UNIVERSITY OF CALGARY

Finite Element Analysis of the

Interventricular Septum

Gregory Scott Nelson

A DISSERTATION

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE

DEGREE OF DOCTOR OF PHILOSOPHY

PROGRAMME OF BIOMEDICAL ENGINEERING

CALGARY, ALBERTA

FEBRUARY, 1999

© Gregory Scott Nelson 1999



i*l

National Library
of Canada

Acquisitions and
Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Bibliothéque nationale
du Canada

Acquisitions et
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada

Your e Votre référence

QOur file Notre référence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de

reproduction sur papier ou sur format
électronique.

The author retains ownership of the L’auteur conserve la propriété du
copyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

Canada

0-612-38494-2



Abstract

The interventricular septum, which flattens and inverts in conditions such as
pulmonary hypertension and mitral stenosis, is considered by many to be an unstressed
membrane, in that its position is assumed to be determined solely by the transseptal pressure
gradient (ISP). A 2-D finite element model (including the effects of hyperelasticity,
geometric nonlinearity, and residual stress) was developed to investigate whether
compression and bending moments (behaviour incompatible with a membrane) exist in the
septum during diastole under abnormal loading conditions (pulmonary artery [PA]
constriction). Hemodynamic and echocardiographic data were obtained in 6 open-chest
anaesthetized dogs. For both control and PA-constriction cardiac cycles, the measured LV
and RV pressures (LVP and RVP) were applied to a residually stressed mesh (RS mesh).
The shear modulus, G, and end-bending moments were adjusted until the deformed, loaded
RS mesh matched satisfactorily the observed configuration of the septum. During PA
constriction, a greater G was required to obtain matches relative to control, as were end-
bending moments (end-bending moments were not required for the control). Furthermore,
substantial circumferential compressive stresses occurred during PA constriction compared
to those which occurred during control. The development of substantial compression may
have important implications with respect to diastolic suction. It is also conceivable that
such compressive stresses might impede septal blood flow and contribute to the unexplained

ischemia observed in some conditions characterized by abnormal septal motion.
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Glossary

Anisotropy — elastic properties of the material vary with direction

Abxial force — force resultant which passes through the centroid of a particular section and

is parallel to the longitudinal axis of the member at that section

Axisymmetric — symmetric about an axis

Bending moment — moment is a load resultant which produces a rotation; bending moment

is a moment for which the rotation appears as bending of a member

Boundary condition — constraint which defines how a structure is loaded, deforms or

displaces in space

Bundle branches — branches from the His bundle which extend to the right and left

ventricles

Circumferential — direction around the axis of a solid of revolution (perpendicular to any

radius)

Closed form solution — precise equation based on exact analysis of a continuum from the



governing differential equations of continuum mechanics

Compressive stress — stress which causes an elastic body to shorten in the direction of the

applied stress

Constitutive relation — quantitative relationship between the stresses and strains in a

material

Continuwum mechanics — study of distribution of physical quantities under circumstances

where their discrete nature is unimportant; they may be regarded as continuous

functions of position; a continuum is deemed to be the same down to infinitesimal

size

Coronary artery — artery which supplies heart tissue with blood

Caronary stenosis — narrowing of the lumen of a coronary artery

Coronary sinus —venous sinus opening into the right atrium which drains the cardiac veins

Crux of the heart — intersection of the walls separating the right and left sides and the atrial

and ventricular chambers of the heart



Deviatoric strain — strain which produces a change in shape without a change in volume

Diastasis — phase of slow ventricular filling

Diastole — relaxation and filling phase of the cardiac cycle

Element — a division of the structure of interest of finite size

Element stiffness matrix — relationship between nodal forces and nodal displacements as

with a linear spring

Ellipsoid — surface whose intersection with every plane is an ellipse

Endocardium — inner surface of the heart

Epicardium — outer surface of the heart

Gaussian integration — numerical technique for estimating the area under a curve

Hemodynamics — circulatory movements of blood and the forces involved in circulation

Heterogeneity — different properties at different locations



His bundle — band of specialized fibres that carry the cardiac action potential from the
atrioventricular node to the interventricular septum and then to the right and left
ventricles via the bundle branches

Homogeneity — physical properties consistent throughout an elastic body

Hypertrophy — enlargement or overgrowth of an organ due to an increase in size of its

constituent cells

Incompressibility — when volume is conserved during deformation

Invariance — property of a physical quantity being unchanged by certain transformations

or operations

Ischemia — insufficient blood supply to an organ or tissue

Isotrapy — elastic properties of a material are the same in all directions

Isovolumic relaxation period — during diastole, relaxation with little or no change in

volume

Large deformation theory — when rotations, displacements, and strains are large with



respect to the undeformed body, resulting in nonlinear strain-displacement relations

Left bundle branch block — interruption of conduction in left bundle branch

Linear elasticity — linear stress-strain relationship

Longitudinal — direction along the long-axis of a solid of revolution

Mitral stenosis — narrowing of the mitral (left atrioventricular) orifice

Mueller manoeuver — inspiratory effort with a closed glottis after expiration; results in

negative intrathoracic pressure with engorgement of intrathoracic vascular

structures

Mpyocardial infarction — death of heart muscle as a result of interruption of blood supply

to the area

Mpyocardium — heart muscle

Nodal deformation vector — matrix of nodal displacements

Nodal force vector — matrix of nodal forces



Node — location where elements are connected

Nonlinear elasticity — nonlinear stress-strain relationship

Pericardium — membranous sac surrounding the heart and roots of the great vessels,

consisting of an outer fibrous layer and an inner serosal layer

Plane strain — development of strains in the plane of interest only, no strain components

in the direction perpendicular to the plane

Plane stress — development of stresses in the plane of interest only, no stress components

in the direction perpendicular to the plane

Poisson’s ratio — ratio of transverse strain to axial strain under uniaxial loading

Principal plane of stress — for a point in an elastic body, 2 plane at that point across which

the shear stress vanishes

Pulmonary hypertension — increased pressure within the pulmonary arterial circulation

Purkinje fibres — terminal branches of the cardiac conducting system that run along the

subendocardium



Radial — direction across the wall thickness along the radius of curvature

Roentgenographic — radiographic

.Sarcomere — repeating contractile units of myofibrils, composed of overlapping actin and

myosin filaments

Shape function — mathematical expression which defines how a finite element displaces

given a unit displacement in one direction at one node

Shear modulus — relationship between shear stress and shear strain

Small deformation theory — when rotations, displacements, and strains are small with

respect to the undeformed body (i.e., < 1 %); strains are differentials of the

displacements, not necessarily linear functions

Strain — change in length per unit length

Strain energy — potential energy stored in a body by virtue of an elastic deformation; equal

to the work that must be done to produce this deformation

Stress — force per unit cross-sectional area of a material

v



Stroke volume — the volume of blood pumped from each ventricle during a single

contraction; the difference between end-diastolic and end-systolic volume

Systole — contraction and ejection phase of the cardiac cycle

Tensile stress — stress which causes an elastic body to lengthen in the direction of the

applied stress
Thebesian channels — vascular channels which originate in the myocardium and open
directly into the chambers of the heart, bypassing the coronary venous return to the

right atrium

Trabeculae carneae — irregular muscle bundles projecting from the interior of the

ventricles

Transversely isotropic — elastic properties of a material are the same in one plane but

different in the direction perpendicular to the plane

Volumetric strain — strain which produces a change in volume without a change in shape

Young’s modulus — slope of the linear relationship between extensional stress and strain



Too often biologists simply canmot bring themselves to
make a sufficiently serious study of the structural aspects
of their problems. Yet there can be no reason to assume
that, while Nature uses methods of infinite subtlety in her
chemistry and her control mechanisms, her structural
approach should be a crude one.

James E. Gordon, Structures



CHAPTER 1

THE INTERVENTRICULAR SEPTUM:

STRUCTURAL ASPECTS AND SIGNIFICANT STUDIES
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To understand the potential structural behaviour of the interventricular septum
under load, the structural aspects of the septum must be understood. After a brief
description of the anatomy, fibre architecture, blood supply, and conduction system of the
septum, a number of studies which have contributed significantly to the understanding of

septal mechanics are reviewed.

1.1 Anatomy

As its name indicates, the interventricular septum is located between the left and the
right ventricles (LV and RV, respectively) of the heart. Figure 1.1 illustrates the traditional
view of the ventricles. The RV wraps around approximately ' of the circumference of the
comparatively thicker LV and defines the zone of the interventricular septum (cross
hatching).'®® Figure 1.2 shows that the septum (long-axis view) is roughly triangular in
shape (with the base of the triangle at the level of the aortic cusps),' and is comprised of
both membranous and muscular components.® This dissertation will focus on the muscular
septum. The membranous septum, which does not contract, is a small structure located at
the junction of the inlet, trabecular and outlet components of the muscular septum. Most
investigators agree that the membranous septum represents the closure of the last version
of the interventricular foramen and that most of this part of the septum is derived from the
tissue of the atrioventricular “cushion.”* The inlet component of the muscular septum
separates the inlet portions of the LV and RV and extends to the crux of the heart (the point

of junction of the interventricular, interatrial and posterior interventricular grooves?). The



Chapter 1 Structural Aspects and Significant Studies of the Septum 3

trabecular septum is characterized by interlacing muscle bundles, the trabeculae carneae,
and extends from the membranous septum to the apex at an angle of = 45°. The outlet part
of the muscular septum separates the outlet portions of the LV and RV and merges

imperceptibly with the upper part of the trabecular septum.®

1.2  Fibre Architecture

Streeter et al****5 analysed the orientation of muscle fibres across the LV free
wall. They found the middle 60% to have a nearly circumferential fibre orientation, with
fibres becoming increasingly oblique on either side of this central zone (see Figure 1.3).
The fibre architecture of the septum is equivalent to that of the LV free wall''”-'** except at
the RV insertions where a portion of the septum derives from the subendocardial fibres (i.e.,
just beneath the interior surface of the ventricle) of the RV free wall (see Figure 1.4).1%
In contrast to the subepicardial fibres (i.e., just beneath the exterior surface of the ventricle)
which run continuously (along the anterior and posterior interventricular grooves) from the
RV free wall to the anterior surface of the LV, the subendocardial fibres bend back to form

part of the septum.'”

1.3  Blood Supply
The septal myocardium in the human receives most of its blood supply from the long
penetrating arteries of the left anterior descending (LAD) coronary artery, as depicted in

Figure 1.5.%° The septal branches of the posterior descending coronary artery contribute
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only slightly to the total blood supply of the septum. The only value of these posterior
penetrating arteries may be as a source of potential collateral circulation. Although not
shown, the majority of venous blood in the human septum is drained into the left anterior
interventricular vein; the remainder into the posterior interventricular vein. Both of these
veins empty into the coronary sinus, through which the venous blood ultimately reaches the
right atrium.®

In contrast to humans, a single major septal artery, branching from either the left
coronary artery or LAD, penetrates directly into the septal myocardium in dogs.'*'®!!
Furthermore, venous drainage of the septal artery occurs by way of Thebesian channels,

which empty directly into the RV rather than by way of the coronary sinus.''*®

1.4  Conduction System

The conduction system of the interventricular septum is well defined. The bundle
of His proceeds down the subendocardial surface of the right side of the septum for
approximately 1 cm before dividing into right and left bundle branches. The right bundle
branch emerges directly from the bundle of His and continues down the right side of the
septum. The left bundle branch emerges almost perpendicularly from the bundle of His,
perforating the septum and splitting into anterior and posterior divisions. These two
divisions, together with the right bundle branch, finally subdivide into a complex network
of conducting fibres called Purkinje fibres, which branch out over the subendocardial

surfaces of both ventricles.®
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1.5  Mechanics of the Septum Under Physiological Conditions
Understanding the motion pattern of the interventricular septum and how this
structure relates to the rest of the heart under physiological conditions is essential in order
to appreciate fully its behaviour under pathophysiological (i.e., abnormal) conditions.
Under physiological conditions, when LV pressure (LVP) is greater than RV pressure
(RVP), the transseptal pressure gradient (TSP =LVP - RVP) is positive by several mm Hg
at end-diastole and can be as high as 106 mm Hg at end-systole. Consequently, the septum
maintains a short-axis (i.e., axis perpendicular to the long-axis of the LV) radius of
curvature throughout diastole (i.e., ventricular relaxation and filling with blood) and systole
(i.e., ventricular contraction and ejection of blood) and which appears equivalent to that of
the LV free wall. ™ Many studies, however, have shown that the short-axis radius of
curvature of the septum is slightly greater than that of the LV free wall 32446877865 The
thickness of the septum nearly matches that of the LV free wall and the septum contains
roughly ¥4 of the total LV mass.* Under physiological conditions, the septum thickens and
moves leftward during systole, toward the centre of the LV cavity;"*® the opposite occurs
during diastole. Systolic thickening of the septur results from longitudinal and latitudinal
shortening of the septal myocardium, similar to what occurs in the LV free wall.'** The
septum, based on information presented thus far, seems to operate as part of the LV, both

from an anatomic and functional viewpoint.**
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1.6  Mechanics of the Septum Under Pathophysiological Conditions

Interest in the mechanics of the interventricular septum may have been initiated as
early as 1914, when Henderson and Prince® suggested that displacement of the septum
during diastole might explain how filling of one ventricle influenced the performance of the
other. The substantial interest in the septum, however, came much later as a result of a
study by Popp et al'* who were the first to observe that patients with RV volume overload
(RVVO), in addition to having a large RV during diastole, exhibited rightward motion of
the septum during systole. This rightward systolic motion was labelled "paradoxical”
because of the apparent contradiction with what occurs under normal conditions (i.e., the
septum normally moves leftward during systole). Later findings by Diamond et al*? in
patients and by Kerber et al” in dogs supported the observations made by Popp et al.'*
Bemis et al,'! using a contracting dog heart model, showed that increasing RV volume
resulted in proportional increases in LV end-diastolic pressure without affecting LV
volume. It was reasoned that the septum shifted abnormally leftward during diastole
resulting in an alteration in LV geometry. Similar findings were reported by Elzinga et al*’
in cats and by Santamore et al'*! in rabbits.

Observations consistent with those described during RVVO also occurred under RV
pressure overload (RVPO) conditions. Stool et al'** constricted the pulmonary arteries (PA
constriction) in dogs and observed a gradual increase in RV diastolic pressure and a
decrease in LV septum-to-free wall diameter at end-diastole. They speculated that this was

the result of a leftward shift of the septum during diastole. Similar findings were reported
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by Badke'® and by Olsen et al'® in dogs.

Paradoxical septal motion is not consistent with the traditional view that the septum
functions as part of the LV. Consequently, the function of the septum becomes difficult to
understand under abnormal conditions. Studies which have helped to define better the
determinants of septal position and motion under abnormal conditions will now be
discussed.

Kingma et al”™ developed an open-chest canine model and investigated the effects
of both RVVO and RVPO on the position and motion of the septum, as determined by
sonomicrometry and 2-D echocardiography. Both RVVO and RVPO resulted in a
progressive increase in the end-diastolic RV septum-to-free wall diameter and a reciprocal
decrease in the end-diastolic LV septum-to-free wall diameter, thereby confirming the
studies described previously,'®113519%131L18.18 Eyrthermore, Kingma’s study showed that
the septal position at end-diastole (as reflected by the septum-to-free wall diameters) was
governed by the transseptal pressure gradient, TSP (see Figure 1.6). As mentioned
previously, TSP is normally positive at end-diastole (by several mm Hg) and the septum is
concave to the LV. RVVO and RVPO, however, which cause a reduction (and, in some
cases, a reversal) in TSP, result in a leftward shift, and in some cases a complete inversion
of the septum (as depicted in Figure 1.7b, in contrast to control). This shift was progressive
and proportional to the magnitude of the alteration in TSP. It was suggested that
paradoxical septal motion was a result of a septum, displaced leftward during diastole by

an abnormal TSP, being restored to its normal configuration when the greater systolic LVP
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caused TSP to become more positive. The more leftward the septum is shifted at end-
diastole secondary to a decreased (or reversed) TSP, the more prominent the paradoxical
motion during systole (results which confirm previous studies by Pearlman et al'*® and by
Laurenceau and Dumesnil®). Meyer et al”® proposed another explanation for the
occurrence of paradoxical septal motion during RVVO. They suggested that the dilated RV
displaces the LV posteriorly in the thorax during diastole and ejects its large volume of
blood during systole, resulting in an anterior movement of the heart which exceeds the
normal posterior motion of the septum. Consequently, a net anterior motion of the septum
results. The results reported by Kingma et al” were compatible with those in conscious
dogs of Visner et al'*® and, later, of Feneley et al.*! Both of these studies emphasized the
role of septal distortion during RVPO. In addition, Thompson et al'*! verified the principle
that TSP determines septal position and showed that, in patients, the position of the septum
is a function of the instantaneous TSP throughout diastole. These studies’*'*! seem to
suggest that the septum behaves like a passive compliant membrane between two liquid-
filled chambers and that its position is assumed to be determined solely by a continuous
monotonic function of the diastolic TSP.

In a more recent study, Dong et al** related simultaneous measurements of the septal
short-axis radius of curvature, R, (2-D echo), and septal midwall segment length, L.
(sonomicrometry), to LVP, RVP and ventricular septum-to-free wall diameter (2-D echo)
during alternating PA constriction and aortic constriction in anaesthetized dogs. They

demonstrated that, over a wide range of TSP (0 = 7 mm Hg), changes in ventricular
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diameters measured previously by Kingma et al™® (described above) were proportional to
the changes in L,_,, which they also showed was a linear function of TSP. Based on this
information, it was concluded that echo-measured changes in ventricular diameters really
do reflect changes in the length of the septum. Second, by using a plot of curvature
(1/R ) versus TSP, they confirmed that the septum becomes flat only when TSP = -5 mm
Hg. This result was consistent with the results of other studies in patients by Lima et al®
and by Agata et al,® which have shown that the septum flattened, but remained slightly
concave toward the LV as TSP decreased to 0 mm Hg. The authors discussed a number
of factors thought to be associated with the requirement of a significantly negative TSP to
make the septum flat: (i) the observation that an excised septum suspended in isodensity
liquid continues to be concave toward the LV, i.e., this is the natural configuration of the
septum,; (ii) the septum is a thick, complex structure and that thin-wall theory should not
be expected to describe its behaviour; (iii) residual stress is thought to exist in the LV
myocardium (Omens and Fung"® reported that residual stresses can help maintain a more
circular LV — and hence a more circular septum). Another contribution made by this study
was that it demonstrated that the R, was not unique when TSP =0 mm Hg. Rather, the
R, changed with changes in the absolute ventricular intracavitary pressures. When TSP
= 0 mm Hg, the R, increased with increasing LVP and RVP (i.e., TSP =0 mm Hg was
maintained, but at higher absolute intracavitary pressures). It was speculated that the
increased ventricular pressures circumferentially and longitudinally stretched the septum

from its junctions with the free walls, even though the net force acting on the septum in the
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radial direction was relatively constant. This result seems to indicate that the TSP =0 mm
Hg state is not the unloaded state for the septum unless the ventricular pressures are also
0. The final contribution made by this study was that it demonstrated that septal curvature
was dependent on L'V transmural pressure (LVTMP =LVP - LVP,), as well as on TSP.
During PA constriction, R, increased (i.e., the septum flattened) with decreasing TSP,
whereas during aortic constriction, R, increased with increasing TSP. These results
indicated that the mechanisms involved in changing R, were different during PA
constriction and aortic constriction; the difference being the response of the pressures in
either constriction. During PA constriction, the decrease in TSP caused a leftward shift of
the septum and an increase in the R, until TSP =-5 mm Hg (the septum was flat). As
TSP decreased below -5 mm Hg, the septum inverted with its curvature becoming negative
and convex toward the LV. It was explained that in aortic constriction, however, the
increase in R ,,,; was mainly caused by the symmetrical enlargement of the LV cavity (radii
of both the septum and LV free wall increased by a similar amount) secondary to the
combined effect of increased TSP and LVTMP. (Although LVTMP was not measured,
aortic constriction increased LVP dramatically and therefore LVIMP would have also
increased). The increase in the TSP gradient displaced the septum rightward, increasing the
LV septum-to-free wall diameter. The increasein LVIMP distended the LV free walls, and
also increased the LV septum-to-free wall diameter, resulting in a stretching of the septum
at its junctions with the LV free wall. The combined effect of the increase in both TSP and

LVTMP was an increase in R, (the distension pulled the septum toward the midline of
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the two ventricles).

Earlier work by Kent et al’® had suggested the importance of LVIMP on septal
function. They implanted ultrasound crystals in the septum, and then measured strain
produced by increasing LV end-diastolic pressure (LVEDP). Stiffness was assessed based
on the relationship between LVEDP and strain (calculated stiffness coefficient). Based on
their results, the authors suggested that segment-length strain in the septum is not solely
dependent on the TSP (although their protocol did not vary TSP substantially), but probably
depends in a more complicated fashion, on the stress distribution in the right and left
ventricular free wall as well as the chamber pressures. Dong et al** defined the exact
dependence of end-diastolic L.,y on TSP and LVIMP. They measured L.,
(sonomicrometry), LVP, RVP and LV pericardial pressure (in order to calculate LVTMP).
LVTMP was increased through volume loading, whereas TSP was maintained constant at
10, 5, 0, -5, -10, and -15 mm Hg by adjusting the degree of constriction of the PA or aorta.
Using a multiple second-order regression technique, they showed that the data were fit
satisfactorily by an equation linear with respect to LVTMP and second-order with respect
to TSP. A 3-D plot (see Figure 1.8) showing the combined effects of TSP and LVIMP on
L Was constructed in this study. At any given level of TSP, Lo increased with
increasing LVIMP, and at any given level of LVIMP, L., increased with increasing TSP.
The results of this study demonstrate that the end-diastolic L., depends both on LVIMP,
which determines the stretching forces acting on the septum-ventricular free wall junctions,

and on TSP, which determines the radial force on the septum. Moreover, these results
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suggest that the septal stiffness and septal stress in an intact heart may not be accurately
assessed without considering the effects of both LVIMP and TSP. Beyar et al,'’ in a
parallel, modelling study, demonstrated the importance of the fact that the septum is a thick-
walled structure, specifically that bending moments are important. Only when their model
accounted for bending moments did it duplicate two critical features of the experimental
results: (i) that the septum is not flat at TSP = 0 mm Hg and (ii) that L, continues to
become shorter after septal inversion as end-diastolic TSP becomes progressively negative
(secondary to PA constriction). The latter feature was surprising — the authors had
expected re-extension of L, at greater negative values of TSP. (Molaug et al'* had
shown that PA constriction reduced end-diastolic segment length but had not made TSP
negative). The observed result was consistent with L., having been measured using
midwall crystals and with that midwall segment having been subjected to compressive stress
because the extension stress was borne by the LV endocardial septal fibres during inversion.
The results of this study contradict those of the previous echo studies,”™**!*!%! which were
important in defining the relationship between TSP and septal position, but were perhaps
wrong in suggesting that during diastole the septum behaves like a passive compliant
membrane. Rather, the septum may be behaving more like a thick-walled structure subject
to lateral pressure and end-bending moments.

Although the aim of this dissertation is primarily to define the mechanics of the
septum during diastole (also true of the studies described previously), it is helpful to

consider studies which have helped to define the mechanics of the septum during systole.
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Tn the presence of RVPO, numerous studies have shown that the septum remains displaced
(fattened) leftward at end-systole.'*!%1*14%1%¢ As is the case with end-diastole, TSP is the
main determinant of septal shape and motion at end-systole.‘*™*%5%14  Smith and
Tyberg, in a study using chronically instrumented dogs, plotted (see Figure 1.9) RV
septum-to-free wall diameters at end-diastole and at end-systole (measured by
sonomicrometry) against the TSP gradient from 18 consecutive cardiac cycles during
progressive RVPO (obtained by PA constriction). Although there was a tight linear
relationship between TSP and both end-diastolic and end-systolic RV diameter, the slopes
of these relationships were dramatically different. As expected, a much greater change in
TSP was required to produce a given change in RV dimension during systole than during
diastole — the greater end-systolic slope attributable to the greater stiffness of the
myocardium during systole. Other intrinsic factors of the septum may be involved in
systolic flattening. King et al,” in a study of normal children, found that during systole
there was a progressive leftward shift in septal position with a resultant flattening and
decrease in curvature of the septum. The authors explained that this systolic flattening of
the septum resulted from the active effect of muscular contraction which was independent
of ventricular pressures and tended to pull the septum toward a mid-line position since the
shift occurred in the opposite direction to the increasing TSP gradient. Other investigators
have noted that when the septum becomes flattened during diastole in response to the
Mueller manoeuver, it remains flattened throughout systole with no response to the

increased TSP.2"* Tt was suggested that muscular contraction caused an increase in
£g
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stiffness in the initially flattened septum and was sufficient to counterbalance the increase
in TSP (which normally would push the septum toward the RV).*

Abnormal septal motion may influence the systolic performance of both the RV and
the LV. Molaug et al,'® in an experimental RVVO study, noticed that the stroke volume
of the RV increased more than could be accounted for by the change in RV free wall
segment length. They speculated that the increased stroke volume was primarily dueto an
increase in RV septum-to-free wall axis shortening. This observation was consistent with
there having been paradoxical septal motion: leftward displacement of the septum at end-
diastole resulting in rightward motion of the septum during systole. In this study, systolic
performance of the LV was not affected. However, in a study by Feneley et al,¥ RVPO
increased LV work at a given end-diastolic volume — direct systolic ventricular interaction
(i.e., systolic displacement of the septum into the LV cavity) was accounted for the

increase.
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Figure 1.1 Hlustration of the traditional view of the ventricles. The RV wraps around

approximately one-third of the comparatively thicker LV. The zone of the interventricular

septum is defined by the cross hatching.**
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Figure 1.2 The interventricular septum viewed from the LV after division into its

membranous and muscular (inlet, trabecular, and outlet) components.®
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Figure 1.3 Orientation of muscle fibres across the LV free wall (endocardium, interior
surface of the ventricle; epicardium, exterior surface of the ventricle). The middle 60%
have a nearly circumferential fibre orientation, with fibres becoming increasingly oblique on

either side of this central zone.}**
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Figure 1.4 Bifurcation of myocardial fibres at anterior interventricular sulcus, regions
shown by box in A. B: cross section of A (X —— X). Region shown in box in A is also
shown in B. C: details of typical fibre branchings in box shown in A and B. a, RV fibre
groups branching into RV trabeculae, x; c, superficial fibre paths of the RV and LV walls;
d, fibre groups from RV wall branching into septum; e, fibre groups from LV wall

branching into septum.*
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Figure 1.5 Schematic diagram depicting the coronary arteries responsible for blood supply

of the normal human interventricular septum.®
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Figure 1.6 Plot of transseptal pressure (TSP) gradient and end-diastolic RV (triangles) and

LV (squares) septum-to-free wall (S-FW) diameters.”
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Figure 1.7 Cross-sectional echocardiograms of the heart during both control (2) and PA-

constriction (b) loading conditions in diastole.
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Figure 1.8 3-D plot showing the combined effects of the transseptal pressure (TSP)
gradient and the LV transmural pressure (LVIMP) on segment length of the
interventricular septum (L, *: normalized to unstressed Lyge, 1.€., Lygwm When both

LVTMP and TSP were zero).*
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Figure 1.9 Plot of transseptal pressure (TSP) gradient and end-diastolic (triangles) and

end-systolic (crosses) RV septum-to-free wall (S-FW) diameters. '
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Various analytical and finite element models which researchers have used in
attempts to quantify ventricular wall stress are reviewed. The goal is not to provide an
exhaustive list of all models developed to date, but rather, to give the reader a frame of

reference within which the model and results described in this dissertation can be compared.

2.1  Wall Stress and Cardiac Function

A fundamental requirement for the assessment of cardiac function in both health and
disease is knowledge of the distribution of stresses in the walls of the heart.* Since
Woods'® began studying tension in the walls of the LV just over a century ago,
characterization of forces and stresses in the heart has been of great interest to clinicians,
physiologists, and biomedical engineers.'®* This interest derives from: (i) Ventricular wall
stress has been postulated to have a bearing on coronary blood flow’®*!*? and (ii) has been
shown to be a primary determinant of underlying oxygen demand.'"? (i) An accurate
description of stress (and strain) across the ventricular wall is required in order to interpret
the localized contractile disorders caused by myocardial infarction'”® and ischemia®*°
successfully. (iv) Alterations in wall stress, which accompany diseases characterized by
abnormal loading of the heart, influence growth and hypertrophy of the ventricular
wall 4% (v) There is a growing desire to “bridge the gap™ between isolated muscle
mechanics and the mechanics of the intact heart. With respect to this, Yin>* has stated:

“The tension-velocity-time relationships of isolated cardiac muscle form the

comerstone of our understanding of cardiac muscle mechanics.***>**14! For
example, the load dependence of shortening, the length dependence of tension
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development, and the contractility are thought to be intrinsic properties of
heart muscle. In the intact heart, many different measures, most of which are
based on pressure and volume or derivatives of these, have been proposed to
characterize its function.>*'?® The function of the intact heart must in the end
be referable to the function of the muscle which comprises the wall.
However, to bridge the gap from isolated muscle mechanics, where stresses
and deformations are well defined, to the intact heart is difficult because of the
complex structure of the ventricular wall, its highly nonlinear material
properties, the large deformations involved, the complex geometry of the
ventricle, and the inherent difficulty in accurately measuring most of these
parameters.”

2.2  Measurement of Wall Stress In Vivo

Although preferable (to the calculation of stress), measurement of wall stress i vivo
is not practical.”® Attempts to measure wall force in the intact heart using strain-gauge
transducers coupled directly to the myocardium have not been entirely
successful 23%51:58.64658593,124164  Ffyjoman et al®* investigated the reliability of such
techniques and showed that errors as high as 50% could easily be obtained. They
concluded that the uncertainty was related to the degree of coupling between the transducer
and the ventricular wall and that there did not appear to be a simple way to correct for these
errors. Recently, however, Halperin et al** have developed a dynamic indentation system
(which requires minimal surface contact) whereby in-plane stresses are estimated from the

ratio of indentation stress to indentation strain (transverse stiffness).

23 Thin- and Thick-Walled Models Used to Calculate Ventricular Wall Stress

Many early attempts?>"12+13015%18 15 calculate ventricular wall stress were based
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on LaPlace’s law,®? which relates the pressure inside a membrane to the radii of curvature

and wall tension (analogous to the stress in a structure which has no thickness'®):

T
P=—
R+

& [

where R, and R, are the two principal radii of curvature and T; and 7, are the principal wall
tensions. (It should be noted that although developed by LaPlace, this relation was in fact
suggested a year earlier by Young,'® and is sometimes referred to as the Young-LaPlace
law.)

Woods'® used LaPlace’s law, and assumed spherical geometry for the heart (i.e.,
T, = Ty; R, = R, ) thus expressing ventricular wall tension as a function of the internal

pressure and radius:

This model, although simplistic, has provided some important insight into the mechanics of
the heart. “.“ Woods'® hypothesized that, because tension is directly proportional to radius,
the trabeculae carneae reduced the tension on each fibre in the wall since the local radius
of the trabeculae is somewhat less than the chamber radius. Burton® used Woods’
approach to explain the great variation of thickness in the ventricular wall. He indicated

that in regions of the LV characterized by high curvature (i.e., small R), such as at the apex,
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the wall can be thin and still produce sufficient tension to develop enough intracavitary
pressure, because the tension is at a “mechanical advantage.” However, midway up the free
wall, where the curvature is much less (i.e., high R), the tension developed must be much
greater to produce the same intracavitary pressure, and hence the wall must be
correspondingly thicker.

Sandler and Dodge'® and Sandler and Ghista'> modelled the LV as a thin-walled
ellipsoid and emphasized stress rather than tension because of the finite thickness of the

ventricular wall. Rewriting LaPlace’s law in terms of stresses, they obtained:

£ - O-IMg F O-circ
t R R
where 0, is the longitudinal or tangential stress, 0. is the circumferential or hoop stress,
R, and R, are the principal radii of curvature, and #is the wall thickness. For semi-major

and semi-minor axis dimensions of @ and b respectively, the expressions for the stresses are

given by:
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When a is equal to b (such as for a sphere), g, should equal o,.. However, for the above
two expressions, this is not true, except when # <<, i.e., the expression for @, is based
on the assumption that the ventricular wall is negligibly thin.'** Falsetti et al*’ and Walker

et al'® presented the correct derivation of g, as:

Pb[Zaz—bz]
O e = .
@ = ¢ | 2a + bt

Thin-walled membrane models (such as those just described), while attractive from
a computational standpoint, are based on rather limiting assumptions: (i) They are based on
a global force balance (i.e., LaPlace’s law) and therefore knowledge of material properties
is not required %! Tt follows, then, that thin-walled models implicitly assume the ventricular
myocardium to be homogeneous and isotropic. (ii) Small deformation theory is assumed
(i.e., strains of less than 1.0%).'*® (iii) Thin-walled models only predict the stress acting in
the plane of the surface; this stress is either circumferential or longitudinal in direction (i.e.,
there are no radial or transverse shear components, therefore also no bending stresses R
(iv) The stresses which develop are due to internal pressure loading only, and computation
is based on the instantaneous pressure and geometry (i.e., quasi-static analysis).” (v) In
order for thin-walled approximations to be valid, the thickness-to-radius ratio should be less
than 1:10.1%* For an LV with an internal diameter of 5 cm and thickness equal to 1 cm, the
thickness-to-radius ratio is 1:2.5. Strictly speaking, then, thin-walled models are not

appropriate for analysis of the LV (and septum). (vi) Finally, the transmural variation in
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stress, which is of interest to many investigators, cannot be obtained with these
formulations. Thin-walled models only predict the average stress across the wall thickness.*!
For 2 more extensive review of the limitations of LaPlace’s law, see Moriarity.'*

Only 60 years after the development of LaPlace’s relation did Lamé predict a
variation in radial stress across the wall of a pressurized thick-walled sphere.*’ Wong and
Rautaharju'® modelled the LV as a thick-walled ellipsoid with linearly elastic material
properties. Although their formulation included many of the assumptions described for the
thin-walled models, they were the first to show a variation in stress across the wall of the
LV. Figure 2.1 shows the general trend of their results, that the calculated stresses
(circumferential, longitudinal, and radial) decreased from endocardium to epicardium.

Ghista and Sandler*” modelled the LV as a thick-walled quasi-ellipsoid. The
ventricular myocardium was assumed to be homogeneous, isotropic, and linearly elastic;
they also allowed for incompressibility. The distribution of stress components across the
wall was similar to that described by Wong and Rautaharju.'* Shear stresses, however,
could be accounted by the model, but only because of the inexact geometry (i.e., the model
was not mathematically an exact ellipsoid).'**

Mirsky® modelled the LV as a prolate spheroid (ellipsoid of revolution) and
assumed homogeneity, isotropy, linear elasticity, and incompressibility. Figure 2.2 shows
the variation in stress calculated by Mirsky across the ventricular wall. The results are
similar to those presented by Wong and Rautaharju'® and Ghista and Sandler*’ except that

the longitudinal stress at the equator increased rather than decreased from endocardium to
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epicardium.

All the models just described have assumed that the myocardium behaves as an
isotropic, homogeneous medium. However, as described in Chapter 1, Streeter et al'¢+*147
have shown that the muscle fibre direction varies across the wall of the ventricle. Streeter
et al'* developed a model based on the known fibre orientation and calculated the
ventricular wall stress distribution at end-diastole and end-systole (see Figure 2.3).
According to their results, for both end-diastole and end-systole, the peak circumferential
stresses occurred in the mid-wall region (consistent with the finding that mid-wall fibres are
circumferentially oriented) whereas the peak longitudinal stresses occurred in the outer
regions of the wall (consistent with the fibres in the outer regions being oriented
perpendicularly to those at the mid-wall). The radial stress distribution (not shown) was
similar to that computed in the models****'% described above, suggesting an insensitivity
to fibre orientation. It should be noted that Streeter et al'* and others*'** have assumed
that muscle fibres only carry axial tension. However, Demer and Yin,* and Yin et al'*’ have
shown that load may also be carried in directions transverse to the fibres.

Mirsky” extended the model of Wong and Rautaharju'®® and assumed a parabolic
variation in circumferential elastic modulus'® chosen to mimic the roughly parabolic
variation in fibre angle proposed previously. As would be expected, the model predicted
peak circumferential stresses at the mid-wall, consistent with the results of Streeter et al.'*

Additional complexities which have not been included in the formulations described

thus far, are large (finite) deformation theory (myocardial stretches as great as 20% or
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higher during diastolic filling are thought to occur’>*") and the nonlinearity of cardiac
muscle which has been previously described.*>1* Mirsky®” assumed spherical geometry for
the LV and used large deformation theory to predict ventricular wall stress. Figure 2.4
shows that the circumferential stress distribution across the wall was markedly different
depending on whether classic theory or large deformation theory was utilized. Furthermore,
Mirsky®® and Moriarity'% have investigated the effect of nonlinear constitutive relationships
on wall stress. In both studies, the endocardial wall stress (at diastolic pressure) calculated
using nonlinear stress-strain properties was substantially higher than that when linear elastic

material properties were assumed.

2.4  The Finite Element Method

Although thick-walled models may account for such complexities as muscle fibre
orientation, large deformations, and nonlinear constitutive relations for the myocardium,
these models are still relatively simple in that the LV geometry is approximated by using a
simple geometric figure (e.g., sphere, spheroid, or ellipsoid) that is everywhere concave
toward the LV cavity.'®* For these analytical models, this basic assumption is required such
that mathematical governing equations can be derived and solutions can be obtained.
When studying more complicated geometry, however, particularly those involving complex
changes in curvature (e.g., flattening and inversion of the interventricular septum which is
discussed in Chapter 1), a more complex method must be employed.'®* Because we

particularly wanted to study such complex changes in curvature, we chose the finite-element
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method of analysis.'®
Solution of the mechanics of a continuous structure by discretization (i.e.,
subdivision) of the structure into a finite number of well-defined components was suggested
‘as early as 1906, when researchers modelled an elastic body with a lattice of elastic bars and
employed frame analysis methods.?**! It wasn't until the late 1950's, however, with the
advent of high-speed digital computers, that use of the FE method became widespread,
particularly as need for analysis of complex problems in the aerospace industry arose (e.g.,
Turner et al'*® and Argyris’).!® FE analysis was soon adapted by the biomechanics
community because it offers a general procedure of numerical approximation for the
solution of physical problems whose “closed form™ solutions are often impractical >*'™ (A

more detailed description of the FE method will be provided in Chapter 4.)

2.5 FE Analysis of Ventricular Wall Stress

Gould et al*” and Janz and Grimm' in 1972, were the first to employ the FE method
for analysis of stress in the LV. Using single plane, antero-posterior projections of
ventriculograms to approximate geometry, Gould et al*’ constructed a 3-D FE model of the
LV comprised of 13 shell ring elements (irregular shell chambers of revolution obtained by
revolving each half of the irregular geometry of the LV). Bending and transverse shear
stresses were taken into account, the effects of the RV were ignored (i.e., LV pressure
loading only), and the myocardium was assumed to be linearly elastic. This study showed

an important result which would not have been obtained had the LV been approximated by
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a simple geometric figure (as is the case with the earlier analytical models described above):
the linear distribution of both the circumferential and longitudinal tensile stresses across the
wall thickness reversed in regions of the wall whose curvature changed signs.

Janz and Grimm” modelled the LV of a rat (the geometry was approximated using
serial sections obtained in situ after potassium arrest and formalin fixation) using 198
quadrilateral ring elements. Like Gould et al,*’ they assumed linear elasticity for the
myocardium, and ignored the effect of fibres, but attempted to account for heterogeneity
of wall structure. They made the inner third of the ventricular wall transversely isotropic
(to model the effect of sinusoidal interstices in the endocardial surface) while making the
outer two thirds isotropic. Close agreement between model-derived deformations and
measured deformations was obtained up to diastolic pressures of approximately 9 mm Hg.
Above this level, however, model-derived deformations were greater than those which were
measured and it was postulated that the discrepancy was a result of not incorporating a
nonlinear stress-strain relationship into the model. Further comparison between the
deformations predicted by the heterogeneous model and those of a completely isotropic
model revealed that heterogeneity of wall structure contributed marginally to the model (the
isotropic model predicted deformations at the equator which were 8% less than those
predicted by the heterogeneous model). The authors extended their model to allow for a
nonlinear material relationship,'** and compared the predicted deformations when nonlinear
material properties were included in the model and when they were ignored, i.e., when

linear elasticity was assumed (no attempts were made to compare predicted and
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experimentally measured deformationsin this study). Figure 2.5 shows that above diastolic
pressures of approximately 4.5 mm Hg (i.e., 6 cm H,0), the predicted diastolic pressure-
volume curves ceased to match, implying that a stiffening of the chamber above this value
was accounted for by the nonlinear model.

Janz et al”2 demonstrated the effect of allowing for nonlinear geometric effects when
modelling the LV. Their model was axisymmetric, heterogeneous, and nonlinearly elastic,
but also allowed for large deformation theory by retaining the nonlinear terms in the strain-
displacement relations. Their model showed that incorporation of such nonlinear geometric
effects (see Figure 2.6) produced a lower chamber stiffness (opposite to what occurred
when nonlinear material properties were assumed) than when these effects were ignored,
i.e., when small deformation theory was employed.

Pao et al'® modelled the LV using triangular cross-section ring elements, in a
manner similar to Gould et al,*” but allowed for variable wall thickness. Unlike Gould’s
model (and other uniform thickness models****?) which predicted a roughly linear
variation in stresses across the wall, this model demonstrated a nonlinear variation of
stresses across the wall.

Panda and Natarajan'"! modelled the LV using thick-shell elements and investigated
the effects of fibre orientation on ventricular wall stress. Fibre directions in the inner,
middle, and outer wall were assumed to be 40, -5, and -50 degrees respectively (measured
from horizontal). The myocardium was assumed to be linearly elastic, but they assumed

that the material properties along the fibre direction were transversely isotropic and that the
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transverse properties were a percentage of those in the fibre direction. Circumferential
stress values predicted by the model in the absence of fibres were higher than those
reported by previous investigators using closed form solutions in the absence of
fibres, *5%1€2 pyt the longitudinal stress values were lower. When fibres were accounted for,
mid-wall circumferential stresses increased, while longitudinal endocardial and epicardial
stresses decreased as the ratio of stiffness in the fibres (longitudinal vs. transverse)
increased.

The sampling of FE models just described illustrate the effects of heterogeneity of
wall structure, finite deformation theory, and fibre orientation on ventricular wall stress.
More recent three-dimensional models??*° have included in their design these effects, but,
just as those models described above, these models neglect the effect of the RV on the
loading of the LV chamber, and thus, by definition, ignore the septum. The next two
studies are of particular relevance to this dissertation, as they support the idea, perhaps first
suggested in the study of Gould et al (see above),” that stress patterns are highly dependent
on local ventricular wall curvature.

Using a 3-D reconstruction technique, Heethaar et al*’ studied the stress gradients
in both a single LV and in a combined RV and LV model (7000 tetrahedral elements were
used and the myocardium was assumed to be isotropic, homogeneous, and linearly elastic).
As described previously, the circumferential stresses in the single LV model were highest
at the endocardium and decreased transmurally. In the combined ventricle model, the

largest stresses were also found at the endocardium. Slight compression was also found in
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the septum — a result which had not previously been predicted."*

Pao et al'™ used 308 triangular plane-strain elements to model a cross section of an
isolated LV in diastole reconstructed from roentgenographic recordings (use of plane-strain
elements implies the LV is a long irregular cylinder). Although the myocardium was
assumed to be homogeneous, isotropic, and linearly elastic, some very interesting results
were obtained. Endocardial to epicardial circumferential stress gradients (as predicted by
the axisymmetric models) occurred only in the anterior and posterior walls. In the septum
(although the RV was not connected, curvature of the septum was taken into account) and
LV free wall, the gradient was reversed, but of smaller magnitude. Furthermore, the model
showed that some circumferential compressive stresses developed near the LV-septal
surface (i.e., the LV endocardial surface of the septum) where the wall curvatures were
small or convex inward.

As emphasized in Chapter 1, TSP is normally positive during diastole and the
septum seems anatomically and functionally a part of the LV. However, under conditions
such as pulmonary hypertension, TSP decreases and may become negative. The septum
may then flatten or invert. At present, the septum is generally considered by most
cardiologists and cardiac physiologists to be an unstressed membrane (in contrast to that
shown by Heethaar et al*’ and Pao et al'!*), in that its position is assumed to be determined
primarily by the TSP."%#145151 However, the shape of the distorted septum suggestsa more
complex behaviour, specifically that of a thick-walled structure subject to lateral pressure

and end-bending moments. The goal of the dissertation described herein was to provide a
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comprehensive FE analysis of the septum under both control and PA-~constriction loading
conditions during diastole (no other study of this kind exists), and, to test the hypothesis
that, secondary to PA constriction, substantial compression and bending moments develop

in the septum.
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Figure 2.1 Distribution of radial, latitudinal (i.e., circumferential), and longitudinal stress
from endocardium (0%) to epicardium (100%) in the wall of an ellipsoidal ventricle. The
curves show the stress profiles at the equatorial (¢) and apical (@) cross sections and at five
intermediate sections between apex and equator. The values were computed for an
intraventricular pressure of 144 (10°) dynes * cm? (approximately 110 mm Hg), wall

thickness of 7.3 mm, and the ratio of major axis to minor axis = 2.162
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Figure 2.2 Stress distribution in the myocardium based on a thick-walled model. Solid

line: at the equator; dotted line: at the apex; dashed line: approximately mid-way between

the equator and the apex.”
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longitudinal stress and o;, - shear stress in the longitudinal direction in a plane perpendicular
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Figure 2.5 Comparison of the passive pressure-volume curves predicted by a finite element
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3.1 Animal Preparation

Six mongrel dogs of either sex were anaesthetized, initially with sodium thiopental
(25 mg « kg™ i.v.) and subsequently with an infusion of fentanyl citrate (25 mg ¢ kg s hr'),
intubated, and ventilated (70% nitrous oxide-30% oxygen mixture) using a constant-volume
respirator (model 607, Harvard Apparatus, Millis, Mass.). A large-bore cannula was
introduced into the external jugular vein for administration of fluids. A midline sternotomy
was performed, and the ventrolateral surface of the pericardium was incised transversely
(~5 cm long) along the base of the heart and retracted for instrumentation.

To manipulate TSP (and achieve septal flattening and inversion), an inflatable
silicone occluder (In Vivo Metric, Healdsburg, Calif’) was placed around the main PA. To
measure pericardial pressures, flat liquid-containing Silastic balloons (3 x 3 cm) were
tethered by two individual sutures to the anterolateral surface of the RV and the lateral
surface of the LV.135%136 Each balloon had a 3-F micromanometer-tipped catheter (model
SPR-524, Millar Instruments, Houston, Tex.) positioned internally to provide ahigh-fidelity
measurement of balloon pressure (diminishes sensitivity to artifacts and oscillations
generated from transmission and catheter motion).% Calibration curves for both balloons
were described before and after each experiment using techniques developed by McMahon
et al.** The heart was then repositioned into the pericardium, and the pericardial margins
were reapproximated with several sutures, taking care to avoid decreasing the pericardial
volume ™’

LV and RV pressures were measured with 8-F micromanometer-tipped catheters
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with reference lumina (model SPC-485, Millar Instruments, Houston, Tex.) inserted
through a carotid artery and internal jugular vein, respectively. A liquid-filled catheter was
inserted into the aorta via a femoral artery to monitor pressure. The liquid-filled catheters
were attached to transducers (model P23 ID, Statham Gould, Inc., Oxnard, Calif) and
referenced to the level of the right atrium. Before each data collection, pressures measured
by the micromanometers were matched to those measured from the liquid-filled catheters
to correct for baseline drift. After surgical preparation, the animals were allowed to
stabilize for 30 min. Throughout the experiment, body temperature was maintained by a
heating pad, and the ECG (lead II) was recorded to monitor cardiac rhythm and rate. All
conditioned hemodynamic signals were amplified (model VRI16, Electronics for
Medicine/Honeywell, White Plains, N.Y.), passed through a low-pass filter (100 Hz), and

digitized at 200 Hz.

3.2  Echocardiographic Frame Acquisition

The interventricular septum was imaged (30 frames * s™) echocardiographically
(Diasonics V3400, Salt Lake City, Utah) in an L'V minor-axis view (at the level of the tips
of the papillary muscles) using a 5.0 MHz transesophageal probe held on the surface of the
RV free wall. A video frame synchronizer (Odessa Computer Systems, Calgary, Alberta,
Canada) was used to match the echocardiographic frames (recorded on Y-in. videotape)

to be analysed with the corresponding hemodynamic data.
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3.3 Experimental Protocol

Hemodynamic and echocardiographic data were obtained simultaneously and
continuously for 30 s (including a 10-s control period) with the respirator turned off to
eliminate the effects of respiration. Attempts were made to obtain complete flattening or
inversion of the septum in each PA-constriction run. Between interventions, an interval of

10 to 15 min was allowed to elapse for hemodynamic stabilization.

3.4 Hemodynamic Data Analysis
The hemodynamic data were subsequently analysed using commercial software

(CVSOFT, Odessa Computer Systems).

3.5 Echocardiographic Frame Analysis

Using image-analysis software developed in our laboratory (CVIMAGES, Odessa
Computer Systems), septal mid-wall points were identified (see Figure 3.1). By connecting
these points and smoothing,* a mid-wall line was constructed. From this line, radius-of-
curvature measurements could be made. Finally, thickness (normal to the mid-wall line) and

the insertion-point length (L) were measured.

3.6  Statistical Analysis
In this dissertation, the hemodynamic and geometric data were plotted (using

SigmaPlot 3.0 for Windows, Jandel Scientific, San Rafael, Calif) as a function of time in
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order to illustrate the general trends of these parameters during and between control and
PA constriction. Because many of these parameters were used as inputs to the model,
statistical testing was not performed in these situations. However, for certain output values,
one-way repeated-measures ANOVA (analysis of variance) was performed in order to
determine if differences in the values between the two loading conditions were statistically
significant. All statistical testing was performed using SigmaStat 2.0 (for Windows)
statistical software (Jandel Scientific, San Rafael, Calif’) on a Pentium 166 IBM clone
computer. A probability of less than 0.05 was considered to be statistically significant.
Finally, some data were expressed in tabular form, as the mean plus and minus the standard

deviation (SD).
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Figure 3.1 Geometric analysis of the interventricular septum. Septal mid-wall points were
first identified. By connecting these points and smoothing, a mid-wall line was constructed.
From this line, radius-of-curvature measurements (R,.,,) were made (in this instance, for
an inverted septum, three were required). Finally, thickness (t, normal to mid-wall line) and

insertion-point length (L) were measured.
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4.1  Use of the FE Method to Model the Interventricular Septum

When faced with the challenge of analysing the mechanics of the interventricular
septum during PA constriction, the question arises: which method should one use? The
answer to this question becomes apparent if one considers the complexity of deformation
and uniqueness ofloading which the septum undergoes during PA constriction. Figure4.1a
shows a schematic diagram of a cross-sectional (minor-axis) view of the heart during PA.
constriction. When TSP becomes negative, the septum (dashed lines) flattens and may
invert, moving leftward towards the centre of the LV cavity. Even though thick-walled
models have incorporated large deformation analysis, effects of fibre orientation, and
nonlinear constitutive relations for the myocardium, a basic assumption is still inherent in
these models: a simple geometric figure must be assumed for the ventricle in order to keep
the mathematical equations tractable. It follows then, that flattening and inversion of the
septum, as occurs in Figure 4.1a, immediately precludes any thick-walled theory from being
used for analysis of this structure. Furthermore, Figure 4.1b shows a free-body diagram of
the septum which illustrates the complex loading of the septum during PA. constriction. Not
only is the septum subject to both LV and RV pressures, but also to end-bending moments,
and shear and axial forces at the RV-insertion points. The RV free wall also exerts tension
at the insertions, an effect which is undoubtedly increased with increasing RV pressure (it
is possible that the RV free wall also applies shear forces and bending moments at the
insertions, if treated as a thick-walled, rather than thin-walled, structure). Because of the

complex geometry and loading of the septum, particularly that which occurs during PA
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constriction, the FE method of analysis was chosen to model the septum.

4.2 FE Method Description

Before describing in detail the FE mesh and constitutive relations which have been
employed to model the interventricular septum in this dissertation, a general description of
the FE method is outlined below (for a detailed description of the method, see
Zienkiewicz'®):

(i) Figure 4.2a shows a planar structure subject to a specific loading condition.”
The structure is discretized (divided) into a “finite” number of smaller regions, called
“elements” (see Figure 4.2b), which are joined to one another by “nodes” (only corner
nodes are shown, depending on the type of element used, nodes can also join elements at
mid-regions). The FE method contrasts with the continuum approach where concepts of
stress and strain are defined at a “point,” and the material is assumed to be continuously the
same for the entire entity. Through discretization, the FE method attempts to overcome the
intractability of many continuum problems, whereby a satisfactory approximation to the
continuum solution is desired.

(i) The FE method uses the so-called stiffness method of solution. Element
equations are derived in terms of unknowns at the nodal points and are commonly

expressed as:

[K omer |6} = {F}
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where [K,,,....] is the element stiffness matrix, {5} is the nodal deformation vector, and {F}
is the nodal force vector. Individual element stiffness matrices are constructed through
numerical integration (Gaussian integration being the integration scheme of choice). For
| displacement-based elements (the most common, and the type used in the model described
in this dissertation), shape functions (i.e., mathematical expressions) are specified which
define the displacement of any point in the element given a unit displacement in one
direction at one node.

(iii) The equations derived for each element are then assembled (according to the
laws of compatibility and continuity) to generate the global governing equations (ie., for
the entire model) of the form described above."”

(iv) Boundary conditions are specified which describe how the body is supported
in space.

(v) The governing equations are solved to yield nodal displacements using a
computer-aided numerical solution technique.

(vi) By making use of the strains obtained in the solution (the derivative of the
displacement function provides the strain) and the constitutive relationship assumed for the

material, stresses in the elements are computed.”

4.3 FE Software/Computer Hardware
The FE program ABAQUS (version 5.6, Hibbitt, Karlsson & Sorenson, Inc.,

Pawtucket, R.I) was used for all stages of the analysis and was run on a SGI computer
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(Origin 2000, Silicon Graphics Inc., Mountain View, Calif’).

44 FE Mesh

The mesh consisted of 120 8-node (parabolic shape function) plane-stress elements
(using 3x3 integration, i.e., 9 Gauss points for each element) arranged in 6 layers of 20
elements (see Figure 4.3). [Use of plane-stress elements implies that the only stresses which
develop are those parallel to the plane (or surface) of the element, o, and g,. The stress
perpendicular to the element plane, g, is zero. Strains in all three directions (&, &, and &),
however, are permitted to develop.] Six truss elements were used at each boundary to
allow for the application of end-bending moments, applied in the form of equal and opposite
force couples. The truss elements were assigned a Young’s Modulus of 2.0 MPa in an
attempt to obtain rigid-body rotation about the mid-nodes (i.e., the equivalent of the RV
insertion points) of each boundary (attempts were made to stiffen the truss elements even

more, but numerical instabilities resulted).

4.5  Constitutive Relations

The potentially large (finite) strains associated with the PA-constriction cycle were
partly accounted for by utilizing a model of hyperelasticity. Hyperelastic materials are
described in terms of a strain-energy function which defines the strain energy stored in the
material per unit of reference volume (volume in the stress-free natural state). For the

simplest hyperelastic material, as used in ABAQUS, the strain energy, U(¢), is defined by
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the incompressible form of the neo-Hookean law:

G -
U@ =5 (h-3

where G is the initial shear modulus and 7 is the first deviatoric stretch invariant defined as

where J is the volumetric strain and A, are the principal stretches, related to the principal
normal strains, &, by

A =1+¢,.
Ule) can therefore be expressed in terms of G, J and &, giving the form:

G
[3+2(81+82+83)+812+822+832]—37.

2
-3

U(e) = -%;-J

4.6 Geometric Nonlinearity

To account for large deformation, geometric nonlinearity was included in the model.
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Equilibrium equations are written with respect to the deformed geometry. Although
equilibrium equations of the deformed configuration might be written for all problems, in
so-called linear geometric problems, the original configuration may be used because the
deformations are minimal 2 In this case here, the effect of axial stresses on reducing the
overall structural stiffness, (i.e., the “pd” effect), was considered. In Figure 4.4, an axially
loaded (p) column is subject to lateral load which produces an internal (primary) bending
moment distribution (A,,)). The column deforms (J) laterally under this loading, causing
a secondary moment to develop — the axjal applied load multiplied by the deformation, pé
=M, M,_inturnincreases the deformation, 8. The column thus appears more flexible
(the deflections are greater) than due to the primary loading alone. In traditional structural
analysis, this effect is accounted for by increasing the primary internal bending moment by
the secondary moment while keeping the structural bending stiffness (K., constant. In

the FE method, rather than keeping K, constant and determining M,,, M, is kept

constant and the structural stiffness matrix is reduced:
[Kszruct—red ] = [Kstruct] - {0}[ngom ]’

where [K,..] is the structural stiffness matrix, { 0} is the axial stress vector, [Koeom] is the

geometric matrix dependent on {0} and [K,,..,..d is the reduced structural stiffness matrix.
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47  FE Solution

An iterative technique based on the Modified Newton-Raphson procedure'® was
employed. The total load was added in increments and, for each increment, solution to a
specified tolerance was achieved through iterations using the initial structural stiffness

matrix.

4.8 Incorporation of Residual Stress

Many previous investigators have ignored the stress of completely relaxed, in-situ,
ventricular myocardium. Figure 4.5 shows the hypothetical mesh (solid line) which
represents an unloaded (LVP = RVP = 0 mm Hg) and unstressed septum. Equal and
opposite force couples were applied at the ends of this mesh (resulting in initial end-bending
moments, M,) such that the resulting stress distribution closely matched (see Figure 4.6)
that calculated by Guccione et al.® This mesh (dashed lines) is called a residually stressed,
or RS mesh. The parameters of the calculated residually stressed state were saved to an
input file and incorporated into each loading step in the form of an initial stress condition.

To solve most conventional structural problems, the FE method is implemented
using known boundary conditions and material properties and then solving for the
deformations and stress under load. Here the reverse is implemented — the “deformations™
(as defined by the position of the septal mid-wall line) and loads (LVP and RVP) are
measured, and therefore an initial RS mesh must be constructed which, when loaded,

conforms to the observed configuration of the septum at end-diastole for the control cycle.
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Therefore, the unknowns in determining the initial RS mesh are the shear modulus (G), the

initial end-bending moments (A4,), and the shape of the unloaded, unstressed mesh.

4.9  Accounting for Sarcomere Length Changes during the Cardiac Cycle

So that images other than those at end-diastole could be analysed, the geometry of
the initial RS mesh was adjusted according to values of sarcomere length (SL) idealized
from the measurements of Rodriguez et al®® and Guccione et al.* In the cardiac cycle, SL
decreases during systole and increases in diastole. Hence, there wasa requirement to adjust
the geometry of the mesh to account for SL changes. It was assumed that SL increased a
total of 17% from its end-systolic value to its end-diastolic value (see Figure 4.7, 15%
linearly to the point of minimum LV pressure [due to rapid filling] and a further 2% linearly
during diastasis and atrial contraction [due to passive filling]). Figure 4.8 illustrates the
manner in which the geometry of the initial RS mesh was adjusted according to SL during
the diastolic interval (i.e., adjusted in accordance with % reductions in SL). Note how both
the radius of curvature and insertion-point length were changed when a change in SL was

applied to the initial RS mesh.

4.10 Loading Conditions
Figure 4.9 shows examples for both the control and PA-constriction cycles. TheRS
mesh (adjusted for thickness and, for images other than those at end-diastole, for SL as

well) was restrained (in both X and Y directions) at the mid-nodes of each boundary (i.e.,
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the RV insertion points). The measured values of LVP and RVP were then applied. G and
end-bending moments were adjusted until conformity to the observed configuration of the
septum was judged to be satisfactory. (A “loading condition” is defined as an information
set which describes the current geometry, G for the RS mesh, and the applied loads [LVP,

RVP, and bending moments]).

4.11 Mesh Sensitivity Analysis

In order to help determine whether the results obtained from a particular FE model
are meaningful, and not simply specific to the mesh selected, a mesh sensitivity analysis
must be performed. Figure 4.10 shows a transseptal (mid-septum) circumferential stress
(principal stresses obtained at the centroid) profile obtained from three different meshes
under the same loading (PA constriction). Each mesh was 20 elements long but differed
depending on the number of elements chosen to represent the thickness (3, 6, or 12). In
general, the results (see Chapters 5, 6, and 7 for a detailed description of these results)
obtained in all three cases were the same. However, the mesh with 3 elements across
appeared to be somewhat crude with respect to the resolution of stresses across the wall,
whereas the mesh with 12 elements across required 50% more convergence time (38 vs.
25 min) than the mesh with 6 elements across. Thus, the mesh with 6 elements across

seemed the sensible choice to model the interventricular septum.



61

a
b
RVP
Taw, Tav
14 Vv
;oD
M M

Figure 4.1 Schematic diagrams of (a) a cross-sectional (minor-axis) view of the heart
during PA constriction and, (b) the loading on the septum during PA constriction (LV and
RV pressures, LVP and RVP; end-bending moment, M; shear force, V] axial force, F;

tension due to RV free wall, Tg.).
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Figure 4.2 A loaded structure (a) and a typical finite element model (b).”
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plane-stress element

/ RV insertion point
stiff truss element (idealized)

Figure 4.3 2-D finite element mesh used to model the interventricular septum. The mesh
consisted of 120 8-node plane-stress elements arranged in 6 layers of 20 elements. In
addition, 6 stiff truss elements were used at each boundary (for simplicity, only one is

shown) to allow for application of end-bending moments.
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Figure 4.4 Diagram illustrating the “pJ” effect. The axially loaded (p) column is subject
to lateral load which produces an internal (primary) bending moment distribution (,,,).
The column deforms () laterally under this loading, causing a secondary moment (A, =
pd) to develop, which in turn increases the deformation, 4. The total bending moment at

any point (M) is the sum of the primary and secondary bending moments (A, + M,,.).
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Figure 4.5 Diagram illustrating how the residually stressed mesh (RS mesh, dashed line)
was obtained. Equal and opposite force couples (resulting in initial end-bending moments,
M) were applied at the ends of the unloaded, unstressed mesh (solid line) such that the

resulting stress distribution matched that calculated by Guccione et al.
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Figure 4.6 A plot of circumferential residual stress as a function of radial position. Note
the similarity between the stress distribution in the RS mesh (filled circles) and that

calculated by Guccione et al (open circles).”
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Figure 4.7 Sarcomere length (SL) changes schematized from the measurements of
Rodriguez et al'”® and Guccione et al.™ Tt was estimated that SL increased during diastole
a total of 17% from end-systolic value (15% linearly to the point of minimum LV pressure
[SL change due to rapid filling] and a further 2% linearly during diastasis and atrial

contraction [SL change due to passive filling]).
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mid-wall line of adjusted mid-wall line of initial RS
RS mesh (Lyp,;, Roeputd)

Figure 4.8 Diagram illustrating how the dimensions of the initial RS mesh were adjusted
according to sarcomere length during the diastolic interval. Note how both the end-
diastolic radius of curvature (R,..ep) and insertion-point length (Lyp.gp) are decreased when
a decrease in sarcomere length is applied to the initial RS mesh (R, L) (N.B. Only

mid-wall lines shown.)
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RS mesh /control image

PA constriction image

Figure 4.9 Diagram depicting how the RS mesh was loaded for both control and PA-
constriction cycles (N.B. only mid-wall lines shown).. The RS mesh (dashed line) was
restrained (in both X and Y directions) at the mid-nodes (i.e., at the RV insertion points)
of each boundary; the measured LV and RV pressures were then applied. G and end-
bending moments were adjusted until the loaded RS mesh conformed to the observed septal

configuration (solid lines) satisfactorily.
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Figure 4.10 Comparison of transseptal (mid-septum) circumferential stress profiles
obtained from three different meshes under the same loading (PA constriction). Each mesh
was 20 elements long, but differed depending on the number of elements chosen to

represent the thickness (3, 6, or 12).
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The 6 dogs, from which input data for this model were obtained, were chosen based
on expected hemodynamics during the control loading conditions. Since temporal changes
in many of these variables are well accepted and defined, only a brief description of these
temporal trends will be provided. However, the effect of PA constriction on 2 specified

variable will be emphasized.

5.1 Hemodynamics and Cardiac Function during Diastole

In Table 5.1, the effect of PA constriction on mean diastolic aortic pressure (AoP)
is shown. Compared to control, mean diastolic AoP decreased during PA. constriction in
all 6 dogs. InFigure 5.1, left ventricular pressure (LVP) is plotted as a function of time for
the entire diastolic interval. Each tick on the time axis corresponds to one echo frame.
Note that control is denoted by open circles, PA constriction by filled circles. Unless
otherwise stated, this code applies for all results presented in this manner. During both
control and PA- constriction cycles (for all dogs), LVP decreased from end-systole (ES, see
time axis) to a near stable value shortly after, which was maintained until end-diastole (ED,
see time axis). Compared to control, LVP during PA constriction was reduced throughout
diastole in Dogs 1-4. An opposite effect occurred (i.e., LVP increased during PA
constriction) for a few points in Dogs S and 6, but in general, the same trend which was
observed in Dogs 1-4, was seen in these 2 dogs. Figure 5.2 shows diastolic right ventricular
pressure (RVP) for both control and PA-constriction cycles. In general, the same temporal

trend in RVP was observed as in LVP (i.e., RVP decreased from ES to ED), and control
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RVP values were roughly ¥ to ¥ that of control LVP values. In contrast to Figure 5.1,
however, Figure 5.2 shows that, compared to control, RVP increased during PA
constriction in all 6 dogs. The difference between the 2 pressures, the transseptal pressure
gradient (TSP =LVP - RVP), is plotted in Figure 5.3. Compared to control, TSP for PA
constriction was substantially lower (and negative) throughout diastole in all 6 dogs. In
particular, TSP was reduced near 0 mm Hg at ES, dropped to a maximum negative value
(Max TSP,_,; approximately -10 mm Hg in all 6 dogs) shortly after, and then became less
negative for the duration of the cycle (in all dogs except Dog S, TSP was the least negative
mid-way through diastole, and then became progressively more negative toward ED).

Cross-sectional area of the LV (CSA,y) was measured echocardiographically and
used as an indicator of LV volume (see Figure 5.4). In both control and PA-constriction
cycles, an isovolumic period (no or minimal change in CSA;y) after ES was followed by an
increase in CSA,y towards a maximum value at ED. Compared to control, CSA;y was
substantially reduced during PA constriction inall 6 dogs. In anattempt to characterize the
effect of PA constriction on diastolic LV function, LVP - CSA;, curves were constructed
and are shown in Figure 5.5. In all 6 dogs, the LVP - CSA; curve was shifted downward
and to the left during PA constriction, as compared to control.

The effect of PA constriction on LV transmural pressure (LVIMP =LVP -LVP )
during diastole is shown in Figure 5.6. Compared to control, LVIMP was reduced during
PA constriction in all 6 dogs. In contrast, RV transmural pressure (RVIMP = RVP -

RVP,;) increased during PA constriction (see Figure 5.7).
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5.2  Septal Geometry during Diastole

Curvature (1/R,,,) of the mid-portion of the septum is plotted against time in
Figure 5.8. In all 6 dogs, the curvature of the septum in the control loading condition
decrgased from ES to ED. During PA constriction, the curvature of the septum was
reduced (i.e., the septum was flattened) compared to control. Furthermore, aithough TSP
was lowered to a similar degree during PA constriction in all dogs (see Figure 5.3), Dogs
1, 4 and 6 showed flattening and inversion, while Dogs 2, 3 and 5 only showed flattening.
In the 3 dogs which inverted, inversion was first observed mid-way through diastole. In all
dogs except Dog 5, flattening or inversion became less severe towards ED.

Insertion-point length (Lyp) of the septum is plotted against time for both control and
PA constriction in Figure 5.9. In all 6 dogs, Ly, increased from ES to ED for both loading
conditions. No apparent difference in L, however, was observed between control and PA-
constriction loading conditions.

In Figure 5.10, the thickness of the septum is plotted for both control and PA
constriction cycles during diastole. Thickness decreased from ES to ED in both conditions.
Compared to control, there was a trend towards increasing thickness during PA constriction

in Dogs 1-5 with essentially no change between the two conditions in Dog 6.

53  Structural Mechanics of the Septum during Diastole
5.3.1 Shear Modulus (G) and End-Bending Moments

Having applied LVP (internal pressure loading) and RVP (external pressure loading)
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and accounted for geometric changes, 2 other variables, namely the shear modulus (G) and
the end-bending moments, were adjusted to make the RS mesh conform satisfactorily to the
observed shape of the septum.

In Figure 5.11, the shear modulus (G) is plotted as a function of time for both
control and PA-constriction cycles during diastole. G, in bothloading conditions, decreased
rapidly from ES to a near stable value for the remainder of diastole. During PA
constriction, in all dogs except Dog 6, G reached a minimum value mid-way through
diastole and then increased until ED. Furthermore, compared to control, a statistically
significant (P < 0.05) increase in G was required to obtain matches in the post-isovolumic
relaxation period (post-IVR period; including dashed line and beyond) during PA
constriction in all dogs except Dog 4 (for Dog 4, a greater G was required for control in
the post-IVR period). A greater G was also required during PA constriction in the IVR
period for Dogs 1, 4, 5 and 6 — some variation of this trend was observed in Dogs 2 and 3.
It should be noted that at ES (in Dogs 5 and 6 during PA constriction), and in the region
including and subsequent to the post-IVR line (in Dogs 2-6 in control and Dog 6 in PA
constriction), “dropout” occurred, at which point a match between the RS mesh and the
observed shape of the septum could not be obtained.

End-bending moments are plotted as a function of time in Figure 5.12. Only the
end-bending moments required to obtain matches for PA constriction are presented, as no
end-bending moments were required to produce the observed shapes in the control cycles.

For all 6 dogs, greater end-bending moments were required near ES, as compared to those
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required for the rest of diastole. Furthermore, in all 6 dogs, a statistically significant (P <
0.05) increase in end-bending moment was required at the anterior insertion point (open
triangles; right side of the RS mesh) as compared to that at the posterior insertion point

(open squares; left side of the RS mesh).

5.3.2 Principal Stress Vector Plots

To help illustrate the difference in structural behaviour between the septum during
control and PA constriction, principal stress vector plots are presented. Figure 5.13a
shows a plane stress element subject to x- and y-stress components 0, and g, and the shear
stress 7,, Rotation of the element through an angle (8,) such that 7, vanishes, results in
the principal stresses 0,,;, and 0, at point Q (see Figure 5.13b).

In Figures 5.14 through 5.19, principal stress vector plots are shown for a
representative dog (Dog 1) during diastole. To minimize end-effects, the 4 columns of
elements on either side of each mesh are not shown. All the arrows are equally scaled, the
magnitude being represented by the size of the paired arrowheads and the distance between
them. Whether the stress is tensile or compressive is represented by the direction of the
arrowheads, divergent meaning tensile, convergent meaning compressive. Tension and
compression generally also correspond to red and blue, respectively. Three locations in
time (Max TSP, mid-diastasis, and ED) were chosen to illustrate the difference in
structural behaviour of the septum between control and PA constriction. Each vector plot

pair (control and PA constriction) is accompanied (on the subsequent page) by transseptal
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circumferential stress and corresponding strain plots in order to demonstrate approximate
magnitudes. The values shown were averaged from the two middle columns of elements
and were calculated at the centroid for each element (from the middle 2 columns) across
the wall.

In Figure 5.14, vector stress plots for both control and PA constriction at Max
TSP, (for control, a position equivalent in time to Max TSP, during PA constriction was
chosen, ie., near completion of IVR period) are shown. For both control and PA
constriction, the radial compressive stresses which developed at the LV and RV surfaces
were equal to the applied LV and RV pressures (this was true for all dogs, in each loading
condition, and at every point in diastole). The circumferential stresses which developed in
the control state were all tensile in nature, increasing across the wall from LV to RV
(circumferential stress variation of 1 to 15 mm Hg, with a strain value maintained at nearly
5%, see Figure 5.15). Compared to control, during PA constriction, substantial
circumferential compressive stresses clearly developed (circumferential stress variation
across the septum from 3 to nearly -50 mm Hg, with corresponding strains of 2 to -5%,
respectively, see Figure 5.15). Furthermore, these compressive stresses became less regular
(i.e., less circumferentially oriented) in elements which were increasingly distant from the
mid-portion of the RV-septal surface. In these elements, the compressive stresses appeared
to be directed towards the supports of the mesh at the mid-nodes of each end-boundary (not
shown).

In Figure 5.16, vector stress plots for both control and PA constriction at mid-
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diastasis are shown. In the control case, the circumferential stresses which developed were
roughly equivalent to the residual stress distribution (circumferential stress variation of -3
to 5 mm Hg, with a strain value maintained at approximately 3%, see Figure 5.17). In the
PA- constriction case, circumferential compressive stresses developed (circumferential
stress variation across the septum from 9 to -20 mm Hg, with corresponding strains of 10
to -18%, respectively, see Figure 5.17) which were directed towards the supports of the
mesh as described above.

In Figure 5.18, vector stress plots for both control and PA constriction at ED are
shown. In the control case, the circumferential stresses which developed were, again,
roughly equivalent to the residual stress distribution (circumferential stress variation of -4
to 3 mm Hg, with a strain value maintained at approximately 3%, see Figure 5.19). Inthe
PA constriction case, circumferential compressive stresses developed (circumferential stress
variation across the septum from 5 to -28 mm Hg, with corresponding strains of 3 to -8%,
respectively, see Figure 5.19) which were directed towards the supports of the mesh as

described above.

5.3.3 Structural Bending Stiffness (K,..J)
The structural bending stiffness, K., was calculated as follows:

For a 2-D model with a breadth of unity, K, is:
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where E is Young’s Modulus, and ¢ is thickness. E is related to the shear modulus, G, by:

E = 2G(1+ v),

where v is Poisson’s ratio. For incompressibility, assume v = 0.5, and hence:
E = 3G.

Substituting in the expression for E, K, in terms of G is:

3

t

In Figure 5.20, K,,,, for both control and PA constriction cycles is plotted as a
function of time for all 6 dogs. K., in both loading conditions, decreased from ES to a
near stable value for the remainder of diastole. Furthermore, compared to control, a
statistically significant (P < 0.05) increase in K,,,; Was calculated in the post-IVR period
during PA constriction in Dogs 1-3, and 5 (in Dog 4, a greater K, was calculated for the
post-IVR period during control; in Dog 6, the increase in K., for the post-IVR period
during PA constriction was not significant, NS). A greater K, was also calculated during
PA constriction in the IVR period for all dogs except Dog 2 in which the control K..;

immediately after ES was greater than that for PA constriction.
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5.3.4 Axial Force and Bending Moment Diagrams

Axial force and bending moment diagrams were constructed as follows: for element
columns numbered 3, 5, 7, 10, 11, 14, 16, and 18, the circumferential stress variation (e.g.,
see Figure 5.21) was examined. Axial force was calculated at each location using the

expression (assuming a breadth of unity):

Oy t+ O'LV) p

Axial Force = ( >

Bending moment was calculated at each location using the expression (assuming a breadth
of unity):
Bending Moment = (M) -ti
2 6

Axial force and bending moment diagrams were then plotted as a function of element
position (the average was taken for element columns 10 and 11) for a representative dog
(Dog 1) in control (at mid-diastasis and ED), for an inverted septum (PA constriction, mid-
diastasis), and for a flattened septum (PA constriction, ED).

In Figure 5.22, axial force for the control septum at mid-diastasis was slightly
positive and remained constant through the mesh. Axial force for the control septum at ED

was slightly negative and also remained constant through the mesh. Compared to control,

the axial force diagrams for the two PA-constriction cases showed substantially negative



Chapter 5 Results 81

axial force which varied through the mesh, the more negative values being observed near
the ends. In general, axial force for the flattened septum was more negative than that of the
inverted septum.

In Figure 5.23, bending moment for the control septum at mid-diastasis and ED was
slightly positive and remained constant through the mesh. Compared to control, the
bending moment diagrams for the two PA-constriction cases were substantially different
(the axial force diagrams for the two PA-constriction cases, however, were identical).
Bending moment at the ends of each of the PA-constriction meshes was positive and of
greater magnitude than the control. In both cases, the bending moment was zero near
element positions 5 and 14. Maximum negative bending moment was achieved at the mid-

length of the mesh in each case.

5.3.5 Strain Energy

Figure 5.24 shows strain energy calculated for the entire mesh (i.e., including the
4 columns of elements on either side of the mesh), SEg,, plotted as a function of time in ail
6 dogs during both control and PA constriction. In general, greater SEg; was calculated
for PA. constriction during diastole for all dogs (some results opposite to this, however,
were observed near ES). Furthermore, during control, maximum SEg,; was achieved at ES
in all 6 dogs, whereas during PA constriction, maximum SEg, seemed to reach a peak near
Max TSP,,.

SE;,; and CSA; during control are plotted against time in Figure 5.25. In all 6
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dogs, SEq, was reduced to a minimum level before CSA, began to increase. In contrast,
Figure 5.26 shows that during PA constriction, in Dogs 2, 4, 5, and 6, the minimum level
of SE,,; was not achieved until CSA;, began to increase. In Dogs 1 and 3, SE,, reached
the minimum level as in the controls.

Table 5.2 shows the strain energy calculated for 60% of the mesh (i.e., not including
the 4 columns of elements on either side of the mesh), SEq, expressed as a percentage of
SEg, during control and PA constriction at Max TSP, (for control, a position equivalent
in time to Max TSP, during PA constriction was chosen) and ED in all 6 dogs. For
control, at both the Max TSP, equivalent and ED, SE,, was approximately 60%. For PA

constriction, SE, at Max TSP, was approximately 15% and at ED approximately 20%.

5.4  Model Validation and Evaluation
5.4.1 Comparison of FE Solution with Thick-Walled Cylindrical Solution

A comparison of the stresses calculated with the FE model and stresses calculated
with a known analytical model was performed (only control results were compared). For
a section through a long hollow thick-walled cylinder subject to uniformly distributed
internal and external pressure, the radial (o,,) and circumferential (o) stresses were
calculated as follows:

PR*-PR? (B-B)R’R’
Crad = Roz _ &2 = Rz(Rz _ Rz)

and
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PR?>-PR? (B-B)R’R}
o= TRI-RT T R(RP-RY)

where P, is the internal pressure, P, is the external (outer) pressure, R; is the internal radius
of curvature, R, is the external (outer) radius of curvature, and R is the radius of curvature
at a particular point across the thickness. The residual stress distribution across the wall
was added in each case.

In Figure 5.27, radial stresses calculated (across the septum and at the centroid of
each element) during control with the thick-walled solution and FE model are shown for
a representative dog (Dog 1). At all 4 locations during the control cycle (ES, mid-IVR,
mid-diastasis, and ED), good agreement was obtained between the 2 solutions.

In Figure 5.28, circumferential stresses calculated (across the septum and at the
centroid of each element) at ES and mid-IVR during control with the thick-walled solution
and FE model are shown for a representative dog (Dog 1). At both ES and mid-IVR,
agreement between the 2 solutions was poor — the FE solution showed a circumferential
tensile stress distribution which was greatest at the RV-septal surface, the opposite
distribution (of approximately equal magnitude) was predicted by the thick-walled solution.

In Figures 5.29 and 5.30, circumferential stresses calculated (across the septum and
at the centroid of each element) at mid-diastasis and ED during control, respectively, with
the thick-walled solution and FE model are shown for all 6 dogs. Satisfactory agreement

@i.e., the stress distributions had the same trend and magnitude) was obtained between the
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2 solutions in all dogs at both locations.

5.4.2 Plane Stress vs. Plane Strain

In Figure 5.31, results at mid-diastasis for control and PA constriction (inverted
septum) obtained from the current FE model (constructed using plane stress elements) and
one constructed using plane strain elements are shown for a representative dog (Dog1). For
both control and PA constriction, the circumferential stress and strain distributions
predicted by the plane stress and plane strain models were nearly identical. Furthermore,
the plane strain model predicted longitudinal compressive stress for both control (-4 to -2

mm Hg) and PA-constriction (1 to -17 mm Hg) loading conditions.
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Table 5.1 Effect of PA constriction on mean diastolic aortic pressure (AoP).

Mean Diastolic AoP (mm Hg)
Control PA constriction

Dog 1 74.6 433

2 94.5 66.9

3 105.1 64.9

4 88.0 584

5 71.3 29.2

6 103.2 64.7
Mean+SD 89.5+14.2 54.6+15.1

SD, Standard Deviation
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Figure 5.1 Left ventricular pressure (LVP) plotted as a function of time for control (open

circles) and PA-constriction (filled circles) cycles during diastole (end-systole to end-

diastole) in all 6 dogs. Each tick on the time axis corresponds to one echo frame.
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Figure 5.2 Right ventricular pressure (RVP) plotted as a function of time for control (open

circles) and PA-constriction (filled circles) cycles during diastole (end-systole to end-

diastole) in all 6 dogs. Each tick on the time axis corresponds to one echo frame.
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Figure 5.3 Transseptal pressure gradient (TSP =LVP - RVP) plotted as a function of time

for control (open circles) and PA-constriction (filled circles) cycles during diastole (end-

systole to end-diastole) in all 6 dogs. Each tick on the time axis corresponds to one echo

frame.
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Figure 5.4 Left ventricular cross-sectional area (CSAyy) plotted as a function of time for

control (open circles) and PA-constriction (filled circles) cycles during diastole (end-systole

to end-diastole) in all 6 dogs. Each tick on the time axis corresponds to one echo frame.
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Figure 5.5 Left ventricular pressure (LVP) plotted as a function of left ventricular cross-
sectional area (CSA, ) for control (open circles) and PA-constriction (filled circles) cycles

during diastole in all 6 dogs.
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Figure 5.6 Left ventricular transmural pressure (LVIMP = LVP - LVP,,) plotted as a

function of time for control (open circles) and PA-constriction (filled circles) cycles during

diastole (end-systole to end-diastole) in all 6 dogs. Each tick on the time axis corresponds

to one echo frame.
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Figure 5.7 Right ventricular transmural pressure RVIMP =RVP - RVP__)) plotted as a
function of time for control (open circles) and PA-constriction (filled circles) cycles during
diastole (end-systole to end-diastole) in all 6 dogs. Each tick on the time axis corresponds

to one echo frame.
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Figure 5.8 Curvature (1/R,,) of the mid-portion of the septum plotted as a function of

time for control (open circles) and PA-constriction (filled circles) cycles during diastole

(end-systole to end-diastole) in all 6 dogs. Each tick on the time axis corresponds to one

echo frame.
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Figure 5.9 Insertion-point length (L) of the septum plotted as a function of time for

control (open circles) and PA-constriction (filled circles) cycles during diastole (end-systole

to end-diastole) in all 6 dogs. Each tick on the time axis corresponds to one echo frame.
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Figure 5.10 Thickness (t) of the septum plotted as a function of time for control (open

circles) and PA-constriction (filled circles) cycles during diastole (end-systole to end-

diastole) in all 6 dogs. Each tick on the time axis corresponds to one echo frame.
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Figure 5.11 Shear modulus (G) of the septum plotted as a function of time for control

(open circles) and PA-constriction (filled circles) cycles during diastole (end-systole to end-

diastole) in all 6 dogs. Each tick on the time axis corresponds to one echo frame. (IVR:

isovolumic relaxation period)
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Figure 5.12 End-bending moments plotted as a function of time for the PA-constriction

cycle during diastole (end-systole to end-diastole) in all 6 dogs. Each tick on the time axis

corresponds to one echo frame. (Squares denote bending moments required at the posterior

insertion point, or left side of the RS mesh; triangles denote bending moments required at

the anterior insertion point, or right side of the RS mesh.)
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Figure 5.13 Schematic diagram relating (a) x-plane-, y-plane-, and shear-stress (o, o,

and 7, respectively) to (b) principle stresses (0, and 0,.).



99

Figure 5.14 Principal stress vector plots for control and PA-constriction loading conditions
(representative dog, Dog 1) at the maximum negative transseptal pressure gradient, Max
TSP, (for control, a position equivalent in time to Max TSP, during PA constriction was
chosen, i.e., near completion of IVR period). To minimize end-effects, the 4 columns of
elements on either side of each mesh are not shown. All the arrows are equally scaled, the
magnitude being represented by the size of the paired arrowheads and the distance between
them. Whether the stress is tensile or compressive is represented by the direction of the
arrowheads, divergent meaning tensile, convergent meaning compressive. Tension and

compression generally also correspond to red and blue, respectively.
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Figure 5.15 Plots of transseptal circumferential stress and strain for control and PA-
constriction loading conditions (representative dog, Dog 1) at the maximum negative
transseptal pressure gradient, Max TSP, (for control, a position equivalent in time to Max

TSP, during PA constriction was chosen, i.e., near completion of IVR period).
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Figure 5.16 Principal stress vector plots for control and PA-constriction loading conditions
(representative dog, Dog 1) at mid-diastasis. To minimize end-effects, the 4 columns of
elements on either side of each mesh are not shown. All the arrows are equally scaled, the
magnitude being represented by the size of the paired arrowheads and the distance between
them. Whether the stress is tensile or compressive is represented by the direction of the
arrowheads, divergent meaning tensile, convergent meaning compressive. Tension and

compression generally also correspond to red and blue, respectively.
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Figure 5.17 Plots of transseptal circumferential stress and strain for control and PA-

constriction loading conditions (representative dog, Dog 1) at mid-diastasis.
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Figure 5.18 Principal stress vector plots for control and PA-constriction loading conditions
(representative dog, Dog 1) at end-diastole (ED). To minimize end-effects, the 4 columns
of elements on either side of each mesh are not shown. All the arrows are equally scaled,
the magnitude being represented by the size of the paired arrowheads and the distance
between them. Whether the stress is tensile or compressive is represented by the direction
of the arrowheads, divergent meaning tensile, convergent meaning compressive. Tension

and compression generally also correspond to red and blue, respectively.
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Figure 5.19 Plots of transseptal circumferential stress and strain for control and PA-

constriction loading conditions (representative dog, Dog 1) at end-diastole (ED).
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Figure 5.20 Structural bending stiffness (K., of the septum plotted as a function of time
for control (open circles) and PA-constriction (filled circles) cycles during diastole (end-
systole to end-diastole) in all 6 dogs. Each tick on the time axis corresponds to one echo

frame. (IVR: isovolumic relaxation period)
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Figure 5.21 Schematic diagram of a circumferential stress distribution across the septum
(G, circumferential stress at the RV-septal surface; 07, circumferential stress at the LV-

septal surface).
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Figure 5.22 Axial force plotted as a function of element column position for control (at

mid-diastasis and end-diastole) and PA-constriction (inverted septum and flattened septum)

loading conditions (representative dog, Dog 1).
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Figure 5.23 Bending moment plotted as a function of element column position for control
(at mid-diastasis and end-diastole) and PA-constriction (inverted septum and flattened

septum) loading conditions (representative dog, Dog 1).
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Figure 5.24 Strain energy (SEg,, strain energy calculated for the entire mesh) of the
septum plotted as a function of time for control (open circles) and PA-constriction (filled
circles) cycles during diastole (end-systole to end-diastole) in all 6 dogs. Each tick on the
time axis corresponds to one echo frame. (Max TSP,,,: maximum negative transseptal

pressure gradient)
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Figure 5.25 Strain energy (SEg,, strain energy calculated for the entire mesh; open circles)
of the septum and left ventricular cross-sectional area (CSA;y; open diamonds) plotted as
a function of time during diastole (end-systole to end-diastole) in all 6 dogs. Each tick on

the time axis corresponds to one echo frame.
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Figure 5.26 Strain energy (SEg,, strain energy calculated for the entire mesh; filled circles)
of the septum and left ventricular cross-sectional area (CSAyy; filled diamonds) plotted as
a function of time during diastole (end-systole to end-diastole) in all 6 dogs. Each tick on

the time axis corresponds to one echo frame.
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Table 5.2 SE,, (strain energy calculated for 60% of the mesh) expressed as a percentage
of SEg, (strain energy calculated for the entire mesh) during control and PA constriction
at Max TSP,_, and ED. (For control, a position equivalent in time to Max TSP, during

PA constriction was chosen, i.e., near completion of IVR period.)

SE/SE¢ x 100 (%)
Dog Control PA constriction
Max TSP,
1 59.7 17.2
2 51.6 13.1
3 56.5 12.5
4 58.1 15.0
5 61.1 13.9
6 55.3 17.8
Mean + SD 57.1+34 149+22
ED
1 61.1 20.5
2 62.5 24.1
3 594 14.2
4 48.4 225
5 60.0 15.5
6 61.5 27.6
Mean + SD 588+52 20.7£5.1

SD, Standard Deviation
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Figure 5.27 Comparison of transseptal radial stress values calculated by the finite element
model (open squares) and a thick-wall solution (crossed squares) during control (at end-
systole, ES; mid-isovolumic relaxation, Mid-IVR; mid-diastasis; end-diastole, ED). Values

shown are from a representative dog (Dog 1).
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Figure 5.28 Comparison of transseptal circumferential stress values calculated by the finite
element model (open squares) and a thick-wall solution (crossed squares) during control
(at end-systole, ES; mid-isovolumic relaxation, Mid-IVR) Values shown are from a

representative dog (Dog 1).
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Figure 5.29 Comparison of transseptal circumferential stress values calculated by the finite
element model (open squares) and a thick-wall solution (crossed squares) during control

(mid-diastasis) in all 6 dogs.
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Figure 5.30 Comparison of transseptal circumferential stress values calculated by the finite
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The following discussion is divided into 3 sections: (1) the effect of PA constriction
on hemodynamics and septal geometry, (2) model findings and considerations, and (3)

conclusions.

6.1  Effect of PA Constriction on Hemodynamics and Septal Geometry

As expected, PA constriction induced marked changes in the measured pressures
and geometry of the septum, relative to control in all 6 dogs. RVP increased (see Figure
5.2) during PA constriction, undoubtedly because of the bartier to outflow imposed by
constriction of the PA. Conversely, LVP decreased (see Figure 5.1) during PA constriction
presumably on account of reduced pulmonary venous return, evidenced by the substantial
reduction in CSA;y (an indicator of intracavitary LV volume, see Figure 5.4) and leftward
shift of the LVP-CSA, y curves (see Figure 5.5). The severity of PA constriction is further
emphasized by the reduction in mean diastolic AoP which occurred (shown in Table 5.1).
The increase in RVTMP (see Figure 5.7) during PA constriction relative to control was
largely due to the increase in RVP (see Figure 5.2) which occurred under the same
conditions. The RVITMP was reduced, however, relative to RVP during PA constriction,
reflecting regional pericardial distension over the dilated RV, i.e., increased RVP (as
shown previously by Smiseth et al'*?). Similarly, LVIMP (see Figure 5.6) was reduced
during PA constriction relative to control largely on account of the reduced LVP (see
Figure 5.1). LVIMP was reduced relative to LVP, because of regional pericardial

distension over the LV free wall, i.e., increased LVP,;. The proposed mechanism being
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that the dilated RV pushes the heart leftward, with a resulting increase in pericardial
pressure over the LV free wall. ™’

Although the magnitude and temporal trend of TSP (see Figure 5.3) during PA
constriction was similar in all 6 dogs, surprisingly, the degree of flattening and inversion
(reflected in the curvature vs. time plots, see Figure 5.8) observed was different. Three of
the 6 dogs showed inversion (one of which only transiently), while the other 3 only showed
flattening, indicating markedly different responses to similar loading conditions. With
reduction in the intracavitary LV volume (supported by the reduced CSA;y, see Figure 5.4)
which occurred during PA constriction, the concomitant increase in thickness (see Figure
5.10) relative to control was expected since the mass of the LV and septum must be
conserved. A decrease in Ly (see Figure 5.9) during PA constriction (relative to control),
however, which would have been expected based on the preceding argument, was not

observed.

6.2 Model Findings and Considerations
6.2.1 Increased K, ,and G during PA Constriction

As suggested by a pressure-volume loop, G (see Figure 5.11) and K, (see Figure
5.20) for both control and PA constriction decreased from ES to a near-stable value for the
remainder of diastole. The model, however, suggests that X,,; (which is the resistance of
the structure to bending in the face of lateral loading) during PA constriction was greater

than during the control loading conditions. Since thickness was included in the calculation
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of K, the increase in G which the model required during PA constriction (in order for
satisfactory matches to be obtained) must be explained. Itis unlikely that the difference in
G resulted from changes in endosarcomeric (e.g., titin) or extracellular-matrix (e.g.,
collagen) proteins because the PA was constricted for less than 30 s. G may have increased
owing to an increase in coronary venous pressure. In isolated, perfused dog hearts,
Watanabe et al'® raised coronary venous pressure by increasing RA/RV pressure, and
showed LVEDP (an indicator of LV stiffness) increased significantly at the same LV
volume. They also showed that coronary venous pressure was more effective in raising
LVEDP than coronary arterial pressure in the range tested. They suggested that this
apparent increase in stiffness was related to an increase in intramyocardial blood volume,™*’
as opposed to either increased pressure or flow. Similarly, Resar et al'® have shown that
transverse stiffness (which is analogous to K, in this study) increased at least twofold as
a result of an increase in coronary arterial perfusion pressure from 20-80 mm Hg.
Therefore, coronary venous congestion following PA constriction may be sufficient to
explain the increase in K., (via an increase in G) predicted by the model.

The fact that G and X,__, were greater during the post-IVR control period in Dog
4, and that at certain locations during both control and PA constriction, matches between
the measured and model derived deformations could not be obtained (i.e., so-called dropout
occurrences), requires explanation. For the last 7 control loading conditions in Dog 4, the
TSP was approximately 0 mm Hg (see Figure 5.3). This interval coincided with

approximately the end of the rapid filling phase of the LV until the end of diastole (see last
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7 CSA, points in control Dog 4, Figure 5.4). For all other dogs, the TSP in this period
was between 2 and 5 mm Hg. Recall, the initial RS mesh was determined based on the
control loading and curvature of the septum at ED and then the geometry was adjusted
accordingly (i.e., for thickness and idealised SL) for further analysis during diastole.
Because TSP was approximately 0 mm Hg, the curvature of the RS mesh was equal to that
of the measured curvature of the septum at ED. However, in order to prevent the mesh
from collapsing downward, towards the centre of the LV cavity (the downward thrust of
RVP had a greater effect on the structure than the upward thrust of LVP even though TSP
=0 mm Hg), G had to be increased (coincidentally, above that required to obtain matches
during PA constriction in this same period). Whether the requirement for an increased G
over this interval is true or rather an artifact of the model cannot be determined.
Furthermore, what role an abnormally stiffened septum might play in preventing an
otherwise positive TSP from developing is not readily understood.

In all dogs except Dog 1, dropout occurred during control in the interval coinciding
approximately with the rapid filling phase of the LV (see CSAyy vs. time plots, Figure 5.4,
where CSA, y increased rapidly). Over this interval, septal Ly increased (see Figure 5.9)
and septal curvature decreased (see Figure 5.8), both of which were expected based on the
fact that the LV volume increased rapidly during this period. Furthermore, the TSP in this
period was between 0.5 and 1.5 mm Hg (in Dogs 2, 3, 5, and 6). Dropout occurred
because convergence could not be obtained when G was lowered below a particular

threshold, i.e., even though the geometry of the RS mesh was adjusted according to
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idealised SL (with a resulting increase in Ly, and decrease in curvature), G could not be
lowered to a level such that the net positive TSP had an “upward” thrust thereby allowing
a satisfactory match to be obtained. The LVP-CSA;y curves (see Figure 5.3) suggest that
the stiffness of the LV (and septum) should approach a minimum at this point in diastole
— something which the model seems to suggest as well. In Dog 4, the TSP during control
was slightly negative over this interval, loading which was incompatible with the observed
deformation. Similarly during PA constriction, in Dogs 5 and 6 at ES, and in Dog 6 mid-
way through diastole, TSP was incompatible with the observed deformations and therefore,

matches could not be obtained.

6.2.2 End-Bending Moment Requirements during PA Constriction

The requirement for greater end-bending moments during PA constriction (they
were not required during control) near ES (see Figure 5.12) relative to the rest of diastole
is consistent with the septum being much stiffer (both G and X, were greatest near ES,
see Figures 5.11 and 5.20, respectively) during this part of the cycle.

Furthermore, the requirement for greater end-bending moments at the anterior
insertion point (compared to the posterior insertion point) reflects asymmetric flattening and
inversion of the septum. Specifically, the curvature of the septum was greatest near the
anterior insertion point, and thus greater end-bending moments were required in order for
matches to be obtained in this region of the septum. The asymmetry likely results from the

septum being constrained at the anterior side more so than at the posterior side. Whether
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this constraint is due to an anatomical difference in the 2 insertion points or because of
some artificially imposed boundary (e.g., the dog was in the supine position during

echocardiographic recording) has yet to be determined.

6.2.3 Arch-like Behaviour of the Distorted Septum

Compared to the stresses which developed during the control cycle, the substantial
circumferential compressive stress distribution which developed in the PA-constriction
loading conditions (see Figures 5.14 to 5.19) suggests an arch-like behaviour of the septum
under these severe conditions. Recall, the arch is a structural system in which the primary
internal force is axial compression.?* Like an arch, the septum bears the PA-constriction
loading by distributing the net “downward” thrust of the load laterally, through a pattern
of compressive stress towards its “supports,” which, although not shown, seem to be the
RV insertions.

Compression in the septum has been suggested previously by Pao et al''* and
Heethaar et al*” (see Chapter 2, Analysis of Stress in the Heart). However, the arch-like
distribution of stresses shown here, with, specifically, maximum compression occurring at
the RV-septal surface, is a novel finding. Furthermore, the modelis the first to demonstrate
that this behaviour is sustained during diastole in all dogs analysed (many previous
investigators have limited their analysis to ED only). At Max TSP, the greatest
compressive stresses were observed, with the smallest corresponding strains (see Figure

5.15). This is consistent with the fact that during PA constriction, a greater G was required
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at Max TSP, in all 6 dogs (see Figure 5.11; compared to the remainder of the diastolic
interval), in order to match the RS mesh satisfactorily to the observed shape of the septum.
It is plausible that the G required at Max TSP, be greater than for the remainder of
diastole because even though the net downward force was at its greatest in the cycle, the
curvature was still near its maximum (see Figure 5.8). For the inverted septum which
occurred at mid-diastasis in Figure 5.16 (in the 3 dogs of the 6 which inverted, inversion
occurred at approximately mid-diastasis and beyond), the smallest compressive stresses
were observed with the largest corresponding strains (see Figure 5.17). This is opposite
to what occurred at Max TSP,_, and is consistent with the fact that the G required in the
mid-diastasis interval during PA constriction was near minimum in all dogs except Dog 6
(see Figure 5.11; for Dog 6, matches could not be obtained, but the other points suggest
the same trend). It is plausible that the G required at mid-diastasis be at a minimum for the
cycle since TSP was the least negative (see Figure 5.3) and the septum was also near its
maximum deformation (see Figure 5.8) at this point in the cycle in all 6 dogs. The
magnitude of the circumferential compressive stresses and cormresponding strains at ED (see
Figure 5.19) appeared to be somewhere in between that obtained for Max TSP, and mid-
diastasis. This is consistent with the fact that the G required at ED was greater relative to
that at mid-diastasis but still less than that required at Max TSP, (see Figure 5.11). This,
in turn, is consistent with the TSP becoming more negative towards ED (but less than that
at Max TSP, with the flattening or inversion of the septum becoming less severe.

A degree of circumferential tension developed on, and slightly below the LV-septal
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surface during PA constriction in all dogs. The magnitude of this tension was greater when
the septum inverted (e.g., see Figures 5.16 and 5.17) as opposed to when it only flattened
(e.g., see Figures 5.18 and 5.19). This observation is consistent with that made in a
previous study from our laboratory in which septal segment length was measured using
sonomicrometry crystals that were positioned circumferentially, approximately half-way
between the RV- and LV- septal surfaces.®® It was a surprise to find that the segment did
not lengthen, even with extreme degrees of septal inversion. It had been assumed that the
septum behaved like a thin-walled membrane and it therefore was reasoned that large
negative values of TSP would (re-) lengthen the segment, but this was never observed.
However, as was speculated at the time, because the crystals had not been placed very close

to the LV-septal surface, lengthening perhaps should not have been expected.

6.2.4 Comparison of Control Results with Thick-Walled Model

Given the complexity of deformations (i.e., flattening and inversion of the septum)
observed during PA. constriction, an attempt to provide validation of the FE results with
those obtained from an analytical solution was not feasible because such a solution is either
nonexistent or the equations involved are mathematically intractable. Comparison of the
control results, however, was possible.

Although similar radial stresses (see Figure 5.27) were calculated by both FE and
thick-walled solutions for the entire diastolic interval (i.e., ES to ED) in all dogs analysed,

it was not the case for the circumferential stresses. At ES and mid-IVR (see Figure 5.28),
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agreement between the 2 solutions was poor but, at mid-diastasis (see Figure 5.29) and ED
(see Figure 5.30), the agreement was strong. The discrepancy most probably relates to the
fact that the thick-walled solution is based on an assumption of axisymmetric deformation
of a cylindrical cross-section (i.e., when the septum and LV free wall are connected with
equivaient curvature) whereas the FE model assumes the septum is isolated from the rest
of the heart (i.e., analysis of the septum in its free-body form). In the thick-walled
cylindrical solution, an inward acting (negative) bending moment develops around the
circumference of the section due to the applied pressure loading, which thereby prevents
the circumferential tensile gradient from becoming greatest at the exterior of the wall
(consistent with the thick-walled and FE models described previously***"7-%6113.162) Tn the
FE model of the isolated septum presented here, it was not possible to account for this type
of inward acting (negative) bending moment at the ends of the mesh and still match the
observed shape of the septum during control (as the application of a negative bending
moment at the ends produced irregular shapes). Agreement between the 2 solutions at mid-
diastasis and ED is undoubtedly related to the fact that the residual stresses changed the
stress gradient obtained by the thick-walled solution because the magnitude of stress
calculated was so small to begin with at this point in the cycle (the residual stress had little
effect on the stress gradient when TSP was high). It follows that, although the FE model
may well handle the complex deformations which occur during PA constriction because
application of positive bending moments (upward acting) at the ends of the mesh (which are

required in order for appropriate matches to be obtained) is practical, adjustments to the
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boundary conditions need to be examined for modelling control loading conditions when
TSP is high. Finally, it is emphasized that, although agreement between the 2 solutions is
poor when control TSP is high, this does not necessarily indicate that the results obtained
from the FE solution are wrong (or that the results from the thick-walled solution are right,
for that matter). The thick-walled cylindrical solution does not take into account the
difference in loading between the septum and the LV free wall (and the slight curvature
difference which exists during control), and furthermore, does not allow for any change at
the RV insertions. The free-body approach to analysis of the septum, which was used in
the FE model presented here, was chosen in order to investigate primarily the structural
behaviour of the septum when it flattens and inverts during PA constriction. This approach,
although limited with respect to the practical application of negative bending moment at the
insertions during control (as mentioned above), allows for the demonstration of structural
principles (specifically, variation of bending moment in the septum, see next section) which
otherwise would not have been determined had a thick-walled solution been employed (the

thick-walled solution cannot deal with varying bending moment around the section).

6.2.5 Variation of Axial Force and Bending Moment in the Septum

Although the magnitude of the axial force (see Figure 5.22) at control mid-diastasis
and ED (compared to PA constriction) could be declared negligible, the opposing signs of
axial force calculated for the 2 control situations demonstrates a variation depending on the

predominant stress, as opposed to the circumferential stress gradient which develops across
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the septum (i.e., the gradient developed between LV- and RV-septal surfaces). If the
predominant circumferential stress is tensile (which was the case for the control example
at mid-diastasis, see stress plots in Figures 5.16 and 5.17), then the axial force will be
positive. If the predominant circumferential stress is compressive (which was the case for
the control example at ED, see Figures 5.18 and 5.19), then the axial force will be negative.
Consequently, the axial force calculated for both the inverted septum and flattened septum
examples in Figure 5.22 was negative and of substantially greater magnitude than the
controls, because the predominant circumferential stress throughout PA constriction was
compressive. The variation in axial force which was observed through the length of the
septum for both the inverted and flattened examples is explained by the variation in
magnitude of circumferential compression observed throughout the length of the structure.
In general, greater compression was observed near the ends of the septum (as compared to
the middle) with, therefore, correspondingly greater negative axial force.

The bending moment diagrams (see Figure 5.23) show positive bending moment for
both control mid-diastasis and ED examples, even though axial force was calculated as
positive and negative, respectively, for the 2 cases. This demonstrates that bending moment
depends on the circumferential stress gradient which develops across the structure rather
than the predominant circumferential stress. For both control examples, the circumferential
stress gradient from the LV-septal surface to the RV-septal surface was compressive to
tensile. Therefore, the bending moment was calculated as positive. Consequently, the

bending moment calculated for both the inverted septum and flattened septum examples
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show variation about the 0 N « mm line since the circumferential stress gradient reversed
at two locations. Before element position 5, the bending moment was positive (consistent
with all end-bending moments at the posterior insertion point, see Figure 5.12) because the
stress gradient across the septum was compressive to tensile. From element position 5
through 14, the bending moment was negative because the stress gradient reversed,
becoming tensile to compressive. Finally, after element position 14, the bending moment
became positive again (consistent with all end-bending moments at the anterior insertion
point, see Figure 5.12) because the stress gradient again became compressive to tensile.
These results make sense from a structural mechanics viewpoint. In Figure 6.1a, a beam
with fixed ends is subject to uniformly distributed loading. The deformation and
corresponding bending moment diagram (Figure 6.1b) are similar to those obtained by the
mode! (Figure 1.7b and bottom 2 panels of Figure 5.23, respectively). Specifically,
inversion is maximal near the middle of the septum (see inverted septum, Figure 5.16), the
zero moment points coincide approximately with the points of inflection, and the maximum
(absolute) bending moment is achieved at the ends (i.e., at the RV insertions). The
similarity just described gives confidence that the model is predicting the structural
behaviour correctly, but perhaps more importantly, also confirms the necessity and

importance of including bending effects in the model.

6.2.6 Strain Energy and Diastolic Suction

In general terms, strain energy can be thought of as energy stored in a stressed body
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that can be recovered as work upon unloading. Compared to the control cycle, the greater
SEq; (strain energy for the entire septum) which was achieved during PA constriction (see
Figure 5.24) is consistent with deformation of a stiffer structure with accordingly greater
developed stresses. Table 5.2 suggests that most of the strain energy during PA
constriction is stored in the ends of the mesh (which is expected because of the large
bending moments at the ends), whereas during control, the strain energy is almost evenly
distributed along the length of the mesh (evidenced by SEg, having approximately 60% of
the strain energy contained in the entire mesh).

The fact that SE,,; seemed to reach a peak during PA constriction almost
simultaneously with Max TSP,_, may have implications for LV filling, specifically for so-
called “diastolic suction.” It has long been appreciated that the L'V has the capacity to suck
blood into itself in the absence of left atrial filling pressure.?*™'#” Numerous mechanisms
for this suction have been suggested, most of which have pointed to potential energy stored
during the process of ventricular contraction which is then released in
diastole.™8115120.122.157  Recently in our lab, wave-intensity analysis has indicated the
development of a backward expansion wave (a portion of which exists before mitral valve
opening) which may also help to suck blood into the LV. The strain energy which
developed in the septum during PA constriction, specifically at Max TSP,,,, may be but
another mechanism for diastolic suction (it has been thought to play a role in disease states
which have similar hemodynamics to that of PA constriction in which filling is impeded).

In Figure 5.25, SEgq, during control declined rapidly from ES to a baseline level in all dogs
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before the LV began to fill (as indicated by CSAy). In contrast, during PA. constriction
(see Figure 5.26), in Dogs 2, 4, 5, and 6, SEg declined from a peak level at Max TSP,
(where the septum was loaded maximally) near where the LV began to fill. Because the
stresses during PA constriction were predominantly circumferential and compressive,
consistent with the idea of a restoring force (in contrast, the circumferential stresses which
contributed to the high SE,, values immediately after ES during control were all tensile),
it is conceivable that as the negative TSP was reduced, energy was released which might

have helped the LV to fill.

6.2.7 Reverse FE Analysis

As presented in this dissertation, the FE method has been run in a reverse manner.
By matching satisfactorily the measured “deformations” of the septum (as defined by the
position of the septal mid-wall line), and magnitudes of pressure loading, there can be only
a few reasonable combinations of initial geometry and material properties which would
provide the same end result. This reverse approach is not new. Nikravesh'® in 1976,
Ghista et al* in 1980, and recently, Pao and Ritman'*? used the FE method not for stress
analysis, but for constitutive modelling, the rationale of their analyses being that the FE
solution will converge to the real solution if the proper loading conditions, boundary
conditions, deformations, and constitutive relations are employed and equilibrium is
enforced.!®* Qutside of some practical considerations (e.g., constitutive relations must be

amenable to iteration; predicted material properties must be validated using directly
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measured values),'®* these investigators were mainly concerned with the boundary
conditions (given that the loading conditions and deformations were all known), as their
goal was to determine the appropriate constitutive relation. In this case, not only were the
boundary conditions a concern (an attempt was made to minimize the end-effects — the 4
columns of elements on either side of each mesh were not shown) but, perhaps more
importantly, the constitutive relation that was employed. It is for this reason that emphasis
is placed on the difference in structural behaviour of the septum under different loading
conditions rather than attempting to specify the exact magnitudes of stresses under these

conditions.

6.2.8 Neo-Hookean Stress-Strain Relation

Many attempts have been made to describe an appropriate constitutive relation for
the passive myocardium. %17 As a first approximation to the material properties of the
septum, however, a neo-Hookean (i.e., linear stress-strain) strain-energy function was used,
an approximation that requires justification. Over the normal working range of rat*** and
cat® trabeculae, SL varies between 1.55 pm and 2.40 pm. Rodriguez et al™* and Guccione
et al*® have shown that SL varies between 1.70 pm and 2.40 pum in the intact, normal canine
LV. Slack length of the sarcomeres (SL,) has been shown to be approximately 1.85 pm. 149
Between SL of 1.60 pm (15% negative strain) and 2.20 pm (20% positive strain), the force-
SL relation is practically linear, i.e., the stiffness is nearly constant.>3%5*13* Below 1.60 um

and above 2.20 pm the stiffness increases steeply. Thus, the material properties of the
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septum have been approximated by using a neo-Hookean strain-energy function over this
range. Further, Rodriguez et al'* and Guccione et al” showed that SL =2.20 um occurred
at an LV end-diastolic pressure (LVEDP) of approximately 15 mm Hg. Because LVEDP
never exceeded 12 mm Hg under our control loading conditions, it is assumed that SL did
not exceed 2.20 um. For the PA-constriction loading conditions in Figures 5.14 through
5.19, the maximum circumferential compressive strain achieved at the middle of the RV-
septal surface was just greater than -15%. The maximum circumferential tensile strain
achieved at the middle of the LV-septal surface was approximately 10%. Rodriguez et al'®*
have shown that the unloaded (but residually stressed) SL in the LV of the rat varied
between a mean of 1.91 pm at the epicardium to a mean of 1.78 pum at the endocardium.
It is assumed that the same distribution occurs in the canine septum. Because an unloaded,
but residually stressed mesh was used to model the septum before loading at every point in
diastole, the calculated values of strain can be related to SL,. Most of the strain values
calculated for PA constriction fall within the relatively linear region of the force-SL relation
(or just outside, in the case of the negative strain achieved in the middle of the septum
during inversion). It therefore seems reasonable to assume that the material relation
employed in the model holds both for analysis of the control condition and for PA
constriction. However, although the stress and strain levels are in a range over which the
assumption of constant stiffness is a reasonable first approximation, it is emphasized that
the numerical values obtained are not the most important element, but rather understanding

the structural principles under which the septum operates. It is reasonable to expect strain
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values corresponding to SL below 1.60 um or above 2.20 pm, particularly near the ends
of the mesh where the substantial bending moments which are applied have their greatest
effect. If this occurs, the model would likely underestimate peak compressive and tensile
stresses, respectively, as the slope of the F-SL relation increases (i.e., stiffness increases)

markedly in these regions.

6.2.9 Principal Stresses

Although not commonly adopted in analyses of the heart, principal stresses have
been used to describe the mechanics of other biological structures such as bone,'*?
ligament,” and cartilage.® It is recognized that the principal stresses indicated by the model
cannot be interpreted satisfactorily without accounting for fibre orientation, but, in general,

remain an excellent mechanism for showing how load is transferred through the structure.

6.2.10 Assessment of Septal Geometry

Geometric parameters (thickness, radius of curvature, and insertion-point length)
of the interventricular septum were derived from a septal mid-wall line. Local myocardial
deformation gradients, as determined by Rodriguez et al'** and Guccione et al,*® cannot be
obtained using echocardiography. This limitation of echocardiography is particularly
relevant in the PA-constriction loading condition where the model suggests substantial
circumferential compression and where steep transmural deformation gradients seem to

occur. Measurement of septal segment length, as performed previously by Dong et al*
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using sonomicrometry, might enable better determination of such gradients.

6.2.11 Residual Stress

Using relatively simple models for the calculation of stress, investigators have often
assumed that wall stress is zero when LVP is zero. However, it has been demonstrated that
the unloaded in-situ LV is not stress-free; Omens and Fung''? showed that when a cross-
sectional ring of a freshly excised, potassium-arrested rat LV is transected radially, it springs
open, forming an arc. The ‘residual’ strain values obtained were consistent with bending
moments having maintained the LV in its original, annular configuration. Using the strain
data of Omens and Fung, Guccione et al* adapted an anisotropic model of the unloaded
canine LV and calculated the approximate distribution of circumferential, longitudinal, and
radial residual stress components across the LV wall. The magnitudes of radial residual
stresses were negligible, but the circumferential and longitudinal stresses showed
increasingly compressive values toward the L V-septal surface and increasingly tensile values
toward the RV-septal surface. Because the model described in this dissertation is 2-D,
incorporation of the circumferential residual stress distribution seemed most important.
Although it could be argued that residual stress (the circumferential distribution ranges
between +3 and -3 mm Hg™) does not significantly contribute to the structural behav%our
patterns for large loading steps (i.e., during PA constriction where the compression is
substantial or when TSP is high during control), it is a necessary component for analysis of

the septum where the applied loads are of the same order of magnitude as the residual
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stresses. This is particularly evident in Figures 5.17 and 5.19 which show the control
circumferential stress gradient to be essentially the same as the residual stress distribution
(it should be noted that compressive stresses developed during control in the absence of
compressive strains — this occurred because of the fact that the residual stress distribution
was incorporated as an external “initial conditions” file prior to loading of the mesh; an
external residual strain distribution could not be incorporated using ABAQUS). Although
the exact mechanism underlying the development of such stresses is not yet known, some
investigators have speculated that restricted growth of myocytes which occurs in tissue,
leads to interactions creating residual stresses and strains which are borne by the

intercellular structures.®

6.3  Conclusions

The results of the model allowed the following conclusions (regarding the structural
behaviour of the septum) to be made:

(i) Compared to control, substantial circumferential compressive stresses develop
in the septum during PA constriction.

(i) Compared to control, the septum exhibits arch-like behaviour during PA
constriction. Specifically, the septum bears the PA-constriction loading by distributing the
net “downward” thrust of the load laterally, through a pattern of compressive stress towards
the RV insertions.

(iii) Compared to control, substantial bending moments develop in the septum,
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which vary along its length, during PA constriction.

(iv) Compared to control, the stiffness of the septum increases during PA
constriction.

(v) Compared to control, greater strain energy develops in the septum during PA

constriction.
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Figure 6.1 (a) A beam with fixed ends is subject to uniformly distributed loading, with (b)

resulting deformation and bending moment diagram. See text for further details.
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FUTURE DIRECTIONS



Chapter 7  Future Directions 144

7.1  Circumferential Compressive Stress and Septal Ischemia

The substantial circumferential compressive stresses predicted by the model during
PA constriction may pertain to a number of clinical situations. In several diseases in which
the TSP is decreased or reversed (e.g., mitral stenosis, primary pulmonary hypertension, and
pulmonary thromboembolic disease) and septal flattening and inversion is observed, there
may be chest pain which is indistinguishable from that associated with myocardial ischemia.
This has usually been attributed to RV ischemia, despite the absence of coronary arterial
stenoses. In addition, in the presence of left-bundle branch block (LBBB) wkhich also alters
septal motion, thallium perfusion studies are often "falsely positive," suggesting relative
septal ischemia even though the coronary arteries are shown to be normal.”? The
demonstration of substantial circumferential compressive stresses in the septum leads to a
hypothesis which must be tested rigorously: that such stresses could increase resistance to
diastolic blood flow to a degree sufficient to cause ischemia. Perfusion studies utilizing
either Doppler Flowire or contrast echocardiography techniques will be required in order

to test this hypothesis.

7.2  Effects of the Pericardium and Extension of the Model to the LV Free Wall
The pericardium was closed during the experiments, which has important

implications with respect to the RV. Because the RV free wall is so thin and distensible,

approximately 80% of RV intracavitary pressure is really due to the pericardium *%'** For

example, an intracavitary pressure of 5 mm Hg would correspond to a transmural pressure



Chapter 7  Future Directions 145

of 1 mm Hg and a normal RV volume. However, in the absence of the pericardium, the
same intracavitary pressure of 5 mm Hg (which would then equal the transmural pressure)
would distend the RV considerably. Thus, these results cannot be compared directly to
those from experiments in which the pericardium was left open. The fact that RV distension
was limited by the pericardium must have affected the angle and the magnitude of the RV
force vector at the insertion points. The presence of the pericardium probably also affected
the end-bending moments required for the PA constriction loading condition. In order for
equilibrium to be established, the bending moments which were required at the RV insertion
points must have been accompanied by balancing, oppositely directed end-bending
moments. Those end-bending moments must have been borne by the LV free wall, as
modulated by local pericardial pressure. In many echocardiograms in which the LV free
wall was observed, the LV free wall was flattened, consistent with there being oppositely
acting end-bending moments to those on the septum. Furthermore, flattening of the LV
free wall may have occurred since LVIMP (which is the major determinant of distension
of the free wall) was 0 mm Hg or slightly negative during PA constriction (see Figure 5.6).
Further investigation in this area will require extension of the current model to include the
LV free wall. This might also have the potential of providing a more satisfactory analysis

of control loading conditions when TSP is high.

73 Fibre Architecture and Nonlinear Constitutive Relations

A model based on thin-walled theory would not have revealed the structural
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differences between the control and PA-constriction loading conditions detailed in this
paper. The desire to develop a model sufficient to detect such differences and characterize
possible compressive stresses and end-bending moments, but not be overwhelmingly
complex, resulted in the use of a 2-D FE model with plane stress elements. Perhaps the
most significant limitation of such a model is that fibres, which render the myocardium
anisotropic, cannot be incorporated. To attempt to account for the effect of myocardial
fibres, one could vary the stiffness in different directions across the mesh (e.g.,
incorporation of a parabolic variation in circumferential elastic modulus®'*%). Granzier and
Irving® have shown that a substantial fraction of the passive stiffness derives from the
endosarcomeric protein, titin, which runs coaxially with the fibres. Varying the stiffness,
however, would require more material parameters than for the isotropic neo-Hookean
hyperelasticity used here, making the problem more difficult to solve numerically. Infuture
studies, not only should attempts be made to account for fibre orientation, but also a
nonlinear stress-strain relation should be employed. This would allow for a more realistic
calculation of stresses, particularly near the RV insertion points, where the strains are larger
than those which occur along the middle of the RV-septal surface during inversion. Itis
conceivable that these larger strains (at the ends of the mesh), which fall outside the
relatively linear range of the F-SL relation, i.e., where stiffness increases steeply, may be
contributing to the increased stiffness observed during PA constriction ~ incorporation of
a nonlinear constitutive law would help determine more clearly the contribution of coronary

venous congestion under these severe conditions. Finally, the assumption of myocardial
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incompressibility in the model may be incorrect. Recently, Yin et al'* have shown, using
a digital subtraction angiographic method, that perfused myocardiumisinfact compressible.
The authors suggested accounting for compressibility by using mixture theory or other

similar approaches.

7.4  Long-Axis Inversion of the Septum

The present model has utilized plane stress elements to model short-axis septal
flattening and inversion, thus ignoring any stress development in the third dimension. The
concern arises that long-axis curvature changes may affect the results calculated using such
amodel. To attempt to investigate this effect, a mesh was constructed using plane strain
elements (a 2-D plane strain model implies that there is no strain in the long-axis direction).
The close agreement between the two models during both control and PA constriction (see
Figure 5.31) suggests that long-axis stresses do not have a significant effect on the
structural behaviour which develops in the short axis (particularly during PA constriction
where substantial longitudinal compression develops). A potential future direction will
involve investigation of the effect of long-axis septal inversion on that which occurs in the

short axis, something which the 2-D plane strain model cannot address.
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