lagrangian-like scheme. The
next step geometry is thus obtained by adding the incre-
mental nodal displacement u to the current (i — 1)th nodal
co-ordinates, i.e.

X ={x3 + {w)d )

where N is the node number and i is the ith loading
increment.

2.4 Material nonlinearity

As noted above, the stress/strain relationship for a uni-
axial myocardial tissue in the passive state is given by eqn.
1 (CAPPELLO et al., 1981; DEMER and YIN, 1983; KITABA-
TAKE and SuGa, 1978; PAo et al., 1980; PINTO and FUNG,
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1973). In the absence of quantitative data for the multi-
axial mechanical properties of the muscle, the values of the
uniaxial experimental constants (¢ and k) in eqn. 1, are
adopted for the description of the material behaviour of
the three-dimensional, as well as for the truss, finite ele-
ments. The exponential material law is implemented in the
model in a piecewise-linear manner, in which the stress/
strain relationship for each of the linear segments is given

by
@ =(5) ®

where k denotes the kth linear segment. This approach
necessitates the definition of a single parameter for each
element to characterise the stress state and consequently to
ascribe the appropriate Young’s modulus to this element.
Whereas the axial stress may serve this purpose for the
truss element, it is necessary to express the stress tensor in
the three-dimensional elements by one parameter, such as
the Von-Mises effective stress:

Ocsf = {3oxx — oyy)* + (Oyy — 022)" + (022 — oxx)’]
+ 3%y + 312, + 3341 (@)

Note that the Young’s modulus for each individual
element is updated for each load increment, based on the
accumulated effective stress o,,, prevailing in that element.

The second elastic modulus to be ascribed is the Poisson
ratio. The common approach regarding soft tissues, includ-
ing the myocardium, is to consider them as incompressible
and thus to ascribe a Poisson ratio of 0-5. However, the
experimental data employed in the present study indicate a
volumetric strain of approximately 10 per cent for the ven-
tricular wall (see Fig. 11 in part 2, HOROWITZ et al., 1986).
Hence, to account for this phenomenon, a lower value of
v =045 is chosen for the three-dimensional element
material.

After each updating of the Young’s moduli, the incre-
mental displacements of the present (i) step, {u};, are com-
puted and consequently the new stress increment [Ac]; is
also calculated, using the global stiffness matrix of the pre-
vious step, [K];-;:

[K]i-{u}; = {F} &)

where {F}, are the nodal forces at the ith step. The calcu-
lation of the stiffness matrix for the first step, [K],, is
based on the given LV geometry at QRS and on the initial
Young’s moduli. For each time step, the stiffness matrix is
recalculated based on the updated geometry and the
updated Young’s moduli. Hence, the current total stress is
given by the sum of the previously accumulated stress and
the present stress increment:

[o]; = [o]i-1 + [Ac]; (©)

2.5 Active forces in the LV

The deformation of the wall of the LV and the stress
level of this active muscle during the cardiac cycle are
strongly affected by the active forces developing within the
myocardial fibres, particularly during the systole. The
common modelling approach to the diastole assumes that
the myocardium behaves as a strictly passive material,
deformed by the applied internal cavity pressure. However,
if the myocardium is ascribed the experimentally measured
passive mechanical properties (PAO et al., 1980), the given
increase in the intraventricular pressure is too small, at
least for the early part of the diastole, to produce the
measured change in the cavity volume. Therefore, part of
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the deformation of the LV during diastole is probably due
to the gradual release of the negative fibre strains built up
during systole. This aspect is also reflected in the experi-
mentally reported existence of restoring forces or elastic
recoil during the filling phase (SONNENBLICK, 1980).

The activation process is implemented in the present
simulation by applying time-varying forces through the
truss elements. Whereas the orientation of these forces
coincides with that of the truss elements, their magnitude
is assumed to have the following form:

Fi* = oft)4; (7

where F}° denotes the active force applied to the jth truss
element, A4; is the cross-sectional area of the element and
oft) 1s a time-varying activation factor. The active force is
chosen to be proportional to the cross-sectional area of the
element, since this area represents the relative number of
fibres in any given layer of the LV wall. The mechanical
activation is assumed to have a uniform spatial distribu-
tion throughout the myocardium, and the same «ff) is
ascribed to all the truss elements at any instant of the
cardiac cycle. '

With the absence of quantitative information regarding
the activation function, the activation factor «(t) is taken as
the independent variable of the simulation. Its value is
chosen so that the numerically simulated pressure/volume
loop coincides with that measured in vivo. The appropriate
calculation steps are:

(a) The ventricular volume is maintained constant during
the isovolumic stages by equating the volume change
generated by the active forces with the opposite
volume change caused by the internal pressure.

(b) The ventricular contraction in the ejection phase is
produced by increasing the active forces and over-
coming the opposite’ distending effect of the internal
cavity pressure.

(¢) The ventricular expansion in the filling phase is
obtained by the combined effects of the internal press-
ure rise and the simultaneous decrease in the active
forces.

3 Boundary conditions

To perform the FE analysis it is necessary to prescribe
appropriate boundary conditions which constrain the free
body movement of the LV, ascribe the appropriate press-
ure distribution on the endocardium and define the active
forces through the truss elements.

The movement of the LV in the thorax is partially
restrained by the right ventricle, the atria, the pericardial
sack as well as the aorta and the lungs. Obviously, none of
these constraints constitutes an absolute clamp, and the
quantitative information required to express the anatom-
ical environment of the ventricle in terms of kinematic
boundary conditions for the mechanical model is still
unavailable. Nevertheless, such boundary conditions are
necessary to prevent rigid body displacements and rota-
tions. The appropriate conditions satisfying these require-
ments while causing only minimal and local distortion of
the elastic field under consideration here are (HEETHAAR et
al., 1977; YETTRAM et al., 1983):

(a) clamping two adjacent nodal points on the LV base
{b) prevention of the vertical movement of all the nodal
points on the LV base (see Fig. 1).

The blood volume contained by the LV cavity applies a
normal pressure and a shearing stress on the endocardial
wall. Information describing the distribution and magni-
tude of the shearing stress is nonexistent, and its inclusion
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in the model is not yet feasible. The normal cavity pressure
acting on the endocardium is obviously a function of time
and space, but since the data regarding the local pressure
gradients in the LV is very limited, a uniform normal
pressure is applied at any given time. The time variance of
the pressure is based on experimental measurements
acquired simultaneously with the ventricular geometry.

4 Simulation procedure

The entire cardiac cycle is simulated here in a contin-
uous manner. The onset of the electrical activation, the
QRS, is chosen to be the starting point of the simulation
because at this particular state no active strain exists in the
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Fig. 2 Flow chart of the simulation process indicating the method
of applying pressure and active forces steps at each
increment and of fitting the calculated and given cavity
volumes
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fibres and only a small intramural pressure prevails. In
principle, any other arbitrary point could have been
chosen as the initial state, bearing in mind that the
resulting stresses may deviate from the true value since the
initial state might not be stress-free.

The convergence criterion for the simulation process
would evidently be the similarity of the calculated shape of
the LV to the experimentally measured one at each time
step.

To allow the comparison between these two three-
dimensional irregular configurations on the one hand, and
to provide a feasible algorithm for the process on the other
hand, only one geometrical parameter is chosen at this
stage to characterise the deformation. In the present work
this parameter is chosen to be the cavity volume, since it is
a global indicator of the LV deformation and also has a
physiological significance. This approach, although not
ensuring an exact local match between the calculated and
given shapes, provides a general similarity between them.

The simulation runs as follows: given the three-
dimensional geometry of the LV at the QRS, an increment
of intraventricular pressure is applied as well as a tentative
increment of active forces. Then a finite-element analysis is
performed, yielding the deformed configuration of the LV
due to the above applied loads. The new cavity volume is
compared with the experimentally measured one. If the
numerical value of the total cavity volume deviates from
the experimental finding by more than 1 per cent the
present step is repeated with adjusted incremental active
forces until it converges. The 1 per cent value was chosen
since it is within the accuracy limits of both the experimen-
tal measurements and the numerical calculation of the LV
volume. Once the above requirement is fulfilled, the
geometry of the LV and the stresses are updated according
to eqns. 2 and 6, respectively. Then the effective stress in
each element is calculated using eqn. 4 and an appropriate
Young’s modulus is assigned to it. The process is repeated
for the whole cardiac cycle and ends when the initial state
is reached. A schematic flow chart of the process is given in
Fig. 2.

The guiding principle in choosing the magnitude of each
pressure increment is to justify the geometric and material
linearity approximation within that increment. Neverthe-
less, the total number of increments should be such as to
make the whole process computationally feasible.

5 Concluding remarks

The proposed model combines a large number of
properties characterising the mechanical behaviour of the
left ventricle: its real irregular shape, the anisotropy of the
ventricular wall, its geometric and material nonlinearities
and the activation of the myocardium. In so doing the
present model takes into consideration more factors than
other existing models, and carries out a continuous simula-
tion of the entire cardiac cycle.
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