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Summary

The pump function of the heart is generated by the contractile function of the
myofibers in the cardiac wall. The contribution of each myofiber to total pump
function depends strongly on its orientation. In the normal heart, orientation
of myofibers varies smoothly from the inner to the outer cardiac wall over an
angle of about 120°.

The normal heart is able to adapt to changes in mechanical load, in order to
generate the required pump function. The adaptive process tends to normalize
mechanical load in the cardiac wall. It is clear that a change in wall mass or
wall mass distribution is one of the adaptive changes that may occur. Other
possible adaptive responses might involve changes in material properties, or
myofiber orientation.

In the present thesis the hypothesis was tested that reorientation of myofibers
provides an adaptive mechanism to maintain optimal mechanical load for these
myofibers in the cardiac wall.

A combined approach was chosen, involving both animal experiments and
finite element modeling of cardiac mechanics. In the experiments, local
mechanical load in the cardiac wall was disturbed by induction of a transmural
infarction. Ten weeks after infarct induction the myofiber orientation in
the normally perfused region adjacent to the infarction (borderzone) was
measured. Comparisons were made with myofiber orientation in corresponding
regions of normal hearts. The finite element model was used to estimate
the mechanical load in the borderzone region. Moreover, the amount of
myofiber reorientation needed to restore homogeneity of mechanical load in
the borderzone region was estimated.

Myofiber orientation can be measured reliably only in the post mortem state.
Thus, a longitudinal study of myofiber reorientation is not possible. To
evaluate myofiber reorientation, myofiber orientation in the infarcted hearts
had to be compared to a reference of normal myofiber orientation obtained in
other hearts. Previous studies on normal myofiber orientation reported large

X1



xXii  Summary

variations in the distribution of myofiber orientation. Partly, these variations
may be attributed to the employed histological technique. Furthermore, the
difficulties in defining a local wall bound coordinate system, and in normalizing
the transmural position may have contributed to the large variation.
Magnetic Resonance Diffusion Tensor Imaging (MR-DTI) was used to measure
the distribution of myofiber orientation (chapter 2). Main advantage
of this technique over histological methods is the possibility to measure
true 3-dimensional myofiber orientation in the intact post mortem heart.
Furthermore, to convert the measured absolute myofiber orientations to
orientations relative to the cardiac wall, a novel definition of a local coordinate
system was introduced. This coordinate system was based upon characteristics
of the myofiber field and could be applied objectively, thus avoiding inter-
observer variability. Finally, a new normalization technique was applied. The
transmural coordinate was normalized relative to the radius at which the
myofibers were in plane with the short-axis cross-section. A disadvantage of
the used normalization technique is the impossibility to detect offset changes.
Using MR-DTT and the novel definition of the wall-bound coordinate system,
within a heart, myofiber orientation could be measured with an accuracy of
4.5°, which is better than obtained with histological methods (10°). Between
different hearts, fiber orientation coincided within 6° (SD for n=5). This
variation is low as compared to variation in published data.

It was investigated whether the large variation in the measured helix angle
data, presented in literature, could be explained by biological variation in
geometry (chapter 3). In a numerical model of LV mechanics the sensitivity
of myofiber stress to changes in geometry and fiber orientation was estimated.
It was found that changes in myofiber stress, resulting from variations of LV
geometry covering the physiological range, could be compensated by changes in
fiber orientation of less than 10°. The large variations as reported in literature
cannot be attributed to this adaptation. More likely, the reported variations
are related to poor definition of a coordinate system.

The general hypothesis of this thesis was investigated in an animal model
(chapter 4). We choose a model of regional infarction in the goat heart to
induce a redistribution of local mechanical load. Regional systolic function
is known to be impaired in the normally perfused myocardium immediately
adjacent to an ischemic region, both in the acute and the chronic phase. After
10 weeks of adaptation, myofiber orientations were measured using MR-DTT.
Myofiber orientation was not measured to vary significantly in the normally
perfused borderzone adjacent to the infarction.



Summary  xiii

The latter finding may be explained as follows: 1) myofibers do not have the
ability to reorient, or 2) homogeneity of mechanical load in the border zone
cannot be reverted by myofiber reorientation, or 3) myofiber reorientation did
occur, but the amount of reorientation remained below the level of detection
with the MR-DTI technique.

The first possibility, that myofibers cannot reorient, is contradicted by
experiments. In a numerical model of cardiac mechanics, it was investigated
whether restoration of homogeneity of mechanical load through myofiber
reorientation was basically impossible, or whether myofiber reorientation
would remain below the level of detection. In the model it appeared that, due
to the presence of the infarction, inhomogeneity of transmural active myofiber
stress in the borderzone adjacent to the infarction increased from 5 to 15%.
This inhomogeneity could be compensated by a rigid body rotation on the
order of 10° of the myofibers in transmural patches near the infarct (offset
change).

Therefore, it was concluded that myofiber reorientation cannot be ruled
out as an adaptive mechanism by which homogeneity of mechanical load is
restored in the borderzone of a myocardial infarct. However, for an infarcted
region of about 10% of total LV wall mass, the magnitude and characteristics
of reorientation needed to restore homogeneity of workload, are near the
detection limit of current methods for measuring and analysis of myofiber
orientation.
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2 Chapter 1

1.1 General Introduction

The heart is a hollow muscular organ that pumps blood through the vascular
system for transport of oxygen and nutrients to the tissue and metabolic waste
products from the tissue. The heart is able to adapt to changes in mechanical
load, in order to generate the required pump function (40). An example of the
adaptive capacity of the heart is the growth which is observed in response to a
chronically increased workload. After all, increased workload is compensated
by a proportional enlargement of both cardiac cavities and walls (athlete’s
heart) (35).

Cardiac adaptation also plays an important role during heart disease. Heart
failure, for instance, is a common syndrome associated with insufficient pump
function due to dysfunction of myocytes in the whole heart or in parts of it.
The resulting changes in load likely induce adaptation in the affected region
and its vicinity. For a long term prediction of the outcome of the disease,
and the effect of possible treatment strategies, knowledge about the adaptive
mechanisms of cardiac tissue is important. Unfortunately, this knowledge is
still incomplete. In this thesis, we investigated the role of reorientation of the
muscle fibers in the cardiac wall in cardiac adaptation.

1.2 Basic cardiac anatomy and physiology

The actual pumping force of the heart is generated by the ventricles. The
right ventricle maintains the pulmonary circulation, the left ventricle (LV) the
systemic circulation. The geometry of the left ventricle can be characterized
as a cavity encapsulated by a thick wall (90). The relatively thin-walled right
ventricle is connected to the subepicardial layers of the left ventricle and covers
about half of the surface of the left ventricle (figure 1.1). The interventricular
septum is common to both ventricles. Anatomically, it belongs more to the
left ventricle. The epicardial free wall of the left ventricle is smooth. The
endocardial wall is irregular, showing many invaginations protruding into
the wall up to about 30% of its thickness. This part of the wall is called
the trabecular layer. In addition to these trabeculae, the papillary muscles
originate from the endocardial wall, supporting the mitral valve leaflets.

The heart wall is largely composed of rod-shaped myocytes. Locally these cells
are aligned, thus defining a local myofiber orientation. Across various animal
species the pattern of myofiber orientation is quite similar. Subepicardial
myofibers follow a left handed helix parallel to the wall. Near the apex these
myofibers cross the wall, then following a right handed helical pathway at the
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[Torrent-Guasp]

Figure 1.1: Geometry and myofiber structure of the heart. Left: Long-axis cross-
section through the heart, showing the left ventricle (LV) and right ventricle (RV)
(Edwards) (32). Middle: Short-axis cross-section through the heart (Edwards) (32).
Notice the difference in wall thickness between LV and RV. Right: Apical view on the
myofiber structure in the ventricles (Torrent-Guasp) (98). The helical structure has
been made visible by blunt dissection of the outer layers.

subendocardium. Near the base, the myofibers cross over to the subepicardium
again. At midwall the myofiber orientation is predominantly circumferential
(98) (figure 1.1).

In a closer view myocardial myofibers are locally more or less parallel.
Adjacent myocytes are interconnected by numerous bundles of short collagen
fibers, called struts (20). These struts likely prevent slipping of adjacent cells
in both transverse and lateral directions. The collagen fibers also connect
muscle cells to capillaries. Small groups of muscle cells are surrounded by
a complex weave of collagen fibers. This weave is tightly coupled to cells
which it surrounds (21). Its connections to other weaves are more loose:
they are formed by relatively few long collagen fibers. The passive material
properties of cardiac muscle tissue are largely determined by the composition
and structure of this collagen matrix.

The active pumping force of the heart is generated by contractile units,
the sarcomeres, that are arranged in filaments within the muscle cells.
Sarcomeres consist of a three-dimensional array of actine and myosine
filaments. Upon depolarization of the cell membrane, Ca?’ is released,
activating the contractile units. As a result the actine filaments slide along
the myosin filaments, causing shortening of the sarcomere. Generated stress
depends on the time after depolarization, sarcomere length and sarcomere
shortening velocity. Myofiber work is directly related to global pump work.
The stress generated in the myofibers is respounsible for the pressure rise in
the left ventricle. Similarly, sarcomere shortening is directly related to the
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ejection fraction of the heart. Generally, global cardiac pump function can
be characterized by systolic pressure of about 15 kPa and ejection fraction of
about 60%.

An important question is how myofiber workload is distributed across the
cardiac walls (101). If workload is distributed non-homogeneously, this would
imply that regions exist with workload higher than average. These regions
could be more susceptible to reduction in blood supply, which would be a risk
factor for the development of ischemic heart disease.

In order to investigate the distribution of myofiber workload, both local
myofiber stress and strain have to be known. Magnetic Resonance Imaging
(MRI) enables non-invasive measurement of three dimensional deformation of
cardiac tissue. When local myofiber orientation is known, myofiber strain can
be estimated from this tissue deformation. Determination of myofiber stress
is more complicated. This stress cannot be measured because insertion of
a force transducer damages the tissue (49). Instead, mathematical models,
incorporating the features described above, have been developed to estimate
the distribution of myofiber stress (6; 9; 14; 23; 24; 42; 50; 51; 52; 68; 106).

1.3 Modeling cardiac mechanics: Importance of
myofiber orientation

To investigate the sensitivity of local mechanical load to the distribution of
myofiber orientation a numerical model of cardiac mechanics will be used
in the present thesis. In the model, only the left ventricle is simulated. Left
ventricular endocardial and epicardial surfaces are approximated by truncated
confocal ellipsoids. Myofiber orientation is characterized by the helix angle
and the transverse angle. The helix angle was defined as the angle between
the circumferential direction and the myofiber direction. The transverse
angle represented the transmural component of the myofiber orientation. The
measured transmural helix angle courses typically ranged from +60 degrees at
the subendocardium to -60 at the subepicardium, although a large variation
between measurements was found (39; 68; 82; 91; 93). The transverse angle
was typically on the order of a few degrees, being positive near the base and
negative near the apex (86; 90; 92). Total Cauchy stress in the tissue is the
sum of a passive component in the collagen network, and an active component,
generated uniaxially in the myofiber direction. The passive component of
the tissue stress was modeled nonlinearly elastic, transversely isotropic, and
virtually incompressible, as described by Vendelin et al. (105). Active stress
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was uniaxial, depending on myofiber strain, strain rate and time elapsed after
onset of contraction (Appendix A).

Simulations with models of cardiac mechanics have shown that myofiber
orientation has a major influence on cardiac wall mechanics (4; 5; 14; 22; 80).
In a rotationally symmetric model of LV wall mechanics, similar to the one
described above, small variations in the myofiber orientation, within the range
of the reported values (+14°), resulted in large variations (+50%) of calculated
myofiber stress (14). From this it can be concluded that measurements of the
distribution of myofiber orientation are not accurate enough to allow reliable
estimation of myofiber stress.

1.4 Adaptation of cardiac geometry
for homogeneity of workload

Cardiac growth or hypertrophy by adaptation to mechanical load is a
frequently studied adaptive mechanism (18; 27; 44; 53; 69). Hypertrophy may
occur as a result of long term changes in global or local mechanical loading.
Global changes in mechanical loading may occur due to changed hemodynamic
load. For instance, in response to pressure overload, the left ventricular wall
thickens, whereas the inner diameter remains practically constant (concentric
hypertrophy). In response to volume overload the left ventricular wall thickens
and the internal diameter increases proportionally (eccentric hypertrophy).
Cardiac hypertrophy by adaptation has been shown to result in normalization
of the mechanical load in the wall (33; 41; 71). For instance, following
concentric or eccentric hypertrophy peak wall stress during systole reverts
to normal values (41). Also, in the volume overloaded dog heart adaptive
growth appears uniform in fiber and cross fiber directions through the cardiac
wall (71). By determining strain along the myofiber direction in the latter
study, systolic myofiber shortening appeared practically homogeneous across
the wall, both before volume overload and after hypertrophic adaptation. In
the rat heart it was found that midwall strains at end diastole were back to
normal values after 6 weeks of adaptation to volume overload (33).

Local changes in mechanical load may also induce an adaptation. For instance,
after electrical pacing the LV wall is activated asynchronously, resulting in
decreased mechanical load near the pacing electrode, and increased load in
remote regions. In response, wall mass redistributes i.e., the wall thins near the
pacing electrode and thickens in remote regions (77; 102). Also, hypertrophy
has been observed in infarcted hearts in regions remote form the infarcted
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zone. The degree of hypertrophy correlated to the size of the dysfunctional
area (83), and correlated inversely to the circumferential shortening of the
myocytes (59).

These findings indicate that local differences in mechanical load induce
local differences in tissue growth. Furthermore, adaptive processes tend to
normalize mechanical load in the cardiac wall. It is however still unclear what
aspects of mechanical load serve as stimulus for adaptation. Several candidates
have been proposed, such as stress (61; 81; 95), strain (33; 70; 84), strain or
deformation rate (25), and oxygen consumption (29). Similarly, it is still
unclear what is limiting adaptive capacity of the cells. Also, much is unknown
about the final result of the adaptation process. It is clear that a change in
wall mass or wall mass distribution is one of the adaptive changes that may
occur, but changes in material properties (74), or myofiber orientation (97),
are likely to be involved as well.

1.5 Cardiac myofiber reorientation: A mechanism
for adaptation?

In several experimental studies the change in myofiber orientation in response
to a change in workload has been investigated. In response to a global
change of workload, no alterations in the transmural distribution of myofiber
orientation were found (19; 74; 96). However, in several studies in which
mechanical load was locally disturbed, indications of changes in local myofiber
structure have been found. Tezuka et al. showed that right ventricular
hypertrophy induced by pressure loading is accompanied by a change in
myofiber orientation in the RV anterior outflow tract (97). In chronically
paced dog hearts, regions of myofiber disarray were observed (2; 56). Also, at
the boundaries of a myocardial infarction dispersion of myofiber orientation
was reported (66; 88; 109). Furthermore, at the boundaries of a myocardial
infarction structural changes (30; 31; 73) and changes in cell-cell contact and
cell-extracellular matrix contact (63) were reported.

Adaptive tissue growth appears to normalize mechanical workload in the
cardiac wall. Similarly, in several models of cardiac mechanics it has been
assumed that cardiac myofiber orientation is designed such that mechanical
load is uniform throughout the cardiac wall. Peskin (75) was able to predict
the main characteristics of cardiac myofiber orientation in a model study using
the assumption of uniform myofiber stress distribution. Rijcken et al. (79; 80)
optimized myofiber orientation such that myofiber shortening throughout
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the cardiac wall was distributed uniformly and found the optimum to be
within the range of anatomical measurements. Since biological optimization
mechanisms generally have a local physiological basis, Arts et al. (4) developed
a numerical model simulating local adaptation of cardiac myofiber orientation
and sarcomere length to local mechanical load. After adaptation myofiber
orientation closely agreed with experimental data (4; 82; 90).

1.6 Aim of the study

As shown above, it was found in experimental studies that myocardial tissue
adapts to changes in mechanical loading. Myofiber reorientation is likely to be
involved in the adaptive process. Moreover, mathematical models of cardiac
mechanics have demonstrated a high sensitivity of local wall mechanics to
myofiber orientation. In view of these findings, myofiber reorientation might
be a powerful adaptive mechanism.

The aim of the present study was therefore to investigate the hypothesis that
myofiber reorientation in the cardiac wall provides an adaptive mechanism to
maintain an optimal mechanical load for the myofibers in the cardiac wall.
To investigate myofiber reorientation, myofiber orientation present under
normal circumstances has to be used as a reference. Large variation between
measurements of the transmural course of the helix angle was reported
(figure 1.2). The lack of accuracy can partly be attributed to the employed
histological technique. Recently a technique called Magnetic Resonance
Diffusion Tensor Imaging (MR-DTI) has been developed to measure the
diffusion tensor for water in biological tissues (7; 8). The principal direction
of the diffusion tensor, corresponding to the direction of largest diffusivity,
coincides with the myofiber direction (28; 46; 47; 86). As compared to
histologic methods, the main advantage of MR-DTI is that myofiber directions
are determined truly three-dimensionally in the intact heart. In Chapter
2, we apply the MR-DTI technique to measure the distribution of normal
myofiber orientation more accurately than before to create a reference data
set. Special attention was paid to the definition of a reproducible coordinate
system, attached to the cardiac wall.

In Chapter 3 we investigated whether the large variation in the measured helix
angle data (39; 68; 82; 90; 93), presented in literature, may be attributed to
biological variations in geometry. In a numerical model of LV mechanics the
sensitivity of myofiber stress to changes in geometry and fiber orientation was
estimated.
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Figure 1.2: Left: Schematic representation of myofiber orientation in the left
ventricular wall. The helix angle «y, is indicated. Right: Different transmural
distributions of the helix angle as measured by: ¢ Streeter (93), - Greenbaum et
al. (39), A Ross et al. (82), + Streeter (90), x Streeter (90) and, o Nielsen (68).

In Chapter 4 and 5 the hypothesis that myofiber reorientation in the cardiac
wall provides an adaptive mechanism to keep mechanical load optimal was
tested.

In Chapter 4, we choose a model of regional infarction in the goat heart to
induce a redistribution of local mechanical load. Regional systolic function
is known to be impaired in the normally perfused myocardium immediately
adjacent to an ischemic region, both in the acute (65; 76) and the chronic
phase (58). After 10 weeks of adaptation, myofiber orientations were measured
using MR-DTI. To detect myofiber reorientation, myofiber orientations as
measured in the regions adjacent to the infarction were compared to those
in corresponding regions in healthy controls.

In Chapter 5, a mathematical model of LV mechanics was used to simulate
the effect of an infarct on changing workload in the vicinity of the infarct.
Furthermore, it was evaluated whether homogeneity of myofiber stress could
be restored by variation of myofiber orientation in this region.

Chapter 6 contains a discussion of the findings and general conclusions.
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Normal cardiac myofiber
orientation in the goat

Characterization of the normal cardiac myofiber field in goat measured with

MR Diffusion Tensor Imaging.
L. Geerts, P. Bovendeerd, K. Nicolay and T. Arts
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Cardiac myofiber orientation is a crucial determinant of the distribution of
myocardial wall stress. Myofiber orientation is commonly quantified by helix
and transverse angles. Accuracy of reported helix angles is limited. Reported
transverse angle data are incomplete.

We measured cardiac myofiber orientation post mortem in 5 healthy goat
hearts using MR-Diffusion Tensor Imaging. A novel local wall bound
coordinate system was derived from the characteristics of the fiber field.

The transmural course of the helix angle corresponded to data reported in
literature. The mean midwall transverse angle ranged from —12° 4+ 4° near
the apex, to +9.0°+4° near the base of the left ventricle, which is in agreement
with the course predicted by Rijcken et al using a uniform load hypothesis (80).
The divergence of the myofiber field was computed, which is a measure for
the extent to which wall stress is transmitted through the myofiber alone. It
appeared to be <0.07 mm~' throughout the myocardial walls, except the
fusion sites between left and right ventricle and the insertion sites of the
papillary muscles.

2.1 Introduction

Within the cardiac wall, muscle fibers are oriented in a characteristic helix like
pattern, which is similar across various animal species. Streeter et al. (91; 93)
were the first to quantitatively characterize the cardiac myofiber field. Since
then, myofiber orientation was measured by Ross (82), Greenbaum (39) and
more recently by Nielsen et al. (68). For quantification of fiber orientation,
the helix and transverse angle have been introduced by Streeter (90). The
helix angle represents the longitudinal component of the fiber orientation,
whereas the transverse angle represents the transmural component of the fiber
orientation. Measured transmural helix angle courses typically range from +60
degrees at the subendocardium to -60 degrees at the subepicardium, although
a large variation between measurements exists. Data on the transverse angle
are incomplete, stating only that it is typically on the order of a few degrees,
being positive near the base and negative near the apex (90; 92).

According to mathematical models of cardiac wall mechanics the distribution
of myofiber orientation within the cardiac wall is the main determinant of
the distribution of stress and myofiber shortening throughout the wall during
ejection (4; 5; 14; 22). Small variations in the fiber orientation, within the
range of the reported values (+10°), resulted in large variations (£50%) of
calculated myofiber stress (14). Therefore, it was concluded that the accuracy
of the present methods to quantify fiber orientation was not sufficient to
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estimate local myofiber load.

Accuracy of measured myofiber orientation data is limited by several causes.
Partly, the lack of accuracy can be attributed to the employed histological
technique. Although in a well-cut slice the in-plane fiber orientation can be
measured accurately, a possible out-of-plane component remains unknown.
This severely affects the accuracy with which the transverse angle can be
measured. Typically, the resulting accuracy of histological techniques is
limited to about 10° (82; 93), and the best volume resolution obtained is
about 10 mm? (68).

An other issue in the quantitative description of the fiber orientation is
the ambiguity in the definition of a local wall bound coordinate system.
Irregularities in the shape of the cardiac wall, such as the presence of papillary
muscles and trabeculations at the endocardial wall, hamper the definition of
a local coordinate system.

The purpose of this study is to more accurately assess three-dimensional
cardiac myofiber orientation by applying Magnetic Resonance Diffusion Tensor
Imaging (MR-DTI) and a novel definition of the local coordinate system.
MR-DTI has been developed to measure the diffusion tensor for water in
biological tissues (7; 8). In validation studies performed in muscular tissues, it
was shown that the principal direction of the diffusion tensor corresponding to
the largest diffusivity, is statistically similar to the myofiber direction (28; 46;
47; 86). Also, the technique has been used to reconstruct the fiber orientation
in one rabbit heart (87), and a human heart in vivo at low resolution (78; 100).
However, quantitative results have not been reported. Compared to histologic
methods the main advantage of MR-DTT is that true 3-dimensional myofiber
direction vectors are determined in the intact heart, with respect to the well
determined magnet coordinate system.

In order to obtain an unambiguous definition of the local coordinate system,
it was investigated whether such a coordinate system could be defined based
upon the characteristics of the myofiber field. Myofiber orientation was
measured and quantified by the transmural course of the helix angle and the
apex-to-base course of the midwall transverse angle, using a novel definition of
the local coordinate system. Fiber orientation between several normal hearts
was compared.

Furthermore we have evaluated the divergence of the myofiber orientation
field, which was suggested to be close to zero in a study by Peskin et al (75).
The divergence value may be elevated in regions where irregularities in the
cardiac fiber field occur, such as the attachment of the right ventricle and the
papillary muscles.
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2.2 Methods

The study was performed on 5 healthy female goats weighing 26-55 kg that
were sacrificed for unrelated orthopedic experiments. After an overdose of
Euthasate the goats were bled to death. The chest was opened and the heart
was rapidly excised and rinsed in cold saline. After the removal of the atria
the ventricles were weighed. Thereafter, the heart was cast in a 20% gelatin
substance, in order to maintain its shape, and subsequently stored at 4°C.
Before measurement, the samples were allowed to adjust to room temperature
of 20°C. MR Diffusion Tensor Imaging measurements were performed within
3 days.

2.2.1 Diffusion Tensor Imaging

' H MR-DTI measurements were performed in a 4.7 Tesla magnet, interfaced to
a Varian (Palo Alto, USA) NMR Spectrometer. The instrument was equipped
with a gradient insert (inner diameter 12 cm) that provided a maximal gradient
strength of 220 mT m~! with a rise time of 500 us. Bore temperature was
maintained at 20°C. The gelatin-cast heart was wrapped in plastic foil and
placed in a birdcage RF coil in the center of the magnet. The long axis of
the left ventricle was visually aligned with the center line of the magnet bore.
Diffusion-weighted images were collected with a pulsed field gradient, spin-echo
MRI sequence (89), in which the dephasing lobe of the read-out gradient was
applied immediately prior to the data acquisition window to minimize cross-
talk between the imaging gradients and the diffusion-sensitizing gradients (60).
Diffusion weighting was provided using a pair of unipolar rectangular gradient
pulses with a duration of =15 ms and a separation of A=35 ms. Echo time TE
was 70 ms, repetition time TR was 4 seconds. Diffusion data were measured
in 3 mm thick adjoining slices. The number of slices varied with heart size and
was between 19 and 25. The field-of-view of 100 x 100 mm was represented
with an image of 128 x 128 pixels, resulting in a pixel size of 0.78 x 0.78
mm?. Diffusion gradients were applied in 10 directions, optimized according to
Jones et al. (54). For each direction, 2 different magnitudes of the sensitizing
gradient were applied. The strength of these gradients has been optimized
according to Jones et al. (54), which implies that one measurement with
minimal diffusion weighing was followed by another measurement in which
approximately 66% of the signal vanished. In our experiments Jones’ condition
was met with b-values of 0 and 1763 s/mm?2. Two averages were acquired in
a total measurement time of about 2.5 hours.
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2.2.2 Determination of the myofiber direction

For each diffusion direction Apparent Diffusion Coefficients (ADC’s) were
determined in each pixel. The ten ADC maps thus derived were used to
calculate the tensor components of the diffusion tensor in a least squares
approach. Since ADC values typically range from 0.1 x 1073 to 2.2 x 1073
mm? /s, the latter value being the diffusivity measured in free water, ADC
values outside this interval were considered unrealistic and were excluded from
further analysis. The eigenvector corresponding to the largest eigenvalue of
the diffusion tensor was considered to be the myofiber orientation, quantified
with respect to the magnet coordinate system. The reliability of the calculated
myofiber orientation was assessed by the degree of anisotropy of the diffusion
tensor, as quantified by the Fractional Anisotropy (FA), as introduced by
Basser et al. (8). The FA value indicates the fraction of the diffusion that
may be attributed to anisotropic diffusion.

2.2.3 Determination of an anatomical coordinate system

To quantify fiber orientation in terms of the commonly used helix and
transverse angle, a transformation from the global magnet coordinate system
to the anatomical coordinate system of the heart was performed (figure 2.1).
The normal to the imaging plane was taken as a first estimate of the local long
axis direction. In each slice the pixels corresponding to myofibers with an out-
of-plane component smaller than + 0.1 7w rad (about 5.7°) were selected, as
a first estimate of the midwall region. A best fit circle through these pixels
was calculated, yielding a first estimate of the center of the LV in that slice.
Next, the local long axis direction was determined as the best fit line through
the centers of the LV cross-sections in 5 adjoining slices. The local myofiber
orientation was re-evaluated with respect to the new estimate of the local long
axis direction. Thus a new set of midwall myofiber pixels was found. Again,
a circle was fitted to these pixels to yield the true LV center in a slice. This
center served as the origin of a local cylindrical coordinate system along the
local anatomical long axis. The direction with angle ® = 0 was defined along
the anterior right ventricular (RV) fusion site. Thus, the image plane may be
tilted in the local cylindrical coordinate system.

2.2.4 Presentation of the myofiber direction data

For each goat heart, fiber orientations were measured in 50,000 voxels typically.
Since it is impossible to show all data, a selection was made to illustrate
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Figure 2.1:  Definition of the local cylindrical coordinate system (R, ®, Z..) relative
to the rectangular magnet coordinate system (X, Yy, Zm). The axis Z. is aligned
with the centers of the nearby short axis cross-sections. The angle ® = 0 indicates
the anterior connection of the RV free wall to the LV. In the right figure the pixels
corresponding to myofibers with an out-of-plane component smaller than £+ 0.1 7 rad
are indicated by the gray area.

the main characteristics of the fiber field. The helix angle was evaluated at
several sectors in the equatorial LV short axis slice. The transverse angle was
determined in the midmyocardial free wall for all slices from apex to base and
averaged over the circumference. Furthermore, the divergence of the fiber field
was calculated at each voxel.

Selection of the equatorial slice

The equatorial slice was defined as the slice that was positioned at one-third
of the long axis length from the base of the heart (93). The base of the heart
was defined as the slice nearest to the outflow tract but not showing it. The
apex was the first slice showing cardiac tissue.

Helix Angle

The definition of the fiber direction is ambiguous, since flipping the fiber
direction by 180° results in the same fiber direction. Therefore, the vector
defining fiber orientation was selected such that the circumferential component
was always positive. The helix angle, o, was calculated as the angle between
the myofiber direction and the plane perpendicular to the local long axis
direction (figure 2.2). The transmural course of the helix angle was determined
for anterior, inter-papillary muscle, posterior and septal sectors, each sector
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being 20° wide (figure 2.3). The radius Ro(®), at which the helix angle changes
sign was determined for each region using a 5* order polynomial fit through
the data. This radius was used to normalize transmural position, R:

_ R-Ry

h
Ry

(2.1)

where h is the normalized transmural coordinate. For all sectors in each heart
the slope of the transmural course of the helix angle was determined using a
linear fit to the transmural data for the compact portion of the wall, defined as
h>-0.3. To characterize the average helix angle course of all five hearts, helix
angle data were grouped and a polynomial fit was determined in all 4 sectors.
The papillary muscles were excluded based upon visual inspection, and the
endocardial radius was determined. The normalized endocardial position,
hendo, could then be calculated using the above mentioned equation.

Figure 2.2: Block of cardiac tissue as taken from the wall to show definition of helix
angle, oy, and transverse angle, a}.

Midwall transverse angle

The transverse angle is the angle by which the cardiac myofibers cross the wall
from epicardium to the endocardium. The transverse angle, a;, was defined as
the angle between the local circumferential direction and the projection of the
fiber direction on the plane normal to the local long axis direction (figure 2.2).
In all slices from apex to base this angle was determined in the free wall at
R = Ry(®), where the free wall is defined as the LV region spanned between
the RV fusion sites (figure 2.3). The transverse angle was averaged over the
circumference of the left ventricular free wall. The apex-to-base length was
scaled from 0 at the apex to 1 at the base.
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Figure 2.3: LV sectors used for analysis of the helix angle data. A: Anterior, IPM:
Inter-papillary muscle, P: Posterior and S: Septum. RVA: Anterior RV fusion site,
RVP: posterior RV fusion site. The LV free wall is the region between RVA and RVP,
as indicated by the dotted line.

Geometry

LV geometry was characterized by the mean radius, R,,, at which the helix
angle changes sign. This radius was determined in all slices from apex to base.
Apex-to-base length, L, was approximated by the distance between the basal
and apical slice. Furthermore, the mean wall thickness of the equatorial slice,
WT, was determined. For this analysis the papillary muscles were excluded.

Statistical analysis

To investigate whether the range and the slope of the transmural helix
angles are different in the different sectors, a multiple-sample comparison was
performed. An ANOVA table was constructed, and an F-test was performed
to evaluate whether there was a statistically significant difference between the
means of the variables at the 95% confidence level. If so, a multiple range tests
was performed, using Fisher’s least significant difference (LSD) procedure, to
assess which mean values are mutually significantly different. The order of the
polynomial fits applied to the data was determined using an ANOVA analysis
for the coefficients of the polynomial in the order fitted.

Divergence of the fiber field

Peskin (75) showed that, from the quasi-static momentum equilibrium
equations, it can be derived that the divergence of the cardiac fiber field is
zero, using the following assumptions: 1) during ejection active stress is the
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most important determinant of cardiac stress, 2) active stresses are mainly
uniaxial, 3) myofiber stress distribution is uniform throughout the wall, 4) the
hydrostatic pressure gradient is oriented perpendicular to the fiber direction.
To investigate to which extent these assumptions hold in the real heart, we
computed the magnitude of the divergence of the fiber field on a pixel-by-pixel
basis as in equation 2.2.

We described the fiber field by unit vectors e_}, where [u, v, w| represent the
components with respect to the [z,y,z] magnet coordinate system. The
magnitude of the divergence (MD) of the fiber field was defined as:

N Oou Ov Ow
MD—|€'6f|—a—x+8—y+a (2'2)
The divergence of the fiber field can be interpreted as a measure of structural
continuity of the myofiber field. The requirement that the divergence of the
fiber field is zero is the translation of the assumption that the cross-sectional
area of a fiber remains constant (75). In other words, every myofiber that
enters a voxel must also leave this voxel again.

2.3 Results

General geometric characteristics of the hearts are summarized in table 2.1.
Total left and right ventricular mass, M, of the ventricles was 129.2 + 48.8 g
(mean 4 sd) . The mean equatorial radius, R,,, and the mean apex-to-base
length, Ly, of the LV’s were 18.5 + 2.4 mm and 59.4 + 8.9 mm respectively.

‘ ‘ Ry, [mm] ‘ Ly [mm] ‘ %i: H ‘ M [g] ‘ WT [mm] ‘
Heart 1 | 17.04 54 3.17 | 89.0 | 10.27
Heart 2 | 17.09 54 3.17 | 97.5 11.60
Heart 3 | 16.23 51 3.14 | 94.5 10.12
Heart 4 |  20.77 69 3.32 | 185.0 | 12.84
Heart 5 | 21.27 69 3.24 | 180.0 | 12.65

| MEAN | 185 | 594 | 320 [1292]| 115 |

| SD | 24 | 89 ] o007 [488] 13 |

Table 2.1: Table summarizing the most important global properties of the heart:
LV radius R,, at the equator, apex-to-base length, L, the ratio of Ly, over R,
mass of the ventricles, M, and mean wall thickness of the equatorial slice, WT. The
ratio of Ly, over R, characterizes heart shape.
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The out-of-plane component of the fiber orientation in the equatorial plane as
well as the projection of the fiber orientation onto the plane are visualized
in figure 2.4. More axially oriented fibers are found near the epi- and
endocardium, and in the papillary muscles. Midwall fibers run predominantly
in circumferential direction. At the posterior RV fusion site there is a smooth
transition of in-plane fibers from the LV to the RV. At the anterior RV fusion
site this transition is more abrupt.

Figure 2.4: Visualization of the cardiac fiber field in an equatorial slice. Left: Qut-
of-plane component of the fiber direction. Blue colors indicate in-plane (IP) fiber
direction, red colors indicate fiber direction perpendicular to the plane (PP). Right:
Projection of the fiber direction onto the imaging plane. P and A indicate posterior
and anterior LV free wall.

The transmural course of the helix angle, as shown in figure 2.5, typically
ranges from +90° to —75° at the anterior site, from +85° to —55° at the inter
papillary muscle site, from +80° to —40° at the posterior site and from +50°
to —85° at the septal site.

The range of the helix angles was largest in the anterior sector and significantly
smaller in the posterior sector (table 2.2). The slope of transmural course of
the helix angles is steeper in anterior and septal sectors than in posterior and
inter papillary muscle sectors. In all sectors, except for the septal sector, a
contribution of the papillary muscles is visible as a plateau of 90° fibers. In the
subepicardial layers of the anterior and septal sectors a steep slope is observed.
Within a heart, myofiber orientation was measured with an accuracy of 4.5°.
Consecutively, transmural helix angle data of all five hearts were grouped and
fitted using a 5" order polynomial, which resulted in an optimum fit in view of
model complexity and statistical significance of the coefficients. The standard
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Figure 2.5: Transmural course of the helix angle in the equatorial slice of all five
hearts (symbols). In order to limit the number of data points in the graphs, the sector
width was 5°. A 5" order polynomial fit was applied to the data, showing the average
HA course (solid line) and the 95 % confidence intervals for predicted values (dashed
lines). The normalized endocardial position henq,, as determined from the divergence
plots, is indicated in the figures by the vertical dotted lines. Papillary muscle tissue
is found left of these lines. Upper left: Anterior sector, Upper Right: Inter papillary
muscle sector, Lower Left: Posterior sector, Lower Right: Septum.

deviation in myofiber orientation thus observed was on the order of + 6° in
all sectors (figure 2.5).

The transverse angle varies from apex to base as shown in figure 2.6. Using a
third order polynomial fit to the data, the mean transverse angle course varied
from —12° + 4° near the apex, to +9° £ 4° near the base of the heart. The
change of sign of the transverse angle occurred between equator and base of
the heart. The apex-to-base course of R, (figure 2.6) was best described by
an elliptical course. The mean equatorial radius appeared to be 19 mm.



20

Chapter 2

Transverse Angle (deg)

25k

02 04 06 08 1
Apex-to-base position

] 7
20F '_--ﬁ'g;xkkkxkxxxgi'zg
P

15F° " :O* *?i{gf?t(?to?*?qut?_{% Q. ?,
. o R

10'9 . ]
%

5f 1

ok ]
0 0.2 04 0.6 0.8 1

Apex-to-base position

Heart
o1

> X + O

g wnN

Figure 2.6: Left: Transverse angle course from apex to base. Right: Mean radius
at which the helix angle changes sign, R,,, as a function of apex-to-base position.
Solid lines indicate average course, dashed lines indicate 95 % confidence intervals for
predicted values.

Range (°) Slope (°)

S| A[IPM| P S|  A] IPM| p
Heart 1 | 148.7 | 153.0 | 111.0 | 121.9 | -193.8 | -197.9 | -139.3 | -113.9
Heart 2 | 113.6 | 177.8 | 163.5 | 78.5 | -156.0 | -186.7 | -137.2 | -113.9
Heart 3 | 143.9 | 179.3 | 161.1 | 147.6 | -190.8 | -196.5 | -135.6 | -149.0
Heart 4 | 157.3 | 142.8 | 126.0 | 128.9 | -201.4 | -147.8 | -124.1 | -146.3
Heart 5 | 130.4 | 173.4 | 140.5 | 134.0 | -181.8 | -173.5 | -144.1 | -185.3
| MEAN | 138.8 | 165.3 | 140.4 [ 122.2 | -184.8 | -180.5 | -136.0 | -141.7 |
SD 171 ] 164 ] 225 262 | 175] 207 ] 74[ 296

L |
* *

Table 2.2: Range (°) and slope (°) of the transmural helix angle course as a function
of normalized wall position in all equatorial sectors: A; anterior, IPM; Inter papillary
muscle, P; posterior and S; septum. Pairs of statistically significant different mean
values are indicated (x = P<0.05). The range of anterior and posterior sectors is

significantly different.

The slopes of anterior and septal sectors are similar, and

statistically significantly different from the slopes at the posterior and inter papillary

muscle sectors.

similar.

The slopes of the posterior and inter papillary muscle sectors are
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The divergence of the myofiber field was less than 0.07 mm ! in the major part
of the myocardial walls, but significantly exceeded this level at the anterior
fusion of the right and left ventricular walls, and at the insertion sites of the
papillary muscles (figure 2.7).

Figure 2.7: Divergence plots, in which black indicates low divergence values and
white indicates divergence > 0.3 mm~'. Upper left: Basal slice, Upper right:
Equatorial slice, Lower left: Slice in middle between apex and equator, Lower right:
Apical slice. Arrows indicate the papillary muscle (p) and RV-fusion (f) regions,

where the divergence values are significantly higher than 0.07 mm™".

2.4 Discussion

2.4.1 MR-DTI measurements

Fiber orientation has been measured post mortem in 5 goat hearts using MR-
DTI. Less than 2% of the ADC values was excluded from the data. Values
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for the Fractional Anisotropy as found in literature for fresh myocardial tissue
range from 0.17 to 0.65 (36; 47; 78). Our value of 0.35+0.03, is well within this
range, indicating that the fiber direction was well determined. Most MR-DTI
measurements were performed within 4 hours after excision of the heart. We
compared the Fractional Anisotropy (FA) values of hearts that were measured
immediately after excision, and those that were measured after 3 days. The FA
values appeared not to be significantly different between both groups, implying
that the structures that are responsible for the diffusion anisotropy are still
intact 3 days after excision.

Typically, in one heart fiber orientation was measured in about 50,000 voxels
with voxel size of 1.8 mm?, which is an enhancement in volume resolution as
compared to histological measurement techniques by a factor of 5. Regionally,
the long axis direction was defined by the direction of a line through center
points of the left ventricle in the nearby slices. The transmural coordinate was
normalized unambiguously using the radius at which the helix angle changes
sign, Ry. Myofiber orientations have been characterized by the helix and
transverse angles. Standard deviations for helix angles measured in individual
hearts were in the order of +4.5°, which is better than the £10° obtained in
histological measurements.

2.4.2 Local coordinate system

In the present study the transverse and helix angles were defined with
respect to a local cylindrical coordinate system (figure 2.1) instead of the
more common wall coordinate system, which consists of a local longitudinal,
transmural and circumferential direction (68; 93). In the equatorial slice these
coordinate systems coincide. The determined equatorial helix angle data are
therefore directly comparable to measurements by other investigators.
Outside the equatorial slice the transverse fiber angle at Ry in the cylindrical
coordinate system, «, and in the wall coordinate system, «;, are related as:

ay = arctan(tan(a}) cos(5)) (2.3)

where 3 is the angle between the local longitudinal direction and the local long
LV axis. At the equator, where 8 = 0, the definitions of oy and o} match, but
further towards the apex and base their difference increases. Estimating the
angle [ from the apex-to-base course of R, (figure 2.6), maximum differences
between the two angles were on the order of 2° in the most apical slice and on
the order of 1° in the most basal slice.
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Errors in the determination of the local long axis direction affect calculation
of the helix and transverse angle. Near the apex, local geometry is practically
spherical. As a consequence near the apex, determination of the local long axis
direction is inherently ill-defined and sensitive to errors. Further away from
the apex the long axis direction is well determined, with maximally expected
alignment errors between the true LV long axis and our estimation of about
£10°. Alignment errors of 10° result in a maximal offset of the calculated
helix angle course by a similar amount. The influence of errors in long axis
determination on calculated transverse angles roughly follows the behavior as
described by equation 2.3, where § now represents the misalignment error.
This implies that for misalignment errors in the order of £10°, the error in
the transverse angle is as little as about 2% of the calculated .

2.4.3 Normalized transmural position

Usually the transmural position is normalized to the local wall thickness.
However, determination of wall thickness is difficult due to the presence of
papillary muscles and endocardial trabeculations, which hampers detection of
the endocardial wall (82; 93). Instead of normalization using the endocardial
wall, the radius at which the helix fiber angle equals zero, Ry, is much
better defined and has a smooth appearance. Therefore, Ry was used as a
reference radius to which all transmural distances were normalized in this
study. Recognition of common patterns between different hearts is therefore
enhanced using this normalization technique.

In order to compare our normalization method with the commonly used
method, the transmural course of the fiber orientation normalized between
endocardium and epicardium was also calculated. The endocardial wall was
determined from the divergence plots, where the papillary muscles could be
detected. The standard deviation to the helix angle data of the five hearts
determined in this manner appeared to be 11°, which is considerably more
than the 6° found using our normalization method.

2.4.4 Helix and transverse angle data

Our data on the helix angle are within the range of earlier reported
measurements and model predictions (4; 39; 68; 79; 82; 90; 91; 93). To
the authors best knowledge, these are the first detailed measurements of
the transmural component of muscle fiber direction as a function of the
longitudinal position. Earlier studies reported values at only a few longitudinal
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positions, often averaged across the wall thickness. For comparison with these
data, we assume a parabolic transmural course of the transverse angle, with
zero angle at the endo- and epicardium. Then our midwall value equals 1.5
times the transmural average value. Near the apex, the average transmural
angle was measured to be —4.5° (90), which is lower than our averaged
value of —7.8°. Halfway between apex and equator, literature (90) and our
values are similar, equalling —3.5° and —3°, respectively. Averaged over the
subequatorial region, a midwall value of —8.0° has been reported (92), which
compares reasonably with our value of —6°. Averaged throughout the whole
heart we obtain a value of —3°, which is considerably lower than the value
of —7.9° obtained by Scollan et al. This may be due to the fact that in
our analysis the most apical slices were left out, since determination of the
long axis was considered to be inaccurate. In the apical slices however, the
highest values for the transverse angle are expected. Finally, the transverse
angle course that we measured compares well to the optimization prediction
by Rijcken et al. (16; 80).

It has been assumed that myofiber orientation adapts such that local stresses
and strains are distributed uniformly throughout the heart (75; 79; 80).
Employing this condition in a mathematical model, fiber orientation can be
optimized to obtain homogeneous fiber shortening during ejection (80). The
resulting optimum orientation was found to be well determined, indicating that
variation of fiber orientation in between hearts may be small. This finding was
confirmed by the present study.

2.4.5 Divergence of the myofiber field

As shown by Peskin, the assumption that tissue loads are mainly transmitted
by the active fibers, each fiber bearing the same load, can be converted to
the condition that the divergence of the fiber field is zero. In our study, the
divergence of the fiber field is less than 0.07 mm™" throughout the myocardium
and significantly elevated at the insertion sites of the papillary muscles and at
the anterior RV fusion site. Thus, calculation of the divergence may enable
detection of the papillary muscle structures.

However, we found that it was not possible to evaluate stress uniformity on
the basis of our measurements, since it can be shown that an active stress
inhomogeneity of 10 % results in a divergence value of about 0.005 mm~!. In
order to detect these small differences, an accuracy of about 0.3° is necessary,
which greatly exceeds the current 6° accuracy.
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2.5 Conclusion

The myofiber structure offers an excellent base for the definition of a cardiac
coordinate system. This coordinate system can be based upon the local long
axis direction and the transmural coordinate normalized using the radius at
which the helix angle changes sign, Ry. With respect to this coordinate system,
helix and transverse angles can be defined to characterize the fiber field.

The transmural course of the helix angle we found compares well to earlier
measurements. The slope of the transmural helix angle course is largest at
the anterior and septal sites. The apex-to-base course of the transverse angle
varies according to a 3"¢ order polynomial, with values of —12° at the apex
and +9° at the base.

Both the transmural course of the helix angle and the apex-to-base course of
the transverse angle that we measured correspond well to model predictions
based on uniformity of stress and strain.

The divergence of the myofiber field appeared to be <0.07 mm~! in the major
part of the myocardial walls, except for sharp transitions at the fusion sites
between left and right ventricle and at the insertion of the papillary muscles.
The accuracy with which the measurement has been performed is not good
enough to allow evaluation of uniformity of the stresses.
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Recently, mathematical models of cardiac mechanics have developed into a
stage where they can be adapted to describe the patient’s specific situation.
However, not all parameters needed in such a model can be measured
specifically, so they have to be taken from a default. In order to estimate the
possible errors by introducing default values for parameter settings, sensitivity
of the model to the actual choice of these parameters must be evaluated.

In the present study we addressed the question whether myofiber stress can
be estimated reliably using a default setting for myofiber orientation, to be
incorporated into different cardiac geometries.

Cardiac wall mechanics were described with a numerical model. A default
myofiber orientation was chosen such that myofiber stress was distributed
approximately homogeneous across the wall in a representative geometry. The
sensitivity of the calculated stress distribution to changes in geometry was
evaluated.

The distribution of myofiber stress within the wall of the left ventricle (LV)
appeared to be sensitive to shape of the LV. Geometry variations covering the
biological range changed active myofiber stress by maximally 10%. In a more
spherical geometry the calculated midwall myofiber stress decreased relative
to this stress in the inner and outer layers. In a cylindrical geometry these
changes were opposite.

3.1 Introduction

In assessing local cardiac function, both stress and strain are relevant.
Magnetic Resonance Imaging (MRI) enables non-invasive measurement of
three dimensional deformation of cardiac tissue. Myofiber strain can be
estimated from tissue deformation using an estimate of myofiber orientation
has. Determination of myofiber stress is more complicated. This stress
cannot be measured because insertion of a force transducer damages the tissue
(49). Instead, mathematical models have been developed to estimate the
distribution of myofiber stress (6; 9; 14; 23; 24; 42; 106).

Whereas early simple mathematical models were used to investigate basic
aspects of cardiac mechanics, more recently models have developed into a stage
where they can be adapted to describe the patient’s specific situation. With
a patient specific model, abnormalities in the cardiac deformation pattern,
as detected with MR tagging, may be analyzed to deduct the underlying
pathology. In models of cardiac mechanics many parameters have to be known.
In designing a patient specific model of cardiac mechanics one has to decide
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which sets of parameters will be measured specifically and which ones will be
taken from a default. Data on geometry may be derived from high resolution
MR images. Other data, for instance on electrical activation sequence or
myofiber orientation, cannot be determined easily for each patient specifically.
Then a default setting may be preferred. In order to estimate the possible
errors resulting from default values for parameter setting, the sensitivity of
the model to the actual choice of these parameters must be evaluated.

In the present study we address the question whether myofiber stress can
be estimated reliably using a default setting for myofiber orientation, to be
incorporated into the specific measured geometry of the individual heart.

To solve this question cardiac wall mechanics were described with a numerical
model. The sensitivity of the calculated stress distribution to changes in
geometry was evaluated in simulations having a fixed distribution of myofiber
orientation in different wall geometries. Furthermore it was investigated
whether the resulting redistribution of myofiber stress could be reverted by
a compensatory change in the transmural course of myofiber orientation. For
this purpose the sensitivity of the myofiber stress distribution was evaluated
for two types of changes in the transmural course of myofiber orientation: 1)
changing the slope of the transmural course of the myofiber angle, and 2)
addition of an offset to the myofiber angle.

3.2 Methods

3.2.1 Description of the model

The left ventricular (LV) endocardial and epicardial surfaces were
approximated by truncated confocal ellipsoids. The geometry was defined
by wall volume V,,, cavity volume V},, a common focal length of the ellipsoids
C, and the height h, above the equator at which the ellipsoids were truncated.
Shape was characterized by ellipticity of the cavity, F.q,, and was calculated
as the ratio of the resulting minor and major axis of the inner ellipsoid.

Myofiber orientation in the reference state was quantified by the helix and
transverse myofiber angles (90), defined with respect to a local wall coordinate
system.  This coordinate system consisted of a normalized transmural
coordinate, &, a normalized longitudinal coordinate, 0, and a circumferential
coordinate, ¢ (figure 3.1), as described by Bovendeerd et al. (12; 14). The
helix angle, ayp, was defined as the angle between the local circumferential
direction and the projection of the myofiber direction on the plane normal
to the local transmural direction. The transverse angle, «;, was defined as
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Figure 3.1: Geometry and myofiber structure of the model of the left ventricle
(LV). Upper left: Cross-section through the LV, showing focal length C, truncation
height above the equator h, endocardial and epicardial minor ellipsoid axis, R,
and R., respectively, major ellipsoid axes, Z.,, and Z.,, wall volume V,, and cavity
volume V., . Upper right: Cross-section through the LV showing normalized ellipsoid
coordinates &€ and 6, the dotted lines indicate levels of constant §. Lower left: The
helix angle, «y, is shown (Appendix A). Lower right: Top view of the basal plane.
The circumferential ellipsoid coordinate, ¢, and the transverse angle, oy, are shown
(Appendix A).

the angle between the local circumferential direction and the projection of the
myofiber direction on the plane normal to the local long axis direction.

The myocardial tissue was assumed to consist of a connective tissue matrix
in which muscle fibers are embedded. Total Cauchy stress in the tissue was
the sum of a passive component, o, and an active component, o,, generated
uniaxially in the myofiber direction e_}:

o=0p,+ Uae_}e_} (3.1)

The passive component of the tissue stress was modeled nonlinearly elastic,
transversely isotropic, and virtually incompressible, as described by Vendelin
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et al. (105). Active stress was uniaxial, depending on myofiber strain, strain
rate and time (Appendix A). All myofibers were activated simultaneously. A
uniform LV pressure was prescribed at the endocardium, while epicardial load
equaled zero. LV pressure and aortic flow were related by aortic hemodynamic
impedance, which was simulated by an ideal valve, in series with the aortic
input impedance, that was represented by a 3 element Windkessel model (15;
108).

In the calculations, a complete cardiac cycle was simulated according to
Bovendeerd et al (14). The zero transmural pressure state in diastole was
chosen as a reference. The myocardial wall was loaded by ventricular cavity
pressure and the active stress generated in the muscle fibers. Stresses and
strains in the wall were determined from the equations of conservation of
momentum. These equations were converted into a Galerkin-type finite
element formulation, elaborated in quadratic 27 node brick elements with three
displacement components as nodal degrees of freedom. The left ventricular
wall was represented by 108 elements. As a boundary condition, axial motion
of all nodes in the basal plane and circumferential motion of four nodes in the
endocardial basal ring were suppressed during the cardiac cycle.

3.2.2 Simulations performed

For all geometries, Vy,, Veqy and truncation height, h were set to 140 ml, 40
ml, and 0.5-Z,,, respectively (15). By variation of the focal distance C, three
different geometries were create: the reference (GeoREF), a more spherical
(GeoSPHERE) and a more cylindrical (GeoCYL) geometry (figure 3.2). LV
shape was characterized by ellipticity of the cavity, F.q,, quantified by the
ratio of the minor and major axis of the inner ellipsoid, Rey/Zen. The three
geometries were characterized by E,q, values of 0.35, 0.99 and 0.2 respectively.
The choice for the reference geometry was adopted from Bovendeerd et al (14).
Geometrical parameters are listed in (table 3.1).

In a previous study, myofiber orientation in the reference geometry has been
optimized for homogeneous myofiber strain during ejection by Rijcken et al.
(16; 79). This orientation was used as a reference, FibREF, in this study.
Since it yielded a practically homogeneous distribution of myofiber stress in the
GeoREF geometry, the analysis of changes in stress distribution due to changes
in geometry was facilitated. A brief description of this myofiber orientation
distribution is given in Appendix A.

Next we studied the sensitivity of the stress distribution to changes in myofiber
orientation in the reference geometry. We varied 1) slope of the transmural
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Geometry i GeoREF GeoSPHERE GeoCYL
C [mm)] : 43. 1. 66.
Shape (Eeqy) 0.35 0.99 0.2
h [mm]| : 23.0 11.6 33.7
Rep [mm] . 16.3 23.2 13.5
R, [mm] : 31.3 38.8 26.7
Zep, [mm] : 46.0 23.2 67.3
Zep [mi] . 53.2 38.8 71.2

Table 3.1: Geometric parameters of the three evaluated geometries.

GeoREF GeoSPHERE GeoCYL

Figure 3.2: The three evaluated geometries, left: reference geometry, GeoREF,
(adopted from Bovendeerd et al. (14)), middle: more spherical geometry,
GeoSPHERE, right: more cylindrical shaped geometry, GeoCYL.

helix angle course, and 2) offset of this course. The slope was varied by
multiplication of the helix angle with a factor of 1.1 (Fib*1.1) or 0.9 (Fib*0.9),
respectively. These changes correspond to a maximal difference of the helix
angle of about 8° compared to the reference myofiber orientation. Offset of
the transmural course of the helix angle was changed by +5° (Fib+5), or -5°
(Fib-5), respectively. Using these variations, four different myofiber fields were
obtained (figure 3.3). The transverse myofiber angle has not been varied.
Using the information on sensitivity of myofiber stress to changes in the
distribution of myofiber orientation, the amount of myofiber orientation
needed to compensate for geometry variations was estimated.

3.2.3 Presentation of simulation results

In the simulation, the variation of active myofiber stress was calculated as a
function of position in the wall and time during the cycle. Active myofiber
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Figure 3.3: Different choices for the transmural course of the helix angle.

stress, T, (&), as averaged over time during the ejection phase was calculated as
a function of transmural position, &, in the equatorial slice for all geometries.
The transmural distribution of active myofiber stress, T, (), was evaluated.
Mean, T, and standard deviation of this transmural distribution were also
calculated. The inhomogeneity value I H was defined as the ratio of standard
deviation and mean value of T,(£) in percent. Parameter IH indicates
homogeneity of the transmural distribution. The inhomogeneity value was
also used to evaluate the sensitivity of myofiber stress to variations in myofiber

orientation.

3.3 Results

With the reference geometry (GeoREF) and the reference myofiber orientation
(FibREF) the transmural distribution of mean myofiber stress during ejection
was virtually homogeneous, with calculated inhomogeneity of the stress (I H
value) of only 3% (figure 3.4).

Incorporating the default myofiber field (FibREF), into the specific
LV geometries (GeoSPHERE, GeoCYL), increased inhomogeneity of the
transmural distribution of mean active myofiber stress during ejection. In
GeoSPHERE midwall myofiber stress increased at the cost of endo- and
epicardial myofiber stress (figure 3.4). In GeoCYL the changes were opposite.
The standard deviation to T, increased from 1.5 kPa in the reference
geometry, to 5.5 and 5.2 kPa in GeoSPHERE and GeoCYL respectively, which
corresponds to an increase of inhomogeneity from 3% in GeoREF, to about
13% in GeoSPHERE and 11% GeoCYL (table 3.2).
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Figure 3.4: Mean active stress during ejection in the equatorial slice as a function
of the transmural position. The reference myofiber orientation, FibREF, was
incorporated in the three geometries, GeoREF, the more spherical GeoSPHERE and
the more cylindrical GeoCYL.

T, + sd [kPa] Geometry

(IH %)) GeoREF | GeoSPHEREGeoCYL
FibREF | 48.1£1.5 | 43.2£5.5 45.9 £ 5.2
(3) (13) (11)
Fib*1.1 | 47.4+5.0 42.7+8.0 45.7 £2.0
(10) (18) (4)
Fib*0.9 | 47.6+4.8 43.1+3.6 | 45.0£9.4

(10) (8) (21)

Fib+5 | 49.4£5.6 -
(11)
Fib-5 | 46.24+4.5 - -
(10)

Myofiber orientation|

Table 3.2: Mean and standard deviation of the mean active stress during ejection,
T, for the all geometries, using the reference and changed myofiber orientations. The
value between the brackets indicates the inhomogeneity of the stress distribution, I H,
quantified by the standard deviation of T, expressed as a percentage of mean stress.

In GeoREF the effect of incorporating different myofiber distributions was
evaluated. With a steeper slope of the transmural course of the helix angle
(Fib*1.1) active myofiber stress at the midwall increased. Decrease of the
latter slope (Fib*0.9) resulted in opposite effects. Change of the slope of
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the helix angle course in GeoREF resulted in an increase of inhomogeneity
from 3% with the reference myofiber course (FibREF), to about 10% with
the adjusted myofiber courses Fib*1.1 and Fib*0.9. Adding an offset of +5°
to the myofiber course resulted in a changed equilibrium between the endo-
and epicardial layers. The endocardial stress decreased, whereas the epicardial
stress increased. Adding an offset of —5° resulted in opposite effects. Both
offset changes induce inhomogeneities on the order of 10 % in the transmural
distribution of myofiber stress (figure 3.5, table 3.2).

GeoREF

60
——FibREF

Fib*0.9
---- Fib*1.1

551

Mean Active Stress [kPal]

endo ‘ ‘ ‘ ‘ epi

Figure 3.5: Mean active stress during ejection in the reference geometry (GeoREF),
with reference myofiber distribution (FibREF') and four varied myofiber distributions
(Fib*0.9, Fib*1.1, Fib-5, Fib+35).

In the spherical and cylindrical geometries changes in the transmural course
of the helix angle lead to similar changes in the transmural stress distribution
as observed in the reference geometry (figure 3.6, table 3.2). Consequently,
in the spherical geometry a more homogeneous transmural stress distribution
was obtained by a shallower helix angle course (Fib*0.9). In the cylindrical
geometry, homogeneity of stress was approached with a steeper helix angle
course (Fib*1.1).

3.4 Discussion
Although with modern techniques myofiber orientation can be measured in

vitro with an accuracy of about +6° (46; 47; 86; 90), in vivo measurement is
limited to low resolution (78; 99; 100). In a regular heart myofiber orientation
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Figure 3.6: Mean active stress during ejection in GeoSphere (left) and GeoCYL
(right), with the reference myofiber distribution (FibREF) and myofiber orientations
with variations to the slope of the transmural course of the helix angle (Fib*0.9,
Fib*1.1).

varies about 10°/mm in a direction perpendicular to the wall. Positional
resolution of imaging methods for in vivo myofiber orientation measurement
is expected to be at least a few millimeters, primarily due to motion of
the heart. Thus it is to be expected that in patient specific modeling,
incorporation of patient specific data on myofiber orientation is not feasible.
Therefore the possibility was investigated to use a default myofiber orientation
in different geometries, representing a range of individual hearts. Given the
major determinants of left ventricular (LV) geometry, the geometry we used
in the numerical model was kept as simple as possible.

In healthy subjects, the shape parameter of the left ventricle is typically on
the order of F.4,=0.35 (90). In patients however, several pathologies have
been identified for which left ventricular shape is significantly different from
normal. In patients with idiopathic dilated cardiomyopathy for example, left
ventricular geometry has been reported to be more spherical, with shape
parameter Fq, on the order of 0.64 (11). Furthermore, patients with mitral
regurgitation have been found to have more spherical chamber geometry both
in systole and diastole (37; 107). More cylindrically shaped hearts have
been reported in chronic aortic regurgitation (1). If myofiber orientation is
obtained from animal experiments, the corresponding geometry may deviate
substantially from human cardiac geometry. In the goat for instance, more
cylindrically shaped hearts were observed, with shape parameter on the order
of E.q = 0.21. In our simulations, we chose to perform large variations in
geometry, with E.,, ranging from 0.2 to 0.99, to obtain maximal deviations.
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Variations in LV geometry are generally accompanied by different wall and
cavity volumes when compared to normal. In the present study we chose to
maintain these volumes constant, since the mean level of active wall stress is
largely determined by the ratio of cavity and wall volume (3). Therefore, this
choice allowed us to directly compare myofiber stress distributions between
the different geometries.

The effect of incorporating a default myofiber orientation in a specific geometry
was evaluated using the distribution of myofiber stress during ejection. This
parameter was used because 1) myofiber stress is closely related to local cardiac
function, and 2) the mean value of myofiber stress is not sensitive to the used
activation sequence (12). Previously (14), myofiber stress was shown to be
sensitive to changes in distribution of myofiber orientation.

Reference myofiber orientation (FibREF) was chosen such that for GeoREF
myofiber stress was practically homogeneous during ejection, thus facilitating
the analysis of occurring changes in the distribution of stress.

Incorporating the default myofiber field (FibREF) into the LV geometries
GeoSPHERE and GeoCYL, causes the transmural distribution of mean active
myofiber stress to be more inhomogeneous during ejection. This implies that
in patient specific modeling, the use of a default distribution of myofiber
orientation may induce errors in the calculation of stress. In the biological
range of geometries, we expect the related errors in the calculation of the
stress distribution to be less than £10% of the mean stress level.

In the geometry GeoSPHERE homogeneity in stress could be restored by
decreasing the slope of the transmural course of the helix angle. Similarly, for
GeoCYL an increase of the latter range was needed.

A change in offset of the transmural myofiber orientation affects the transmural
mechanical equilibrium. Inhomogeneity in the stress distribution of about
+10% is introduced by a change in offset of £5°. Such error is easily introduced
in estimating the long axis direction in an experimental situation. Thus, the
benefit of accounting for patient specific geometry may be questionable when
using experimental data on myofiber orientation.

3.5 Conclusion

The distribution of myofiber stress within the wall of the left ventricle (LV) is
sensitive to myofiber orientation and shape of the LV. A default myofiber field
which yielded a practically homogeneous distribution of myofiber stress in the
reference geometry was incorporated into different geometries. In the more
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spherical geometry the calculated midwall myofiber stress decreased relative
to the stress in the inner and outer layers. In the cylindrical geometry these
changes were opposite. For geometry variations spanning the biological range,
changes in active myofiber stress are estimated to be limited to about 10%.
In the reference geometry, changes in myofiber orientation of 10% in slope or
a 5° offset led to non-homogeneities in myofiber stress distribution of about
10%. The changes in active stress distribution that were observed as a result of
geometry variations, could be compensated by changes in myofiber orientation.
For the more spherical and cylindrical geometries, compensation was obtained
by a 10% decrease or increase of the slope of the transmural course of the helix
angle respectively.

Hence, in patient specific modeling, the use of default values for the myofiber
orientation may induce errors in the calculated stress distribution. We
estimate these errors to be maximally on the order of 10% of the mean active
stress level. A similar change is introduced by a £5° offset change in myofiber
orientation. A +5° offset error is easily introduced in experimental myofiber
orientation data, due to errors in estimating the long axis direction. Thus, the
benefit of accounting for patient specific geometry may be questionable when
using experimental data on myofiber orientation.
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Numerical studies have shown that the complex myofiber structure of the
heart is the main determinant of the distribution of myofiber stress and
shortening within the cardiac wall. The sensitivity of local mechanical load to
the myofiber orientation makes myofiber re-orientation a potentially powerful
adaptive mechanism to restore uniformity of load when local mechanics deviate
from normal.

To investigate the hypothesis that cardiac myofiber reorientation serves as a
mechanism for cardiac adaptation, in the present study myofiber orientation
was assessed quantitatively in hearts in which mechanical load was locally
disturbed. This myofiber orientation was then compared to that in normal
hearts.

Local mechanical load was disturbed chronically by a transmural infarction in
the goat. After 10 weeks of infarction, myofiber orientations were measured
post mortem using MR-Diffusion Tensor Imaging (MR-DTI).

In the tissue adjacent to the infarction no significant differences in transmural
course of the helix angle were found. Still, the hypothesis that myofiber
reorientation serves as a mechanism for cardiac adaptation may not be
rejected, since the magnitude of adaptive reorientation may have been below
the detection limit.

4.1 Introduction

Cardiac myofiber orientation is highly structured, and remarkably similar
across various species (39; 68; 82; 86; 90; 93; 98). Near the equator
subepicardial myofibers follow a left handed helix parallel to the outer wall.
Near the apex these myofibers cross the wall, then following a right handed
helical pathway in the subendocardial layers. Near the base, the myofibers
cross over the wall, returning to the subepicardium. At midwall the myofiber
orientation is predominantly circumferential.

Numerical studies have shown that this complex structure is the main
determinant of the distribution of myofiber stress and shortening within
the cardiac wall (5; 14; 22). However, the accuracy with which myofiber
orientation has been determined experimentally is insufficient to reliably
predict the distribution of stress. In one study (14), for different choices of
the myofiber orientation, all within the range of the experimental data, the
predicted transmural distribution of equatorial myofiber stress varied from
uniformity (60+2 kPa), to severe non-uniformity (40-110 kPa). It has been
assumed that cardiac myofiber orientation is designed such that mechanical
load is uniform throughout the cardiac wall. This idea is supported by the



Myofiber orientation in the infarcted goat heart 41

work of Peskin (75) who was able to estimate, in a model study, the main
characteristics of cardiac myofiber orientation using the assumption of uniform
myofiber stress distribution. Rijcken et al. (79; 80) optimized myofiber
orientation such that myofiber shortening throughout the cardiac wall was
distributed uniformly and found the optimum to be within the range of
anatomical measurements. Since biological optimization mechanisms generally
have a local physiological basis, Arts et al. (4) developed a numerical model
simulating local adaptation of cardiac myofiber orientation and sarcomere
length to local mechanical load. After adaptation myofiber orientation closely
agreed with experimental data (4; 82; 90).

The sensitivity of local mechanical load to the myofiber orientation makes
myofiber re-orientation a potentially powerful adaptive mechanism to restore
uniformity of load when local mechanics deviate from normal. In several
studies in which mechanical load was locally disturbed, indications of changes
in local myofiber structure have been found. In chronically paced dog hearts,
regions of myofiber disarray were observed (2; 56). Also, at the boundaries
of a myocardial infarction dispersion of myofiber orientation was reported
(88; 109). In these studies however, changes in the spatial distribution of
myofiber orientation were not a subject of study.

To investigate the hypothesis that cardiac myofiber reorientation serves as a
mechanism for cardiac adaptation, in the present study myofiber orientation
was assessed quantitatively in hearts in which mechanical load was locally
disturbed. This myofiber orientation was compared to that in normal hearts.
Local mechanical load was disturbed chronically by a transmural infarction in
the goat. Regional systolic function is known to be impaired in the normally
perfused myocardium immediately adjacent to an ischemic region, both in
the acute (76; 65) and the chronic phase (58). After 10 weeks of adaptation,
myofiber orientations were measured post mortem using MR-Diffusion Tensor
Imaging (MR-DTI). Myofiber orientations as measured in the regions adjacent
to the infarction were compared to those in corresponding regions in healthy
controls.

4.2 Methods

Animal handling was performed according to the Dutch Law on Animal
Experimentation (WOD) and the European Directive for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific Purposes
(86/609/EU). The protocol was approved by the Animal Experimental
Committee of the University of Maastricht.
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4.2.1 Animal Model

In seven female goats, weighing 25 to 50 kg, anesthesia was induced with
thiopental 15 mg/kg IV and maintained by ventilation with halothane (1 to
2 %) in a 2:3 mixture of Oy and Ny. The ECG was recorded from the limb
leads. During sterile surgery the thorax was opened and an infarction was
induced by ligation of a descending branch of the left circumflex coronary
artery (LCx) at the lateral free wall. Ten weeks after infarct induction the
animals were anesthetized again. The thorax was re-opened and a clamp was
placed around the aorta. The heart was arrested with an injection of 1M KCI
into the left ventricular cavity, rapidly excised and rinsed in cold saline. After
the removal of the atria the heart was cast in a 20 % gelatin substance in order
to maintain shape, and subsequently stored at 4°C. Myofiber orientation was
measured within 3 days.

Control measurements were performed on 5 healthy female goats weighing
26-55 kg that were sacrificed for unrelated orthopedic experiments. After an
overdose of Euthasate the goats were bled to death. The hearts were excised
and the same procedure as for the infarcted hearts was followed.

4.2.2 Myofiber orientation

Myofiber orientation was measured using MR-Diffusion Tensor Imaging (MR-
DTI) (7; 47; 86). ' H MR-DTI measurements were performed according to the
protocol described in chapter 2. As a result myofiber orientation was known
with respect to the magnet coordinate system in adjoining slices of 3 mm thick
at a resolution of 0.78 x 0.78 mm?.

The reliability of the calculated primary eigenvector was assessed by the degree
of anisotropy of the diffusion tensor, as quantified by the ratio between both
largest eigenvalues.

To quantify myofiber orientation, a local wall-bound coordinate system of
the heart was defined relative to the global magnet coordinate system. A
best fit circle through the pixels containing circumferentially oriented midwall
myofibers yielded the center of the left ventricle (LV) in each slice. The local
long axis direction pointing to the base was then determined as the best fit line
through the thus determined centers in 5 adjoining slices. In each slice, the
related LV center served as the origin of a local cylindrical coordinate system.
The ® = 0 reference of the coordinate system was defined along the anterior
right ventricular (RV) fusion site.

The helix angle component of myofiber orientation, «y, was defined as the
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angle between the myofiber direction and the plane perpendicular to the local
long axis direction. In each slice, the LV wall was divided into 36 adjoining
sectors, each being 10° wide. The helix angle was determined as a function of
the radius for all pixels within each sector. This function was fitted with a 5
order polynomial. The radius Ry(®), at which the helix angle changes sign
was determined for each sector and used to convert the transmural position,
R, to a normalized transmural position, h:
_ R—-Ry

h=" (4.1)

The transmural course of the helix angle was characterized by its slope. For all
sectors in each heart this slope was determined by linear fit of the helix angle
versus the normalized radius h for the compact portion of the wall, defined by
h >-0.3.

4.2.3 Infarct localization

Infarctions were localized on the basis of local wall thickness. To determine
wall thickness, the contours of the LV wall were determined visually in the MR
images. Again, in each slice the LV wall was divided in 36 sectors, each being
10° wide. For each sector the total number of pixels in both the LV cavity and
LV wall was determined. From this number the outer radius was calculated.
The number of LV wall pixels was then used to determine wall thickness (WT).
Mean and standard deviation of wall thickness were determined in at least 100
sectors remote from the infarct location. The infarction was localized as the
area in which wall thickness was less than mean wall thickness minus 4 times
the standard deviation.

Infarct size was expressed as the percentage of midwall surface affected. To
this end in each slice midwall radius, R,,,, was calculated as the average Ry.
The number of sectors in which infarct tissue was present yielded the affected
angle, ¢4y, for each slice. The affected midwall surface for one slice could
thus be calculated as R, - ¢qff - thsiice, Where thgc. is the slice thickness
in base to apex direction. The total affected midwall surface was obtained by
summation over all slices.

For comparison, magnetic resonance 75 relaxation times and cardiac perfusion
as measured with the microsphere method were assessed as well. In order to
determine MR T times, images were acquired in a spin-echo MRI sequence
using echo times (TE) of 10, 30, 55, 80 and 110 ms. Repetition time TR was
4 seconds. Ty values were then calculated from signal attenuation. To values
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were evaluated in the same sectors as selected for determination of LV wall
thickness.

Cardiac perfusion measurements were performed using fluorescent
microspheres with a diameter of 15 pm.  Microspheres were injected
through a catheter in the LV chamber before and 3-6 weeks after infarct
induction. Each injection contained 3-10° microspheres, labelled with blue,
blue-green, yellow-green, orange, red or crimson fluorescent labels (Molecular
Probes, Eugene, OR). After the post mortem MRI measurements had been
completed, two 1 c¢m thick short axis slices were selected. One of these
slices contained the mid-infarct region, the other slice was just basal to the
infarction. The slices were cut into 8 sectors. One sector contained the
mid-infarct region, while on each side of the infarct region three sectors of
about 30° wide were selected. The remaining sector contained the septum.
Microspheres were isolated from the myocardial samples by tissue digestion
and centrifugal sedimentation. Consecutively, fluorescence was determined
by use of fluorimetry (103). Relative perfusion values were obtained, using
measurements in the septum as a reference.

4.2.4 Comparison of myofiber orientation in normal and
infarcted hearts

Throughout the infarcted hearts, the transmural course of the helix angle was
characterized by the slope of this course. In addition, a more detailed analysis
was performed in 3 areas, A, P and B, selected as indicated in figure 4.1.
The location of these areas was chosen as follows. The apex-to-base length of
the infarction was determined from the number of short-axis slices in which
infarcted tissue was detected to be present. In the slice at mid-infarct position,
areas A and P were chosen as a 10° wide sector adjacent to the infarction in
anterior and posterior direction respectively. In the slice just basal to the
infarction area B was chosen as a 10° wide sector as near as possible to the
infarction. Since infarct size and location may vary, corresponding sectors in
the control hearts were selected for each infarcted heart separately on the basis
of anatomical landmarks that were visible in the MR images.

To calculate the average transmural course of the helix angle for control hearts
in a particular sector, the helix angle distributions of the five control hearts
were grouped per sector. Helix angle was related to the normalized radius by
a 5" order polynomial fit over all pixels of the five sectors. In addition, the
95 % prediction limit was calculated.

The transmural course of the helix angle in sectors of infarct hearts was
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Figure 4.1: Regions selected for detailed analysis of the transmural course of the
helix angle. A: Anterior with respect to the infarction, P: Posterior with respect to
the infarction, B: Basal to infarction. LCx: Left circumflex coronary artery, LAD:
Left anterior descending coronary artery.

compared to this course in corresponding sectors of the control hearts. If the
helix angle course of the infarct hearts fell outside the 95 % prediction limit
as calculated for the control hearts, the myofiber orientation was considered
significantly different.

4.3 Results

Results are presented for the three goats in which a transmural infarction was
properly induced. Two goats died due to the infarction, and in two goats the
infarction appeared not to be transmural, since no marked wall thinning was
observed in the MR images.

Infarctions were located on the basis of wall thickness. An example of a wall
thickness map for heart G0228 is shown in the upper left panel of figure 4.2.
The infarct area is recognized by its relatively thin wall. In this heart, infarct
size was 6.9% of the total midwall surface. Although infarct size and location
varied, all infarctions were located below the equator at the lateral side of the
heart. Infarcted tissue was found in at least 3 slices, which corresponds to a
minimal apex-to-base length of the infarction of 1 cm. Infarct size in both
other hearts was 2.4 and 18.6% of total midwall surface.

MR T values were found to be elevated in the infarction in all hearts. In the
tissue remote from the infarction, average Ty was 42.4 £ 1.2 ms, whereas in
the infarct region Ty averaged 105.5 £ 9.4 ms. The T map for heart G0228 is
shown in the lower right panel of figure 4.2. The area of elevated T9 coincided
closely with the area where the wall was thinner.
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Figure 4.2: Heart G0228. Upper left: Wall thickness map, the infarction is
recognized by its low wall thickness, which corresponds to the dark areas. The bright
areas indicate the papillary muscles. Upper Right: Mean midwall radius, R, as a
function of the apex to base position. Lower left: MR Ty map, To values within the
infarct region are elevated (dark area). Lower right: Illustration of orientation of the
maps, Fa: Anterior fusion site of LV and RV walls, Fp: Posterior fusion site of LV
and RV walls, p: papillary muscles.

Within the infarct region, myocardial blood flow was decreased by 39+11%
when compared to blood flow in the remote region. The blood flow was
compared to the local wall thickness data as shown for heart G0228 in
figure 4.3.

The mean ratio of A\; over Ao, the two largest eigenvalues of the diffusion
tensor, was 1.87 £+ 0.05 remote from the infarction. Within the infarct region
this ratio dropped to 1.23 £ 0.03. Adjacent to the infarct region no significant
changes in the ratio of A\; over \y were observed (figure 4.4).

Remote from the infarction in the lateral free wall, the slope of the transmural
helix angle course averaged -118.9 ° £ 29°. Outside the infarct region no
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Figure 4.3: Comparison of local wall thickness (-) and cardiac perfusion (o) 6 weeks
after infarct induction for a slice of heart G0228 containing the mid-infarct region.
Within the infarct region, perfusion was circa 50% of normal septal values.
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Figure 4.4: Same heart as in figure 4.2 (G0228). Upper panel: Ratio between the
two largest eigenvalues. Within the infarct region this ratio is markedly decreased
(dark area). Lower panel: Slope of the transmural course of the helix angle. Within
the infarct region the slope seems more variable.
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deviations in the slope of the helix angle as compared to normal hearts were
observed. In infarct tissue, the slope was more variable (figure 4.4).

The transmural course of the helix angle in the selected regions adjacent to the
infarction is shown in figure 4.5 for all infarcted hearts. The region between
the solid lines indicates the 95% prediction limit of the transmural course of
the helix angle for corresponding regions in normal hearts. The transmural
course of the helix angle in normal and in infarcted hearts was not significantly
different.

o

I
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Figure 4.5: Transmural course of the helix angle for the regions as specified in
figure 4.1. The squares indicate the helix angle, ay,, as a function of the normalized
radius, h, in the infarct hearts. The solid lines indicate the 95% prediction limits for
the transmural course of the helix angle in corresponding regions in normal hearts.
Note that the 95% prediction limits are different for the three hearts, due to variations
in infarct size and location.
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4.4 Discussion

In the present study changes in cardiac myofiber orientation were determined
in response to a small chronic transmural infarction. The infarctions had to
be relatively small (< 20% of LV midwall affected surface) in order to prevent
cardiac failure.

The goat was chosen because its heart is large enough to allow measurement
of myofiber orientation with sufficient spatial accuracy. Moreover, in the goat
heart the number of coronary artery collaterals is limited, thus facilitating the
induction of a transmural infarction by simple ligation of a coronary artery
(17; 62). Furthermore in the goat heart the Purkinje system is well developed,
which diminishes the risk of arrhythmia due to infarction.

The animal was sacrificed 10 weeks after infarct induction to allow changes
in cardiac tissue structures to develop. Since in the infarct region scar tissue
forms mainly during the first 6 weeks (55), the surrounding tissue was allowed
to adjust to the new situation over a period of 4 weeks. It is unknown
whether a steady state situation is present at the moment of sacrifice, since
the time needed for the various adaptive processes in the heart remains largely
unknown. However, polarized light studies by Whittaker et al. (109) indicate
myofiber disarray in the cardiac muscle cells adjacent to the infarction as early
as one week after infarct induction.

Infarct localization was performed on the basis of wall thickness distribution
(55; 67). The result agreed with the measured myocardial perfusion. The
spatial resolution of the perfusion measurements however, was too limited
to serve as a basis for infarct localization. It should also be noted, that in
the infarct region, where wall thickness drops to about 3 mm, myocardial
perfusion is still up to 50% of perfusion in the septum remote from the infarct
location. This may be due to intrusion of normally perfused tissue into the
infarct region. Recent studies have also indicated that vascularization remains
present in the infarct scar up to at least 8 weeks post infarction (94).

Within the infarct region, magnetic resonance MR T, relaxation times
appeared to be significantly elevated. This finding corresponds to observations
by Hsu et al in formalin fixed hearts (48), although the process responsible for
post mortem T elevation is not yet understood. The spatial distribution of To
times correlated well to local wall thickness, which indicates that post mortem
MR Ty values may be used for infarct localization. Care should however
be taken, since it is not clear how Tg values change in case of stunning or
hibernating myocardium.

Myofiber orientation was measured using MR Diffusion Tensor Imaging at
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a resolution of 1.8 mm?. This resolution was sufficient to allow for local

characterization of the transmural distribution of myofiber orientation. The
ratio between the largest (A1) and the second (A2) eigenvalue is an indicator
of how well the direction of largest diffusivity, and hence myofiber orientation,
was determined within a voxel. Outside the infarct region a decrease of the
ratio of A; over Ay may be ascribed to disarray occurring at voxel level.
Within the infarct region the Ay over Ao ratio decreases. Histological and
ultrasonic studies of infarct scar collagen organization indicate that a highly
ordered arrangement of scar collagen fibers exists (109; 110). Apparently, this
fiber organization can not be accurately detected using MR-DTT.

In the region adjacent to the infarction, myofiber disarray was reported by
Whittaker (109). In the same region in our study however, the ratio of A;
over A\ remained largely normal. Therefore we expect myofiber disarray to be
limited.

It was not possible to measure myofiber orientation before and after the
infarction in the same hearts, since the in vivo application of MR-DTT is so
far limited to a low spatial resolution and a small number of tissue slices (78).
Therefore, myofiber orientation as measured in infarcted hearts was compared
to that in a healthy control group.

The slope of the transmural course of the helix angle was selected to
characterize the spatial distribution of the myofiber orientation throughout
the heart. No significant changes in the slope of the helix angle were observed
in the region adjacent to the infarction.

The radius at which the helix myofiber angle equals zero, Ry was used as
a reference radius to which all transmural distances were normalized in this
study. Ry is much better defined than the more commonly used endocardial
wall and has a smooth appearance.

To the best of the authors’ knowledge the present study is the first one in
which myofiber orientation in the region adjacent to an infarction has been
evaluated quantitatively. Previously, morphological (10; 30; 31) and structural
(38; 109) changes at the microscopic level were reported in the tissue around a
transmural infarction. The effect of these changes on the spatial distribution of
the myofiber orientation, was not reported. We found no significant changes in
the spatial distribution of myofiber orientation around a transmural infarction.
We expected to find changes in myofiber orientation, based upon the
hypothesis that myofiber orientation adapts to the changed mechanical load in
the region around the infarction. The fact that no changes were observed may
be due to several causes. First of all, the mechanical load in the borderzone
of the infarction may not have changed, which implies that no stimulus
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for adaptation existed. Although mechanical load in the borderzone of the
infarction was not measured in this study, it was reported to change both in
experiments (58) and numerical studies (13). Secondly, cardiac myofibers
may not be able to adapt their orientation. However, in several studies
regarding cardiac pacing, myocardial disarray, which can be regarded as an ill
conditioned adaptive process, was reported to develop (2; 56; 57). Also around
a chronic infarction, disarray was observed (63; 109). Furthermore, Tezuka et
al. measured changes in the distribution of myofiber orientation in response
to changed loading conditions in pig hearts (97). These results indicate that
myofiber reorientation may be possible. Finally, adaptive changes in myofiber
orientation may have been too small to detect. It has been shown that local
mechanical load is very sensitive to myofiber orientation. Small variations in
the myofiber orientation, within the range of the measuring accuracy (£10°),
resulted in large variations (£50%) of calculated myofiber stress (14).

4.5 Conclusion

To investigate the hypothesis that cardiac myofiber reorientation serves as a
mechanism for cardiac adaptation, in the present study myofiber orientation
was assessed quantitatively in hearts in which mechanical load was locally
disturbed.

Infarct localization was based on local wall thinning, but it was found that MR-
Ty values and diffusion anisotropy could serve as a basis of infarct localization
as well.

In the tissue adjacent to the infarction no significant differences in transmural
course of the helix angle were detected. Still, the hypothesis that myofiber
reorientation serves as a mechanism for cardiac adaptation may not be
rejected, since the magnitude of adaptive reorientation may have been below
the detection limit.
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The presence of a cardiac infarction alters local mechanical load in the cardiac
wall. The myocardial tissue may adapt to changing loading conditions,
possibly to restore homogeneity of mechanical load in the healthy tissue.
The sensitivity of local mechanical load to myofiber orientation makes
myofiber reorientation a potentially powerful adaptive mechanism to restore
homogeneity of load. The purpose of this study was to estimate quantitatively
the adaptation of myofiber orientation needed to restore homogeneity of
mechanical load in the normally perfused borderzone region adjacent to a
chronic transmural infarction.

In a simulation of the mechanics of the infarcted left ventricle the
inhomogeneity of transmural distribution of active myofiber stress in the
borderzone adjacent to the infarction increased from 5 to 15%. Inhomogeneity
of active myofiber stress in the borderzone could be compensated by a
transmural rigid body rotation on the order of 10° of the myofibers in the
wall in patches near the infarct.

We conclude that myofiber reorientation may serve as an adaptive mechanism
to restore homogeneity of mechanical load in the borderzone of a transmural
myocardial infarct. This reorientation remains however below the level of
detection for most measuring methods of myofiber orientation.

5.1 Introduction

The presence of a cardiac infarction alters mechanical load in the cardiac wall.
Global pump function is compromised, primarily due to the loss of contractile
function in the ischemic zone. A secondary loss originates from the work that
is converted into elastic energy in stretching the ischemic zone during systole.
In addition, local systolic function is known to be impaired in the myocardium
adjacent to an ischemic region, even though perfusion is normal. In the acute
phase, circumferential shortening decreases and shear strains increase (13; 64;
65; 76). In the chronic phase, the stiff infarction tethers the adjacent tissue,
resulting in a decrease of systolic myofiber shortening (58).

There are indications that the heart adapts to the changed loading conditions
in the presence of an infarction, possibly to restore homogeneity of loading
conditions in the remaining healthy tissue. Hypertrophic growth has been
reported to occur in the normally perfused myofibers of an infarcted heart
(26).

Indications of adaptive changes in local myofiber structure have been found at
the boundaries of a myocardial infarction. These changes comprise structural
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changes (30; 31; 73), changes in cell-cell contact and cell-extracellular matrix
contact (63), and dispersion of myofiber orientation (66; 88; 109).

However, detailed measurement of myofiber orientation with MR-DTI in a
region adjacent to a 10 weeks old infarction, showed that this orientation
was not significantly different from normal (Chapter 4). This might mean
that myofibers did not reorient indeed. However, it may also be that
myofibers did adapt their orientation to even out differences in mechanical load
effectively, but that the changes in myofiber orientation were below the level of
measuring accuracy (£6°). This possibility is coherent with the finding that,
in the normal heart, mechanical load is very sensitive to changes in myofiber
orientation (14; 80).

Therefore, the purpose of this study was to estimate quantitatively adaptation
of myofiber orientation needed to restore homogeneity of mechanical load
in the normally perfused region adjacent to a chronic transmural infarction.
We define this region here as borderzone region. Cardiac mechanics near an
infarction was simulated in a numerical model. The infarction was modelled
as a non-contractile, stiff region. Around the infarction a borderzone region
was defined, in which myofiber orientation could be varied. In this region
the sensitivity of the distribution of active myofiber stress to local changes
in myofiber orientation was evaluated. Finally, the amount of myofiber
reorientation needed to restore homogeneity of mechanical load, was estimated.

5.2 Methods

5.2.1 Description of the model

The model used for the numerical simulations has been described in detail
elsewhere (13; 14; 105). Briefly, the left ventricular (LV) geometry was
approximated by truncated confocal ellipsoids representing inner and outer
wall surfaces. Myofiber orientation in the reference state was quantified by
the helix and transverse myofiber angles (90), defined with respect to a local
wall coordinate system (figure 5.1). Along the axes of this coordinate system
a normalized transmural coordinate, £, a normalized longitudinal coordinate,
0, and a circumferential coordinate, ¢, were defined (14). The helix angle,
ap, was defined as the angle between the local circumferential direction and
the projection of the myofiber direction on the plane normal to the local
transmural direction. The transverse angle, a;, was defined as the angle
between the local circumferential direction and the projection of the myofiber
direction on the plane normal to the local long axis direction.
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Figure 5.1: Geometry and myofiber structure of the model of the left ventricle
(LV). Upper left: Cross-section through the LV, showing focal length C, truncation
height above the equator h, endocardial and epicardial minor ellipsoid axis, R.,, and
R.,, and major ellipsoid axes, Z.,, and Z., respectively. Wall and cavity volume are
indicated by V,, and V.4, respectively. Upper right: Cross-section through the LV
showing normalized ellipsoid coordinates ¢ and @, with dotted lines indicating levels
of constant . Lower left: Illustration of the helix angle, o, (Appendix A). Lower
right: Top view of the basal plane. The circumferential ellipsoid coordinate, ¢, and
the transverse angle, a;, are shown (Appendix A).

The myocardial tissue was assumed to consist of a passive connective tissue
matrix in which active myofibers were embedded. Total Cauchy stress in the
tissue was the sum of a passive component, o,, and an active component, o4,
generated uniaxially in the myofiber direction e_}:

o=0p,+ Uae_}e_} (5.1)

The passive component of the tissue stress was modelled nonlinearly elastic,
transversely isotropic, and virtually incompressible, as described by Vendelin
et al. (105). Active stress was uniaxial, depending on myofiber strain,
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strain rate and time. LV pressure was prescribed to be uniform at the
endocardium, while epicardial pressure was set to zero. All myofibers were
activated simultaneously. During ejection, the aortic hemodynamic load was
simulated by an ideal valve, followed by the aortic input impedance, which
was simulated by a 3 element Windkessel model (15; 108).

A chronic transmural infarction was modelled as a region having no active
stress component o,. Passive stiffness in the infarction was modelled to be
5 times higher than in the normal tissue (43; 72). The size and location of
the infarcted region, I';,r, were defined relative to the local wall coordinate
system (figure 5.2):

1
4
x(¢,0,€) € Tiny  if <-1 (5.2)
0oz
x(¢,0,6) €Ty, if 3Ty, and{ 6 <0.0 (5.3)

In the latter region, myofiber orientation was varied, while material properties
were maintained.

base

equator

Figure 5.2: Infarcted region (black area), I'ins, and borderzone region, I'y. (gray
area). The locations that were used for analysis are indicated (). Locations 1 to 5 are
located in the borderzone, location R is located remote from the infarction opposite
to location 3. In transmural direction the infarction extends from the endocardial to
the epicardial surface.
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In the calculations, a complete cardiac cycle was simulated according to
Bovendeerd et al (14). The initial zero LV pressure state was chosen as
a reference. The myocardial wall was loaded by LV cavity pressure and
the active stress generated in the muscle myofibers. Resulting stresses and
strains in the wall were determined from the equations of conservation of
momentum. These equations were converted into a Galerkin-type finite
element formulation, elaborated in quadratic 27 node brick elements with three
displacement components as nodal degrees of freedom. The geometry of the
left ventricle was represented by 108 elements. During the cardiac cycle, axial
motion of the basal plane and circumferential motion the endocardial basal
ring were set to zero.

5.2.2 Simulations performed

In a previous study, myofiber orientation has been optimized for homogeneous
myofiber strain during ejection by Rijcken et al. (16; 79). This myofiber course
was used as reference distribution of myofiber orientation (FibREF) because
the resulting distribution of myofiber stress obtained in a healthy heart was
practically homogeneous. Thus the analysis of changes in stress distribution
due to the presence of an infarction was facilitated. A brief description of this
myofiber orientation distribution is given in Appendix A.

We studied the sensitivity of the stress distribution to local changes in myofiber
orientation in the borderzone, I'y,. We locally varied 1) slope of the transmural
helix angle course, and 2) offset of this course. The slope was varied by
multiplication of the helix angle with a factor of 1.1 (Fib*1.1) or 0.9 (Fib*0.9),
respectively. These changes correspond to a maximum difference of the helix
angle of about 8° as compared to the reference. Offset of the transmural
course of the helix angle was changed by +10° (Fib+10), or -10° (Fib-10),
respectively. The transverse myofiber angle has not been varied. Using these
variations, four different myofiber fields were obtained (figure 5.3).

Using the information on sensitivity of local myofiber stress to local changes
in the distribution of myofiber orientation, an estimate was made of myofiber
reorientation needed to restore an homogeneous stress distribution.

5.2.3 Presentation of simulation results

The results of the simulations were evaluated at 5 locations surrounding the
infarcted region, and at a location remote from the infarction, opposite to the
location 3, as indicated in figure 5.2.
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Figure 5.3: Different choices for the transmural course of the helix angle in the
borderzone.

In the simulation, the variation of active myofiber stress was calculated as a
function of position in the wall and time during the cycle. Active myofiber
stress, T,(£), as averaged over time during the ejection phase was calculated
as a function of transmural position, £&. Mean, T,, and standard deviation of
this transmural distribution were also calculated. The distribution of myofiber
stress around the infarction was evaluated by comparing T', at the 5 locations.
An inhomogeneity parameter I H, indicating homogeneity of the transmural
distribution, was defined as the ratio of standard deviation and mean value of
T, (&) in percent. This parameter was also used to evaluate the sensitivity of

myofiber stress to variations in myofiber orientation.

5.3 Results

Remote from the infarcted region (location R in figure 5.2), active myofiber
stress was practically homogeneous. Mean myofiber stress during ejection
averaged 44.6+2.4 kPa, which corresponds to an inhomogeneity value (IH)
of about 5%. Transmural active myofiber stress in the borderzone was more
inhomogeneous as compared to the remote location (figure 5.4).

For locations 1 and 2, mean active myofiber stress during ejection is low in the
epicardial layers, whereas in the endocardial layers high active stresses occur.
At the other side of the infarct region, in locations 4 and 5, opposite effects are
visible. In location 3, which is basal to the infarcted region, midmyocardial
myofiber stress is lower than at the endo- and epicardial layers.

Mean active myofiber stress at the locations surrounding the infarct region is
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Figure 5.4: Transmural distribution of active myofiber stress, averaged over the
ejection phase for locations 1 to 5 surrounding the infarction. These locations are
indicated in the figure. For comparison, the distribution of myofiber stress in the
remote region is shown by the dashed line.

comparable to normal active myofiber stress, except for location 3, where stress
is significantly elevated. At all locations surrounding the infarcted region,
inhomogeneity values were significantly higher than in the remote location,
ranging from 9% to 20% (table 5.1).

The influence of local variations in the distribution of myofiber orientation
is shown in figure 5.5. For locations 1 and 2, out of the four variations, the
negative offset variation, indicating a counterclockwise rotation of all myofibers
in that region as observed from the outside, yielded the most homogeneous
transmural distribution of active myofiber stress. In location 1, addition of this
offset decreased inhomogeneity (IH) from 20% to 11%, in location 2 IH dropped
from 15% to 10%. For locations 4 and 5, the transmural distribution of active
myofiber stress was made more homogeneous by increasing the offset by +10°,
with decreasing IH values from 17% to 13% and from 11% to 4% respectively.
For location 3 a slight improvement of homogeneity could be reached when
the slope of the transmural course of the helix angle was decreased by 10%. In
this case TH values decreased from 9% at normal myofiber orientation to 7%
at locally adjusted myofiber orientation. At location 3, mean active myofiber
stress during ejection, T',, could be reverted to normal values by increasing
the offset by +10°.
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Figure 5.5: Transmural distribution of active myofiber stress, averaged over the
ejection, for locationss 1 to 5 surrounding the infarction for different distributions of
local myofiber orientation (Ref, Fib*0.9, Fib*1.1, Fib-10 and Fib+10). Reference
myofiber orientation (Ref) and myofiber orientation which resulted in minimum
inhomogeneity are printed in bold. The locations are indicated in the figure.
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Table 5.1: Effect of changing myofiber orientation in the borderzone of the
infarction on active myofiber stress. Presented are transmural average, T,, and
standard deviation of the time averaged active stress during ejection for the five
borderzone locations and the remote location. Reference (FibREF) and changed
myofiber orientations (Fib*1.1, Fib*0.9, Fib+10, Fib-10) were incorporated in the
model. The value between the brackets, I H indicates the transmural inhomogeneity
of the stress distribution, quantified by the standard deviation of T, expressed as a
percentage of mean stress. Note that the change in myofiber orientation was only
applied in the borderzone, i.e. at locations 1 to 5.
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5.4 Discussion

A numerical model of myofiber mechanics in the wall of the infarcted heart
was developed. Active myofiber stress was evaluated in the region adjacent
to a chronic infarction in response to variations in the local distribution of
myofiber orientation.

In the model, the infarcted region was modelled as a stiff, non-contractile
region. The experimentally observed stiffening of an infarct was simulated
by a five times stiffening of the infarcted material (45; 58; 72). In the
(stiffened) passive tissue, the direction of anisotropy and the anisotropy ratio
were kept unchanged with respect to the pre-infarct situation. This choice was
reasonable, since experiments by Zimmerman et al. indicate that large scar
collagen fibers develop in the infarcted region, using the original structure as
a scaffold (111).

In the present study element size was rather large as compared to the simulated
infarct size. Only 63 (6%) of the 1071 nodes of the mesh were located
within the infarcted region, and 126 (12%) of the nodes were located within
the borderzone adjacent to the infarction where local myofiber orientation
was varied. Since infarct size is small as compared to element size, within
some elements both infarct and borderzone regions were present. Due
to interpolation the transition between infarct and borderzone region was
smooth. Similarly, the transition between borderzone and normal tissue was
smooth as well. Increase of spatial resolution by mesh refinement was not
convenient within the limits of acceptable calculation times. With the current
mesh, calculations were performed in about 12 hours. With double resolution,
each calculation would have taken about four days. Infarct size was kept small
in agreement with the experiments (Chapter 4).

Myofibers running parallel to the infarcted region exhibit elevated active
myofiber stress, a behavior opposite to myofibers running in series with
this region. Due to the helical myofiber organization, endo- and epicardial
myofibers are affected differently by the presence of an infarction. For locations
1 and 2, the epicardial myofibers are in series with the infarcted region.
Consequently, mean active myofiber stress during ejection is low in this region.
In the endocardial layers on the other hand, myofibers are running parallel to
the infarcted region, causing elevation of active myofiber stress. At the other
side of the infarction, at locations 4 and 5, effects are opposite. A similar
effect was observed in a numerical study on borderzone mechanics around an
acute myocardial infarction, which was modelled as a non-contractile region
with no change in passive stiffness (13).
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The homogeneity of the active myofiber stress distribution as found in the
remote region (R) could be approached in the borderzone region by a change in
offset, rather than a change in slope, of the transmural course of the helix angle.
This offset change indicates a transmural rigid body rotation of myofibers in
the borderzone. Local changes in the offset of the transmural course of the
helix angle by about 10° however, appeared not to be sufficient to completely
restore homogeneity of active myofiber stress. However, since our aim was
to identify the trends in stress distribution changes due to local myofiber
reorientation, it was not evaluated whether the inhomogeneity of 5% that was
observed remote from the infarct region could be approached by a further
change of offset or a combination of offset and slope changes. The direction
of the adaptive myofiber reorientation necessary to restore homogeneity is
dependent on position relative to the infarcted region.

Active myofiber stress appeared to be distributed rather homogeneously
around the infarction. Except for location 3, all locations showed normal
active myofiber stress values T,. At location 3, changing the offset of the
transmural course of the helix angle by about 10° appeared to revert active
myofiber stress to normal.

In experiments no significant changes in local myofiber orientation around a
chronic infarction were found (Chapter 4). In these experiments however,
mainly the well determined slope of the transmural course of the helix angle
was studied. The transmural position where the helix angle changes sign
was used as a reference. Therefore, offset changes could not be studied.
Experimentally, an offset cannot be easily determined because of inaccuracies
in estimating the long axis direction. The latter inaccuracies have a one to
one effect on the offset of the helix angle. Near the apex, the local long axis
direction is inherently ill-defined and sensitive to errors. Further away from
the apex the long axis direction can be determined more accurately, with
maximally expected alignment errors between the true LV long axis and our
estimation of about +10°. Furthermore, the accuracy of the used measurement
technique itself was limited to about £6°. Because of both effects, adaptive
offset changes of the myofiber orientation on the order of +10° can not be
determined reliably.
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5.5 Conclusion

In a simulation of the mechanics of a cardiac wall with a chronic transmural
infarction the transmural distribution of active myofiber stress was three times
more inhomogeneous in the borderzone adjacent to the infarction than in the
remote region. In myofibers running parallel to the infarcted region active
stress appears to be elevated, while in myofibers running in series with the
infarction this stress is lowered.

Inhomogeneity of active myofiber stress in the borderzone could be
compensated by transmural rigid body rotation on the order of 10° of the
myofibers in the wall in patches near the infarct. Such small changes in
myofiber orientation, and especially offset changes, however, are hard to detect
by current methods for measurement of fiber direction.

We conclude that homogeneity of mechanical load in the borderzone of a
transmural myocardial infarct can be restored by myofiber reorientation. This
reorientation remains however below the level of detection for most measuring
and analyzing methods of myofiber orientation.
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6.1 Introductory remarks

The normal heart is able to adapt to changes in mechanical load, in order
to generate the required pump function (40). The adaptive process tends to
normalize mechanical load in the cardiac wall. It is clear that a change in
wall mass or wall mass distribution is one of the adaptive changes that may
occur. Other possible adaptive responses might involve changes in material
properties (74; 85), or myofiber orientation (97; 109).

The aim of the present thesis was to investigate the hypothesis that myofiber
reorientation in the cardiac wall provides an adaptive mechanism to maintain
an optimal mechanical load for the myofibers in the cardiac wall. A combined
approach was chosen, involving both animal experiments and finite element
modelling of cardiac mechanics. In the experiments, local mechanical load
was disturbed by induction of a transmural infarction. Ten weeks after infarct
induction the resulting myofiber orientation in the normally perfused region
adjacent to the infarction (borderzone) was measured. Comparisons were
made with myofiber orientation in corresponding regions of normal hearts.
The finite element model was used to estimate the mechanical load in the
borderzone region. Besides, the amount of myofiber reorientation needed
to restore homogeneity of mechanical load in the borderzone region was
evaluated.

6.2 Measurement of myofiber orientation

Previous studies reported large variations in the distribution of normal
myofiber orientation (39; 68; 82; 91; 93). Firstly, these variations may be
attributed in part to the employed histological technique. The histological
technique requires that myofibers should be traced over a certain distance
within the tissue, implying that the tissue must be sliced such that the
myofibers are parallel to the cutting plane. Inherently, this condition is
cumbersome because the fiber direction in not known yet. In a well-cut slice
the in-plane myofiber orientation can be measured accurately, but a possible
out-of-plane component remains unknown. Secondly, the myofiber orientation
as measured in a slice has to be referred to an anatomically determined
coordinate system, which introduces reconstruction errors. In an attempt
to minimize these errors, Nielsen et al. (68) measured the fiber direction on
superficial layers of the left ventricle (LV), going from the epicardial wall to
the endocardium by slicing the tissue parallel to the surface. The long axis
of the left ventricle could thus be used as the common long axis. In this way,
however, the myofibers were often not parallel to the measurement plane,
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which probably limited the accuracy by which the in-plane angle could be
measured. Moreover, the definition of the long axis direction is difficult since
the real LV is not rotationally symmetric. Thirdly, myofiber orientations are
usually reported as a function of transmural position, that is normalized with
respect to local wall thickness. This procedure also contributes to the variation
between different hearts, since detecting the endocardial wall is difficult due
to its irregular shape.

In this study, Magnetic Resonance Diffusion Tensor Imaging (MR-DTI) was
used to measure the distribution of myofiber orientation. Main advantage
of this technique over histological methods is the possibility to measure
true 3-dimensional myofiber orientation in the intact post mortem heart.
Furthermore, to convert the measured absolute myofiber orientations to
orientations relative to the cardiac wall, a novel definition of a local coordinate
system was introduced. This coordinate system was based upon characteristics
of the myofiber field and could be applied objectively, thus avoiding inter-
observer variability. Finally, we used a new normalization technique. The
transmural coordinate was normalized relative to the radius (Rgy) at which the
myofibers were in plane with the short-axis cross-section. The latter radius of
normalization is better defined than the commonly used wall thickness, which
is dependent on the detection of the endocardial wall. A first advantage of
the use of Ry is that the midwall surface determined by Ry has a smooth
appearance and is much better defined than the endocardial wall. More
important however is the avoiding of errors in the offset of the transmural
course of myofiber orientation, originating from errors in the estimate of the
local long axis direction. However, by normalizing to the radius with zero out-
of-plane myofiber component, changes in offset in the transmural course of the
myofiber orientation, e.g. due to adaptation, cannot be detected anymore.
Using MR-DTI and the novel definition of the normalized wall-bound
coordinate system, within a heart, myofiber orientation could be measured
with an accuracy of 4.5°, which is better than obtained with histological
methods (10°) (93; 82). Between different hearts, fiber orientation coincided
within 6° (SD for n=>5). This variation is low as compared to variation in
earlier reports.

Both with histology and MR-DTI myofiber orientation can be measured
reliably only in the post mortem state. Thus, a longitudinal study of myofiber
reorientation is not possible. To evaluate whether myofiber orientation has
changed, myofiber orientation in the infarcted hearts had to be compared to a
reference of normal myofiber orientation obtained in normal hearts of an other

group.
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6.3 Animal model

To investigate myofiber reorientation, mechanical load had to be manipulated
with no side effects and high rate of survival. We considered several options to
manipulate local mechanical load, such as cardiac pacing, immobilization or
dissection of part of the cardiac wall and induction of an infarction. Cardiac
pacing was rejected as an intervention because it may lead to side effects
to the changes in local mechanical load. Especially, in cardiac pacing the
changes in timing between the electrical and mechanical events are not yet
completely understood. Besides, to simulate this intervention in a numerical
model, a model for the depolarization of the myocardium should be available.
Immobilization or dissection of part of the cardiac wall is a difficult procedure
with high risk of additional unknown damage. Therefore, we chose to vary
local mechanical load by induction of an infarction. The infarctions had to
be relatively small (< 20% of LV midwall affected surface) in order to avoid
progression into cardiac failure.

After having selected the intervention, the choice for an animal model had to
be made. The animal’s heart had to be large enough to allow measurement of
myofiber orientation with sufficient spatial accuracy. Moreover, a predictable
and reproducible infarction had to be induced, which is facilitated when the
number of coronary artery collaterals is scarce. Furthermore, an animal
with a well developed Purkinje system was preferred, to diminish the risk
of arrhythmia due to infarction. Finally, it was essential that there was
experience with the selected animal in our lab. An animal which matched
all these requirements was the goat (17; 62).

Finally, the timing of the intervention had to be determined. A period of 10
weeks was chosen to allow development of changes in cardiac tissue structures.
Scar tissue formation in the infarcted region mainly takes place during the
first 6 weeks (55). After this period a period of 4 weeks was added to allow
adjustment of the tissue in the border zone to the mechanical tethering caused
by the stiff infarction. It is unknown whether a steady state is present at the
moment of sacrifice, since the time needed for the various adaptive processes
in the heart remains largely unknown. Polarized light studies by Whittaker
et al. (109) indicated that myofiber disarray occurred in the cardiac muscle
tissue adjacent to the infarction as early as one week after infarct induction.
Tezuka et al. reported a significant decrease in the fraction of circumferential
fibers in the RV outflow tract in response to RV pressure overload within 28
to 81 days (97).
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6.4 Numerical model of cardiac mechanics

A numerical model of cardiac mechanics was used to investigate the
characteristics of local myofiber reorientation needed to restore homogeneity
of mechanical load in the borderzone adjacent to a chronic infarction.

In the model, the infarcted region was modelled as stiff and non-contractile.
Information on stiffening of the infarct region is limited. In the present
simulations, the infarct was five times as stiff relative to the normal passive
elastic tissue, thus preventing severe stretch of the infarct tissue. Infarct
material properties seem however not to be critical. In a previous study (13),
an acutely ischemic region was simulated as a non-contractile region, having
normal passive material stiffness. In the latter simulation it was also found
that active stress was higher in myofibers running parallel to the infarcted
region and lower in myofibers running in series with this region. It is therefore
expected that myofiber reorientation as found in our study is moderately
dependent on material properties of the infarct, as long as passive stiffness in
the infarct region is much lower than active stiffness generated by the viable
myofibers.

Which mechanical parameter serves as stimulus for adaptation is still a matter
of debate. In this study homogeneity of active stress during ejection was
used as a criterion to evaluate the effect of myofiber reorientation. This
parameter was used because 1) fiber stress is closely related to local cardiac
function, and 2) mean fiber stress appeared not sensitive to the used activation
sequence (12). A recent study, using a numerical model of cardiac mechanics
and oxygen consumption, indicates that the optimal myofiber orientations
found for either homogeneous active myofiber stress, homogeneous myofiber
strain, or homogeneous ATP consumption closely coincide (104). These
results indicate that myofiber strain, active myofiber stress as well as ATP
consumption could serve as a stimulus for adaptation.

6.5 Cardiac myofiber reorientation: A mechanism
for adaptation?

To provide an adaptive mechanism, myofiber reorientation must contribute
to the restoration of homogeneity of mechanical load in the borderzone. In
our animal model of cardiac infarction, no significant differences in myofiber
orientation in the borderzone region were detected. The latter finding may
be explained as follows: 1) myofibers do not have the ability to reorient, or
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2) homogeneity of mechanical load in the border zone cannot be restored
by myofiber reorientation, or 3) myofiber reorientation did occur, but the
amount of reorientation remained below the level of detection with the MR-
DTI technique.

The first possibility, that myofibers cannot reorient, is contradicted by
experiments. Myofiber reorientation appears to be possible by two different
mechanisms.  Active myofiber reorientation, where muscle cells actively
rearrange their connections to other cells, has been reported to occur at
the borderzone of the rat myocardial infarction (63). Also around infarcted
regions, myofiber disarray was observed (66; 109). Although myofiber disarray
can hardly be regarded as a successful adaptive process, it illustrates the
possibility of myofiber reorientation. Furthermore, myofiber reorientation may
also be the result of a passive adaptive process, where reorientation of cardiac
myofibers is to be attributed to changes in the passive matrix. It has been
shown that elevated stress and strain may lead to rupture of the passive matrix
(34). In the borderzone of an acute infarction elevated shear strain has been
measured (65). When locally the passive matrix is ruptured by these high
shear strains, rotation of the myofibers may occur.

In a numerical model of cardiac mechanics, it was investigated whether
restoration of homogeneity of mechanical load through myofiber reorientation
was basically impossible, or whether myofiber reorientation would remain
below the level of detection. In the model it appeared that, due to the
presence of the infarction, inhomogeneity of transmural active myofiber stress
in the borderzone adjacent to the infarction increased from 5 to 15%. This
inhomogeneity could be compensated by a rigid body rotation on the order of
10° of the myofibers in transmural patches near the infarct.

Therefore, myofiber reorientation is not ruled out as an adaptive mechanism
by which homogeneity of mechanical load is restored in the borderzone of a
myocardial infarct. However, for an infarcted region of about 10% of total LV
wall mass, the magnitude and characteristics of reorientation needed to restore
homogeneity of workload, are near the detection limit of current methods for
measuring and analysis of myofiber orientation.
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6.6 Conclusion

In this thesis the hypothesis was investigated that myofiber reorientation in
the cardiac wall provides an adaptive mechanism to maintain an optimal
mechanical load for the myofibers in the cardiac wall.

In experiments on goat hearts, myofiber orientation was measured in three
dimensions, using Magnetic Resonance Diffusion Tensor Imaging (MR-DTI).
Within a heart, myofiber orientation was measured with an accuracy of
4.5°. Between five hearts, myofiber orientation varied around a common
pattern by about £6°, a variation which is much less than reported in many
previous studies. In the left ventricle the common pattern is in agreement
with earlier findings. Furthermore, at midwall a transverse component of
myofiber orientation, quantifying the cross-over of myofibers through the wall,
was found varying monotonously from apex to base, changing sign near the
equator. The found common myofiber structure agreed quite well with model
predictions, based upon the assumption that myofiber direction adapts until
stress and strain during the ejection phase are homogeneous within the cardiac
wall.

Next, it was investigated whether reported variations in myofiber orientation
could be explained by biological variation in geometry. It was expected that
the distribution of myofiber orientations for which stresses during ejection are
homogeneous throughout the cardiac wall depends on geometric properties.
In simulations it was found that occurring biological variations in geometry
needed compensations of fiber orientation by generally less than 10°. The large
variations as reported in literature cannot be attributed to this adaptation.
More likely, the reported variations are related to poor definition of a
coordinate system, which was based generally on the external geometry of
the left ventricle. In the present study, variation in myofiber orientation was
probably so small, because the used coordinate system was well-defined. It
was largely based on the geometry of a midwall surface, where myofibers were
in plane with the short-axis cross-section.

The general hypothesis of this thesis was investigated in an animal model of
chronic infarction. In goat hearts with an infarcted region of about 10% of LV
wall mass, myofiber orientation in the borderzone was measured 10 weeks after
infarct induction. Despite changes in mechanics in the border zone adjacent
to the infarction, myofiber orientation was not measured to vary significantly
in this region. In simulations of cardiac adaptation to changes in mechanical
load after an infarction, myofibers in the borderzone were expected to change
orientation by about 10°. These simulation results thus confirm that changing
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myofiber orientation is a potentially effective tool to redistribute mechanical
load in the cardiac wall. It may be so effective that the needed reorientation
is too small to be detected reliably with current methods of measurement
and of analysis. We therefore conclude that the hypothesis that myofiber
reorientation in the cardiac wall provides an adaptive mechanism to maintain
an optimal mechanical load may not be rejected.
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A.1 Definition of reference myofiber orientation

To describe the spatial variation of the helix and transverse fiber angle,
local normalized coordinates & and 6 are defined in a plane of constant
circumferential position ¢ (figure 3.1). The normalized coordinate ¢ varies
linearly with the actual distance in the ventricular wall, from € = —1 at
the endocardial surface to € = +1 at the epicardial surface. The normalized
longitudinal coordinate 6 varies linearly with the distance from the equatorial
plane, as measured along the meriodanal curve through the point of interest.
It varies from +0.5 in the basal plane, through 0 at the equator to —1 at the
apex. The polynomials that describe the helix angle, oy, and the transverse
angle, ay are:

ap(€,0) = (hioLo(€) + hu1Li(€) + hiaLa(€) + hisLs(€) + h1aLa(£))

(1 + hoaLp(0) + hoy La(0)) (A.1)

@0 = (L+tnLi@) +tinla(€)(1 - &)

(t21L1(0) + t23L3(0) + tas Ls(0)) (A.2)

where the polynomials L;(§) and L;(f) are Legendre polynomials of order 4
and the parameters h;; and ¢;; are the polynomial coefficients. Values of the
fiber angle parameters for the reference fiber orientation (FibREF) are listed
in table A.1.

h1o hi1 hi2 hi3 h14 haa haa

rad rad rad rad rad - -
0.362 -1.16 -0.124 0.129 -0.0614 0.0984 -0.0701
t11 t12 t21 ta3 tas
- - rad rad rad

-0.626 0.502 0.501 0.169 0.0304

Table A.1: Fiber parameter values, as used in Rijcken (1999).

A.2 Active constitutive behavior

Active behavior is described by a contractile element in series with a series
elastic element (6; 14). The total length these two elements equals the
sarcomere length [;. The length of the contractile element equals [.. The
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model is formulated in terms of the first Piola-Kirchhoff stress Tj,. The stress
generated by the contractile element is transmitted by the series elastic element
and given by:

Ta = Ea Tma:l: (ls - lc) (A3)

The stiffness of the series elastic element is equal to F,T},q., where E, is a
constant. Tj,., depends on [., [; and the time ¢, that has elapsed since the
moment of onset of activation:

Tma:l: = TlAl(lc) At(tSa ls) (A4)

A detailed description of equation A.4 can be found in (14). The contraction
model is completed by an evolution equation for the contractile element length
lc, which reads:

o,

i (Eo(ls —1c) — 1)vg (A.5)

Parameter settings for the model were adopted from (14).
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Samenvatting

De pompfunctie van het hart wordt gegenereerd door contractie van de
spiervezels in de hartwand. De bijdrage die iedere spiervezel levert aan
de contractie, is sterk afhankelijk van de oriéntatie van de spiervezel in de
hartwand. In een normaal hart varieert de spiervezeloriéntatie van de binnen-
naar de buitenwand van het hart over ongeveer 120°.

De hartspier is in staat zich aan te passen aan veranderingen in de belasting
om zo de bloedtoevoer naar de weefsels in stand te houden. Het proces van
aanpassing aan de belasting wordt ook wel adaptatie genoemd. Het adaptieve
proces zorgt ervoor dat de belasting in de hartwand voor alle spiervezels
optimaal blijft, wat onder andere inhoudt dat de belasting gelijk verdeeld
moet zijn over alle spiervezels. Eén manier waarop weefsels reageren op een
verandering van de belasting is door te groeien. Het is echter waarschijnlijk
dat er nog andere adaptieve mechanismen bestaan, zoals het aanpassen van
de materiaaleigenschappen, of de spiervezeloriéntatie.

In dit proefschrift is de hypothese getoetst dat verandering van de
spiervezeloriéntatie in het hart een adaptief mechanisme is waarmee de
belasting van de spiervezels optimaal wordt gehouden.

Om deze hypothese te toetsen zijn zowel dierexperimenten als een numeriek
model van de hartspiermechanica gebruikt. In de dierexperimenten hebben
we de lokale mechanica verstoord door inductie van een hartinfarct bij
geiten.  Tien weken na aanbrengen van het infarct werd vervolgens
de spiervezeloriéntatie gemeten in de zone die grensde aan het infarct
(randzone). Deze spiervezeloriéntatie werd vervolgens vergeleken met de
spiervezeloriéntatie zoals die in overeenkomstige zones in gezonde harten werd
gemeten. Met behulp van het numerieke model kon een schatting worden
gemaakt van de mechanische belasting in de randzone. Bovendien werd
onderzocht welke verandering van de spiervezeloriéntatie nodig was om de
belasting in de randzone van het infarct weer gelijkmatig verdeeld te krijgen.
Spiervezeloriéntatie kan alleen post mortem betrouwbaar gemeten worden.
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Het was daarom mniet mogelijk een longitudinale studie naar verandering
van spiervezeloriéntatie wuit te voeren. In plaats daarvan is de
spiervezeloriéntatie in de infarctharten vergeleken met een referentie van
normale spiervezeloriéntatie, verkregen uit andere harten. Voorgaande studies
waarin de spiervezeloriéntatie van normale harten is beschreven laten een grote
spreiding zien. Deze spreiding wordt deels veroorzaakt door onnauwkeurigheid
van de gebruikte histologische meettechniek. Andere oorzaken voor de grote
spreiding zijn de problemen die optreden bij het definiéren van een lokaal
coordinaatsysteem, en bij detectie van de binnenwand (endocard) van het
hart.

In deze studie is een nieuwe meettechniek gebruikt om de spiervezeloriéntatie te
bepalen, Magnetic Resonance Diffusion Tensor Imaging (MR-DTI) (hoofdstuk
2).  Met behulp van deze techniek is het mogelijk post mortem de
spiervezeloriéntatie volledig in drie dimensies te bepalen in het intacte hart.
Verder is een nieuwe methode ontwikkeld om het lokale coordinaatsysteem
te definiéren. Dit coordinaatsysteem is gebaseerd op karakteristieke
eigenschappen van het spiervezelveld en kan objectief worden aangebracht.
Tenslotte is een nieuwe normalisatiemethode ontwikkeld, waarbij detectie van
het endocard niet meer noodzakelijk is. Nadeel van de door ons gebruikte
normalizatiemethode is dat offsetverschillen niet gedetecteerd kunnen worden.
Op deze manier is het mogelijk gebleken de spiervezeloriéntatie te meten met
een nauwkeurigheid van 4.5°, wat beter is dan de 10° die gehaald wordt met
histologische methoden. Over vijf verschillende harten gemeten bedroeg de
standaarddeviatie 6°. Ook dit is veel beter dan de spreiding die in histologische
studies gerapporteerd is.

Vervolgens is onderzocht of de grote spreiding in de gemeten
spiervezeloriéntatie, zoals gerapporteerd in literatuur, toegeschreven zou
kunnen worden aan verschillen in hartgeometrie (hoofdstuk 3). Daarvoor is
met behulp van een numeriek model van de mechanica van de linkerventrikel
een schatting gemaakt van de verandering van de spanning die optreedt
ten gevolge van geometrievariaties.  Vervolgens is gekeken hoeveel de
spiervezeloriéntatie zou moeten aanpassen om die spanningsveranderingen
te compenseren. Uit deze studie is gebleken dat geometrievariaties zoals die
zich in de natuur voordoen, gecompenseerd kunnen worden met aanpassingen
in de spiervezeloriéntatie van maximaal 10°. De grote spreiding uit de
literatuur kan dus niet aan de geometrieverschillen toegeschreven worden.
Waarschijnlijker is dat de grote spreiding het gevolg is van verschillen in de
definitie van het coordinaatsysteem.

Vervolgens is de centrale hypothese van dit proefschrift getoetst in een
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diermodel (hoofdstuk 4). We hebben ervoor gekozen de lokale mechanica
in een geitenhart te verstoren door het aanbrengen van een infarct. Uit
literatuur is bekend dat in de randzone rond een infarct de mechanica tijdens
systole verstoord is. De spiervezeloriéntatie in de randzone van het infarct is
vervolgens tien weken na infarctinductie gemeten met behulp van MR-DTI.
Er zijn geen significante verschillen gevonden.

Er zijn een aantal verklaringen mogelijk voor het feit dat geen verschillen
in spiervezeloriéntatie zijn gemeten: 1) spiervezels kunnen hun oriéntatie
niet aanpassen, of 2) het is niet mogelijk de spanningen in de randzone van
het infarct terug te brengen naar normale waarden door adaptatie van de
spiervezeloriéntatie, of 3) de spiervezeloriéntatie is wel geadapteerd, maar de
aanpassingen die nodig waren zijn niet detecteerbaar.

De eerste mogelijkheid, spiervezels kunnen hun oriéntatie niet aanpassen,
wordt weersproken door experimentele gegevens. De overige twee
mogelijkheden zijn vervolgens onderzocht met behulp van een numeriek
model van de mechanica van de linkerventrikel waarin een infarct was
aangebracht (hoofdstuk 5). Met het model werd onderzocht of het mogelijk
is de mechanische belasting rondom het infarct homogeen te verdelen door
adaptatie van de spiervezeloriéntatie, en zo ja, of de veranderingen in
spiervezeloriéntatie die daarvoor nodig zijn ook detecteerbaar zijn. Gebleken
is dat de inhomogeniteit van de transmurale aktieve spanning in de randzone
van het infarct toenam van 5 tot 15% ten gevolge van de aanwezigheid
van het infarct. Deze inhomogeniteit kon worden gecompenseerd door de
spiervezelrotatie in de randzone van het infarct in de orde van 10°, waarbij
transmuraal dezelfde mate van rotatie nodig was (offset verandering).

We concluderen daaruit dat de hypothese dat verandering van de
spiervezeloriéntatie in het hart een adaptief mechanisme is waarmee de
belasting van de spiervezels optimaal wordt gehouden, niet mag worden
verworpen. De adaptatie van de spiervezeloriéntatie rondom een klein infarct,
zoals door ons onderzocht, is echter te klein om met de huidige meet- en analyse
technieken gedetecteerd te kunnen worden.
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