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Abstract

Body surface potential maps recorded during catheter pace mapping can facilitate
the localizaiion of the site of origin of ventricular tachycardia. This study investi-
gated the value of a realistic computer model of the human ventricular myocardium in
identifying sites of cctopic activation using simulated hody surface potential maps as
templates. Our model of the human ventricular myocardinm features an anatomically
accurate geometry and an intramural anisotropic structure that were reconstructed
with a spatial resolution of 0.5 mm. It simulates the electrotonic interactions of car-
diac cells by solving a nonlincar parabolic partial differential cquation, but it behaves
as a cellular automaton when the transmembrane potential exceeds the threshold
value.

We successfully validated our model by comparing the simulated activation sc-
quences of isochronal maps, epicardial potential maps, and body surface potential
maps with the measured sequences of maps reported in the literature. Based on our
simulations, we have developed clinical protocols for differentiating among septal ac-
cessory pathways in Wolff-Parkinson-White syndrome and for localizing the origin of
idiopathic ventricular tachycardia. By systematically pacing the left ventricular and
right ventricular endocardial surfaces in our ventricular model, we generated a data
base of isointegral maps, which provides a high-resolution reference frame for local-
izing distinct endocardial pacing sites. This data base promises to be a useful tool
in improving the performance of catheter pace mapping used in combination with
body surface potential mapping. Overall, the results demonstrate that our computer
model of the human ventricular myocardium is well suited for complementing a data
base of isointegral maps obtained during clinical pace mapping and can help enhance

the efficacy of the ablative treatment of ventricular arrhythmias.
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Chapter 1

Introduction

Under normal conditions, the human heart undergoes highly synchronized mechanical
contraction, which is preceded by propagated electrical activation. Although electron
micrographs reveal that the heart consists of cells that are connected by tight junc-
tions (158, 275, 346], on the macroscopic scale the heart acts as a syncytium. The
individual myocardial cells maintain the potential difference between intracellular and
extracellular media, which are separated by a semipermeable membrane. The charac-
teristic property of myocardial cells is that they are excitable; upon receiving an ap-
propriate electrical stimulus, their membrane changes its selective ionic conductance
for Na*t, K*, Ca?* and other ions in a time- and voltage-dependent manner and, as a
consequence, after each stimulus the transmembrane potential follows the sequence of
depolarization and repolarization, which is referred to as the cardiac action potential
(AP) [101]. The fundamental property of cardiac AP is the prolonged repolariza-
tion phase {observed as a characteristic 200- to 300-ms plateau) during which the
cells are refractory, i.e., unable to respond to an additional stimulus. Accordingly,
during every normal cardiac excitation cycle, the wave of propagated activation is

unidirectional (progressing, in general, from the endocardium to the epicardium and



from the apex to the base), and each myocardial cell is activated only once [101]. The
membrane currents accompanying the depolarization and repolarization of individual
myocardial cells generate a current flow in the heart and in the surrounding thoracic
tissues. These currents give rise to the potential differences that can be recorded as
clectrograms on the surface of the heart and as electrocardiograms (ECGs) on the
chest surface.

The advent of body surface potential mapping [68, 98]—in which electrocardio-
graphic recordings are collected simultaneously from multiple thoracic electrodes
(ranging in number from 30 to 240)-—made it possible to produce greatly enhanced
images of the clectrical manifestations of cardiac sources on the body surface. In addi-
tion, the development of multilead cardiac mapping techniques enabled researchers to
achieve an unprecedented insight into the underlying intracardiac activity by allowing
the registration of cardiac electrograms near the primary sources [376, 399]. Now,
there is a growing interest in integrating the extensive body of experimental work
into a quantitative model and in making use of such a model in clinical cardiology.

One of the most challenging tasks on the way towards understanding cardiac elec-
trograms and body surface ECGs is to establish a dynamic model of cardiac primary
sources in conjunction with an anatomically faithful representation of the complex
ventricular architecture (including the ventricular conduction system) and to relate
such a model to measurable phenomena. However, the road to accomplishing this
task is fraught with difficulties for several reasons. First, the ventricular myocardium
is strongly anisotropic, with conductivity being higher along than across the fibers;

the spatial organization of anisotropy is complex and dependent on the irregular ge-



ometry of the ventricles. Second, because the heart is a large organ, with about
50 billion ventricular cells being depolarized and repolarized during each cardiac cy-
cle, defining the cardiac primary sources in a mathematically rigorous way is very
difficult. Third, given the inhomogeneous electrical properties and irregular shape
of the human chest, one can only calculate the extracardiac electric potentials and
magnetic field produced by cardiac primary sources if one uses numerical models that
take into account Neumann boundary conditions. Reconciling all these requirements
for a physiologically accurate modeling of the genesis of clectrograms/ECGs with the
necessity of computational feasibility is not easy.

The aim of the simulations presented here was to approximate the process of
propagated activation in human ventricles and to generate an extracardiac field in a
manner that would incorporate as much of the current knowledge about ventricular
anatomy and electrophysiology as could possibly be incorporated given the bounds
enforced by our present computing resources. The specific area of interest is the
relationship between the structure of the ventricular myocardium and the distribution
of epicardial or body surface potentials. Such spatial distributions of potentials at
selected time instants, or integrated over a time interval, best reveal the underlying
cardiac activity when presented as isocontour maps. In addition, it is often possible
to assess the main morphological features of maps by simple measures extracted
from them, such as the location of extrema, the distance between extrema, and the
configuration of the region of near-zero potentials. The entire isocontour maps, as
well as their features, provide an effective means to rigorously validate the models of

cardiac primary sources.



This study is geared to the simulation of human ECGs because they constitute the
first-hand experimental data in this laboratory (body surface potential '(listributions
have been recorded in about 4,000 subjects during the past 20 years). However, the
knowledge of ventricular architecture is at present based on measurements performed
in canine hearts, and a large body of experimental evidence in cardiac mapping also
comes from studies performed in canine hearts. To use this wealth of information for
the purposes of constructing and validating the human ventricular model, we had to

assume that there are—apart from the size

no qualitative anatomical and functional
differences between the human and canine ventricular myocardium. This assumption
is in accord with the general premise underlying animal studies.

The scope of the study presented in this dissertation is defined by four objectives:

e to develop a computer model of the human ventricular myocardium that fea-
fures an anatomically accurate geometry and an intramural anisotropic struc-

ture and a physiologically accurate description of the excitation process

e to validate the ventricular model by simulating ectopic activation sequences
initiated at endocardial, intramural, and epicardial sites and by comparing their
isochronal maps and potential distributions on the epicardial surface with the

recorded maps in the literature

¢ to simulate body surface potential distributions that can be used as templates
for discriminating between septal preexcitation sites in patients suffering from
Wolff-Parkinson-White (WPW) syndrome and for localizing the site of origin

of idiopathic ventricular tachycardia (VT)



e to simulate a data base of body surface potential distributions for ectopic acti-
vation sequences initiated at endocardial sites on a regular reference grid and
compare those that have such a counterpart to the body surface potential dis-

tributions actually recorded during paced activation sequences in patients

The construction of an anatomically accurate model of the human ventricular my-
ocardium is described in Chapter 2. Chapter 3 outlines the simulation of propagated
excitation in the anisotropic myocardium. Epicardial potential distributions of sim-
ulated ectopic ventricular activation are presented in Chapters 4 and 5. Chapter 6
presents simulated body surface potential distributions corresponding to pathological
conditions of ventricular preexcitation in WPW syndrome and of ectopic activation
in VT in the structurally normal heart. Chapter 7 contains a general discussion
and conclusions. Appendix A summarizes functions used in shinulating propagated
excitation in the anisotropic myocardium. Appendix B presents the results of an
auxiliary study on the effect of volume conductor boundaries on epicardial and body
surface potential distributions. The simulated magnetic ficld distributions for initial

activation sites in idiopathic VT are shown in Appendix C.



Chapter 2

Model of the ventricular geometry
and fibrous structure

2.1 Introduction

The human ventricular myocardium is a complex structure that consists of intercon-
nected cardiac muscle cells (myocytes), which resemble cylinders with a diameter of
10 to 20 pm and a length of 80 to 100 pm. Hoyt et al. (158], among others, observerd
that the individual cardiac cells form more end-to-end (longitudinal) connections than
side-to-side (transverse) conncctions. As a result, the orientation of cardiac muscle
cells at any point within the myocardium can be macroscopically described in terms
of a local principal fiber direction. (Principal fiber direction is an abstraction, refer-
ring to an average direction of a number of cardiac muscle cells, rather than to an
anatomical entity.)

The global distribution of fibers over the ventricular myocardium has a typical
spiral arrangement from the apex to the base, with a transmural counterclockise
(CCW) rotation of fibers from the epicardial to the endocardial surface. It is well

established that the myocardium is electrically anisotropic; that is, it has higher



conductivity along than across the principal fiber direction [44, 59, 79, 322]. Conse-
quently, the ventricles’ fibrous architecture profoundly affects their function because
it determines the primary course of electrical excitation. Anatomically accurate re-
construction of both the ventricles’ geometry and their fibrous structure is therefore
a prerequisite for an adequate quantitative modeling of ventricular function.

Early ventricular models generally did not take into account the anisotropic fi-
brous structure and included only the left ventricle; they were based on simplified,
axisymmetrical geometric shapes, such as spheres, spheroids, ellipsoids, truncated
spheroids, and axisymmetric finite element models [73, 125, 173, 202, 240, 243, 366,
417]. In more recent models, however, much effort has been devoted to the nonax-
isymmetric representation of the left ventricle [110, 236, 428] or to the realistic recon-
struction of both the left ventricle (LV) and the right ventricle (RV) using different
imaging modalities [62, 113} or more conventional anatomical techniques {171, 429].
Some of the realistic models also included stylized fiber architecture [218, 257, 401].
However, the simplifying assumptions used in the reconstruction of ventricular ge-

ometry and/or fibrous structure severely restrict the usefulness of such models.

-

2.1.1 Fiber architecture of ventricular myocardium

Although the general features of the fiber architecture of human ventricles have been
recognized for over three centuries [220, 222], it was not until the late 1950s that the
effort was made to assess ventricular fiber orientation quantitatively [157, 381]. A
review of early studies of fiber architecture in the human heart is in Greenbaum et
al. [127} and Streeter [364).

Streeter and Bassett [365] and Streeter et al. {368] measured the fiber orientation



within the LV wall in porcine and canine hearts. They observed the smooth CCW
rotation by approximately 100° or more of fibers through the wall. They also reported
that while the transmural rotation was linear near the apical and middle levels of the
ventricles, necar the base, it was more rapid in subepicardial and subendocardial
layers than in the midwall. Based on these measurements, Streeter [364] proposed
a quantitative model of the fiber architecture in which the fibers run uniformly at
—58" on the epicardial surface, clockwise (CW) relative to the basal plane when the
epicardinm is viewed from the outside, and at 42° on the endocardial surface. This
model was only the first approximation of Streeter’s own measurements that have
shown significant local variation in the fiber orientation over, for example, epicardial
or endocardial surfaces,

Armour and Randall [11] studied the fiber architecture in 9 mammalian species
and found little variability among them. The important conclusion of their study was
the observation that although fiber direction changed smoothly through the myvocar-
dial wall (compacta), it changed abruptly at the border between the compacta and
the endocardial layer consisting of trabecular tissue and papillary muscle (trabecu-
lata). These authors noted that the fibers in trabeculata were running predominantly
in the apico-basal direction. Similar observations were made by Ross and Streeter
[309] in macaque left ventricles. However, at variance with the earlier work of Streeter
et al. [368], Ross and Streeter observed a linear variation of fiber angle through the
compacta.

Greenbaum et al. [127] examined 25 post mortem human hearts. Their study

confirmed previous reports of local variation in the fiber direction over epicardial and



endocardial surfaces. In addition, they also measured the fiber angles in the RV free
wall. The major limitation of their study is that the transmural fiber orientation
was sampled only at five LV sites, two RV sites, and a single septal site. McLean et
al. [235] provided a more complete 3-D description of the ventricular myocardium of
prenatal and neonatal mice by performing measurements of fiber orientation in serial
transverse and longitudinal cross sections; however, no 3-D model of the ventricles
based on thieir measurements was constructed.

Recently, Nielsen [261] and Nielsen et al. [262] developed a compact mathemat-
ical model of the entire canine ventricular myocardium that is based on the finite
element method [432]. The model consists of 60 bicubic Hermite elements defined
by 117 nodes, each of which is specified in the prolate-spheroidal coordinate system.
A combination of linear and cubic Hermite polynomials subjected to parameterized
boundary conditions at the nodes are used as the basis interpolation functions to de-
termine the local fiber direction inside each of the 60 elements. The nodal parameters
of the model are based on accurate and systematic measurements of the fiber orien-
tation (at over 12,000 points) throughout the biventricular myocardium of the canine
heart. Their study thus provides the most comprehensive and accurate description
of the canine fibrous ventricular architecture to date. However, since this model was
primarily developed for studies of the mechanical function of the ventricles (e.g., the
estimation of stress distribution within the ventricular wall), the emphasis was on re-
ducing the number of parameters describing the model. As a result, the geometry of
the model is idealized—lacking sufficient detail in certain parts of the ventricles that

are important for high-resolution modeling of ventricular electrical activation (such



10
as the LV endocardium, the right ventricle, and the apical part of both ventricles).

2.1.2 Approach to constructing a ventricular model

Due to the absence of accurate measurements of local fiber orientation in fuman
ventricular myocardium, we have adopted for our purposes the cenine model of ven-
tricular myocardium constructed by Nielsen et al. [262]. This task proved to be
very difficult because the human and canine ventricles both are topologically highly
complex objects, and hecause an appropriate one-to-one mapping of fiber orientation,
which forms a three-dimensional vector field, requires the matching of two complex
volumetric structures encoded in the canine and human ventricular models.

One possible approach to solving this problem is to reconstruct “principal” sur-
faces that enclose the volume occupied by the ventricular myocardium (i.c., the basal
plane, the epicardial surface, and the surfaces of the LV and RV cavities) from dig-
itized anatomical data and then—by an appropriate matching of the corresponding

principal surfaces in both models

to assign fiber orientations on these surfaces. The
intramural fibrous structure can then be specified as a function of the fiber direc-
tion on the principal surfaces. Implementing this approach depends on an efficient
reconstruction of the principal surfaces.

There are two general approaches to the mathematical reconstruction of a 3-D
surface: 1) an interpolation, which describes the surface locally [43, 422] and 2) a
comprehensive representation, which describes the surface globally with a relatively
small number of parameters {343, 358]. The former approach, having many degrees
of freedom, can reconstruct local deformations with high accuracy, while the lat-

ter causes smoothing of local deformations but imposes more organization on the
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data. The specific application usually dictates the choice of the particular recon-
struction technique. As the observations reviewed above have indicated, the ventric-
ular myocardium is composed of two distinct substructures: compacta, whose fibrous
structure is highly organized and characterized by pronounced local changes in fiber
direction and trabeculata, whose fibrous structure is organized in a more uniform
manner and is independent of the organization in the compacta. In addition, the
compacta is enclosed by irregular but relatively smooth surfaces, while the surfaces
of trabeculata are considerably more complex.

We wanted to reconstruct the fibrous architecture within the compacta very ac-
curately; therefore, we represented the relatively smooth surfaces enclosing the com-
pacta by means of the global parameterized model. In this way, we created the
suitable reference frame for mapping between the canine and human models and for
determining the intramural fibrous structure from the known distributions of fiber
direction on the principal surfaces. Since in the trabeculata the fiber organization
is significantly simpler but the surfaces are more complex, we decided to use local
representation of endocardial surfaces based on the interpolation of digitized data.
Both types of representation—the global and local—were hierarchically organized.

The surface harmonic expansion offers a complete description of irregularly shaped
surfaces in a mathematically compact and continuous form (see, e.g., [162]). Accord-
ingly, we used it as the basis for the representation of the fiber architecture in the
compacta, with the aim of reconstructing the ventricular structure at the submillime-
ter (0.5-mm) level—thereby achieving the maximal spatial resolution that is practical

with our computational resources.
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2.2 Surface harmonic expansion

A given ventricular surface can be described by a vector function X (8, ¢)

cos ¢ sin f
X(0,¢) = Xg+71(6,6) | singsind | | (2.1)
cosf

where X is the origin of the expansion and the angles 6 and ¢ are defined relative
to this origin as shown in Fig. 2.1. (Our global right-handed Cartesian coordinate
system has its origin at the LV apex, with z axis pointing from the RV to the LV,
y axis from anterior to posterior, and z axis from the apex to the base. The z axis
coincides with the anatomical axis of the human ventricles as defined by Durrer et
al. [84], i.e., connecting the LV apex and the root of aorta.) An arbitrary single-
valued function, which satisfies Laplace’s equation, can be expanded in an absolutely
convergent series of surface harmonics on the surface of a sphere (for applications in
potential theory, see [186, 231, 362]). Hence, the radial coordinate (8, ¢) of a point
on a nonspherical surface (e.g., the epicardium or endocardium), being a single-valued

function of # and ¢, can be represented by the surface harmonic expansion

r(f, ¢) = Z {a”Pn(cos ) + Z (@nm cos me + by, sin map) P (cos 0)} , (2.2)

n=_0

m=1
for 0 <6 <7and0< ¢ < 27 P, is the Legendre function of degree n of the first
kind, and P} is the associated Legendre function, of degree n and order m, of the
first kind {231).

For the purposes of numerical calculation, the series is truncated at N terms. The
chosen ventricular surface is thus uniquely determined by the origin of the expansion
Xo = (20, Yo, #0) and the vector of the expansion coefficients a = {a,, anm, bpm}. The

total number of parameters, including the origin of the expansion, is (N4-1)2+3. Once
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erre,
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X

Figure 2.1: Coordinate system for surface harmonic expansion. The surface is
uniquely determined by the origin of the expansion X, = (%o, Yo, 20) and the ex-
pansion coefficients a = {a,, anm, bun }.

the given ventricular surface is sampled at specific points, which can be obtained by
the standard tomographic modalities (MRI or X-ray CAT) or conventional anatomical
techniques (examination of the excised hearts), the coefficients of the series can be
determined by means of a least-squares fitting procedure [293).

For a given set of measured surface coordinates X; = (@i ys i)y 0= 1,2, -, Ny,

where NN, is the number of measurements, the desired parameters (i.e., the origin and
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the coefficients in Eq. 2.1) can be obtained by minimizing the quantity

N,
02(X01 a) = Z |Xl -X (91'1 (i)i)lg . (23)
i=1

The spherical polar angles §; and ¢, (Fig. 2.1) are given by

V(i — 502 + (31 — 0)?
2 — 2

f; = arctan

, (2.4)

Yi — Yo
T, — Ty

¢; = arctan (2.5)

It follows from the definitions of 8; and ¢; that the model function given in Eq. 2.1
depends nonlinearly on the origin of the expansion X; and linearly on the expansicn
coefficients a,, a,., and b,,,. The nonlinear fitting of the parameters in the model
function (Eq. 2.1) was performed using a Levenberg-Marquardt algorithm [233], which
requires derivatives of o with respect to the parameters X, and a to guide the
minimization of the squared residual between sampled and computed data. The
derivatives have been presented in full elsewhere [159].

Once the parameters Xy and a are evaluated, the ventricular surface can be read-
ily reconstructed by predetermining a grid of # and ¢ values and then calculating
the z,y, z coordinates of points on the ventricular surface. If the transaxial cross
section through the reconstructed surface is required at a given level above the LV
apex, the z coordinate corresponding to this level and a set of ¢ values are preas-
signed; the minimization methods (e.g., a golden-section search or Brent’s method)
[293] are then used to minimize the absolute value of the difference with respect to
the spherical angle § between the preassigned value of the z coordinate and the value

of the z coordinate calculated using the surface harmonic expansion. (Saggital or
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any oblique cross section can be reconstructed in an analogous manner.) An impor-
tant feature of the surface harmonic expansion method is that it can reconstruct the
%, Yy, 2 coordinates with any required resolution. This is particularly advantageous
when constructing the finite difference or cellular automaton models of the ventricu-
lar structure. In addition, the surface harmonic expansion model describes the overall
shape of the particular ventricular surface even if some areas of the ventricles are in-
adequately digitized. The lack of local information affects a continuously defined and
robust global representation only to a very minor degree. Furthermore, truncating a
series of surface harmonics at a specific order of approximation controls the degree of
smoothing of the digitized data. Using this method, one can, therefore, smoothly fit
the given surface features to any required degree of accuracy by choosing the num-
ber of parameters that characterize them. Finally, both the tangential (X /86 and
0X/0¢) and normal (60X /88 x 0X/d¢) vectors can be derived directly from Eq. 2.1,
which is convenient for defining the tangential plane at a point on the ventricular

surface.

2.3 Construction of a ventricular model

2.3.1 Modeling strategy

The basic premise of our approach was that the myocardium can be subdivided into
two distinct anatomical regions: compacta and trabeculata. The volume occupied by
compacta is bounded by four relatively smooth principal surfaces: 1) an epicardial
surface separating the excitable ventricular myocardium from the surrounding volume

conductor; 2) a surface separating the compacta from trabeculata or intracavitary
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blood masses in the LV; 3) a surface separating the compacta from trabeculata or
intracavitary blood masses in the RV; 4) a basal plane oriented perpendicularly to
the long axis of the ventricles at the level of the mitral valve.

In representing the ventricular surfaces by means of the surface harmonic expan-
sion method, it is essential that one separates the features of the fibrous structure that
are defined by the geometry of the principal surfaces from those that are specified only
by the fibers’ local characteristics. This separation presented the underlying basis for
mapping the fibrous structure between irregularly shaped principal surfaces of the
canine and human models; namely, the deformation of principal surfaces was allowed
when transforming one model into the other, but the fibers’ local characteristics of
the canine ventricular model were retained.

In practice, such a separation can be readily accomplished since the fiber direction
at any point in the myocardium is completely determined by three parameters: two
spherical angles ¢ and 5 which specify the local plane that is tangential to the surface
in the global coordinate system, and an additional local angle o which defines the
fiber rotation within the tangential plane in the local coordinate system (Fig. 2.2).
(Note that spherical angles ¢ and % specify the normal to the tangential plane and
that angles # and ¢ determine the location of the surface point; only in the special
case of a spherically symmetric body do ¢ = ¢ and 77 = ¢.) The normal and tangential
vectors to the surface were evaluated by the surface harmonic expansion, and these
vectors then formed the local basis for the assignment of fiber orientation at any point
in the ventricular myocardium. The implicit assumption of such an approach—that

the fibers are constrained to lie tangentially to the ventricular surfaces—is supported
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by the experimental evidence that within small “imbrication” angles (< 3°), the fibers
actually follow the ventricular surfaces [367].

The separation of global fibrous architecture into the geometry of its local bases
(characterized by angles ¢ and ) and the local fiber characteristics (angle c) within
these local bases provided an efficient vehicle for our purposes. However, to establish
the point-to-point correspondence between the canine and human models, we re-
quired additional global anatomical constraints, or reference points. We used as such
anatomical landmarks of the ventricles (the apex, papillary muscles, and ventricular
sulci), points that are easy to identify yet comprehensively describe the irregularly
shaped principal surfaces and thus anchor the transformation without significant dis-

tortions of the fibrous structure.
2.3.2 Model generation

Our reconstruction of the human ventricular architecture can be described in several
steps which were organized in such a fashion that every subsequent step incorporated
more detail into the model without affecting the results of the preceding steps. The
first step was to accurately define and reconstruct the principal surfaces in which the
fibers were constrained to lie. The second step-—which concluded the construction of
the geometrical frame for the assignment of local fiber rotation—was to identify the
tangential planes in the volume bounded by these surfaces. The third step was to as-
sign the angle of fiber rotation a over the reconstructed principal ventricular surfaces
in the model of the human ventricular myocardium accordingly to the corresponding
angle « on the principal surfaces in the canine ventricular model. The fourth step

was to define the angle a as the function of depth (wall thickness) in consecutive
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Figure 2.2 The vector of the local principal fiber direction. This vector lies in the
tangential plane defined by the spherical polar angles ¢ and 7 in the global coordinate
system (z,y,z); the angle a determines the fiber rotation within the tangential plane
in the local coordinate system (%,7,7).
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layers between the principal surfaces. (The purpose of the latter two steps was to
assign the local fiber direction to the local bases of geometrical frame.) The final step
was to add the trabeculata to the model. Each of these steps will be now discussed

in more detail.

Step 1: Assignment of principal surfaces. After the geometry of the princi-
pal ventricular surfaces had been digitized with an adequate number of data points,
the sets of surface harmonic expansion parameters Xy and a were evaluated (as de-
scribed in Section 2.2) separately for each principal ventricular surface. Next, the
reconstruction of the surfaces was performed on a d x d x d grid, where d desig-
nated the dimension of each volume element (voxel)}. The grid position of each voxel
was identified by three integer indices (7,7,k), with the range of the indices being
determined by the size of the epicardial surface and the required resolution (range
> size/resolution). In this representation, the 3-D principal surfaces were considered
as shells in the voxel representation; each voxel was allocated a byte in the memory
storage, and it was assigned a flag to identify which principal surface it was on.

To create the myocardial volume—defined completely by the basal plane and the
principal surfaces—the latter were reconstructed up to the basal plane level. This
enhanced the control and compact representation of the volume, but it required some
additional “ghost” voxels near the base of the ventricles that did not correspond to
the actual myocardium and that had to be removed from the final model.

The normals to the principal surfaces were analytically calculated at the center
of each voxel, thereby locally defining the tangential plane to the surface. To save

memory, the normal to this plane at each voxel was identified by the spherical angles
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¢ and 77 and stored in a byte format, with the angle ¢ mapped into a byte as 0 to 127

and the angle n as —127 to 127.

Step 2: Assignment of tangential planes for intramural voxels. First, to
establish the solid structure that represents the ventricular myocardium, we had to
identify the intramural voxels between principal surfaces by means of a raster-filling
algorithm. A potential ambiguity in defining the tangential planes for the intramu-
ral voxels arises because the bounding surfaces are irregularly shaped. Instead of
reconstructing the tangential sheets (i.c., “onion layers”) by the surface harmonic
expansion—which would have been the ultimate, but not quite feasible, method—we
chose to assign the spherical angles ¢ and 7 of each voxel on the principal surface to
the myocardial voxels intersected by the local normal to that surface. The drawback
of this relatively simple approach was that the reconstructed epicardial and endocar-
dial surfaces, though relatively smooth in general, change locally from a convex to a
concave shape and vice verse. This may cause local variation in the principal surface
shape to propagate into deeper layers of the myocardium, and the algorithm may
not necessarily reconstruct the tangential planes within the myocardium realistically.
Thus we calculated—specifically for this task—normals on the principal surfaces by
using lower-order harmonics to attain globally smoother principal surfaces. Then we
proceeded iteratively-—with every subsequent iteration propagating deeper into the
wall simultaneously from the endocardial and epicardial surfaces—along the normal
direction derived from the progressively lower-order fit by the surface harmonic ex-
pansion to the principal surface. Since the change of the normal direction specifying

the given “normal” path depended on the initial voxel of the given principal surface,
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all voxels processed along the given path were coded so that every myocardial voxel
corresponded to only a single voxel on the principal surface. The described algo-
rithm is analogous to a solution—known from graph theory [136]—to the problem of
finding the shortest path between the given voxel on the endocardial surface and the

epicardial surface.

Step 3: Assignment of fiber direction on the principal surfaces. The key
procedure in this step was to map the distribution of the fiber angles « over the
principal surfaces of the canine ventricular model onto the principal surfaces of the
human model. To make such a transformation between the irregularly shaped surfaces
tractable, we selected seven anatomical reference points: 1) the LV epicardial apex,
2) the LV endocardial apex, 3) the RV epicardial apex, 4) the LV anterior papillary
muscle, 5) the pulmonary outfiow tract, 6) the anterior ventricular sulcus, and 7) the
posterior ventricular sulcus.

The transformation between the principal surfaces of the two ventricular models
was approximated by successively scaling the canine model, first along the long axis
of the ventricles and then in each of the short-axis slices. Scaling along the long
axis was performed piecewise: the two ventricular models were subdivided into four
vertical sectors by the first five of the anatomical landmarks listed above, then the
height of each sector in the canine model was scaled to match the height of the
corresponding sector of the human model. Scaling in the short-axis slices was carried
out by matching the axial (angular) positions in the two models of the ventricular
sulci relative to the geometric center of each slice of the given principal surface.

(Scaling in the short-axis slices by matching the length of the contours formed by the
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two sulci gave similar results.)

It should be noted that since the canine model was defined by only 60 clements
and 117 nodes, the transformation generating the voxel-based model of the ventricles
required interpolation between the nodes. The resolution d’ of the canine model
necessary for there to be a one-to-one correspondence between the voxels of the
principal surfaces in both models was a function of scaling factors along the long
axis. Finally, the angle « for each voxel was mapped into a byte as =127 to 127 in

the same manner as spherical angles.

Step 4: Assignment of intramural fiber direction. Once the fiber orientation
had heen completely specified (by ¢, », and «) in the voxels on the principal sur-
faces, the angle a could be assigned to intramural voxels. To accomplish that, we
assumed that the transmural fiber rotation between the principal ventricular surfaces
could be described by the mathematically smooth analytical function w=fi;1(s, €),
where e corresponds to the wall thickness. The parameter ¢ was evaluated as fol-
lows. The endocardial voxel identified by the indices (4,7, k) represented the origin
of a piccewise-linear path p that was defined along the vectors normal to the local
tangential planes lying between the endocardial and epicardial voxels; the distance e
between these two voxels and measured along the path z represented the local wall
thickness. Since the epicardium and endocardium are irregularly shaped, the distance
e varied through the ventricles and was a function of the starting endocardial voxel
determined by the grid coordinates 7, j, k. The function f of transmural rotation can
vary for different regions of the ventricles, if required.

Once the function f had been chosen and the distances ¢ had been evaluated
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for each intramural voxel, the angles o were assigned to intramural voxels along the
path p. However, since there were fewer voxels on the endocardial surface than on
the epicardial surface, some intramural voxels were not processed by the algorithm.
To determine the angle @ in these voxels, the algorithm was applied in the reverse

direction, starting from the epicardium.

Step 5: Incorporation of trabeculata. The main problem caused by the inclu-
sion of trabeculata into the model is that considerable subject-to-subject variability is
known to exist in this part of the ventricular myocardium. For this reason, we used a
more heuristic approach in assigning fiber direction to voxels of the trabeculata than
we did to those of the compacta.

The bounding surfaces of the trabeculata on the interface with the intracavitary
blood masses can have very complex shapes and, because points on such surfaces may
not be uniquely determined by the spherical angles # and ¢, the surface harmonic
expansion method is not applicable. To describe the geometry of trabeculata in
detail, but still using a reasonably simple procedure, we reconstructed these surfaces
using the bilinear interpolation of data obtained by digitizing anatomical sections.

The tangential planes in the trabecular voxels were assigned by the algorithm
propagating into the trabeculata along the directions determined by normals on the
principal (LV endocardial, RV endocardial, and RV septal) surfaces. The tangential
planes thus defined may differ from the actual tangential planes of the voxels lining
the RV and LV cavities. However, since the fibers in the trabeculata are oriented
primarily in the apico-basal direction, the resulting imbrication angle should be small.

The fiber rotation angle « of the trabecular voxels of the LV cavity was assigned,



24

as in Step 3, by the axial matching of canine and human ventricular models. All
trabecular voxels with the same axial coordinate were given the same value of a.
Since such an assignment of the fiber rotation angles creates discontinuity at the
Junction between the compacta and trabeculata, the nearest-neighbor interpolation
along the local normals was performed for the trabecular voxels positioned adjacent
to the junction. This matching of the canine and human ventricular models was
a loose one, however, because the trabecular surface was much more detailed in
the human than in the canine model. Since the trabecular structures (e.g., the
trabecula septomarginalis) were largely excluded from the reconstruction of the RV
in the canine model, the fiber rotation angle o was assumed to be 90° throughout
the RV trabeculata. Again, to ensure the continuous rotation of « at the interface
between compacta and trabeculata, the nearest-neighbor interpolation along the local

normals was carried out.

2.4 Implementation of the ventricular model

The techniques for assigning fiber direction to the ventricular model’s voxels, de-
scribed in Section 2.3, were applied to anatomical data obtained from an excised
structurally normal human heart. The procedures involved in preparing an anatomi-
cal specimen of the human heart have been described in detail elsewhere [86]. Briefly,
the heart was positioned as in the thorax and sectioned transaxially at 1-mm slices;
next, the boundary lines of the ventricular myocardium were carefully identified. In
addition, the border between the compacta and trabeculata was determined by vi-

sual inspection. The digitized data were then rotated into the coordinate system,
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Table 2.1: Fit of Principal Surfaces by Surface Harmonic Expansion

rms Error [mm] Maximum Error [mm]
N EP LE SP RE EP LE SP RE
0 446 4.27 3.89 4.35 12.28 1249 10.78 11.97
4 1.63 116 093 1.79 643 6.54 5.65 6.72
8 0.87 0.69 0.68 1.02 430 390 3.88 4.90
12 0.63 0.52 0.50 0.69 333 348 299 3.34
16 0.54 0.47 043 0.55 3.01 3.04 259 3.02
20 0.47 041 0.38 0.48 286 264 245 2.94

N, order of approximation

EP, epicardial surface

LE, LV endocardial surface

SP, RV septal surface

RE, RV free-wall endocardial surface

with the 2 axis coinciding with the ventricular long axis—defined as in Durrer et al.
[84], i.e., passing through the LV apex and the root of aorta—and origin at the LV
apex. The epicardial, LV endocardial, RV septal, and RV free-wall endocardial sur-
faces were represented by, respectively, 16872, 7310, 4348, and 3926 nonequidistantly
distributed data points (z;,y;,2:).

The surface harmonic expansion method was then used to reconstruct the prin-
cipal surfaces from these anatomical data. A separate set of parameters, including
the origin of the expansion and the expansion coeflicients, was evaluated for each
principal surface. The accuracy of the approximation of the principal surfaces was
quantitatively assessed by the root-mean-square (rms) error. TaBle 2.1 shows the
change of the rms error and maximum error with the order of approximation N for
the epicardial, LV endocardial, RV septal, and RV free-wall endocardial surfaces. The

rms error decreased rapidly with the increasing number of lower-order harmonics, but
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Figure 2.3: The epicardial surface described by means of surface harmonic expansion
for orders of expansion NV = 20 (A) and N = 12 (B). Note that despite the smoothness
of the solutions, the epicardial surface is reconstructed in considerable detail, with
more local information included when higher-order harmonics are employed.
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Figure 2.4: The LV endocardial surface described by means of surface harmonic
expansion. The order of expansion N = 16.

this decrease eventually slowed down for higher-order harmonics (N > 16). There
was almost no improvement in the solution (improvement in the rms error < 0.1 mm)
beyond N = 24. With N = 16 or N = 20 (292 or 423 parameters, respectively), each
surface could be described with an rms error < 0.5 mm; this error was acceptable for
a model with a spatial resolution of 0.5 mm. The fidelity of the surface reconstruction
was visually verified when a large number of nodes were generated to represent the
surface. Examples of the reconstructed epicardial and LV endocardial surfaces are
shown in Figs. 2.3 and 2.4. The maximum error (ranging in all vé‘r;tric111ar surfaces
between 2.4 mm and 2.9 mm) occurred near the base of the ventricles. The maximum
errors in the apical to midbasal part of the principal surfaces were < 1 mm in all
cases.

The representation of the principal surfaces by voxels and the construction of local
tangential planes at each voxel was performed as outlined in Step 1 above. The reso-

lution of the model was 0.5 mm, so the volume of each voxel was 0.125 mm?. During
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the construction of the model, the voxels were stored in a 220 x 220 x 220 cube to ac-
commodate the entire ventricular structure with the LV apex positioned at the voxel
with integer coordinates (110,110,1). The reconstruction of the principal surfaces was
performed for z coordinates ranging between 0 mm and 85 mm above the LV apex.
The most basal part of the ventricles was represented separately using an approach
that is to be described below. The reconstructed epicardial, LV endocardial, RV sep-
tal, and RV free-wall endocardial surfaces consisted of, respectively, 106971, 46340,
23833, and 23903 voxels. The voxels on the epicardium were distinguished as RV
and LV according to their location relative to the anterior and posterior ventricular
sulci; 60088 voxels represented the LV epicardium and 46883 voxels represented the
RV epicardium. The boundaries of the principal surfaces taken in short-axis sections
are shown in Fig. 2.5.

As described in Step 2 above, the tangential planes were defined separately for
the voxels enclosed by the RV septal, LV epicardial, and LV endocardial surfaces and
for the voxels enclosed by the RV epicardial and RV free-wall endocardial surfaces.
Consequently—and in agreement with the qualitative observations of Fox et al. [99]
and quantitative measurements performed by Nielsen et al. [262]-—a discontinuous
change in the tangential plane normals occurred at the junction between the deeper
myocardial layers of the RV and the septum.

The transformation between the principal surfaces of the canine and human ven-
tricular models was accomplished according to an algorithm detailed as Step 3 in
Section 2.3. Figs. 2.6 through 2.8 show the anterior, posterior, and apical views of

the human ventricular model, and reveal a pronounced local variation in the fiber
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Figure 2.5: Slices through the principal surfaces of the human ventricular model.
Each slice shows the borders of voxels that represent principal surfaces at z = const.;

the six layers shown are at 20, 30, 40, 50, 60, and 70 mm above the LV apex.
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orientation over the epicardial surface.

The key factor in Step 4 was making an appropriate choice for the fiber rotation
function f. Unfortunately, there is no consensus regarding the course of intramural
fiber rotation in human ventricles. Ross and Streeter [309] and Nielsen [261] found
that the transmural change in the fiber angle was linear throughout the ventricles in
macaque and dog hearts, respectively. This conclusion is in variance with those in
studies performed by Streeter et al. [368], Armour and Randall [11], and Nielsen et
al. [262], who observed that in the midbasal to basal region, the change in the fiber
rotation of intramural fibers was smaller than that of those near the epicardium and
endocardium but that for the rest of ventricular myocardium, the fiber rotation from
the epicardium to endocardium was linear. No uantitative study of the intramural
fiber rotation in the ventricles of human hearts has as yet been reported. For these
reasons, in the construction of the present model, the linear function f was assigned
for changes of the angle « in all intramural voxels.

The incorporation of trabeculata was carried out as specified in Step 5. We had
to make additional refinements of the model, particularly when reconstructing the
ridge-like structure of the basal part of the ventricles, which consists of the mitral,
aortic, and pulmonary coni and has a complex shape. We therefore determined the
myocardial elements from 85 mm to 91 mm above the LV apex by interpolating
digitized data (Fig. 2.9); the space between the contours was filled with voxels using
a similar algorithm to the one used in Step 1. This procedure generated 9833 voxels
representing the basal portion of myocardial volume. Defining the angles 7, ¢, and «

in these voxels required special attention. However, since the number of voxels in this
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Figure 2.6: Anterior view of the model of the human ventricular myocardium. To
make the display clearer, the fiber direction is shown only in every second voxel along
each axis.
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Figure 2.7: Posterior view of the model of the human ventricular myocardium. Asin
Fig. 2.6, the fiber direction is displayed only in every second voxel along each axis.
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Figure 2.8: Apical view of the model of the human ventricular myocardium. As in

Fig. 2.6, only every second voxel along each axis is displayed.
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Figure 2.9: Basal view of the geometry of the human ventricular model. Sections

are 1 mm apart, and each is represented by smoothed contour lines {2z = const.) to
achieve better rendering of the shape.
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as in Fig. 2.6,

1

Figure 2.10: Basal view of the model of the human ventricular myocardium. Only

the top basal layers (70 mm above the LV apex and up) are shown

only every second voxel along each axis is displayed.
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region was relatively small (about 0.5 per cent of the total number of voxels in the
entire human ventricular model), the following ad hoc approach was adopted. Since
on the top of the ventricles, the angle ¢ approaches zero and thus determines the
curvature of the surfaces, the angles 7 and « determine the same rotational angle.
For this reason, the value of 7 in all voxels (4,4,k) positioned above the 85-mn layer
was simply copied from the voxel at 85 mm above the LV apex with the same planar
coordinates (4,7). In the voxels that defined the top of the basal ridges, ¢ was set
at 0° and angle o was assigned in accordance with anatomical atlases [342). In the
remaining voxels, ¢ and « were determined by linear interpolation between the ridge
voxels and voxels located 85 mm above the apex, which had been reconstructed by
surface harmonic expansion. The basal view of the model of the human ventricular
myocardium is shown in Fig. 2.10.

The entire human ventricular model constructed in the manner described consists
of 1690448 voxels. Associated with cach voxel are three bytes defining the fiber
orientation and one byte designating the voxel type (e.g., RV vs. LV, endocardial
vs. cpicardial). To minimize the required memory allocation, the model data were
further compressed. First, only myocardial voxels (not the “void” inside the cavities
or the extracardiac space) were stored in the final version. Next, the fiber orientation
was, with the proper transformation, represented only by two spherical angles © and
¢ defined in the global coordinate system. Hence, the anatomical characteristics of
each myocardial cell were specified by six bytes: three to determine the indices (4,4,k),
one to assign the cell type, and two to define the spherical polar angles. The model

was stored in this configuration and used as the input for simulating the propagated
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activation described in Chapters 4-6.

To visualize the model of the human ventricular myocardium, we developed soft-
ware which allows the viewing of individual slices. In addition, each slice can be
rotated and the fiber orientation displayed three-dimensionally. Figs. 2.11-2.14 show
plots of the global distribution of fibers in the model.

The reconstruction of the human ventricular model was implemented on an IBM
RS/6000 model 590 computer. The CPU time required to perform the surface har-
monic expansion fitting of the surface depended on the number of input data points
and the order of expansion; when using approximately 15000 data points and N = 20,
the CPU time was on the order of 25 minutes. The surface reconstruction, including
the calculation of the tangential and normal vectors, took about 11 minutes of CPU

time. Steps 1 through 5 were completed in about 19 minutes of CPU time.

2.5 Discussion

We have designed a model of the huiman ventricular myocardium that features a
very accurate description of the ventricular anatomy and fibrous architecture. In the
absence of quantitative data on the human heart, we used as the source for our rota-
tion angle information a highly reliable model of the canine ventricular myocardium.
The principal ventricular surfaces were accurately and efficiently parameterized by
the surface harmonic expansion method, which provided a robust and compact basis
for constructing the tangential sheets throughout the ventricles. The transformation
between the principal surfaces of the canine and human models was guided by a set

of anatomical landmarks.
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Figure 2.12: Apical transaxial cross sections through the model of the human ven-
tricular myocardium. Sections are, from top to bottom, at 32.5, 27.5, 22.5, 17.5, 12.5,
and 7.5 mm above the LV apex; fibers are displayed with a resolution of 1.0 mm to
make the display clearer.
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Figure 2.13: Medial transaxial cross sections through the model of the human ven-
tricular myocardium. Sections are, from top to bottom, at 57.5, 52.5, 47.5, 42.5, and
37.5 mm above the LV apex; fibers are displayed with a resolution of 1.0 mm to make
the display clearer.
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Figure 2.14: Basal transaxial cross sections through the model of the human ventric-
ular myocardium. Sections are, from top to bottom, at 82.5, 77.5, 72.5, 67.5, and
62.5 mm above the LV apex; fibers are displayed with a resolution of 1.0 mm to make
the display clearer.
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Landmark selection is a significant factor in one’s ability to adequately approx-
imate the transformation between two models. We have chosen a set of landmarks
that is simple to identify when using both noninvasive imaging techniques and an
anatomical examination of excised hearts. This is an important consideration for
eventual clinical applications. (Reese at al. [303] have demonstrated that magnetic
resonance imaging allows noninvasive in wvivo reconstruction of the fibrous architec-
ture.) The accuracy of the transformation between the canine and human models
could be enbanced, and flexibility in the matching of two surfaces could be increased
by using more degrees of freedom (such as the local surface normal) at the landmark
locations.

Since the tangential planes were defined in our model of the human ventricular
myocardium for any point between the epicardial and endocardial surfaces, the elec-
trical and mechanical properties of the ventricular myocardium can also be assigned
to vary with respect to the direction perpendicular to the tangential plane of fibers
(i.c., the anisotropy can be defined as not axially symmetric). LeGrice et al. [205)
suggested that the ventricular myocardium is a discrete laminar structure with dis-
tinct anisotropic features in all three directions in space, i.e., in the direction along
the fiber, in the direction perpendicular to the fiber in its tangential plane, and in
the direction perpendicular to the tangential plane of the fiber.

Another issue in the accurate modeling of a fibrous structure such as the ventricles
is the selection for the function f for the transmural rotation of the angle @. Our
model incorporates the feature that any smooth function f can be defined between

the endocardial and epicardial principal surfaces. However, to actually use such a
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feature in the model, we would need quantitative data collected transmurally in the
ventricles of human hearts.

Although our method of constructing the fibrous structure of human ventricles is
simple, fast, and easy to implement, it has its limitations as well. First, the principal
ventricular surfaces in our mode! are described by more parameters than in the model
constructed by Nielsen et al. [262]. Second, the fibrous structure of the trabeculata
and the most basal parts of the ventricles were reconstructed by means of rather
heuristic ad hoc algorithms, and no attempt has been made to include a detailed
description of the intramural rotation of fibers within the trabeculata.

In the future, our model can be improved by the development of more advanced
and generally applicable methods for reconstructing the geometry of the trabecular
surfaces. Also, a small correction to account for the tipping of the fibers in the free
wall out of the tangential planes (“imbrication” angle) can be readily incorporated
into our ventricular model provided the necessary anatomical data are available.
Another area of future development would be to incorporate semiautomatic tech-
niques compatible with the imaging modalities for delineating the principal surfaces

[, 91, 213, 278].



Chapter 3

Simulation of propagated
excitation in the anisotropic
myocardium

3.1 Introduction

In myocardial tissue, the cell membranes that have been depolarized beyond their
threshold potential spontaneously undergo a nonlinear electrical process of activa-
tion powered by intracellular sources of energy, and this activation process spreads
throughout the tissue [170]. The boundary between the region of the myocardium
that has been depolarized and the region that is still in the resting state can be
viewed macroscopically as a thin (1-2 mm) moving surface [272, 394, 403]—the acti-
vation wavefront. This activation wavefront is, from the standpoint of mathematical
physics, an electrical double layer which represents the bioelectrically active sources
in the heart and gives rise to the measurable extracardiac electric potentials and
magnetic field.

Determining these potentials for a given set of primary bioelectric sources in the

heart when the properties of the surrounding volume conductor are known constitues

44
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the forward problem of electrocardiography. This problem is generally uniquely solv-
able for various cardiac primary sources and volume conductors. The computational
complexity in solving the forward problem largely depends on the accuracy with
which one approximates the primary sources and the volume conductor that repre-
sents the human body. The simplest forward solution is based on the assumption
that the bioelectric activity of the heart can be described in terms of a fixed single
dipole source embedded in an infinite homogeneous conductor [114, 121, 163]. This
model originates from the early theory of electrocardiographic leads [87] and, in fact,
still dominates present-day diagnostic electrocardiography [124].

This chapter deals with the simulation of propagated excitation in the ventricular
myocardium and with the relationship of propagated excitation to the measurable
electric potentials on the epicardium and body surface. (In this study, we define ez-
citation as a process that includes both depolarization and repolarization; activation

refers to the depolarization phase only.)
3.1.1 Cardiac source modeling

A variety of approaches that have been used to solve the forward problem were
reviewed by Gulrajani [130] and Guirajani et al. [134], and, more recently, by Colli
Franzone and Guerri [48] and Henriquez [143]. In this subsection, we shall concentrate
on those methods that are important for the simulation of propagated excitation in
the human heart.

The first macroscopic model of propagated activation was developed by Wiener
and Rosenblueth [409]. The propagation in their model was rule-based (as in present-

day cellular automata models) with an active point exciting its nearest neighbors
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isotropically in all directions in a way resembling Huygens’ principle of wave propa-
gation. This scheme was retained through many variations in a number of numerical
implementations of propagation models, including at early stages of development only
2-D sheets of cardiac cells [41, 96, 97, 100, 241]. Later, with the addition of the third
dimension, the models were generalized to allow the inclusion of realistic ventricular
geometry. The first isotropic 3-D ventricular models were those developed by Led-
ley [204], Okajima et al. [265], Ritsema van Eck [305], and Selvester and Solomon
(344, 345], and they were later advanced by others [8, 12, 86, 227, 238, 239, 402]. In
these models, the extracardiac potentials were calculated from distributed equivalent
source generators (current dipoles) oriented in a dircction normal to the advancing
wavefront at cach of its discrete points {118, 238, 425).

More recent work of Corbin and Scher [59], combining experiments and modeling,
indicated that the propagation of excitation is markedly affected by myocardium’s
anisotropic structure. These authors noted that the activation wavefront moved three
times faster along the fibers than across them. To evaluate extracardiac potentials,
Corbin and Scher proposed a new cardiac source model in which the dipoles are
oriented locally parallel to the direction of the myocardial fibers. Further experi-
mental studies of Roberts and Scher [308], Roberts et al. [307], Baruffi et al. [25],
and Spach et al. [355] substantiated the finding that the isotropic model of prop-
agated excitation is not adequate. Baruffi et al. [25] stimulated the canine LV at
endocardial, intramural, and epicardial sites and showed that recorded electrograms
on the ventricular surface had negative deflections where the isotropic model would

have predicted positive deflections; by measuring extracardiac currents, they demon-
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strated that this phenomenon can only be explained by an anisotropic model of
myocardial tissue [57]. An attempt to incorporate anisotropy in propagation models
motivated a modification of the Wiener-Rosenblueth approach, with the wavefronts
constructed as ellipsoids (rather than spheres) oriented along the principal fiber di-
rection [4, 6, 131, 218, 397, 401]. Although such models are computationally efficient,
they cannot adequately reproduce potentials measured near the epicardium. In ad-
dition, the velocity of propagated activation is preassigned by inserting a delay in
the passing of activation from one point to another. The velocity has, therefore, no
direct relation to the underlying physiology of the process.

A more advanced approach to solving the problem of propagated excitation, and
one that explicitly describes the structure of the pertinent myocardium, is the bido-
main model (see Section 3.2) proposed by Schmitt [331] and first implemented by
Tung [389] and Geselowitz and Miller [120]. In the bidomain model, myocardial tis-
sue is represented as a bisyncytium, that is, as a pair of continuous and congruent
spaces corresponding to the intracellular and interstitial (i.e., extracellular within the
tissue) spaces, which are separated everywhere by a membrane. Plonsey and Rudy
[288] used this model in studying how tissue thickness affects extracardiac poten-
tials. They assumed that the ratio of conductivities along and across the axes of
anisotropy is the same in the intracellular medium and in the interstitial medinm (an
equal anisotropy ratio condition). Plonsey and Barr [284] used the bidomain model to
analyze current flow during propagated excitation in 2-D network of cells, using sev-
eral hypothetical arrangements of intracellular and interstitial domains and a range

of anisotropy ratios. They concluded that when the anisotropy ratio in two con-
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gruent spaces differs, the spatial distributions of ohmic currents can be significantly
different in the interstitial space than it is in the intracellular space. Plonsey and
Barr also noted that the bidomain model under conditions of equal anisotropy ratio
is equivalent to a monodomain representation and that the calculated transmem-
brane potentials are the same as those predicted by a uniform double layer. Their
results were later confirmed by Sepulveda and Wikswo [332], who also computed the
magnetic field and found that it becomes zero when anisotropy ratios are equal.

Colli Franzone and coworkers [57, 58] included the third dimension and general-
ized the model of Corbin and Scher [59] by introducing the oblique dipole layer to
explain experimental potential distributions measured from isolated canine hearts.
The oblique dipole layer model represents the cardiac sources as the superposition of
two layers of dipolar sources constructed on the surface of the activation wavefront: 1)
a normal dipole layer, with dipoles oriented in the direction normal to the wavefront
surface and 2) an axial dipole layer, with dipoles oriented along the local direction of
fibers. It follows from Gauss’ law of flux {363] that the extracardiac potential due to
the uniform normal layer is absent when the wavefront is closed [57, 58].

More recently, Colli Franzone et al. [55] developed the solution of propagated
activation in the bidomain model based on reaction-diffusion equations [95]. The
reaction-diffusion model requires considerable amounts of computer time and mem-
ory allocation to solve the pertinent partial differential equations and thus can be
used only in small blocks of myocardial tissue. For these reasons, Colli Franzone
et al. (51, 55] derived from the reaction-diffusion model—using a singular perturba-

tion technique [46, 183]—an approximate eikonal-curvature formulation. A similar
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approach was used by Keener [184]. {Colli Franzone and Guerri [49] carefully com-
pared, by means of 3-D simulations, the reaction-diffusion and eikonal models and
found excellent agreement.) Both approaches have been used to simulate propagated
activation in models of myocardial tissue with the assigned spatial variation of the
fiber direction [52, 53, 185]. The limitation of the cikonal-curvature models is that—
at the current stage of development—they do not incorporate the kinetics describing
the cardiac AP but do determine only the position of the leading edge of the wavefront
of propagated activation,

Leon [206] and Leon and Hordgek [207, 208, 209] developed a hybrid model of
cardiac propagated excitation that combines cellular automata models with those
based on bidomain theory. This model is designed for a realistic heart architecture,
simulates both activation and recovery, allows for a transmembrane AP of different
type for different types of cells, and enables the calculation of extracardiac potentials
on both the epicardial and the torso surfaces.

Colli Franzone et al. [52] and Henriquez et al. [144] used the bidomain models to
relate epicardial potentials to activation wavefronts. They used the parallelepipedal
and curved slabs of ventricular tissue with assigned rotational anisotropy, in which
they initiated ectopic sequences from epicardial, intramural and subendocardial sites.
Their model provides a thorough insight into intramural distributions of potentials
and activation isochrones, which is very valuable when interpreting measured epi-
cardial potentials and unipolar plunge-electrode electrograms [376]. A limitation of
their study is the simplified representation of the ventricular myocardium.

The bidomain model has recently been applied to exploring the effect of the
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extracardiac volume conductor on the process of propagated activation in cylindri-
cal strands of myocardial fibers [145, 146, 147, 310, 311, 314] and planar slabs of
myocardial tissue [122, 148]. Trayanova and Pilkington [387] showed that, in prin-
ciple, one can cxpand the bidomain model to approximate the discrete nature of
myocardial tissuc by introducing junctional resistances into the intracellular domain.
During the past 15 years, tlere also has been progress in incorporating knowledge
about the membrane dynamics of cardiac myocytes into single-cell [223, 224] and
one-dimensional models that explicitly consider the discontinuous structure of the
myocardium [71, 72, 286, 299, 320, 319, 347]. Cellular models provide fundamen-
tal insights into the nonlincar properties of the cardiac cell membrane because they
can sinulate m ambrane dynamies in an unabridged form. On the other hand, these
models cannot simulate phenomena that depend on the topological properties of 3-D
ventricles and on their anisotropic structure. Presently, the description of ionic ¢ur-
rents in modlels of the cardiac cell membrane (e.g., [223, 224]) is too computationally

costly to be included, without simplifications, in macroscopic ventricular models.
3.1.2 Volume conductor modeling

The simplest volume conductor models representing the hnman body disregarded
boundary effects [114, 121, 153] or considered the human body as a volume with a
spherical [37, 63, 102, 318, 413], spheroidal [30, 63, 246, 398]. parallelepipedal [92],
or cylindrical [149, 201, 264] boundary. The major advantage of such simplifications
is that they allow the analytical calculation of extracardiac potentials, e.g., on the
body surface or epicardium, or of a magnetic field outside the body surface. However,

to obtain the electric potentials and magnetic ficld in a realistically shaped volume



conductor [20, 111, 117, 151, 152], numerical methods have to be used. Two classes
of engincering techniques are used in electrocardiography to model the human body’s
boundaries and internal structures: the finite element method (FEM) [167, 432] and
the boundary clement method (BEM) [34]. In both methods, the volume conductor
that represents the electrical properties of the human body must first be subdivided
into a finite number of basis elements (volume elements in the case of the FEM and
arca elements in the case of the BEM).

The FEM is based on the minimization of an energy function derived from Pois-
son’s equation within each of the discretized volume elements. An important feature
of the FEM is the ability to formulate solutions for individual clements before as-
sembling them to represent the entire problem. Since the electrical properties can
vary from element to element, the FEM can model local variations in the electrical
properties of the volume conductor, thereby explicitly accommodating conductivity
inhomogeneities as well as the tissue’s anisotropy. Its disadvantage lies in the large
number of nodes that are required to represent the entire volume conductor well
cnough to obtain a reasonably accurate solution. The FEM has been applied to elec-
trocardiographic modeling by several investigators [54, 56, 216, 333, 334, 360, 426],
with the recent Utah model being the most sophisticated model of the human torso
to date [174].

The BEM, which has been adopted in this study, is based on Green’s theorem. The
surfaces, rather thau the entire volume, dividing the compartments with different elec-
trical conductivities are tessellated with suitable planar elements {152]. The electric

properties of human thoracic tissues can thus be represented as an isotropic, piecewise



homogencous volumne couductor. The major advantage of the BEM is that it involves
considerably fewer nodes than the FEM. Because of its simplicity and compactness,
the BEM has been widely adopted in electrocardiography and has proved suitable
for constructing “tailored” torso models that account for paticnt-to-patient variabil-
ity in torso shape and the position of the internal structures [162, 168, 268, 270}.
On the other hand, although attempts have been made to account for anisotropy
in the boundary element models {132], such procedures are not generally applicable.
Consequently, the BEM is largely limited to the modeling of inhomogencous, but
isotropic, structures in the human torso. (Recently, Zhon and van Oosterom [431]
demonstrated that by means of a proper coordinate transformation, the BEM can be
used for compnting electric potentials and a magnetic ficld generated by bioelectric
primary sources in an anisotropic, inhomogencous volune conductor.)

Pilkington and coworkers [279, 280] dircctly compared the FEM and BEM and
concluded that both techniques generated results of equal accuracy, provided that the
sizes of the elements covering the volume and the surfaces were comparable. Thus,
fewer elements are required in the BEM than in the FEM to attain the same accuracy
of the solution. Stanley and Pilkington [359] and, more recently, Pullan [295] used the
FEM to model an anisotropic skeletal muscle layer—which has a higher conductivity
in the direction tangential to the outer chest boundary and a lower conductivity in
the radial direction—and used the BEM to model other intrathoracic regions. The
resulting models required significantly fewer nodes to represent the entire volume

conductor than did the standard finite element models.
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3.2 Macroscopic description of cardiac sources by
the bidomain model

The bidomain model is a macroscopic model; that is, it describes physical quantities
averaged over a volume containing many cardiac cells. The basis of the bidomain
model is the assumption that one can neglect the microscopic details of myocardial
structure and consider myocardial tissue as though it were a continuum [283]. This
assumption is reasonable because although it has been shown that at a cellular level
the propagation of excitation is discontinuous [347, 349, 350, 351, 353, 354], such
discontinuities have not been observed on the macroscopic scale. We shall introduce
the mathematical concept of bidomain theory, emphasizing those assumptions and
less-known steps that are important for our application.

Bidomain theory treats both the intracellular space and the interstitial space as
being continuous and separated by a distributed cell membrane. Both spaces rep-
resent interpenetrating (or congruent) domains; i.e., to each point in the bidomain
model is attributed both an averaged intracellular potential ¢; and an averaged in-
terstitial potential ¢,. As a result, the transmembrane potential v, is defined at
any point in the bidomain region. Bidomain theory provides the formal link between
@i, e, and vy, and the electrical properiies of the anisotropic conducting medium

described in terms of the conductivity tensor.

3.2.1 Conductivity tensor as a descriptor of anisotropy

We consider the ventricular myocardium as the anisotropic bidomain region 7 whose

electric properties are characterized by the conductivity tensors D; and D, for the
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intracellular and interstitial spaces. The tensors D; and D, are defined in a global
Cartesian coordinate system and are symmetrical and positive definite. As a fiber
direction varies with its position x in this volume H , the tensors D; and D, may
generally contain diagonal and off-diagonal elements. However, the tensors D; and
D, are usually measured or defined in their natural basis (that is, in their eigensystem)
and then, with the proper transformation, are rotated into a global coordinate system.
This procedure will be described in more detail below.

The bidomain region H is assumed to have the local fiber dircction (varying with
x) that is defined by an cigenvector ag(x) of tensors D; and D,. If the intracellular and
interstitial domains share the same cigenvector as(x), then the eigenvalues o} = o}
and o5 = of corresponding to that eigenvector are conductivities along the fiber
local direction in the intracellutar and interstitial spaces, respectively. Measurements
have shown that the electric properties of cach fiber can be approximated as axially
symmetric with the conductivitics o} and of along the fiber and the conductivities
o; and o} in any direction perpendicular to the fiber. This is algebraically equivalent
to stating that the tensors D; and D, are degenerate, which means that eigenvalues
corresponding to the eigenvector a;(x) are the same as those corresponding to the
cigenvector as(x).

In addition to the above assumptions, we also assume that anisotropy is homoge-
neous in A, i.e., the eigenvalues o}, o7, of, and of are independent of x. The diagonal

tensors D} and Dy, defined in the eigensystem, then compreliensively characterize
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the intracellular and interstitial anisotropic conductivites,

o 0 0
Di=| 0 o 0 |. (3.1)
0 0 of

To be represented in a global coordinate system, the tensors D} and D* have to be

rotated,

D;.=AD; A", (3.2)

where A = {a,(x), a(x), a3(x)} is a matrix of eigenvectors and A7 is its transpose.
In particular, when the local fiber direction is defined by the spherical angles © and
P, the eigenvectors a;{(x), as(x), and az(x) are the unit vectors eg, eq, and e, of the
spherical coorrdinate system expressed in the Cartesian coordinate system.

It is convenient to separate the isotropic and anisotropic components of the tensor
D;,. to account for the contribution that is solely due to anisotropy. Using axial

symmetry, one can rewrite the conductivity tensor D; . as
Di,c = (U:'c - crf“")a3a3r1 -+ 0';’01 s (33)

where I is the identity matrix. Thus, the anisotropic interstitial and intracellular
media can be thought of as having isotropic conductivities o} throughout, with an

additional increase in conductivity (o)® — 61°) along the fiber direction.
3.2.2 Derivation of the bidomain equations

Since the intracellular and interstitial domains in H are continuous and behave as
linear conducting media, the current densities [A/m?] in both domains are given by
Ohm’s law,

Ji=-D;V¢;, (3.4)
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je = =DV, . (3.5)

In Egs. 3.4 and 3.5, the quasi-static conditions were assumed; that is, the displacement
current was neglected and the electric ficld was expressed as the gradient of a scalar
potential (which is justified for electrocardiographic frequencies < 1000 Hz [287]).
The potentials ¢; and ¢, are approximated by the bidomain mode! and therefore are
local averages of physical quantities based on the spatial discretization of the model.
Since the electric charge is conserved at every instant, i.c., dp/ot = 0, the total

current density j = j; + j. is solenoidal,
V-j=-V-D;V¢; -V -D,V¢p.=0. (3.6)

Also, in accordance with the conservation law, any change in the intracellular and

interstitial current densities has to appear as the transmembrane current [A /m?]
'I:m = V . DiV(bi =-V- Dchzﬁc . (37)

Since it is assumed that the intracellular and interstitial spaces are separated by a
distributed membrane, the transmembrane potential v,, can be defined for every point

of the region H as the difference between the intracellular and interstitial potentials

U = @i — G . (38)

Using this definition of the transmembrane potential and Eq. 3.6, we can write ellip-

tical partial differential equations for ¢; and ¢,,

V- (Dl + DE)Vd)l = V- Dcvvm y (3.9)

V. (Dl + Dc)ch)e = -V -D;Vu,,. (310)
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We can see that the di'stributions of ¢; and ¢, are generated by the source terms that
involve the gradient of the transmembrane potential. Equivalently, we can show—
using Eqgs. 3.4, 3.5, and 3.8—that the total current density can be formally expressed
as the sum of the “impressed” current density —D;Vw,, driven by the electrochemical
generators in the membrane and ohmic volume current (D; + D,)V¢,. Eq. 3.10
thus directly relates the interstitial potential distribution ¢, to the impressed current
sources embedded in a composite medium with the bulk conductivity D; + D.,.

In the ventricular muscle, activation propagates due to the spread of electrotonic
current between neighboring cardiac cells. Since in the bidomain model intracellu-
lar and interstitial spaces are filled with continuous resistive media coupled via a
distributed membrane, the inclusion of this fundamental physiological principle into
the bidomain model can be accomplished using a nonlinear cable equation [47]. The

transmembrane current is then given by

avm

_67 + Iion. - Iapp) ) (311)

im = X(Om

where x is the membrane surface area per unit volume, C,, is the membrane capaci-
tance per unit area, I;,, is the ionic current per unit area of the membrane surface,
and I,,, is an applied current stimulus to start the excitation. Including the cable
equation (Eq. 3.11) has an important consequence because the ionic current I, in
principle, can be described as a nonlinear function of v,,. Several semiempirical mod-
els have been developed to do so, among them the Beeler-Reuter [28] model and the
more recent Ebihara-Johnson [85], Drouhard-Roberge [80, 81, 82], DiFrancesco-Noble
[74], or Luo-Rudy [223, 224] models. In this way, the macroscopic current sources

~D;Vv,, can be described in a direct relationship with the physiological parameters
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that define the cellular AP.

By combining Egs. 3.11 and 3.7 and by defining
Cin = Xcmy iiou = Xfinna ‘i'app = X-[app )

we get an equation that relates the spatial distribution of extracellular potential b

and the membrane dynamics

 Quy

me -V. DiV’Um + iion(’”m) =V Div(/)c -+ iupp . (312)

This is a nonlincar parabolic partial differential equation in v,,. When coupled with
the elliptic equation in ¢, (Eq. 3.10) and corresponding boundary conditions, it com-

pletely determines v, and ¢, (and via Eq. 3.8 also ®;) in the region H.
3.2.3 Boundary conditions

The anisotropic bidomain region H is no* iafinite but is embedded in a bounded mon-
odomain region B. For this reason, the proper boundary conditions at the interface
hetween regions H and B have to be specified.

Let the closed surface Sy bound the bidomain region H, thereby representing an
interface between two regions. Assume that the volume conductor B is homogeneous
and isotropic with constant conductivity op. At the boundary Sy, the clectric po-
tential is continuous in H. Because we assume that the interstitial space in H is

contiguous with the volume conductor B, it follows that

dp = Pe . (3.13)

To ensure continuity of the current, the normal component of the current density



must also be continuous

n-opVép =n-(D;Ve; + D.Ve,), (3.14)

where the vector n is an outward unit normal to the surface Sj;.

Additional boundary conditions on the surface Sy; follow from the property that
the sources in the bidomain region H arise only in the presence of an intracellular
medium. Since such sources are confined to H, the quantities D;Vu,, and D;Vé; can

be assumed to be tangent to Sy, i.e.,
n-D;Vy, =0, (3.15)
n-D;Vé; =0. (3.16)
3.2.4 Assumption of an equal anisotropy ratio

In principle, Eqs. 3.10 and 3.12—when subjected to the boundary conditions stated
in Egs. 3.13 through 3.16—completely determine the values of ¢;, ¢., and v,, in the
bidomain region H. Such a system, comprising an elliptic partial differential equa-
tion coupled to the parabolic partial differential equation, can be solved iteratively
by first solving the nonlinear parabolic equation {using the explicit finite difference
method to update the transmembrane potential) and then finding the solution of the
boundary value problem (represented by the elliptic equation and the boundary con-
ditions) [311]. Such an approach, however, requires very fine spatial (< 0.2 mm) and
temporal (< 0.001 ms) discretizations to ensure the stability of the solution, and this
effectively prevents its application to modeling propagated activation in the entire
human ventricular myocardium. A more computationally efficient solution can be

obtained under the assumption of an equal anisotropy ratio.
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Since the bidomain model is macroscopic, the conductivity tensors D; and D,
refer to the electric properties of tissue in bulk (i.e., a large number of myocardial
cells) and it is useful to assume that electrical conductivities in the intracellular and
interstitial media are related. For this reason, we assume the equal anisotropy ratio

condition, which can be formulated as
Dc - kD, . (317)

Eq. 3.17 implies that the ratio of longitudinal and transverse conductivities is the
same in the intracellular and interstitial media, i.e., of/o} = o¢ Jot =k.
Under the equal anisotropy ratio condition, we obtain from Eq. 3.9 an important

relationship

k

¢i=k+1

Upn - (3.18)

This means that the potential distributions in the intracellular region—and via Eq.3.8
in the interstitial region—are solely determined by the transmembrane potential. This
result was first obtained for a one-dimensional core conductor model [150]. Plonsey
and Barr [284] noted that under the assumption of an equal anisotropy ratio, the
intracellular and interstitial potentials depend only on the local change of v, in
contrast to the condition of arbitrary anisotropy, where the potentials depend on the
change of v, throughout the tissue.

A consequence of this assumption is that the parabolic equation is no longer

coupled to the elliptic equation but can be rewritten as

Om

k .
Cm Bt 4 iion(vm) = —V . D,Vv,,, + ’I,app . (319)

k+1

Using Eq. 3.3, one can express the term D;Vu,, as the sum of the anisotropic and



61

isotropic components, i.e., V- (o} —o})aga; Vv, +V 6iVu,,. The boundary condition
in Eq. 3.13 is unaffected under an equal anisotropy ratio condition, but the boundary
conditions in Eqs. 3.15 and 3.16 become identical and—via the boundary condition
in Eq. 3.14—can be satisfied only if the bidomain surface is insulated. Currently,
there is some controversy regarding the appropriate boundary conditions for bidomain
tissue embedded in an external volume conductor [145, 199, 312, 314]. In a recent
experimental study, Green et al. [126] observed that at the macroscopic level, changes
in the conductivity of an extracardiac volume conductor have very little effect on the
sequence of propagated activation.

Eq. 3.19 is the generalized version of the cable equation [47] and represents, with
the boundary conditions in Egs. 3.13 and 3.15, the governing equation for the trans-
membrane potential v,,. We can see that when anisotropy ratios are assumed equal,
the propagation problem is reduced to solving only a single parabolic partial differ-
ential equation. As mentioned earlier, i;0,(v;) depends nonlinearly on the trans-
membrane potential and can be calculated using the semiempirical ionic models
[28, 74, 81, 85, 223, 224]. Indeed, such an approach has been successfully applied
to the simulation of propagation in 2-D anisotropic sheets {210, 211, 306] and small
3-D anisotropic volumes [292] of myocardial tissue. The application of the anisotropic
bidomain model to simulations of propagated activation and recovery in realistic 3-D
models of the ventricles is presently on hold due to the still excessive computational
costs. Qur current approach to making the propagation problem computationally
tractable is to use a cellular automaton to rule the suprathreshold behavior of the

AP while applying the anisotropic bidomain model to govern the electrotonic inter-
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action between the cells of the automaton. This hybrid approach will be described

in more detail in the next subsection.
3.2.5 Cellular automata approach

The discrete and deterministic nature of a cellular automaton (CA) makes it a con-
venient tool in modeling dynamic systems defined over regions of irregular geometry
[386, 416], such as those used to simulate propagated excitation in the ventricular
myocardium. As has been shown in Scction 3.1.1, CA-type models have been fre-
quently used in electrocardiography [8, 60, 86, 227, 305, 328, 380, 402]. The major
advantage of the CA is in the reduction of the complex nonlinear hehavior of the
ionic channels of the cell membrane into a set of discrete state-transition rules, with
the AP function predefined as an analytical function or constructed by means of ionic
models (c.g., the modified Becler-Reuter model). As has been noted elsewhere [327],
such a simplified description of the heart’s excitable membrane should be adequate
in macroscopic models of propﬁgated excitation. We have indicated earlier that while
CA algorithms are computationally attractive because they are simple and fast, their
major weakness is that the velocity of propagated activation is empirically prede-
termined. These difficulties can be overcome, as proposed by Leon [206] and Leon
and Hordgek [207, 208, 209], by allowing a flow of electrotonic current—evaluated by
means of the anisotropic bidomain model—between the discrete elements of the CA.
On the other hand, their studics [206, 207, 208] and later ones [256] pointed out that
to obtain realistic solutions with smooth activation wavefronts and a square-root re-
lationship of conduction velocity to conductivities, the CA model should be spatially

discretized at the submillimeter level. We shall concisely define the CA incorporated
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into the model of propagated excitation in this study as follows.

The CA model that represents the ventricular myocardium is a network of inter-
connected and synchronously clocked cells whose size is determined by the resolution
of the ventricular model, which for our specific case is 0.5 mm. With each cell of the
model is associated a variable called the state. Time in the CA advances in discrete
steps; the dynamics of each cell is defined by an explicit rule called the local map,
which is applied at every time step ¢; to each cell (4,4,k), to determine the next state
of the cell from the current state of that cell and the other cells in its neighborhood.
The local map is, in turn, defined by the neighborhood, which specifies which cells
affect a given cell, and the state-transition table, which specifies how those cells affect
1t. We shall describe these features in more detail as they apply to ocur model.

Each cell in the CA assumes one of four states that are directly linked to the
underlying physiological mechanism of the cardiac AP: 1) quiescent, 2) ezcitatory,
3) absolute refractory, and 4) relative refractory. The quiescent state corresponds
to an unexcited cell, with the value of its transmembrane potential v,, being equal
to the resting potential »,. The excitatory state corresponds to the presence of the
subthreshold activity arising either from an external stimulus or frora the electrotonic
current (calculated using the bidomain model) from any of the neighboring cells.
The absolute and relative refractory states correspond to the absolute and relative
refractory periods of the cardiac AP, respectively. The transmembrane potential in
the absolute refractory state is approximated by a predetermined AP function that

depends only on the elapsed time, the recovery interval t., and the cell type 7,

Um = f(t, tr,T) Ui = Uy, ) (320)
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where vy, denotes the threshold potential, The recovery time pararneter £, was in-
cluded to account for the physiological change in the conduction velocity and the
refractory period due to previous patterns of local electrical activity (i.c., the electri-
cal restitution curve) [88, 104). Consequently, the transmembranc potential »,, is not
affected by excitatory currents or by any other factor during the absolnte refractory
period. By contrast, the transmembrane potentials in the excitatory and relative
refractory states are calculated from the anisotropic bidomain model by discretizing
the governing parabolic partial differential equation (Eq. 3.19) by means of the ex-
plicit finite difference method. In this study, the ionic current tion () Includes only
the inward rectifier i, [28, 223], which, as suggested by the experimental evidence,
affects the diastolic depolarization.

The neighborhood of cach cell is defined on a cubic lattice and consists of all
first-order neighbors sharing at least » common edge with the given cell (in total 18
neighbors). The state-transition table takes the state of the cell, the states of the cell’s
neighborhood, and the external stimuli at time ¢; as arguments and returns the cell’s
next state at time ¢;;;. Theoretically, therc are 16 possible state transitions (including
identity transitions) among the four CA states, but physiological constraints reduce
the number of these transitions to 11. In addition, the absolute refractory state
requires a clock to control the duration of the predetermined AP function. Similarly,
the excitatory and relative refractory states require separate clocks with which to
determine the amount of time the cell spends in these states. At every subsequent
time step, the given clock is subtracted, and when it runs out, the table specifies the

state transition. The state-transition table is defined as follows:
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quiescent -+ quiescent takes place if a cell in the quiescent state has not received

any current from its neighbors or from an external source

quiescent — excitatory occurs if the transmembrane potential of one of the cell’s
neighbors exceeds the resting potential, both at time ¢; and time ¢, or when

a cell receives an external stimulus at time ¢;

ercitatory — excitalory takes place if a cell’s transmembrane potential exceeds
the resting potential but does not exceed the threshold potential (i.c., v, <
Um < Vy,); the transmembrane potential is calculated using the bidomain model

(Eq. 3.19)

excitatory — absolute refractory occurs when a cell has received enough cur-
rent to depolarize above the threshold potential and is about to undergo the

predetermined AP function
excitatory — quiescent occurs when the excitatory clock has run out

absolute refractory — absolute refractory is maintained until the absolute re-
fractory clock runs out; the transmembrane potential is completely regulated

by the CA through the predetermined AP function

absolute refractory — relative refractory occurs when the absolute refractory

clock runs out, that is, the cell has reac ed the end of its AP

relative refractory — relative refractory is maintained until the relative refrac-

tory clock runs out (i.e., the cell returns to either an excitatory or a quiescent
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state) or the cell receives cnough current to depolarize above the threshold po-
tential (i.e., its state turns to the absolute refractory state); the transmembranc

potential is calculated using the bidomain model (kq. 3.19)

e relative refractory — quiescent occurs when a cell has gone through the AP and
does not have any cells in an excitatory or absolute refractory state within its

neighborhood

* velative refractory — excitatory occurs when a cell has gone through the AP
but other cells within its neighborhood are in either an excitatory or absolute

refractory state

o velabive refractory — absolute refractory occurs wi- -+« oll that has undergone
an AP is receiving enough current from other sources to be depolarized above

the threshold potential

In general, the CA models allow a significantly coarser discretizatiou in the time
domain than other numerical methods, such as the finite difference method. Since
our model is of the hybrid type, two diftferent time steps are used: a smaller time step
(microstep) 6¢, for cells in the excitatory and relative refractory stiies. and a larger
time step (macrostep) At = mdt, for cells in the quiescent and absolute refractory
states. At ecach microstep, only those cells that require a solution of the discretized
version of Eq. 3.19 are processed; at each macrostep, cells defined solely by the CA
are also processed. To keep track of the cells that have to be updated, two masks—
one for the microstep and one for the macrostep—are used, representing each cell by

one hit.
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This hybrid propagation model is laid upon the model of the human ventricular
myocardium developed in Chapter 2. A 0.5-mm resolution of the model is crucial
for adequately reducing the effects of spatial discretization of the CA model on the
propagation velocity and shape of the activation wavefront. Each cell of the model
is characterized by one byte that defines a cell type and two bytes that specify the
local fiber direction (in terms of the global angles ¢ and ©). These three bytes form
the static section of the given cell’s storage space. Five bytes (plus two bits in system
masks) constitute the cell’s dynamic section, specifying (in order) the given state-
transition number, its corresponding clock, potentials at the next and current time
steps vy and v;, and the activation time. In addition, the propagation parameters
designating the equal anisotropy ratio &, the microstep 6%, the macrostep multiplier m,
the membrane resting potential v,, the threshold potential vy, the AP function, the
membrane capacitance c,,, the surface-to-volume ratio y, the transverse intracellular
conductivity of, and the longitudinal intracellular conductivity o} are chosen before
the simulation. The rationale behind the choice of a particular set of parameters
will be discussed in Chapter 4. Some of the parameters, such as the membrane
resting potential and the AP function, can be assigned individually to a specific
region of interest. In that way, it is possible to include different AP types both in the
structurally normal myocardium (due to progressive shortening of the AP duration
from the endocardium to the epicardium) and in ischemic myocardial tissue {e.g.,
due to different levels of severity of cardiac ischemia).

The model was implemented on an IBM RS/6000 model 530 computer and was

based on algorithms presented in detail elsewhere {258]. In this study, the algo-
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rithm has been further improved to allow the inclusion of the conduction system,
as described in Chapter 5. Appendix A summarizes functions used in simulating

propagated excitation in the anisotropic myocardium.

3.3 Model for evaluating the extracardiac elec-
tric potentials and magnetic field

3.3.1 Extracardiac electric potentials

To evalnate the extracardiac clectric potential doo, we first assume that the cardiac
sources arc confined to the membrane and that the membrane is embedded in a linear
isotropic and homogeneous volume conductor of infinite extent that is described by
its conductivity 0. Consequently, the extracardiac potential can be determined by

solving Poisson’s equation, i.c.,

1 ,
oo = Hjl VRV, (3.21)

47ay .

where j* is the impressed current density defined by the relation j' = —D;Vu,, and
R is the distance from the source point r to an arbitrary field point. The integration
in Eq. 3.21 is performed over the entire bidomain region H containing all cardiac
sources. The potential in Eq. 3.21 can be thought of as being generated by isolated
current elements—current dipoles [294, 414]. A current dipole p is constructed as
the concentration of a current doublet (i.c., a current source and a current sink) {27
to a single point rp, i.e., j(r) = 6(r — ro) p, where 8(r) is the Dirac delta function.
A current dipole is often referred to as the equivalent primary source representing a
patch of the border between depolarized and resting myocardium [415]. 1t is generally

a good approximation for a small source viewed from a remote field point.
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Next, using Eq. 3.3 in Eq. 3.21, we obtain the expression

=1 i - i T gy
boo =~ {5 [ Vim: VR4V + (o} = o)) [ 28]V, VR a b )

This is the oblique dipole model that is a generalization of the oblique dipole layer
model introduced by Colli Franzone et al. [57, 58]. (The oblique dipole model allows
the calculation of axial and normal dipoles throughout the cardiac depolarization and
repolarization cycle in the region H.) The extracardiac potential ¢y, is calculated
in the discretized form of Eq. 3.22 as the superposition of contributions of a large
number of dipoles. Their strengths are proportional to spatial gradients of the trans-
membrane potential hetween neighboring elements of the CA model. Eq. 3.22 can
be interpreted as the linear combination of two distinct dipolar sources. The first
term is the contribution of isotropic dipoles (predicted by uniform double layer the-
ory [103, 269]) and the second term is the contribution of axia) dipoles that account
for the anisotropic properties of myocardial tissue [59). Colli Franzone et al. [55)
and, later, Leon and Hordgek [207, 208, 209] observed that the oblique dipole maodel
predicts the salient features of the measured potential distributions on the epicardial
surface and on the body surface. However, they noted that agreement between the
measurements and model depends on one’s choice of the ratio between the isotropic
and axial components, and they pointed out that this ratio may differ from that used
to simulate propagated activation. The optimal choice of this ratio in conjunction
with measured potential distributions will be addressed in Chapter 4.

The assumptions stated above deserve more detailed discussion. Firstly, the equal
anisotropy ratio assumption is used in our simulations solely to determine the acti-

vation sequence and, hence, the location of the primary sources. Once we obtain
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the local direction of fibers from the realistic ventricular model and calculate the
local transmembrane potential differences, we can completely specifly the extracar-
diac potentials using the oblique dipole model. Thus, this model does not depend
on our assumption of an equal anisotropy ratio. Its limitation is that the oblique
dipole model assumes that the region H is an isotropic homogeneous monodomain.
In our model, anisotropy thercfore affects only propagated excitation and evalua-
tion of equivalent cardiac sources; its influence on the spatial distribution of ohmic
currents in the intracellular and interstitial media is not accounted for.

The cardiac sources are embedded in the human body, which is a volume conduc-
tor and therefore acts as an clectrical load for primary current sources. To account
accurately for the effects of this conductor, a model of the human body should be
inhomogeneous and of a realistic geometrical shape. In clectrocardiography, the hu-
man body is traditionally represented as a torso, i.c., without extremities or head
[20, G4, 152]. This approximation is Justified by the fact that the heart-produced
potential gradients in those peripheral regions are small. The torso model can also
include internal inhomogeneities, such as the lungs and intracavitary blood masses,
each with its own constant conductivity; the air surrounding the torso is assumed to
liave zero conductivity.

We assune that an arbitrarily shaped volume conductor consists of homogencous
and isotropic regions with the conductivity o, that are bounded by surfaces S;. (k =
1,2,---, M), with the torso surface S enclosing all other regions. It follows from
generalized Green’s theorem [341] that the electric potential at an arbitrary point

on the boundary surface S, of this volume conductor is given by an inhomogeneous
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Fredholm integral equation of the second kind with weak singularity [20, 21, 115, 121],

i.e.,

m

1 . 1
= —_— t, - s R . -1
? 2r (ol + o) {//J VRV ~ 3 (o} Jk)./skd)n VR dS} . (3.28)

! k=1

where o}, and o} denote conductivitics on the inner and outer sides of the surface
Sk, with of = 0, and the normal n is pointing from the single-primed into the
double-primed region. The first term in Eq. 3.23 equals twice the infinite medium
potential calculated by Eq. 3.22. The second term accounts for the contributions of
the conductivity discontinuities, which are equivalent to the contribution of double-
layer current sources —(o}, — o}) ¢n distributed on the interfaces between regions
of different conductivity [281, 323]. The eclectric potential is continuous across the

interfaces between regions designated by single prime and double prime [115],
¢ = i, (3.24)
and so is the normal component of the current density [115],
(0h V') n = (ciV") n. (3.25)

Since of = 0, the zero-flux condition at the surface S, applies.

In the general case of irregularly shaped boundaries, one must solve Eq. 3.23
numerically to find the potential distributions on, for example, the torso surface or
epicardium. Here, we accomplished this using the BEM [164, 330, 430] that required
the closed surfaces to be tessellated into triangular elements defined by M nodes.
The electric potential ® at the torso boundary is then calculated from a discretized

version of Eq. 3.23 in matrix form [247],

& = 28, +Me, (3.26)
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where @, is a vector of discrete potentials evaluated at nodes of the tessellated
boundaries that would be produced if the given sources were embedded in an infinite
homogeneous conductor (Eq. 3.22). The elements of matrix M (M x M ) are geomet-
rical integrands, which can be calculated analytically [247]. Although Eq. 3.26 is
singular, it can be deflated [226] and solved by means of the noniterative fast forward

method [297]. This formalism has been described in detail elsewhere [159, 296, 297].
3.3.2 Extracardiac magnetic field

The same cardiac primary sources that generate extracardiac electric potentials also
generate an associated extracardiac magnetic field. To validate our model of the hu-
man ventricular myocardium more thoroughly, we also compared the simulated with
the measured magnetic field where such measurements were available (see Chapter 4).
In this subsection, we introduce the governing equations for calculating the extrac-
ardiac magnetic field as they apply to our model of propagated excitation used in
conjunction with the BEM. The derivation of the equations [116, 129, 151] is pre-
sented elsewhere in more detail.

Whether the extracardiac magnetic field contains information that is absent in
the extracardiac electric potentials is yet to be determined (282, 321, 410, 411]. In
their attempt to do so, based on the theoretical reasoning, Sepulveda and Wikswo
[332] usec the bidomain model of cardiac sources in conjunction with the FEM to
simulate the magnetic field of a 2-D anisotropic bisyncytium. They pointed out that
under the equal anisotropy ratio assumption, the magnetic field vanishes. Roth et al.
[313] investigated qualitatively the magnetic field arising from the spiral arrangement

of fibers near the ventricular apex. Rased on their earlier hypothetical model of
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electrically silent sources [315], they argued that such spiral anisotropy generates
sources that are detectable only by measurements of the magnetic field.

Although we use the equal anisotropy ratio condition to predict the wavefronts of
propagated activation, we use the oblique dipole model to calculate the extracardiac
magnetic field. Within this concept, the sources at any point of the bidomain region
H are constructed as two dipoles (isotropic and axial), and, therefore, the theoretical
restriction of a nonzero magnetic field does not apply [50]. Assuming that the primary
sources j* = —D;Vu,, are embedded in an unbounded homogeneous monodomain,

the extracardiac magnetic field B can be obtained from Biot-Savart’s law {116],

Boo = -2 {a;‘ ‘/” Vo, x VRV + (0} = o7) '[H(va - a3)ay x wz—ldv} .
(3.27)
In an experimental setting, the extracardiac magnetic field is typically measured
normal to the surface of the tissue or normal to the anterior chest of a patient at m

sensor locations [369]. To account for the influence of the realistic boundaries, we use

the BEM. The magnetic field can be then expressed in matrix form as [151],
B, = Bou + A2, (3.28)

where ® is a vector of discrete potentials on tessellated boundary surfaces {Eqgs. 3.26)
and Be,n Is a vector of normal magnetic field values at m sensor locations associ-
ated with an infinite homogeneous medium (Eq. 3.27). Matrix A (snxN) contains

geometrical integrands, which can be calculated analytically {94].
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3.4 Summary

In this chapter, we have presented the methodology for simulating propagated ex-
citation and calculating the extracardiac electric potentials and magnetic ficld in a
realistic model of the human ventricles that is theoretically tractable and computa-
tionally feasible. Our approach rests on a pair of simplifying assumptions.

First, the equal anisotropy ratio condition must be assumed to obtain the gov-
crning equation (Eq. 3.19) for calculating the wavefronts of propagated activation.
In the light of measurements that have shown that the anisotropy ratio in the intra-
cellular medium differs from that in the interstitial medium [44, 307, 308], such an
assumption would appear to be a restriction. However, numerical results by Barach
and Wikswo [19] and Colli Franzone et al. [53], both based on models that used an
unequal anisotropy ratio, showed that the velocity ratio of propagated activation in
the longitudinal and transverse directions is primarily determined by the intracellu-
lar anisotropy ratio of conductivity. The main difference between equal and unequal
anisotropy ratio models is in the different paths of ohmic currents [18, 22, 311]. How-
ever, Wikswo et al. [412] noted that this difference may not be as important as first
expected for the spread of electrotonic currents during the normal process of propa-
gated activation. It may be that our simplifying assumption of an equal anisotropy
ratio does not significantly affect propagated activation in structurally normal iny-
ocardial tissue.

The second assumption on which our approach rests is that the extracardiac
electric potentials and magnetic field are calculated via the oblique dipole model,

which accounts for the effect of anisotropy in calculating cardiac primary sources.
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Although this model relaxes the equal anisotropy ratio condition used by the prop-
agation model, it introduces the assumption that the composite bidomain region H
is an isotropic homogeneous monodomain. This assumption is supported by the ex-
perimental findings of Geselowitz et al. [119], which showed that the extracardiac
potential distribution is not qualitatively altered by neglecting the anisotropic nature
of volume currents. Colli Franzone et al. [55] reached a similar conclusion in their

modeling study.



Chapter 4

Epicardial potentials during the
initial phase of ventricular
activation

4.1 Introduction

One relatively new technique for investigating the spread of propagated excitation
within the underlying fibrous intramural structure consists in recording a large num-
ber of unipolar electrograms on the endocardial surface (32, 138, 187, 228, 372} or,
more often, on the epicardial surface {9, 10, 25, 26, 32, 58, 357, 373, 374, 375, 376, 377,
399] of the ventricles during ectopic pacing. The main advantage of measuring such
cpicardial or endocardial potential distributions over distributions of activation times
(isochronal maps) [15, 35, 77, 139, 178] is that potential distributions provide informa-
tion about the spread of activation even before it reaches the epicardial or endocardial
surface. Its main disadvantage—the fact that it is an invasive procedure—has largely
limited its use to experimental investigations performed on animals.

Several seminal studies carried out by Taccardi and coworkers [25, 58, 357, 377

have demonstrated that ectopic pacing on the epicardium of canine ventricles gen-

76
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erates epicardial potential distributions on which a distinct pattern—an elongated
central area of negative potential and two adjacent areas of positive potential—is
readily apparent. The center of the negative area corresponds to the site of the origin
of activation, and the positive potentials {the R wave) arise in those areas of the epi-
cardial surface toward which activation is spreading along the direction of fibers [25].
Similar potential distributions, with a negative arca Hanked by two positive areas,
have been observed during ectopic pacing in deeper layers of the ventricular wall even
before the arrival of activation at the epicardial surface [32, 357, 374, 375, 377}.

It has been hypothesized that such potential distributions reflect the underlying
intramural fibrous structure of the ventricular myocardium. In fact, the direction of
the axis joining the two maxima recorded on the epicardial surface has correlated well
with the direction of fibers near the intramural pacing site. During the propagation
of activation through deeper layers of the myocardial wall, the positive arcas have
been observed to expand and rotate CCW when the activation wavefront propagates
from the epicardium to the endocardium, or CW when it propagates in the epposite
direction. This expansion-rotation of the epicardial potentials is attributed to the
rotation of intramural myocardial fibers—described in Chapter 2—in the ventricular
wall through which the activation wavefront is spreading.

To test this hypothesis, Watabe et al. [399] interrupted activation that had been
initiated ectopically from the epicardial surface, by ereating localized, nontransmural
necroses at various depths in the LV wall. They noted that the epicardial poten-
tial distributions for activation sequences elicited from certain pacing sites are tran-

siently missing some of the positive areas while those arcas undergo CCW rotation-
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expansion. They found that the direction of the axis joining the pacing site and the
site of missing positive potentials paralleled that of the average fiber direction in the
neerotic mass.

Taccardi et al. [376] measured in great detail patterns of potential distributions
over the epicardium of the RV and LV that were ectopically paced from a number
of sites distributed throughout the ventricular wall. In agreement with che previous
findings [25, 357, 377, 399], they concluded that the epicardial potential distributions
reflect the ventricular fibrous structure during both the initial and later phases of
activation. In addition, they observed a marked asymmetry and fragmentation of the
positive arcas. Their meticulously executed study provides an invaluable source of
information for the validation of our realistic model of the ventricular myocardiunt,

The primary objective of this and the next chapter is to describe an initial vali-
dation of our realistic ventricular model by svstematically comparing the epicardial
potential distributions produced by the simulation of activation sequences from known
initial sites to epicardial potential distribntions actually recorded by Taceardi et al,
[376] and Watabe et al. [399] during pacing at corresponding sites in canine hearts.
The simulated epicardial potentials during the initial phase of ventricular activation
(< 18 ms from the time of stimulation) are presented in this chapter; the evolu-
tion of epicardial potential distributions during the later phases of activation will be
described in the next. The purpose of such an organization is to provide a clearer
analysis of the complex activation process. Section 4.2 will describe simulations of the
carly phase of propagated activation in a 3-D slab of myocardial tissue with rotating

anisotropy, and results of simulations in our anatomically accurate model of human
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ventricles will be presented in Section 4.3.

4.2 Slab model of myocardial tissue

4.2.1 Model description

Simulations in a slab with rotating anisotropy can provide a valuable insight into
the process of propagated activation through the ventricular wall—and into its rela-
tionship with the clectric potentials and magnetic ficld—since the parameters that
determine the fibrous architecture of the slab can be rigorously controlled and easily
manipulated. On the other hand, such a simplified model can simulate only the early
phase of propagated activation (< 18 ms or, more conservatively, < 12 ms) when the

activation wavefront is small (diameter < 15 mm).

Figure 4.1: The slab model of myocardial tissue measuring 100x100x10 mm. The
distributions of electric potential and magnetic field were calculated 0.5 mm and 2.5
mm above the “epicardial” surface, respectively, on a 35x35 grid with 2-mm spacing,.

We used as our idealized myocardial tissue a 100x 100 mm, 10-min-thick paral-
lelepiped (Fig. 4.1). This slab was oriented so that its “epicardial” and “endocardial”

surfaces were vertical, with the “epicardium” being represented by the anterior face.
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It was reconstructed with a resolution of 0.5 mm per voxel and had an assigned ro-
tating anisotropy. The fiber direction rotated linearly and CCW from —58° on the
slab’s “epicardial” surface to 42° on its “endocardial” surface, as in Streeter’s equa-
tions describing the fiber direction in the compacta [364]); anisotropy in each layer of
the slab was uniform (i.e., with the fiber direction constant within the layer). We
then simulated propagated activation in myocardial tissue from the center of the epi-
cardial surface of the slab at increasing intramural depths (at 0.5-inin increments)
along the axis perpendicular to the epicardial plane. The electric potentials and the
component of the magnetic field normal to the slab’s anterior face were calculated
for each activation sequence at 1225 field points (a regular 35x35 grid with 2-mm
spacing) located, respectively, 0.5 mm and 2.5 mm above the epicardial surface of the
slab. The grid spacing was therefore comparable to the thickness of the activation
wavefront (1-2 mm) [272, 394, 403]. We neglected the effect of the boundary surfaces
to the extent that we used equations for the semi-infinite homogencous medinm (see
Appendix B) and therefore calculated only the first terms in Egs. 3.26 and 3.28. The
electric potentials and magnetic field were calculated every millisecond within 18 ms
after the onset of ectopic activation. Results were displayed as instantancous isopo-
tential and isofield contour maps for each millisecond of the sequence. The entire
sequence of propagated activation was shown as isochronal maps of activation (each
isochrone connects points that had been activated at the same time) taken at cross
sections through the slab that were parallel to the anterior surface.

We also used our medel to study the effect of subepicardial necrosis on the electric

potentials on, and the magnetic field above, the “epicardial” surface during the initial
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phase of an activation sequence initiated on the epicardial surface of the slab. Wo
simulated the necrosis by changing myocardial cells within a hemisphere that had a
radius of 2.5 mm and its center on the epicardial surface to nonexcitable (“dead™)
cells. Two cases were considered: in the first, the center of the necrotic region was
8.6 mm distal to the initial site of activation along the epicardial fiber direction; in
the second, the center of necrosis was 5.7 mm from the initial site in the direction

perpendicular to that of the epicardial fibers.
4.2.2 Parameter calibration

The velocity of propagated activation in the bidomain model cdlepends on the con-
duictivity of myocardial tissue along and across the fiber direction (o1 and o).
Unfortunately, the conductivity values reported in the literature vary [44, 307, 308);
they cannot he measured directly but they must be estimated from other measurable
quantities under assumptions whose selection amounts to adopting a certain model
of myocardial tissuc. Therefore, estimates of tissue's electrical parameters are, as has
been pointed out by Plonsey and Barr [285], as accurate as a given model. To derive
analytical solutions that relate the conductivity of myocardial tissue to measurable
quantities, Plonsey and Barr had to assume the equal anisotropy ratio condition; no
similar expression for the case of more complex anisotropy has vet been derived.
Because we agree with Plonsey and Barr’s conclusion that in the absence of a
general solution, any conductivity values derived from measurements must be inter-
preted very cautiously, we decided to use the reported values of electrical parameters
only as guidelines. The calibration, i.e., fine tuning, of the model was then performed

by comparing the macroscopic observable features in the distributions of isochrones
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Table 4.1: Values of Propagation Velocity

Velocity Clere Roberts  Roberts and Frazier Taccardi
(m/s) [44] et al. {307] Scher [308] et al. [105] ct al. [376]
& 048+0.04 0.584+0.08 0.57+0.06 0.65+0.10 0.68=+0.11
8, 0.16 £0.01 0.254+0.03 0244003 0.30+0.08 0.31+0.05

Values are means + SD.

and epicardial potentials to the corresponding measured quantities [376].

We take the velocity of propagated activation as the foundation for determining
the values of the tissue parameters in our model because unlike the conductivity of
myocardial tissue, propagation velocity is related directly to measurements derived
from cardiac electrograms [26, 44, 105, 307, 308, 376]. Table 4.1 summarizes the
published values for the velocity of propagated activation in the longitudinal and
transverse directions with respect to the fiber axis (respectively, §; and 6;). The
reported mean values vary considerably; 0.16-0.31 m/s for 8§, and 0.48~0.68 m/s for 8;.
We chose 0.27 m/s for §; and 0.77 m/s for 6, values that are within the error bounds of
the recent measurements by Taccardi et al. {376]. Using x = 225 cin~! for the surface-
to-volume ratio, C,, = 1.0 #F/cm? for the membrane capacitance, and the square-root
relation between the velocity of propagation in the given direction and corresponding
conductivity [44, 245], we obtained conductivity values of 6 = 2.75 mS/cm and
ot = 0.33 mS/cm. The values of these chosen parameters are very close to those
used by Colli Franzone et al. [55] and similar to those used by other investigators
[292, 144]. The propagation parameters chosen for our numerical simulations are

summarized in Table 4.2.
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Table 4.2: Selected Propagation Parameters

Equal anisotropy ratio & 1

Spatial step d 0.5 mm
Time step 6t 0.1 ms
Resting potential v, -84 mV
Threshold potential v, —60 mV
Peak potential v, +20 mV
Membrane capacitance C,, 1 pF /em?
Surface-to-volume ratio x 225 cm™!

Transverse intracellular conductivity o 0.33 mS/cm
Longitudinal intracellular conductivity of 2.75 mS/cm

The second stage in calibrating our model was choosing the factor for combining
the normal and axial components of the cardiac primary sources in the oblique dipole
model. To determine this empirical value, we carricd out the simulations presented
below with a combining factor of 0.1-0.9, then compared our simulations with exper-
imental data [376] and simulations using a model with an unequal anisotropy ratio
[52, 53]. We found that the optimal value of the combining factor was 0.396.

4.2.3 Activation wavefronts for epicardial, intramural, and
endocardial pacing

Epicardial pacing. Fig. 4.2 shows activation isochrones at 2-ms increments, con-

structed as the intersections of the propagated activation wavefront with the planes

parallel to the epicardial surface of the slab. For comparison, the fiber directions in

the corresponding planes are also displayed. The isochrones on the epicardial surface

are virtually elliptical, with the major axis of the ellipse parallel to the epicardial

fiber direction; thus as expected, conduction velocity is greater along the fibers than
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Figure 4.2: Isochronal maps at different intramural depths of the slab model for
an activation propagating for 18 ms from the onset of epicardial pacing. Maps arc
displayed at 2-ms increments; the region activated during the first 6 ms is shaded; the
direction of the fibers in each plane is indicated by a thick line below the isochrones.

across them. With increasing intramural depth, the direction of the major axes of
the isochrones rotates CCW so that the three-dimensional activation wavefront has
the shape of a left-handed helicoid. However, the rotation of the helix lags behind
the rotation of the fiber direction, and the amount of lagging increases with intramu-
ral depth. The angles between the major axis of the ellipse and the fiber direction
in a given plane, as a function of depth from the epicardial surface, agree with the

experimental findings [105].

Intramural and endocardial pacing. Near the pacing site (at 5.5 mm from
the epicardial surface), the isochrones have an elongated oval shape, departing from
that of an ellipse, with the major axis aligned with the fiber direction in that plane
(Fig. 4.3). For propagated activation moving from the pacing plane toward the epi-
cardium (top row, from right to left) or endocardium (bottom row, from left to
right), the direction of the major axes of these quasielliptical isochrones rotates CW
and CCW, respectively. As for the previous case, the rotation of the direction of the

major axes of the isochrones in a given plane lags behind that of the fiber diroction.
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Figure 4.3: Isochronal maps of an activation sequence simulated in the slab model
for intramural pacing. The pacing site was 5.5 mm [rom the epicardial surface; see
the legend of Fig. 4.2 for details of the layont.
which agrees with the experimental data [105].

Endocardial pacing generates isochrone patterns similar to those gencrated by
epicardial pacing, with the major axis of endocardial isochrones oriented along the
endocardial fiber direction (not shown). As propagated activation moves toward the
epicardial surface, the major axes of the isochrones rotate CW and, again, lag behind

the fiber rotation.

Correspondence with other simulation studies. Our simulation results are
consistent, with simulated isochrones during the early phase of activation that were
obtained by Colli Franzone et al. [53], who also simulated isochrones during the
later phases of the activation sequence. To make this comparison more thorough, we
simulated the activation sequence for up to 48 ms after the onset of activation. Fig. 4.4

illustrates the propagation of activation—initiated by pacing at a 5-mm depth—
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on the epicardial surface and through the thickness of the wall. The breakthrough
occurs at the center of the epicardial face (Fig. 4.4A), and, initially, activation spreads
rapidly from the breakthrough site, because the convex-shaped propagation wavefront
intersects with the epicardial plane. Isochrones have an oblong shape; the major axis
is—as expected—rotated CCW relative to the epicardial fiber direction but is rotated
CW relative to the fiber direction in the pacing plane. Figs. 4.4B and 4.4C display
the intramural course of propagated activation.

Since the fiber direction halfway from the epicardium to endocardium is nearly
parallel to the plane of the cross section in Fig. 4.4B, the wavefront of propagated
activation moves fastest in the midwall portion of the slab. When the plane of the
cross section is nearly perpendicular to the midwall fiber direction (Fig. 4.4C), the
wavefront of propagated activation moves mainly across the fibers in the midwail por-
tion of the slab and becomes progressively more aligned with the fiber direction on
the epicardial and endocardial surfaces. After the epicardial and endocardial break-
throughs, the activation wavefront becomes V-shaped, as it propagates faster on the
epicardial and endocardial surfaces than in the central layers of the slab. The acti-
vation wavefront is thus returning from the epicardial and endocardial planes toward
the intramural plane of pacing. This somewhat unexnected feature has been actually
observed in experiments [38, 105, 373] and was later reproduced in simulations by
Colli Franzone et al. [53] and Keener and Panfilov {185]. Similar features can be
observed when the sequence is initiated on the epicardial and endocardial surfaces of

the slab (not shown).
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Figure 4.4: Isochronal maps of a 48-ms-long activation sequence initiated at the center
of the slab model. The region activated during the first 6 ms is shaded; isochronal
maps are shown on the epicardial plane (A) and on two cross sections perpendicular to

the epicardial plane taken through the slab at its center and parallel to its rectangular
faces (B and C).
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4.2.4 Maps of the electric potentials and magnetic field for
epicardial, intramural, and endocardial pacing
Epicardial pacing. Fig. 4.5 shows maps of the electric potentials at 9 and 18 ms
after the onset of activation initiated on the epicardial surface of the slab. Epicardial
pacing generates the potential pattern with an elliptically shaped negative ‘region
extending over the area reached by the wavefront of propagated activation shown by
the isochronal maps in Fig. 4.2. Densely packed negative isopotential lines reveal the
approximate intersection of the wavefront with the epicardial surface. The minimum
is at the center above the stimulus site. The negative region is flanked by two positive
areas with semioval isopotential lines, and the maxima are of approximately equal

amplitude.

The direction of the major axis of elliptical negative isopotential lines coincides
with the epicardial fiber direction and the direction of the major axis of the epicardial
isochronal map (Fig. 4.2), while the direction of the axis joiuing the maxima is slightly
(8% at 9 ms after the onset of activation) rotated CCW. Also, the pattern of the
positive areas is not fully symmetrical with respect to the axis joining their maxima,
but its positive areas show a slight CCW expansion. This expansion becomes more
pronounced later in the activation sequence, e.g., at 18 ms after the onset of activation
(Fig. 4.5B). As shown in the previous subsection, the CCW rotation and expansion
occurs because the activation wavefront spreads through deeper layers of the CCW-
rotating fibers in the myocardial wall. These observations agree with experimental
work [376, 399] and simulation studies [52].

Fig. 4.6 shows maps of the magnetic field at 9 and 18 ms after the onset of
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Figure 4.5: Maps of the electric potentials on the epicardial surface of the slab sim-
ulated for epicardial pacing at 9 ms (A) and 18 ms (B) after the onset of activation.
Isopotential contours are plotted for equal intervals, with solid contours representing
the positive and broken contours the negative values of potential; the values of the
minimum and maximum are given (in mV) at the bottom of each map.

-62.27/57.23

-75.03/90.83

Figure 4.6: Maps of the magnetic field 2.5 mm above the epicardial surface of the slab
simulated for epicardial pacing at 9 ms (A) and 18 ms (B) after the onset of activation.
Isofield contours are plotted for equal intervals, with solid contours representing the
magnetic field directed from the epicardial to the endocardial surface of the slab; the
values of the minimum and maximum (in pT) are given at the bottom of each map.
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Figure 4.7: Maps of the electric potentials (A) and magnetic field (B) due to the
best-fitting pair of colinear dipoles. Compare with corresponding maps in Figs. 4.5A
and 4.6A; see the legends of Figs. 4.5 and 4.6 for details of the layout.

activation initiated on the epicardial surface of the slab. Four regions of alternating
field direction arc located almost symmetrically around the pacing site in a quatrefoil
(cloverleaf) pattern; one of the diagonals of the quatrefoil pattern is approximately
parallel to the epicardial fiber direction. The values for the positive and negative
extrema, which are on the order of 100 pT compare well with measured values [361].
The simulated pattern of the magnetic field also corresponds well with that obtained
by Barach and Wikswo [19] in a 2-D anisotropic sheet of myocardial tissue and with
the pattern measured experimentally by Staton et al. {361]. At later times of the
activation sequence, the central positive area of the quatrefoil deforms into a CCW
finger-like twist, which is most likely due to the effect of the rotating fibers.

The patterns of the electric potentials and magnetic field during the initial phase
of activation resemble those of two opposing dipoles oriented along the major axis and

located near the ends of an elliptical wavefront of propagated activation {228]. For
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these maps of the clectric potentials and magnetic field that were obtained at cach
millisecond of the activation sequence via the oblique dipole model, we calculated the
pair of colinear dipoles that fitted our simulated data best in a least-squares sense
[293]. Tig. 4.7 shows maps of the electric potentials and magnetic feld generated
by the best-fitting colinear dipole model at 9 ms after the onset of activation. The
correlation coefficient between the simulated data and the data obtained via this best-
fitting colinear dipole model is 0.6756 (with a normalized rms error of 0.77) for the
potential map and 0.8286 (with a normalized rms error of 0.55) for the magnetic field
map. The correlation coefficient, is considerably lower for the best-fitting distributions
at 18 ms after the onset of activation (maps are not shown}, being 0.4472 for the
potential map and 0.5257 for the magnetic field map. As can be secen from the
clectric potential maps in Figs. 4.5 and 4.7, the colinear dipole model qualitatively
recovers only the leading edge of the wavefront along the fiber direction; the dipolar
features of the model causes the potential jump to be overestimated (107 mV in the
colinear dipole model compared to 38 mV in the oblique dipole model). On the other
hand, the colinear dipole model appears to be reasonably adequate for recapturing

the magnetic field patterns in the carly phases (< 10 ms) of the activation sequence.

Epicardial electrograms. The results described above for the instantaneous maps
of electric potentials showed that the positive regions appear only in those areas
toward which the activation wavefront moves along the fibers. To further test whether
our model can also accurately simulate recorded epicardial electrograms [355, 376],

we simulated the ectopic activation sequence up to 48 ms after the onset of activation.
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Figure 4.8: Epicardial electrograms for epicardial pacing of the slab model during
48 ms after the onset of activation. Only electrograms from the lower portion of the
1225-point measurement grid are displayed; the upper part can be constructed by
symmetrical transformation. The stimulus was delivered at the center of the top line
(merked by *). The initial positive deflection (the R wave) occurs only at those sites
toward which the activation wavefront is spreading along the fibers.



93

The initial positive deflection (the R wave) occurs only in those arcas toward which
the activation wavefront spreads along the fiber direction (Fig. 4.8); its magnitude
increases, and the upstroke starts progressively later, as the distance increases from
the pacing site. Negative potentials (the Q waves) occur within 15 mm or less from
the pacing site in those regions toward which the activation wavefront moves across
the fiber direction. Further away along the same direction, the clectrograms feature a
small R wave, but the initial deflection of those electrograms is negative. This finding
shows the inadequacy of the classical theory of clectrocardiography [329] based on a
uniformn double layer, which predicts only positive potentials in those arcas toward
which the activation wavefront is spreading. The observed features in our simulations
agree with data from experimental studies of Spach et al. [355] and Taccardi et al.

[376).

Intramural pacing. Fig. 4.9 depicts maps of the electric potentials and magnetic
ficld at 9 ms after the onset of activation initiated intramurally at a depth of 5 mm
from the epicardial surface of the slab. Intramural pacing produces potential patterns
that have general features similar to those generated by epicardial pacing, namely,
the central negative region with surrounding positive arcas. However, the negative
isopotential lines stretch in the direction perpendicular to the fiber orfientation in the
given pacing plane, and the positive isopotential lines become more rounded. The
position of the maxima or—in maps of the magnetic field—the extrema, rotates CCW
with increasing intramural depth. The direction of the axis joining the two maxima is
nearly parallel to that of fibers in the pacing plane. With increasing pacing depth, the

magnitude of the extrema in maps of hoth the electric potentials and the magnetic
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Iligure 4.9: Maps of the electric potentials (A} and magnetic field (B) of the slab model
simulated for intramural pacing at 9 ms after the onset of activation. Comparison
with Figs. 4.5A and 4.6A shows the CCW rotation of the extrema. See the legends
of Figs. 4.5 and 4.6 for details of the layout.

field decreases, while the distance between the extrema increases. This is due to the
increased distance between the source and field points. Overall, our results agree

with simulations performed by Colli Franzone et al. [52].

Endocardial pacing. Fig. 4.10 shows maps of the electric potentials and magnetic
field at 9 ms after the onset of activation initiated on the endocardial surface of the
slab. Instead of the expected pattern with two maxima and a central minimum
(which is characteristic for the epicardial and intramural initial sites), potential maps
initially feature an oblong positive arca that has a pair of adjacent maxima with
amplitudes larger than those of maxima in maps associated with intramural initial
sites. The minima have very small amplitudes and are located at the opposite corners

of the slab, on the minor axis of the oblong positive area. The direction of the axis
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Figure 4.10: Maps of the electric potentials (A) and magnetic field (B) simulated for
endocardial pacing at 9 ms after the onset of activation, and maps of the electric
potentials simulated for endocardial pacing at 12 ms (C) and 18 ms (D) after the
onset of activation. Instead of two peripheral maxima and a central negative area,
which are characteristic for intramural stimulation, there is a single elongated mound
of positive potential at 9 and 12 ms after the onset of activation (A and C). At 18

ms after the onset of activation (D), the usual pattern is established. See the legends
of Figs. 4.5 and 4.6 for details of the layout.
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joining the maxima (which is also the major axis of positive mound) is approximately
parallel to the vector of endocardial fiber orientation. Later in the sequence, however,
the distance between the maxima increases (as seen in the saddle-like mound at 12
ms after the onset of activation in Fig. 4.10C), and at around 18 ms after the onset
of activation, the positive areas become separated by the negative area with a central
minimum {Fig. 4.10D}, thereby establishing the usual pattern familiar from instances
of epicardial and intramural stimulation. These results agree with simulations by
Colli Franzone et al. {52}, who noted that endocardial pacing gives rise to an altered
potential pattern on the epicardial surface of a slab model.

The absence of a central minimum in the initial potential pattern for endocar-
dial pacing results from the contribution of a tray-shaped normal dipole layer to the
electric potentials on the epicardial surface of the slab. The normal dipole layer is
manifested as a projection of positive potentials on the recording plane. As the activa-
tion wavefront progresses further through the myocardial wall towards the recording
plane, the contribution of the axial dipoles becomes progressively more important and
later gives rise to the usual pattern with a central negative region. If the endocardial
surface of the slab were exposed to intracavitary blood, with its high conductivity,
the contribution of the normal dipole layer would become even more enhanced (in-
creasing the amplitude of the positive mound and decreasing the contribution of the
axial component) due to the Brody effect [36]. This effect has been discussed in the
simulation study of Colli Franzone et al. [52].

Interestingly, endocardial pacing generates a magnetic field with general features

no different than those for epicardial or intramural pacing. Comparison of the mag-
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netic field maps at 9 ms after the onset of activation for epicardial (Fig. 4.6A),
intramural (Fig. 4.9B), and endocardial (Fig. 4.10B) sites shows that the quatrefoil
pattern rotates CCW with increasing pacing depth and that as the distance to the
field points increases, the pattern becomes broader, with lower extremal values.
Our study has demonstrated that the potential patterns on the epicardial surface
of the slab during the early phase of ventricular activation depend on the direction
of fibers near the pacing site and that the direction of the axis joining the extrema
in these patterns rotates CCW as the pacing depth increases. In general, we found a
good correlation between the fiber orientation at the pacing site and the direction of
the axis joining the maxima (or, for subendocardial pacing, the direction of the major
axis of the positive mound) in potential maps at 9 ms after the onset of activation
(Figs. 4.5A, 4.9A, and 4.10A). However, the total angle of CCW rotation of this axis
was smaller than the total angle of rotation of the principal fiber orientation (83°
compared with 100°). The rotation of the axis joining the maxima lags behind that
of the fibers because the direction of the axis is affected by the intramural propagation
of the wavefront and is therefore slightly rotated relative to the local fiber orientation
(CCW for epicardial pacing or CW for endocardial pacing).
4.2.5 Effect of tipping fibers from the tangential plane on
the electric potentials and magnetic field
To study how tipping fibers out of planes that parallel the epicardial plane affects the
patterns of the electric potentials and magnetic field, we introduced a 5° imbrication
angle pointing inward from the epicardium to the endocardium and from left to right

when one views the epicardial surface of the slab. Fig. 4.11 shows maps of the electric
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Figure 4.11: Maps of the electric potentials and magnetic field for intramural pacing
in a slab with tipping of fibers out of planes parallel to the epicardium. The electric
potentials were simulated at 9 ms (A) and 18 ms (B), and the magnetic field was
simulated at 9 ms (C) and 18 ms (D), after the onset of activation. Compare with
control maps in Figs. 4.9A and 4.9B. The arcas of positive potentials have maxima
of unequal amplitude, with the minimum progressively shifting toward the stronger
of the maxima (on the left). See the legends of Figs. 4.5 and 4.6 for details of the
layout.
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potentials and magnetic field at 9 ms and at 18 ms after intramural pacing in the
modified slab model. Tipping fibers out of planes causes an asymmetry of the positive
potential areas (maxima of unequal amplitude) and a slight distortion of the negative
region, with the minimum progressively shifting toward the stronger of the maxima
(to the left of the central minimum). As in simulations performed in the slab model
with no tipping, the axis joining the two maxima is approximately aligned with the
fiber direction in the pacing planc at 9 ms after the onset of activation (Fig. 4.11A).
At 18 ms after the onset of activation (Fig. 4.11B), positive areas undergo expansion-
rotation, with the overall rotation of the axis joining the maxima in a CW direction.
Tipping fibers out of the plane also produces asymmetrical pattern in magnetic field
maps (Figs. 4.11C and 4.11D).

The results for potential maps in a slab in which fibers were tipped out of the
plane parallel to the epicardial surface agree with the experimental results of Taccardi
et al. [376] and the simulation study of Henriquez et al. [144]. No experimental or
simulation results for the magnetic field of a slab with imbricating fibers are available
yet.

4.2.6 Effect of subepicardial necrosis on the electric poten-
tials and magnetic field

Figs. 4.12A and 4.12B show maps of the electric potentials and magnetic field at

9 ms after epicardial pacing for the case in which the axis joining the pacing site

and the center of the simulated subepicardial necrosis is approximately parallel to

the epicardial fiber direction. Comparison with control maps (produced by the same

slab with no simulated necrosis) in Figs. 4.5 and 4.6 shows that necrosis causes a
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Figure 4.12: Maps of the electric potentials and magnetic field simulated for epicardial
pacing in a slab with subepicardial necrosis. The electric potentials were simulated
at 9 ms (A), 12 ms (C), and 18 ms (D) after the onset of activation, and the magnetic
field was simulated at 9 ms after the onset of activation. Compare with contro! maps
in Figs. 4.5A and 4.6A. The potential maximum is absent at 9 ms after the onset of
activation; it reappears at 12 ms after the onset in a position shifted CCW relative
to that for the control activation sequence. See the legends of Figs. 4.5 and 4.6 for
details of the layout.
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Figure 4.13: Isochronal maps of the activation sequence simulated for epicardial
pacing in a slab with subepicardial necrosis. The activation wavefront is transiently
distorted by the presence of the necrosis. See the legend of F ig. 4.2 for details of the
layout.

complete disappearance of one positive area in the electric potential pattern and
marked changes in the magnetic field pattern. These changes are due to a distorted
activation sequence (Fig. 4.13).

Later in the sequence, the potential maximum reappears (Fig. 4.12C), however,
its position is shifted CCW by approximately 10° (at 12 ms after the onset of activa-
tion) from that of the control activation sequence. The patterns of both the electric
potentials (Fig. 4.12D) and the magnetic field (not shown) are restored to the control
patterns at around 18 ms after the onset of activation, when the wavefront has al-
ready passed the necrotic region (Fig. 4.13). However, the maximum remains shifted
CCW, and the small indent in the negative isopotential lines (Fig. 4.12D) reveals a
concavity in the recovering leading edge of the wavefront. When the axis Jjoining the
pacing site and the necrotic region is perpendicular to the epicardial fiber direction,
there is no loss of positive potentials or shift in the position of the maximum. The
only effect of the simulated necrosis on the electric potential map is a hardly dis-
cernible indent in the negative isopotential lines along the minor axis of the ellipse

(not shown).
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The results for electric potentials on the epicardial surface of the slab with simu-
lated subepicardial necrosis are in agreement with the experiments of Watabe et al.
[399], who studied canine ventricular activation in the presence of necrosis created by
the injection of a lugol solution. Currently, no corresponding measurements of the
magnetic field are available. Barach and Wikswo [19] found a somewhat similar dis-
tortion of the magnetic field pattern in a recent simulation study, but that study was
performed under different conditions (they modeled cellular uncoupling by increasing

the intracellular resistivity eightfold in a 2-D anisotropic sheet of myocardial tissue).

4.3 Realistic ventricular myocardium

After initial tests in the slab model, we investigated epicardial potential distributions
(EPDs) created by epicardial, intramural, and endocardial ectopic stimulation in an
anatomically accurate model of the ventricles. The specific purpose of these simu-
lations, which are described in this section, was to test how the features that had
been observed in the idealized slab model are modified by the realistic structure of

the human ventricular myocardium.

4.3.1 Methodology

The realistic model of the human ventricular myocardium described in Chapters 2 and
3 was used to simulate ectopic activation sequences. Infinite medium potentials (see
Appendix B) were calculated at 561 field points arranged on a regular grid comprising
33 x 17 points with a 2-mm spacing and located 0.5 mm above the epicardial surface.
(As described in Chapter 5, a larger grid of 33 x 25 points was used on the LV free

wall.) Two different placements of the electrode array were considered: one over
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Figure 4.14: Position of 561-electrode arrays covering the RV and LV free wall of the
model of the human ventricular myocardium, shown in the apical view (A) and in
the left lateral view (B). Both arrays cover an area of 64 x 32 mm on the epicardial
surface, and in both the lower border is 39 mm above the LV apex.

the RV free wall and one over the LV free wall (Fig. 4.14). EPDs were displayed
as viewed from the outside, with the posterior border on the right for the LV grid,
the anterior border on the right for the RV grid, the apical border below and the
basal border above. The epicardial area covered by the grids corresponds to the area
experimentally explored by Taccardi et al. [376].

The ectopic activation sequence was initiated at 16 sets of initial sites of activation
in the RV free wall and 19 sets of initial sites of activation in the LV free wall. Each
set, consisted of sites located at distances 0.5 mm along the piecewise linear path g
(defined in Chapter 2) along the vectors normal to the local tangential planes between
the endocardium and epicardium. Such an assignment of the intramural pacing sites
is advantageous because it allows an imaginary plunge-electrode assembly to follow
the curvature of the myocardial wall. In addition, it exactly specifies the distance

of the pacing site from the epicardial surface. For each initial site of activation (at
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total of 664 sites), EPDs were calculated every 2 ms within 16 ms after the onset
of activation. (In Chapter 5, we chose a smaller subset of pacing sites for which to
calculate EPDs for up to 60 ms after the onset of activation.)

‘The effect of nontransmural necrosis on EPDs during the initial phase (this chap-
ter) and later phases (Chapter 5) of the ectopic sequence was also studied. The
necroses had a radius of 3-4 mm and were placed subepicardially and subendocar-
dially in the RV free wall, and subepicardially, intramurally, and subendocardially in

the LV free wall.

4.3.2 Epicardial potential distributions for epicardial, in-
tramural, and endocardial pacing
Epicardial pacing. Like the simulations in the slab model of myocardial tissue,
simulations that were performed in the realistic ventricular model yielded EPDs that
included an elongated negative area above the underlying pacing site and two adjacent
positive regions, all approximately aligned with the local direction of fibers. As an
example, Fig. 4.15 shows EPDs at 10 ms after the onset of activation for four cases
of ectopic stimulation on the RV and LV epicardial surfaces; the major axis of the
elliptical negative lines and the axis joining the maxima reflect the local fiber direction
over the epicardial surface. Closer examination reveals that the axis Joining the two
maxima is shifted by 5° to 15° (the mean shift is 9.6° 4 2.4° for all epicardial pacing
sites) from the local fiber direction at 10 ms after the onset of activation. Although
the major axis of the elliptical negative isopotential lines appears to be generally
closer to the fiber direction, its orientation cannot be defined with better accuracy

than 5°-10°. These results agree with the results of experimental studies by Taccardi
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Figure 4.15: EPDs calculated at 10 ms after the onset of activation for epicardial
pacing. Panels A and B show distributions on the LV epicardium, and panels C and
D on the RV cpicardium. In all distributions, the major axis of the ellipse formed by
the inner negative isopotential lines and the axis joining the maxima follow the local
fiber direction over the epicardial surface. See the legend of Fig. 4.5 for details of the
layout.

et al. [376] and Watabe et, al. [389], who proposed that the epicardial fiber direction

may be determined accurately enough by systematic epicardial pacing.

Intramural pacing. Figs. 4.16 and 4.17 depict EPDs on the epicardial surface at
10 ms after the onset of activation initiated by two sets of pacing sites along the
same local piecewise-linear path ;i in the RV and LV frec walls, respectively. The
local thickness of the RV free wall is 5 mm, with the fibers rotating lincarly from —44°
(epicardium) to 32° (endocardium), and the compacta is in direct contact with the
RV cavity. The local thickness of the LV free wall is 10.5 mm: 8.5 mm are occupied by
the compacta with the fibers rotating from —47° (epicardium) to 49° {endocardium);

the other 2 mm are occupied by the trabeculata, with a fiber direction of 79°.
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Figure 4.16: EPDs calculated at 10 ms after the onset of activation for pacing sites
in the RV free wall. Stimuli were delivered at pacing sites positioned at 0.5-mm
increments along the local path u progressing from the epicardium (panel A) to the
endocardium (panel J); the epicardial projection of each pacing site is indicated by
the filled circle. The local thickness of the RV free wall is 5 mm. The axis joining
the maxima rotates CCW with increasing pacing depths. See the legend of Fig. 4.5
for details of the layout.
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Figure 4.17: EPDs calculated at 10 ms after the onset of activation for pacing sites in
the LV free wall. Stimuli were delivered at pacing sites positioned at 1-mm increments
along the local path p progressing from the epicardium (panel A) to the endocardium
(panel J); the epicardial projection of each pacing site is indicated by the filled circle.
The local thickness of the LV free wall is 10.5 mm. The axis joining the maxima
rotates CCW with increasing pacing depths. See the legend of Fig. 4.5 for details of

the layout.
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Figure 4.18: EPDs calculated at 14 ms after the onset of activation for intramural
pacing at 10 mm (A) or 6 mm (B) below the epicardial surface in a LV free wall
whose local thickness is 21 mm (A) or 12 mm (B). In panel A, the left maximum is
larger and closer to the central minimum, while the right maximum moves away from
the area explored; in panel B, the right maximum is larger and closer to the central
minimum. See the legend of Fig. 4.5 for details of the layout.

The patterns of EPDs for intramural pacing in both the RV and the LV (Figs.
4.16 and 4.17) were in agreement with patterns observed in the slab model. The
major axis of the negative isopotential lines was approximately perpendicular to the
local fiber direction at the site of pacing, and the positive regions rotated CCW as
the pacing depth increased, following the transmural CCW rotation of fibers from the
epicardium to the endocardium. An interesting feature of the patterns in Fig. 4.16
is that the distance between the maxima does not increase with the pacing depth,
most likely because this particular segment of the RV free wall is relatively thin. (The
same feature was found in EPDs for other sets of pacing sites in the RV free wall with
comparable local wall thickness.) In the LV, for sites at which the local thickness of
the ventricular wall exceeded 8 mm, the distance between the extrema consistently
increased with the pacing depth (Fig. 4.17), a relationship that held for depths down
to 2-3 mm from the endocardium. Another important feature of EPDs was that
the maxima were unequal in strengths for most of intramural pacing sites. In our

simulations, the larger of the two maxima might be on either side of the pacing site
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(Fig. 4.18), whereas in the experimental observations made by Taccardi et al. [376]

it was always left of the pacing site (viewed from the outside).

Subendocardial and endocardial pacing. Depending on the pacing depth, suben-
docardial and endocardial pacing initially generated EPDs that had a single oblong
positive area, which developed at 2-18 ms after the onset of activation into the usual
pattern with two maxima and one minimum.

An EPD calculated at 10 ms after the onset of activation due to an endocardial
stimulus (Fig. 4.16J) is similar to that observed for intramural and epicardial pac-
ing, namely, a central negative area is surrounded by a peripheral positive area with
two maxima whose joining axis is approximately parallel to the local fiber direction.
This pattern can generally be reproduced at this early instant of the activation se-
quence only for endocardial pacing at those sites in the RV where the free wall is
relatively thin (< 5 mm). A different pattern of EPDs (at 10 ms after the onset
of activation) is produced for pacing at sites lying subendocardially along the same
local piccewise-linear path ;. in an 8-mm-thick segment of the RV free wall with 1.5-
mm-thick trabeculata (Fig. 4.19); as the pacing site approaches the endocardium, the
distance between maxima decreases, until, finally, for endocardial pacing (Fig. 4.19D),
a central oblong positive area emerges.

Similarly, for sets of subendocardial pacing sites in the LV free wall (Fig. 4.20), an
endocardial stimulus gives rise to EPDs with a large central positive area. However,
although one can clearly deduce the local fiber direction from the major axis of
the positive area when the local thickness of the ventricular wall is 11 mm and no

trabeculata is involved (Fig. 4.20), one cannot do so when the wall has a thickness
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Figure 4.19: EPDs calculated at 10 ms after the onset of activation for subendocardial
pacing in the RV free wall. Stimuli were delivered at pacing sites positioned at 0.5-mm
increments along the same local path g, starting 2 mm from the endocardium (A),
and progressing toward the endocardium (D). The local thickness of the ventricular
wall is 8 mm. See the legend of Fig. 4.5 for details of the layout.

of 12.5 mm with a 2-mm-thick trabeculata, because the positive area has no features
that one can correlate with the local fiber direction (Fig. 4.20F).

It thus appears that when the trabeculata is thin, the EPD does not reveal the
local fiber direction in the trabeculata itself but in the abutted compacta. When
the trabeculata is thicker (> 2 mm), the fiber direction usually cannot be deduced
at all from the EPD, which features a large positive area with no clue regarding
the underlying anisotropy. On the other hand, our simulations show that EPDs can
reveal trabecular fiber orientation when the set of pacing sites is placed along the
local path g in those segments of the LV free wall that include a very thick (> 4 mm)
trabeculata close to the base of the papillary muscle. In such a specific case, illustrated

in Fig. 4.21, pacing sites in the trabeculata will generate patterns of EPDs similar
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Figure 4.20: EPDs calculated at 10 ms after the onset of subendocardial pacing in the
LV free wall for two different cases. Stimuli were delivered at pacing sites positioned
at 0.5-mm increments along the same local path p toward the endocardium, starting
1.5 mm from the endocardium. The local thickness of the ventricular wall is 11 mm
in the first case (A through C) and 12.5 mm with a 2-mm-thick trabeculata in the
second (D through F). See the legend of Fig. 4.5 for details of the layout.
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Figure 4.21: EPD calculated at 10 ms after the onset of activation for pacing in the
trabeculata of the LV free wall. The stimulus was delivered at a pacing site located
deep in the trabeculata (3 mm from the compacta and 4 mm from the LV cavity).
The local thickness of the ventricular wall is 23 mm. See the legend of Fig. 4.5 for
details of the layout.

to those generated at intramural pacing sites—a central negative area flanked by two
positive regions—because the pacing sites are far enough from the endocardium that
the wavefront is closed at this early phase of activation, so the normal dipole layer is
silent and EPDs are not dominated by the large area of positive potentials.

One generalization that can be made from our series of RV and LV pacing sim-
ulations is that the magnitudes of the maxima do not change monotonically as a
function of the pacing depth. The maxima first decrease in magnitude with increased
pacing depth, but when the pacing site approaches the endocardium (2 to 3 mm
distal), the magnitudes of the maxima start increasing again (Figs. 4.16 and 4.17).
Such an increase often accompanies the abrupt change in the pattern of EPD for
subendocardial pacing sites. The magnitude of the minimum, on the other hand,
monotonically decreases with the pacing depth: This is in qualitative—but not in
quantitative—agreement with results from the experimental study by Taccardi et
al. [376], who observed a more pronounced increase in the amplitude of the positive

mound for pacing sites close to the endocardial surface. The discrepancy may exist
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because, as noted earlier (Section 4.2), our model tends to underestimate the effect
of the isotropic dipoles. This occurs because, although the endocardial surface is
in contact with a mass of intracavitary blood in vive, blood masses (which have a

high conductivity) were not included as inhomogeneities in our model! of the human

ventricular myocardium.

Transmural rotation of fibers vs. rotation of potential maxima. Since the
fiber direction in the trabeculata is discernible from EPDs only if the trabeculata is
very thick, we attempted to correlate only the transmural rotation of the fibers in
the compacta with the rotation of the maxima in EPDs.

In the RV, the total rotation of the axis Joining the maxima when the pacing site
had been moved along the local path s from the epicardial surface to the endocardial
surface of the compacta was found to be 57° + 12° (mean £ SD, n = 16), and the
transmural rotation of the fibers in the compacta was 70° &+ 11°. In the LV, the total
rotation of the maxima was 93° £ 14° (n = 19), and the transmural rotation of fibers
in the compacta was 103°£11°. These values compare well with the measurements of
Taccardi et al. [376] (who, however, did not distinguish the rotation in the compacta
from that in the trabeculata). The difference between the rotation of the maxima
and the transmural rotation of fibers is, on average, smaller than that observed for
the myocardial slab model, in part because the underlying layer of trabeculata in
the realistic ventricular model enhances the rotation of the maxima for pacing sites

located on the interface between the compacta and trabeculata.
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Figure 4.22: EPDs for epicardial pacing in the ventricular model with (A and B) and
in the absence of (C and D) nontransmural subepicardial necrosis calculated at 10
ms (top) and 16 ms (bottom) after the onset of activation. The site and extent of
necrosis are indicated by an open circle. See the legend of Fig. 4.5 for details of the
layout.

4.3.3 Nontransmural necrosis and epicardial potentials

Nontransmural subepicardial necrosis causes a complete loss of one positive area in
the EPD when the axis joining the epicardial pacing site and the center of necrosis
projected on the epicardial surface is approximately parallel to the fiber direction
near the pacing site (not shown). The potential maximum reappears in a position
shifted CCW relative to that in the control EPD (Figs. 4.22A and 4.22C). The neg-
ative isopotential lines are slightly distorted, thereby reflecting the distortion of the
activation wavefront caused by the presence of necrosis. The maximum remains
shifted CCW relative to that in the control EPD as the positive areas begin CCW
expansion-rotation (Figs. 4.22B and 4.22D). These simulations agree with the exper-

imental findings of Watabe et al. [399].
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Figure 4.23: EPDs for intramural pacing in the ventricular model with intramural
necrosis calculated at 14 ms after the onset of activation at 10 mm (A) and 6 mm
(B) below the epicardial surface in a LV free wall whose local thickness is 20 mm (A)
or 12 mm (B). For the control EPDs, see Fig. 4.18. The site and extent of necrosis
are indicated by an open circle. See the legend of Fig. 4.5 for details of the layout.

Intramural necrosis (i.e., onc that does not extend to the surface of the ventric-
ular wall) affects the cctopic sequence initiated intramurally much as subepicardial
necrosis does. Because the pattern of EPDs is broader for intramural pacing sites,
the loss of positive areca—and its concurrent replacement by negative potentials when
the activation wavefront is moving into the necrosis—is more clearly visible, as shown
in Figs. 4.23A and 4.23B for two different cases (compare with the control EPDs in
Figs. 4.18A and 4.18B).

It is interesting that nontransmural subendocardial necrosis affects EPDs resulting
from endocardial stimulation only in cases in which the control EPD has the usual
pattern of one minimum and two maxima. (This is illustrated in Fig. 4.24, where the
necrosis causes the loss of negative area and attenuation of the positive arca that is
located above the necrosis.) This rather surprising finding, that the negative area is
absent compared to the control, may be explained by the fact that subendocardial
necrosis diminishes the contribution of the axial dipoles (which generate EPDs with

a single minimum and two maxima), thereby enhancing the relative contribution of
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Figure 4.24: EPDs for endocardial pacing in the ventricular model with (A) and in
the absence of (B) subendocardial necrosis calculated at 10 ms after the onset of
activation. The site and extent of nerrosis are indicated by «n open circle. See the
legend of Fig. 4.5 for details of the layout.

the isotropic dipoles. This explanation is supported by another observation that the
necrosis does not affect EPDs with a single positive area (not shown). Since Watabe
et al. [399] did not perform intramural and subendocardial pacing, we weie not able

to validate our simulations.

4.3.4 Comparison of simulations with experimental studies

The simulations of EPDs during the early phase of ectopically initiated ventricuiar
activation have shown that these distributions reveal the local fiber architecture near
the pacing site. They can enable one to predict, based on existing knowledge of
ventricular structure, the depth of the ectopic site below the epicardial surface, or
they can help determine fiber orientation when the depth of stimulation is known.
These simulations can be validated only by comparison with EPDs actually recorded
under similar conditions [376, 399]. Overall, our results agree—at least in a qualitative
sense-—with the experimental observations. Further recorded data would be required
for a quantitative comparison in terms of relative errors and correlation coefficients.

The only significant qualitative departure of our simulations from the recorded
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data is in regard to the pattern of the observed asymmetry of potential maxima.
Taccardi et al. [376] reported that for all pacing depths > 6 mm, the two maxima be-
came unequal in strengths, with the weaker of the two being located on the right side
of the pacing site (central minimum) when viewed from the outside. In addition, the
stronger maximum moved closer to the pacing site while the right maximum moved
away from the pacing site and often disappeared. Taccardi et al. [376] tentatively
explained this asymmetry by the imbrication angle of the fibers [367). The imbri-
cation angle is a measure of tllé fibers” departure from the direction parallel to the
epicardium, such that the fiber direction points slightly inward from the epicardium
to the endocardium and from left to right when the ventricles are viewed from the
outside. Henriquez et al. [144] demonstrated that a 5° tipping of intramural fibers
out of the tangential planes in a slab model leads to nonequal amplitudes of positive
regions. Our simulations using the slab model with an imbrication angle of 5° were
in qualitative agreement with their simulations. However, as we did not implement
the imbrication angle in our model of the human ventricular myocardium, we could

not test this hypothesis under more realistic conditions.



Chapter 5

Epicardial potentials during later
phases of ventricular activation

It follows from the simulations presented in the previous chapter that the expansion-
rotation of the two positive areas in EPDs starts at around 10 ms after the onset
of the activation sequence. This expansion-rotation progresses CCW when the ac-
tivation sequence is initiated on the epicardial surface, both CW and CCW when
it is initiated intramurally, and CW when it is initiated on the endocardial surface.
This phenomenon has been attributed to the intramural rotation of the activation
wavefront caused by the ventricular fibrous structure.

In this chapter, we present the results of simulations that were performed in our
model of the human ventricular myocardium, and were designed to investigate—by
comparison of simulated with measured epicardial potentials {376, 399]—the expansion-
rotation of the pattern of potential distributions on the epicardial surface within a
60-ms interval after the onset of activation. However, since it can be expected that
from around 40 ms after the onset of activation the Purkinje conduction system may
become involved in the spread of activation, we incorporated a simplified model of

the distal conduction system into this model of the human ventricular myocardium.

118
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5.1 Model of the ventricular conduction system

The distal conduction system of the ventricles consists mostly of specialized Purkinje
cells which form interconnected bundles [382]. Purkinje cells are cylindrical like
myocardial cells but Lave a larger diameter (100 pm). As a result, the propagation
of activation is up to three times faster in Purkinje fibers than along myocardial
fibers. The Purkinje fibers cover the LV and RV trabeculata in a network-like fashion
[379], but they are functionally separated from the myocardium except at discrete
points [273, 274, 300, 301, 302, 396] on the trabeculata. It is through these points
of junction between the myocardium and Purkinje fibers—so-called insertion sites—
that the Purkinje network can activate the myocardium (antegrade conduction) or
the myocardium can reactivate the Purkinje network (retrograde conduction).

Although there is a considerable body of evidence about the proximal and central
parts of the ventricular conduction system [13, 14, 31, 67, 70, 90, 142, 166, 234, 237,
254, 295, 378, 379, 384, 385, 388, 391] and its distal parts [90, 203, 248, 249, 252, 274,
301, 352, 356, 392], systematic histological-anatomical studies of the distribution of
these insertion sites on the surface of the trabeculata have vet. to be undertaken. The
location of insertion sites is usually inferred from areas of early ventricular activation
[329], which can be identified from endocardial electrograms. These mcasurements
arc technically very demanding and are often marred by low spatial resolution when
carried ont in in situ hearts [200).

In 1970, Durrer et al. [84] described the intramural activation sequence in seven
isolated, perfused human hearts based on measurements of bipolar electrograms from

as many as 870 intramural terminals. In spite of the observed variations in the
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activation pattern from heart to heart, Durrer and coworkers were able to postulate
the following general picture of normal activation. The activation begins almost
synchronously (0-2 ms) at three endocardial areas in the LV: 1) an area high on the
antertor paraseptal wall just below the attachment of the mitral wall, 2) a central area
of the septum, and 3) a posterior paraseptal area about one-third of the distance from
the apex to base. Then, 5-10 ms after the onset of activation in the LV endocardium,
endocardial RV activation starts at two arcas: 1) the attachment of the anterior
papillary muscle to the RV free wall and 2) the septal area opposite the anterior
papillary muscle.

The epicardial pattern of early activation reflects the endocardial one. The epi-
cardial breakthrough occurs at the anterior RV about 20-25 ms after the onset of
activation in the LV endocardium. Then, three early areas of epicardial activation
cmerge almost simultaneously in the LV at about 30 ms after the onset of activation:
1) an area on the anterior LV close to the atrioventricular sulcus, 2) an anterior LV
area halfway from the apex to the base, and 3) a posterior arca in the lower middle
of the LV. Van Dam [65] studied the sequence of ventricular activation intramurally
during complete right bundle branch block (RBBB) and left bundle branch block
(LBBB) in two human hearts, and found that the early-activation sites on the endo-
cardium and epicardium in both cases corresponded to the general pattern observed
by Durrer et al. [84].

Since the advent of heart transplantation, structurally normal human hearts suit-
able for experiments have become very scarce, so studies such as those performed

by Durrer et al. [84] and van Dam [65] have not been repeated. Their results have
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been confirmed, however, indirectly by measurements of clectrograms on the epicar-
dial and cendocardial surfaces in in situ human hearts during surgery. Wyndham
et al. [419, 420, 421] carried out epicardial mapping during open-heart surgery in
hearts with no conduction defect and in hearts with complete LBBB and left anterior
fascicular block. Their results were in general agreement with those by Durrer et
al. [84] and van Dam [65]. Cassidy ct al. [42] and Vassalo et al. [395] confirmed
Durrer’s and van Dam’s general picture of endocardial activation while performing
endocardial catheter mapping in 15 patients with a normal conduction system and
in 18 patients with complete LBBB.

Although the general picture of the ventricular activation sequence is reasonably
well established, the considerable variability among individual hearts makes it dif-
ficult to ascertain its details and thus to organize the experimental evidence into a
model of the ventricular conduction system. Two approaches to modeling the dis-
tal conduction system of the ventricles have been adopted, their principal difference
being the number of insertion sites used. Several attempts to realistically mode!l
the ventricular myocardium [4, 8, 24, 265, 305, 344, 345] incorporated only a small
number of insertion sites (less than 10); in some cases, these insertion sites were in-
terconnected and linked to the central and proximal parts of the conduction system
[189]. Malik et al. [232] used an alternative approach, including approximately 100
insertion sites in their model of the ventricles, and a similar approach was adopted
later by Lorange and Gulrajani [218, 219]. Abboud et al. [1} used a fractal-based
model of the ventricular conduction system to simulate high-frequency QRS signals.

However, experimental studies in canine hearts {273, 274, 300, 301, 302, 396} do not
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support the fractal configuration of the ventricular conduction system. Pollard [290],
and Pollard and Barr [291] developed an anatomically accurate model of the human
ventricular conduction system that included 35 insertion sites. Their model presents
an important improvement over the idealized earlier models of the conduction system
and significantly enhances the modeling of the normal activation sequence. However,
like the conduction model of Malik et al. [232], it was not connected to the my-
ocardium to allow any validation via isochrones or potential distributions produced
during the initial phase of intramural activation.

In this study, we incorporated into our model of the human ventricular my-
ocardium an idealized distal conduction system with the specific purpose of simu-
lating the retrograde activation of this system by the myocardium and the antegrade
activation of the areas of the myocardium distal to the ectopic activation sites through
the Purkinje network. The guiding principle for constructing the ventricular conduc-
tion system was that only a few insertion areas (< 10) should be included in the
model. Central and proximal parts of the conduction system were not considered at

this stage of model development.

5.1.1 Implementation of the conduction system

The insertion sites were chosen in accordance with the experimental work of Durrer
et al. [84], van Dam [65], Wyndham et al. [419, 420, 421], Cassidy et al. [42],
and Vassalo et al. [395]. These sites were then interconnected by narrow sheets
of Purkinje cells. (Experimental studies in dogs [203, 252] showed that the distal
Purkinje network can be functionally represented as a sheet.)

In the LV, the insertion sites were located 1) in the high anterior paraseptal
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region, 2) in the midseptum and middle anterior paraseptal region, and 3} in the
lower posterior paraseptal region. Site 1 was then connected to site 2, and site 2 was
connected to site 3; there was no direct connection between sites 3 and 1. The course
of the pathways between the insertion sites was first determined on 2-D projections
(anterior, posterior, left lateral, and septal) of the LV cavity; these 2-D projections
were then used to lay connecting cables on the 3-D surface of the trabeculata. In that
way, the distal conduction system followed the anatomical surface of the trabeculata
without making any electrical contact with it.

The procedure for constructing the distal RV conduction system was similar to
that used in the LV. Insertion sites were selected 1) at the base of the RV anterior
papillary muscle, and 2) at the midseptum opposite to the base of the RV anterior
papillary muscle, and 3) at the base of the RV posterior papillary muscle (to achieve
a better match of the simulated and the observed endocardial activation patterns
(65, 84, 395]). Sites 1 and 2 and sites 2 and 3 were interconnected by constructing
2-D sheets between the insertion sites and then projecting them on the surface of the
trabeculata.

In the final step of the implementation of the conduction system into the model
of the ventricular myocardium, we modified the existing algorithm of propagated
activation by introducing an additional mask, whose purpose is to flag the myocardial,
insertion-site, and Purkinje cells. The activation is allowed to proceed only from the
Purkinje cells to the insertion-site cells and vice versa, and from the insertion-site cells
to the myocardial cells and vice versa (thus algorithmically “insulating” Purkinje from

myocardial cells). The conduction velocity in the Purkinje network was set at 1.72
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m/s.

To validate our model of the distal conduction system, we initiated the normal ac-
tivation sequence separately in the RV and LV and compared the simulated endocar-
dial and epicardial isochronal maps with recorded ones [42, 65, 84, 395, 419, 420, 421].
Fig. 5.1 shows the isochronal maps on the LV endocardial surface in the left lateral
and septal projections for the RBBB activation sequence, and the corresponding
epicardial isochronal maps in the anterior and posterior projections are shown in
Fig. 5.2. The endocardial activation proceeded rapidly from the sites of early activa-
tion, covering in the process the midseptal and midbasal anterior areas, with the left
posterolateral basal area activated last. It is interesting to observe that the apex was
activated relatively late in the sequence. The earliest epicardial breakthrough was
in the LV paraseptal arez at 28 ms after the onset of LV endocardial activation and
was followed by the breakthroughs in the LV middle anterior paraseptal area and
LV midapical posterior paraseptal area. The simulated endocardial and epicardial
activation patterns are in agreement with experimental data [42, 84, 419, 420].

Fig. 5.3 shows the isochronal maps on the RV endocardial surface in the septal and
right lateral projections for the LBBB-activation sequence, and the corresponding
epicardial isochronal maps in the anterior and posterior projections are shown in
Fig. 5.4. Endocardial areas in the middle RV septum and middle RV free wall became
activated first, with the activation spreading rapidly from those areas in all directions.
The last to be activated were the anterior and posterior basal areas. Epicardial
breakthrough occurred in the RV anterior paraseptal area (the pretrabecular area)

at 12 ms after the onset of RV endocardial activation. The activation wavefront then
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Figure 5.1: Isochronal maps on the LV endocardial surface for the RBBB activation
sequence. Isochrones are shown at 8-ms increments (A) in the left lateral projection
and (B) in the septal projection.

Figure 5.2: Isochronal maps on the epicardial surface for the RBBB activation se-
quence. The area corresponding to the breakthrough at 28 ms after the onset of LV
endocardial activation is shown in black; isochrones are displayed at 8-ms increments
starting at 32 ms after the onset of activation (A) in the anterior projection and (B)
in the posterior pro:.ction.



126

Fligure 5.3: Isochronal maps on the RV endocardial surface for the LBBB activation
sequence. Isochrones are shown at 8-ms increments (A) in the septal projection and
(B) in the right lateral projection.

Figure 5.4: Isochronal maps on the epicardial surface for the LBBB activation se-
quence. The area corresponding to the breakthrough at 12 ms after the onset of RV
endocardial activation is shown in black; isochrones are displayed at 8-ms increments
starting at 16 ms after the onset of RV activation (A) in the anterior projection and
(B) in the posterior projection.
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progressed on the anterior and posterior surfaces, merging near the apex. The LV
was activated later in the sequence, in a typical V-shaped activation pattern. These

simulated patterns closely resemble the experimental observations [65, 395, 419, 420].

5.2 Realistic ventricular myocardium

5.2.1 Epicardial potential distributions for epicardial, in-
tramural, and endocardial pacing

Epicardial pacing. EPDs at different time instants for RV epicardial pacing are
shown in Fig. 5.5. The following qualitative features can be deduced from these spa-
tial patterns. The initial elliptically shaped central negative area steadily expands
and develops a peanut shape (with a narrowing in its central part). A single mini-
mum, which is located initially in the center of the negative area, divides into two
minima that progressively move in opposite directions along the major axis of the
oblong negative area. Later, the negative area becomes fragmented, with the cen-
tral portion less negative than both ends along the major axis. At 40 ms after the
onset of activation, the expansion of the negative area becomes more rapid due to
the epicardial breakthrough of wavefronts initiated through the insertion sites on the
anterior and posterior RV free walls and the subsequent merging of these wavefronts
with the original wavefront on the epicardial surface.

The two positive areas initjally located along the axis parallel with the epicardial
fibers progressively expand CCW, forming a crest-shaped positive ridge on each side
of the central, elongated negative region. The expansion is relatively symmetrical.
Both initial maxima remain approximately in their former positions along the major

axis of the negative region. One or more additional maxima appear in those portions
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Figure 5.5: EPDs for RV epicardial pacing during the later phases of ventricular
activation. The six panels show maps calculated at 18 ms (A), 24 ms (B), 30 ms (C),
36 ms (D), 42 ms (E), and 46 ms (F) after the onset of activation. See the legend of
Fig. 4.5 for details of the layout.
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Figure 5.6: EPDs for LV epicardial pacing during the later phases of ventricular
activation. The two panels show maps calculated at 44 ms (A) and 54 ms (B) after
the onset of activation. See the legend of Fig. 4.5 for details of the layout.

of the expanding positive areas that are shifted CCW with respect to the initial
maxima. A semiquantitative index of the amount of rotation of the positive areas
(determined, following Watabe ct al. [399] and Taccardi et al. [376] as the difference
between the angular position of the additional maximum and the initial maximum
relative to the pacing site) shows that the left and right positive areas in Fig. 5.5
rotated COW approximately 90° in 34 ms and 36 ms, respectively, after the onset of
activation. For the other RV epicardial pacing sites, the amount of CCW rotation

was between 70° and 90° and was completed in 32-38 ms after the onset of activation.

Epicardial pacing in the LV generated EPDs with features similar to those de-
scribed above. Fig. 5.6 shows potential maps constructed from points on a regular
33 x 25 grid with 2-mm spacing (with the lower border of the grid 32 mm above the
apex). In general, the CCW rotation of the positive areas was between 90° and 120°.
However, these values were only estimates, since the potential maxima often moved

out of the exploring area (e.g., the maximum is below the lower border of the grid in
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Fig. 5.6B).

As shown in Chapter 4, the CCW expansion-rotation of positive areas in EPDs
reflects the course of propagated activation. The fastest propagation of the activation
wavefront occurs along the subepicardial fibers, and the axis of fastest propagation
rotates CCW, lagging behind the transmural fiber rotation, as the wavefront moves
through deeper layers of the myocardial wall. Overall, our simulations correspond

closely to the data measure”! by Taccardi et al. [376].

Intramural pacing. For intramural pacing, the negative area is initially stretched
perpendicularly to the axis joining the maxima, which coincides with the local fiber
direction (Fig. 5.7A). After the epicardial breakthrough, the negative area becomes
oblong-shaped, with the major axis intermediate between the fiber direction near the
pacing site and the epicardial fiber direction (Fig. 5.7B). This corresponds to the ori-
entation of the major axis of the activation wavefront (see, e.g., Fig. 4.4). In addition,
the absolute magnitude of the minimum abruptly increases. Later, the negative area
steadily expands, exhibiting features already observed in EPDs for epicardial pacing,
e.g., a narrowing in its central part and fragmentation (Figs. 5.7C and 5.7D). In the
LV, multiple epicardial breakthroughs are very often reflected in complex patterns of
epicardial negative potentials (Fig. 5.8). They may be a consequence of local undula-
tions of the LV geometry. This phenomenon can be understood from the isochronal
map (Fig. 5.9) in which the first breakthough occurs above the pacing site at 16 ms
after the onset of activation. This breakthrough is followed by another, at 26 ms
after the onset of activation, that is positioned 2.5 cm more anteriorly. Later, the

activation wavefronts merge, thereby creating a large negative area.
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Figure 5.7: EPDs for RV intramural pacing during ventricular activation. The four
panels show maps calculated at 6 ms (A), 12 ms (B), 18 ms (C), and 30 ms (D) after
the onset of activation. Positive areas expand both CCW and CW. See the legend of
Fig. 4.5 for details of the layout.

After the epicardial breakthrough, the two positive areas follow the expansion-
rotation both CCW and CW, again becoming crest-shaped. Thus, whereas immedi-
ately after the epicardial breakthrough, the maxima rotate CW with respect to their
initial position, one or more maxima appear later inside the CCW-expanding area. It
Is interesting that the pattern of EPDs for intramural pacing appears to be-—during
the later phases of ventricular activation—very similar to that generated by epicardial
pacing, only rotated CCW (compare, e.g., Figs. 5.6B and 5.8D). Another interest-
ing feature is that the EPD immediately after the epicardial breakthrough resembles
the initial EPD for epicardial pacing, with the oblong-shaped negative region being
flanked by the two maxima. This feature is present even when more than one epicar-
dial breakthrough appears (the maximum at the lower border of map in Fig. 5.8B) or

when one of the positive areas moves out of the exploring area during the initial phase
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Figure 5.8: EPDs for LV intramural pacing during the later phases of ventricular
activation. The four panels show maps calculated at 24 ms (A), 28 ms (B), 34 ms
(C), and 38 ms (D) after the onset of activation. See the legend of Fig. 4.5 for details

of the layout.
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Figure 5.9: Isochronal map calculated for LV intramural pacing. The initial break-
through occurs above the pacing site and is followed by another breakthrough posi-
tioned more anteriorly. The isochrones are displayed at 2-ms increments; the region
activated during the first 16 ms is shaded.

of ventricular activation (not shown). As shown by our simulations in Chapter 4, the
two maxima are the reflection of those parts of the activation wavefront that move

along the epicardial fibers.

Subendocardial pacing. EPDs at different time instants following LV subendo-
cardial pacing are shown in Fig. 5.10. At 16 ms after the onset of activation, the
epicardial potentials exhibit a broad positive area overlying the stimulus site, then at
20 ms after the onset of activation, the positive area is invaded by a central negative
region, which establishes the usual pattern with two maxima and one minimum. By
contrast, Fig. 5.11 shows the positive area becoming separated by the negative region
earlier, at 12 ms after the onset of activation, and at variance with the EPD shown
in Fig. 5.10, the positive areas undergo pronounced CW rotation even before the

epicardial breakthrough.
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Figure 5.10: EPDs for LV subendocardial pacing during the later phases of ventricular
activation in a 12.5-mm-thick wall. The six panels show maps calculated at 16 ms
(A), 20 ms {B), 24 ms (C), 28 ms (D), 32 ms (E}, and 38 ms (F) after the onset of
activation. See the legend of Fig. 4.5 for details of the layout.
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Figure 5.11: EPDs for LV subendocardial pacing during the later phases of ventricular
activation in a 9.5-mm-thick wall. The six pancls show maps calculated at 12 ms
(A), 20 ms (B), 24 ms (C), 30 ms (D), 34 ms (E), and 40 ms (F) after the onset of
activation. See the legend of Fig. 4.5 for details of the layout.
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Figure 5.12: EPDs for RV endocardial pacing calculated at 22 ms (A) and 34 ms (B)
after the onset of activation. Positive areas expand CW. See the legend of Fig. 4.5
for details of the layout.

In both cases of subendocardial pacing, the negative isopotential lines are stretched
in a direction perpendicular to that of the fibers until the epicardial breakthrough
occurs and then become oblong-shaped (Figs. 5.10D, 5.11C, and 5.12A). Additional
breakthrough appears in Fig. 5.11D. After the epicardial breakthrough, the two pos-
itive arcas rotate further, predominantly CW, and often fragment (e.g., Fig. 5.11E).
The pattern of EPDs for endocardial pacing during the later phases of activation
resemble those observed for epicardial and intramural pacing, except that the entire
pattern is further rotated CCW (e.g., Fig. 5.12B).

For those endocardial pacing sites located close to the base of the papillary mus-
cle (i.e., where the thickness of the trabeculata abruptly changes), we observed the
small amount of the CCW expansion-rotation (not shown), because the wavefront of
propagated activation progressed through the compacta toward the epicardial sur-
face (which accounted for the expected CW expansion-rotation), as well as through
deeper trabeculata (which caused a small CCW expansion-rotation).

The sequences of EPDs agree in their general features with those measured by

Taccardi et al. [376]. However, Taccardi et al. [376] observed the positive potentials
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above the pacing site just before the epicardial breakthrough. In our simulations,
the arca above the pacing site is consistently negative after the changes in potential
pattern are completed during the initial phase of ventricular activation.

5.2.2 Effect of intramural and subendocardial necrosis on

epicardial potentials

EPDs for RV epicardial pacing with nontransmural subendocardial necrosis and for
LV epicardial pacing with intramural neerosis are shown in F igs. 5.13 and 5.14, re-
spectively. In both cases, the left positive area is transiently interrupted by a negative
gap, which persists for 4 ms; the pacing site, the epicardial projection of necrosis,
and the negative gap arc aligned. As the center of the necrotic region was moved
deeper into the ventricular wall, the gap in the positive area occurred progressively
later. Whether the gap appeared depended on the position of the pacing site; there
was no gap unless significant portions of the leading edge of the wavefront, moving
along the local fiber direction, collided with the necrosis.

These findings are consistent with our observations made in simulations of the
initial phase of ventricular activation (Chapter 4), where we showed a complete tran-
stent loss of one of the positive areas when the activation propagated directly into the
necrosis. When the pacing was delivered on the epicardial surface and necrosis was
positioned intramurally or subendocardizlly, the wavefront of propagated activation
underwent a considerable amount of CCW rotation before it encountered the 1ICCrosIs,
and it was therefore more widespread. For this reason, the CCW expansion-rotation
of the potential pattern was interrupted by the presence of the necrosis during the

later phases of ventricular activation. Again, our simulated data compare well with
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Figure 5.13: EPDs for RV epicardial pacing in the ventricular model with (A and B)
and in the absence of (C and D) nontransmural subendocardial necrosis calculated
at 28 ms (top) and 32 ms (bottom) after the onset of activation. The site and extent
of necrosis are indicated by an open circle. See the legend of Fig. 4.5 for details of
the layout.

-38.36/12.60 -38.82/12.97

Figure 5.14: EPDs for LV epicardial pacing in the ventricular model with {A) and
in the absence of (B) intramural necrosis calculated at 34 ms after the onset of
activation. The site and extent of necrosis are indicated by an open circle. See the
legend of Fig. 4.5 for details of the layout.
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the experimental data [399].
5.3 Discussion

The success of a particular model of the ventricular myocardium depends on how well
it approximates measurable manifestations in the vicinity of the cardiac sources. As
has been noted by Gulrajani [130], it is considerably easier to predict smoothed-over
potential distributions on the torso surface than it is to simulate near-field epicar-
dial potentials. Difficulties in the realistic modeling of the geometry and intramural
anisotropic structure of the ventricles have severely limited attempts to adequately
simulate potentials on the epicardial surface to date. In the simulations presented
in Chapters 4 and 5, we used our model of the human ventricular myocardium to
calculate ectopic activation sequences initiated at varying intramural depths in the
LV and RV walls, and in the presence of small local necroses. The specific aim of
our study was to examine the effects of realistic fibrous structure on the pattern of
propagated activation and epicardial potentials. We know of no comparable modeling
studies that have been published so far.

Our results were validated by qualitative comparison with published data [376,
399]. To accomplish this task, we used—in accordance with the proposal of Colli
Franzone et al. [52]—the following major morphological features of EPDs: 1) the
location and magnitude of the potential minimum and the shape of negative isopo-
tential lines, 2) the location, mutual distance, and magnitude of the potential maxima
before the epicardial breakthrough, 3) the rotation of maxima before and after the

epicardial breakthrough, and 4} the expansion-rotation of the positive areas. In gen-
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eral, our simulations showed that a model of the anisotropic myocardium in which the
rotational fibrous structure is assigned is necessary if the process of propagated acti-
vation is to be simulated accurately. To this end, the idealized slab model provides
a useful description of major features of EPDs during the initial phase of ventricular
activation. These features can be summarized as follows: 1) a pattern with a cen-
tral minimum and two maxima, with the axis joining these extrema approximately
parallel with the fibers near the pacing site, 2) a rotation of the axis joining the
maxima in the same direction (CCW) as that of the fibers with increasing pacing
depth, accompanied by a deformation of the negative isopotential lines, 3) a change
of the pattern for endocardial and subendocardial pacing sites into one with an ob-
long positive area, and 4} a complete transient loss of one of the positive areas in the
presence of localized necrosis.

Simulations with the realistic ventricular model confirmed this picture but also
added further details. Firstly, subendocardial and endocardial pacing initially gener-
ated EPDs with a single oblong positive area, which later in the sequence developed
into the usual pattern with two maxima and one minimum; the time at which the ini-
tial evolution was completed was determined by the local properties of the ventricular
fibrous structure. Secondly, the local geometry of epicardial surface and convolution
of underlying fibers caused the asymmetry of the positive areas in EPDs.

During the later phases of ventricular activation, the idealized slab model is not
adequate, because it neglects the curvature and undulations of the epicardial and
endocardial surfaces. The major feature of EPDs is the expansion-rotation of the

positive areas, which is CCW for epicardial pacing, is both CW and CCW for in-
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tramural pacing, and primarily is CW for endocardial pacing. For some endocardial
pacing sites—those in the vicinity of parts of the endocardium in which the thickness
of the trabeculata abruptly changed (c.g., due to the presence of papillary muscle)—a
small amount of CCW expansion-rotation was observed. Intramural and subendo-
cardial necroses brought about a transient gap in the CCW expansion-rotation of
positive areas initiated by epicardial stimuli; the gap occurred carlier in the sequence
for intramural than for subendocardial necroses. A fragmentation of the positive ar-
cas was frequently observed during expansion-rotation, and we attribute this to three
factors that aftect EPDs by modifing the course of propagated activation to some de-
gree: the interface between the compacta and trabeculata, variable local thickness of
the ventricular wall, and local undulations of the trabecular surface. More extensive
study based on simpler models would be required to further elucidate these particular
effects.

In general, our results are cousistent-—at least qualitatively—with the experimen-
tal descriptions of EPDs [376, 399]. The only significant difference between measured
and simulated maps was transient appearance of the positive epicardial potentials
above the pacing site observed during experimental endocardial pacing before the
cpicardial breakthrough. Our simulations consistently predicted negative epicardial
potentials, as did an idealized slab model of Colli Franzone and coworkers [52] with
and without involvement of the Purkinje network. The reasons for the discrepancy
between the simulated and experimental data are unclear.

Our model rests on the assumptions of the equal anisotropy ratio and the oblique

dipoles, both of which were discussed in Chapter 3. One can construct more realistic
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model, based on the FEM, that would enable calculation of the volume currents in
the anisotropic myocardium, as Colli Franzone et al. [52] have already done in an
idealized slab model. At present, however, for such a model to have a resolution and
intramural anisotropic structure comparable to ours is not feasible.

In our simulations, the inhomogeneity of the intracavitary blood masses was ne-
glected. Although our simulated EPDs qualitatively agree with measured ones, we
noted some quantitative differences, which may be the effect of these blood masses.
The problem of how the interface between myocardium and blood masses affects
the ratio of the isotropic dipole component to axial dipole component has yet to be
completely elucidated.

The inclusion of an idealized Purkinje conduction system did not significantly
change the observed patterns in the expansion-rotation of positive areas. Its effect
was limited to the later phases of ventricular activation and accounted for an accel-
crated expansion of the central negative area. This effect was sometimes difficult to
distinguish from the appearance of additional epicardial breakthroughs, due to the
irregular geometry of the epicardial surface. In the study in which Colli Franzone et
al. [52] used an idealized slab model, a more pronounced modification of epicardial
potential patterns was observed when the simplified Purkinje network was present.
However, unlike our model, theirs used a large number of insertion sites distributed
on a nearly regular grid covering a relatively small area. In addition, they made no
attempt to correlate such a distribution of the Purkinje network with that actually
found in the ventricular myocardium. It thus appears that if the Purkinje network

is not included into a realistic ventricular model with the utmost care, it may affect
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potential distributions in an unrealistic manner.

Our simulation protocol was oriented toward examining EPDs calculated for elec-
trode grids that covered the RV and LV free walls; such a choice was in accordance
with published measurement data [376, 399]. We have no reason to think that our re-
sults would be qualitatively different had we positioned our grid differently or used a
grid that covered the epicardial surface more extensively. Qur protocol could be also
applied to simulating potentials on the LV or RV endocardial surfaces or as tneasured
by a LV intracavitary probe [187].

Simulations with localized necrotic regions present the first step towards clinically
important applications, such as generating diagnostic criteria for myocardial infarc-
tions with various loci. These simulations were relatively casy to perform because
the necrotic region had a clear-cut border between the normal and dead myocardial
tissue [399]. Actual healed infarctions are much more complex (having a labyrinthine
structure), with large intersubject variability; a further complication is the observed
cellular uncoupling [75, 172, 191, 304, 418} in the ischemic border zone. The mod-
cling of such a substrate can be undertaken with the tools developed in this study,
provided necessary anatomical data are available. The model may then prove valu-
able for studying the electrophysiological precursors to ventricular tachyarrhythmias.
Furthermore, since our model describes both activation and recovery, it can be used

to model the ST-segment changes that reflect myocardial ischemia [190].



Chapter 6

Localization of sites of ectopic
activation using simulated BSPMs
as templates

6.1 Introduction

Body surface potential mapping is the noninvasive method for imaging cardiac elec-
tric sources. Body surface potential maps (BSPMs), which can be constructed
from multiple ECGs recorded simultaneously on the anterior and posterior chest
(68, 225, 370, 371], assess the cardiac sources at a greater distance than do direct
recordings on the epicardial surface and therefore are affected by the intervening
thoracic tissues. Although this considerably restrains spatial resolution of these elec-
trical images of cardiac sources, the cardinal advantage of body surface potential
mapping—its noninvasiveness—makes it routinely applicable in the clinical setting
(68, 98, 109, 154, 165].

SippensGroenewegen et al. [337] recently demonstrated that BSPMs can overcome
the limitations of 12-lead electrocardiography (2, 3, 165, 195, 196] in determining the

site of origin of ectopic activity. They were able to differentiate among 38 patterns
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of QRS-integral maps that corresponded to distinct endocardial pacing areas in the
LV and the RV.

This chapter describes simulations performed with a model of the human ven-
tricular myocardium that were designed to assess the spatial resolution of BSPMs in
localizing the site of origin of endocardial ectopic activity. The additional purpose
of these simulations was to further validate our model by comparing simulated and
measured potential distributions on the body surface. The next section describes
general aspects of the methodology used in simulating BSPMs. Section 6.3 describes
a method for discriminating—by means of simulated BSPMs—among different preex-
citation sites located on the interventricular septum in patients suffering from Wolff-
Parkinson-White (WPW) syndrome. Section 6.4 demonstrates how simulated BSPMs
can be used to localize the site of origin of idiopathic ventricular tachycardia (VT).
Section 6.5 investigates the spatial resolution with which QRS-integral maps reflect
the sites of origin of ventricular ectopic activity by means of systematic pacing of the

LV and RV endocardial surfaces.

6.2 Methodology

We used a boundary element model of the human torso to calculate the extracardiac
electric potentials; the construction of this model has been described in detail else-
where [152, 229]. The results presented in Appendix B demonstrate that thoracic
inhomogeneities and alterations in thoracic geometry do not markedly alter the qual-
itative features of BSPMs. Therefore, the ctandard homogeneous torso model was

used throughout in this study.
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Figure 6.1: The anterior and posterior views of the standard homogencous torso
model comprising the body surface and the epicardial surface. The electrode sites
used in our clinical BSPM protocol are shown as filled circles.

The outer boundary of the torso model was tessellated with 700 triangles (defined
by 352 nodes), and a same conductivity of 0.2 S/m was assigned to all torso tissues.
The set of 117 electrode sites for the BSPM system used at this institution [229, 242],
with each site coresponding to a node point, is shown in Fig. 6.1. The discretization
of fundamental integral equations was performed in a manner that produced a node-
to-node relationship among potentials [164, 330, 430]; thus, forward calculations for
any given set of cardiac sources yielded potentials at the measurement sites directly.
The model of the human ventricular myocardium was carefully positioned in the
torso model to best fit the heart’s anatomical location. An additional surface, which
represents the epicardium and completely encloses the ventricular model, was added
to the torso modet (Fig. 6.1). The surface of the epicardium was tessellated with 400
triangles (defined by 202 nodes). Special care was taken that each node was positioned

approximately 1 mm above the epicardial surface of the ventricular model.
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BSPMs were displayed as isopotential lines on a flattened torso. Epicardial po-
tential maps (EPMs) were displayed in a polar format corresponding to the standard
radiological view (7], with the LV apex at the center of the plot and successive layers

pulled back and stretched to become concentric rings in the polar projection.

6.3 BSPM localization of septal preexcitation sites
in WPW syndrome

Ventricular preexcitation via atrioventricular (A-V) accessory pathways in patients
suffering from Wolff-Parkinson-White (WPW) syndrome [106, 108, 427] is a model
for focal activation in the structurally normal heart, with the pathological preexcita-
tion activity originating on the epicardial side of the A-V ring. Several investigators
have correlated specific patterns of BSPMs with the particular location of any given
preexcitation site [29, 69, 123, 169, 182, 424]. They noted that the maximum is rel-
atively stationary during the early phase (up to 40 ms after the onset) of ventricular
activation initiated by the preexcitation and is positioned on the left anterior torso
for all preexcitation sites. It is thus the position of the minimum (and of the negative
area) that identifies a specific preexcitation site. The minimum appears at sites that
approximately correspond to the body surface projection of the potential minimum
above the given preexcitation site on the A-V ring [250, 348]. For the initial site of
ventricular activation occuring at the left anterior the left lateral, the left posterior,
the right posterior, the right lateral, and the right anterior aspects of the A-V ring,
the body surface minimum migrates along the projection of the A-V ring from the
upper right posterior torso to the lower right posterior torso (the left aspect of the A-

V ring) and from the lower right anterior torso to the upper right anterior torso (the
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right aspect of the A-V ring) {182]. To localize the sitc of ventricular preexcitation,
five general empirical criteria for interpretation of BSPMs were derived by Kamakura
ct al. [182] and Grogin et al. [128]: 1) the minimum on the right anterior torso cor-
responds to the preexcitation sites located in the RV; 2) the minimum on the back
corresponds to the preexcitation sites in the LV; 3) the region of negative potentials
over the entire lower torso corresponds to the posterior sites; 4) the region of positive
potentials over the entire Jower torso corresponds to the anterior sites; 5) BSPMs
corresponding to the lateral (free wall) preexcitation sites in both ventricles are char-
acterized by regions of near-zero potentials on the anterior and posterior torso that
run in a nearly vertical direction on the map. This simple interpretation of BSPMs
was later substantiated by computer models (217, 257, 402] and succesfully employed
in a clinical practice to guide catheter ablation of accessory pathways [83, 128].
While ecarlier studies focused on distinguishing between the adjacent sites posi-
tioned around the A-V ring, little atteinpt has been made to examine the septal
preexcitation sites more closely. Epstein ct al. [89] and Grogin et al. [128] recently

reported difficulty in separating adjacent septal sites.
6.3.1 Results

We siimulated a set of BSPMs for 16 preexcitation sites at different regions of the
basal septum. For cach activation sequence, we calculated BSPMs at 2-ms increments
within rhe first 40 ms after the onset of activation. Fig. 6.2 shows BSPMs calculated
at 30 ms after the onset of activation for six septal preexcitation sites: the left
posteroparaseptal (LPP), the right posteroparaseptal (RPP), the right intermediate

septal (RIS), the right anteroseptal (RAS), the right anteroparaseptal (RAP), and the



149

Figure 6.2: BSPMs calculated at 30 ms after the onset of an activation sequence
initiated at six septal preexcitation sites. The top border of each map represents the
neck and shoulders, and the lower border the waist; the anterior chest is depicted
on the left half of the map, with the left midaxillary line at the center of the map.
Precordial leads V; through Vi are shown as black squares. The extrema are denoted
in ¢V, and isopotential lines are plotted in logarithinic increments. LPP, left pos-
teroparaseptal; RPP, right posteroparaseptal: RIS, right intermediate septal; RAS,
right anteroseptal; RAP, right anteroparaseptal; LAP, left anteroparaseptal
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Figure 6.3: BSPMs calculated at 30 ms after the onset of an activation sequence
initiated at the anteroseptal and posteroseptal sites. RAP/LAP, the intermediate
site between the right anteroparaseptal (RAP) and the left anteroparaseptal (LAP)
sites; LPP/RPP, the intermediate site between the left posteroparaseptal (LPP) and
the right posteroparaseptal (RPP) sites. See the legend of Fig. 6.2 for details of the
layout.

left anteroparaseptal (LAP). Fig. 6.3 shows BSPMs for two additional preexcitation
sites: one between the RAP and LAP sites, and the other between the RPP and
LPP sites. The changes in BSPMs were assessed for the preexcitation site assuming
positions on the basal septum in the following order: 1) from the RPP toward RAP
regions, 2) from the RAP toward LAP regions, and 3) from the RPP toward LPP

regions.

The preexcitation sites between the RPP and RAP regions. The activation
sequence originating at the RPP preexcitation site gives rise to BSPMs in which the
minimum is located inferiorly to the maximum and the ..zgative potentials cover the
right anterior and right posterior torso. Although this pattern is very similar to that
generated by the activation sequence initiated at the right posterior preexcitation
site (see, e.g., [257]), the region of near-zero potentials on the posterior torso is more
vertical, and the potential values on the right posterior torso are more negative,

with a steeper potential gradient in BSPMs corresponding to the RPP preexcitation
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site. As the preexcitation site is moved closer to the RIS site, the region of ncar-
zero potentials on the right posterior torso becomes nearly vertical, with positive
potentials covering the entire left side of the torso (from shoulders to waist); the
position of the minimum rotates CW, thereby becoming located at the same level,
or slightly superior to, the maximum. BSPMs generated by the activation sequence
originating at the RAS preexcitation site exhibit a simultancous expausion of the
positive area on the lower torso and shrinking of the positive arca on the upper torso.
For BSPMs corresponding to the RAP preexcitation site, the lower torso becomes
completely positive; the position of the minimum and the negative area of the map
become rotated further CW, ending up being located superior to the maximum and
the positive arca and covering almost the cntire upper torso.

The progressive changes of the BSPMs described above reflect the course of ven-
tricular activation. The wavefront of propagated activation initiated at the RIS pre-
excitation site advances syminetrically in the direction of the anterior and posterior
septuim, thereby creating BSPMs that, consistent with experimental data [89], have
a virtually vertical region of near-zero potentials and a horizontal line connecting the
extrema. When the preexcitation site is shifted toward either the anterior or pos-
terior septum, the course of the resulting propagated activation sequence becomes
asymmetrical (with only one side of the wavefront propagating in the septum). This
produces, in turn, a superiorly located minimum in the former case, an inferiorly lo-
cated minimum in the latter, and in both cases, a more horizontal region of near-zero

potentials.
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The preexcitation sites between the RAP and LAP regions. Comparison
between BSPMs generated by the activation sequences originating at the RAP and
LAP preexcitation sites shows changes in the following features: 1) the region of
near-zero potentials becomes more horizontal for the LAP site, and 2) the position
of the minimum is shifted from the right mid-anterior torso for the RAP site to the
posterior neck for the LAP site. The activation sequence initiated at the anteroseptal
preexcitation site between the RAP and LAP sites gives rise to a BSPM pattern in
which the configuration of the region of near-zero potentials is similar to the onc
corresponding to the RAP preexcitation site but in which the minimum is located on

the upper right posterior torso.

The preexcitation sites between the RPP and LPP regions. For the pre-
excitation site being shifted from the right-sided septal region toward the left-sided
septal region on the posterior side of the epicardium, changes in BSPMs are more
subtle than those on the anterior side of the epicardium: 1) the region of near-zero
potentials on the anterior and posterior torso becomes more vertical, and 2) the
minimum migrates progressively toward the right midaxillary line of the torso and,
for the LPP preexcitation site appears on the lower right posterior torso. BSPMs
generated by the activation sequence originating at the LPP preexcitation site are
similar to those generated by the activation sequence initiated at the left posterior
preexcitation site (see, e.g., [257]). However, the region of near-zero potentials on the
posterior torso is more vertical in BSPMs corresponding to the LPP site. In addition,
the positive potentials extend to the lower left torso in BSPMs corresponding to the

LPP preexcitation site.



Figure 6.4: BSPMs calculated at six time instants after the onset of an activation
sequence initiated at the left posteroparaseptal (LPP) site. See the legend of Fig. 6.2
for details of the layout.
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BSPMs corresponding to the septal preexcitation sites are characterized by a
relatively stable pattern during the first 40 ms after the onset of activation. The
position of the extrema remains stationary in nearly all cases. However, whereas
the configuration of the region of near-zero potentials is stable from the very onset
of activation for some preexcitation sites, for others it undergoes change during the
initial 10 ms after the onset but does not significantly change thereafter. It is also
interesting that nearly all BSPMs generated by the activation sequences originating
at all septal preexcitation sites other than the LAP site and the site between the RAP
and the LAP sites exhibit the LBBB pattern (i.c., the precordial lead V, is negative).
This implies that a considerable portion of the wavefront of propagated activation
spreads from the right side of the septum toward the left side of the septum.

Left-sided posteroparaseptal sites are the exception with respect to the station-
arity of the minimum, as shown in Fig. 6.4. For all of those sites, the minimum
is initially positioned on the right posterior torso but then progressively migrates

toward the torso’s right midaxillary line.

6.4 BSPM localization of the site of origin of
idiopathic VT

Idiopathic VT (39, 112, 214, 263, 407] is another model of focal activation in the
structurally normal heart. It has a relatively well-defined origin, positioned either
in the RV outflow tract (RVOT) or in the apical region of the LV endocardium.
Because the sites of origin are well separated, a standard 12-lead ECG is usually
sufficient for the gross localization of the area of origin of idiopathic VT and may

thus be used to supplant BSPMs in guiding radiofrequency (RF) catheter ablation
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[40, 45, 192). SippensGroenewegen et al. [336], Klug et al. [194], and Kamakura
(180] demonstrated the ability of BSPMs to accurately localize the site of origin of
idiopathic VT. Klug et al. {194] found two different BSPM patterns that did not
depend on the clinical presentation of idiopathic VT: 1) the LBBB configuration
with the minimum located on the upper anterior torso, corresponding to the origin
of VT in the RV outflow tract, and 2) the RBBB configuration with the minimum
positioned on the lower anterior torso, corresponding to the origin of VT in the apical
region of the LV endocardium. Klug et al. [194] also noted that the LBBB pattern
remained stable from the onset throughout the QRS complex, whereas the RBBB
pattern exhibited initial instability and evolved—approximately when the activation
of the apex had been completed—into a stable pattern.

Simulations of BSPMs corresponding to idiopathic VT have not been attempted
before. The additional purpose of the study presented in this section was to validate
our ventricular model by initiating ectopic activation ir a limited area of the RV
and LV endocardium before embarking on the systematic development of the simu-
lated BSPM reference data base for paced activation sequences in human ventricles

(Section G.5).
6.4.1 Results

We simulated BSPMs that correspond to the two distinct anatomical areas—one at
the RVOT and the other at the posteroseptal apical area of the LV endocardium—
in which ectopic activation originates in patients suffering from idiopathic VT. For
each of the eight simulated activation sequences, we calculated, at 4-ms increments,

corresponding BSPMs and EPMs within the first 120 ms after the onset of activation.
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Figure 6.5: BSPM and EPM calculated nt 8 ms after the onset of an activation se-
quence initiated at the right ventricular outflow tract (RVOT). The EPM is displayed
with the anterior epicardium at the top and the posterior epicardium on the bottom,
the right free wall on the left side, and the left free wall on the right side; the position
of the LV apex is shown as the black square. The extrema are denoted in mV below
the map, and isopotential lines gre plotted in logarithmic increments. For details of
the layout of the BSPM, see the legend of Fig. 6.2.

We also calculated QRS-integral maps extending from the onset of activation to the

time when activation of the ventricles has been completed.

Idiopathic VT with the origin of activation at the RVOT. Fig. 6.5 shows a
BSPM and an EPM calculated at 8 ms after the onset of an activation sequence ini-
tiated at the RVOT. The potential minimum, indicating the basal RV breakthrough,
is located on the upper anterior torso. This minimum is a reflection of the potential
minimum in the EPM at the RV basal anterior site that coincides with the site of
early ectopic activation (see Chapters 4 and 5 for details). Fig. 6.6 shows BSPMs
for the same case at 12 different time instants. The pattern of the BSPMs evolves
slowly from the onset of activation throughout the sequence, and the following gen-
eral features can be identified: 1) the region of negative potentials covers the upper
torso, and the region of positive potentials covers the lower torso (inferior axis), 2) the

potential maximum is initially on the left midanterior torso and in the last third of
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Figure 6.6: BSPMs calculated at 12 time instants after the onset of an activation
sequence initiated at the RVOT. See the legend of Fig. 6.2 for details of the layout.
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the sequence moves downward and leftward, and 3) the potential minimum is on the
upper anterior torso through most of the sequence, subtly moving downward toward
the midanterior torso during the final phase of the activation sequence. The location
of the minimum and the extent of the negative area indicate the course of the prop-
agated activation from the base toward the apex. The expansion of the positive area
and the migration of the maximum reflect the course of propagation from right to
left. Simulated BSPMs in Figs. 6.5 and 6.6 correspond very well with an activation

sequence measured by Klug et al. [194].

12ms

-1.11/0.50

Figure 6.7: BSPM and EPM calculated at 12 ms after the onset of an activation
sequence initiated at the posteroseptal apical region of the LV endocardium. See the
legends of Fig. 6.2 and 6.5 for details of the layout.

Idiopathic VT with the origin of activation at the LV apical region. Fig. 6.7
shows a BSPM and an EPM calculated at 12 ms after the onset of an activation se-
quence initiated at the LV posteroseptal apical region, and Fig. 6.8 shows BSPMs
at 12 time instants later in the same activation sequence. The position of the po-
tential minimum in the EPM (Fig. 6.7) reveals the apical posteroseptal origin of the
activation. Unlike the BSPMs calculated during the activation sequence initiated at

the RVOT, these BSPMs—characterized by low-amplitude (< 0.1 mV) potentials—
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Figure 6.8: BSPMs calculated at 12 time instants after the onset of an activation
sequence initiated at the posteroseptal apical region of the LV endocardium. The
BSPM pattern stabilizes at 16 ms after the onset of activation and evolves slowly

thereafter (compare with Fig. 6.7). Sec the legend of Fig. 6.2 for details of the
layout.
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change during the initial phase of this activation sequence. At the approximate time
of epicardial breakthrough (at 16 ms after the onset of activation), the BSPMs evolve
into a distinct pattern with the following features (Fig. 6.8): 1) the region of positive
potentials covers the upper torso, and the region of negative potentials covers the
lower torso (superior axis), 2) the potential maximum is on the upper middle of the
anterior torso, and 3) the potential minimum is between precordial leads V5 and V.
‘The location of the minimum and the extent of the negative arca reflect the apical
breakthrough and subsequent propagation of activation from the apex toward the
base. The entire sequence of BSPMs in Fig. 6.8 is nearly a mirror image (obtained
by exchanging the regions of negative and positive potentials about the region of
near-zero potentials) of the sequence of BSPMs generated by ectopic activation orig-
inating at the RVOT (Fig. 6.6). The BSPMs in Fig. 6.8 closely resemble the later
phases of an activation sequence measured by Klug et al. [194]. The initial pattern
of their BSPMs was, however, different (indicating the inferior axis) from that of our
simulated BSPMs (indicating the rightward axis) and also stabilized slightly later (at

~ 20 ms after the onset of activation) than ours (16 ms).

QRS-integral maps. Fig. 6.9 shows QRS-integral maps for simulated activation
sequences initiated at the RVOT and at the posteroseptal apical region of the LV
endocardium. In the former case, the pattern of the QRS-integral maps resembles
that of instantaneous BSPMs throughout the sequence, while in the latter case, it
resembles that of instantaneous BSPMs during the later phases of activation (when
the amplitude of the potentials is high). The correlation coefficient between QRS-

integral maps corresponding to the sequences initiated at the RVOT and at the LV
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Figure 6.9: QRS-integral maps calculated for activation sequences initiated at the
right ventricular outflow tract (RVOT) and at the LV endocardial posterosceptal apical
(LPSAp) area. The extrema are denoted in ;Vs. See the legend of Fig. 6.2 for other
details of the layout.

posteroseptal apical region is —0.772, which provides a quantitative index of the major
pattern difference between the ectopic activation sequences initiated at these widely
separated sites (RV anterobasal vs. LV posteroapical). Both simulated QRS-integral
maps very closely resemble those measured clinically by SippensGroenewegen et al.
[336] and Klug et al. [194].

To determine how QRS-integral maps are affected by small alterations in the
position of the ectopic activation site within the local endocardial area, we calculated
QRS-integral maps for ectopic activation sequences initiated at two additional sites
of the RVOT. (One site, RVOA, was positioned 6 mm closer to the apex, and the
other site, RVOP, was 13 mm more posterior than the site on the anterior side
of the RVOT used to generate the QRS-integral map in Fig. 6.9.) Comparison of
the QRS-integral maps corresponding to these slightly shifted initial sites with the
map shown in Fig. 6.9 reveals only small changes in the position of the extrema
and in the morphology of the region of near-zero values, thereby resulting in high
correlation coefficients (0.974 for the more posterior site and 0.977 for the more

apical site, with respect to the RVOT reference map). These simulations agree with
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Figure 6.10: QRS-integral maps calculated for activation sequences initiated at two
different sites of the :iVOT. RVOA, the ectopic activation site is positioned 6 mm
closer to the apex than the oue in Fig. 6.9; RVOP, the ectopic activation site is
positioned 13 mm more posteriorly than the one in Fig. 6.9. Sce the legends of
Figs. 6.2 and 6.9 for details of the layout.

measurements of SippensGroenewegen et al. [339], who noted that pacing in the
RVOT and basal anterior RV endocardial region generated QRS-integral maps with
very little morphological variation. Similar results (not shown), demonstrating small
pattern differences in QRS-integral maps, were also obtained for the apical region of
the LV endocardium. This, too, agrees with the data of SippensGroenewegen et al.

339).

6.5 BSPM rererence data base for paced activa-
tion sequences in human ventricles

The precise localization of the sites of ectopic ventricular activation is a prercquisite
for the successful ablative treatment of monomorphic or polymorphic VTs. Endocar-
dial activation <~quence mapping during VT that has been induced by a programmed
electrical stimnlotion [405, 406] is a successful and widely accept. 1 method of accu-
rately predicting the arrhythmogenic regions. It can be performed with a catheter in

an electrophysiology laboratory (catheter mapping) (140, 175, 176] or in the exposed
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heart during surgery (intraoperative mapping) [15, 16, 17, 61, 107, 139, 156, 198,
215, 276]. IHowever, the method has associated risks since it can induce—albeit un-
der clinically controlled conditions—a potentially lethal arrhythmogenic state. Some
VTs may not be tolerated hemodynamically, may decay into ventricular fibrillation,
or may not be morphologically stable. The utility of intraoperative mapping is ad-
ditionally constrained by the time and difficulty involved in inducing VT during
surgery.

Catheter pace mapping has been proposed [177] as an alternative indirect local-
ization technique. Its utility is based on the assumption that ectopic pacing at the
arca of origin of VT could reproduce the ECG morphology of spontancous or induced
VT. The pace mapping procedure has usnally been guided by means of a 12-lead
ECG because Josephson and coworkers [177, 400] had successfully . o lead
ECG to show that the morphology of the QRS complex of ventricular ectopic beats
reflects the activation sequence and its endocardial arca of origin (within a mean area
of & 20-25 ¢m?). Recently however, SippensGroenewegen et al. [337] demonstrated
that localization by means of a standard 12-lead ECG cannot be better than that
corresponding to a mean area of 15+ 12 em?. As has been noted already, one can
more accurately differentiate ectopic activation sites by inspecting BSPMs.

Early studies by Ushijima ct al. [393], Hayashi et al. [141], Kamakura et al. (181],
Klersy ev al. [193], and Savard et al. [326] were limited because they focused only
on specific features (such as a location of minimum with an amplitude more negative
thie —0.5 mV) of BSPMs at a single time instant. SippensGroenewegen et al, (339]

subdivided the LV and RV endocardium into 38 segments (with a mean arca resolution
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of 3.3£1.4 cm? in the LV, and with a mean area resolution of 6.742.9 cm? in the RV),
and their aim was to develop a classification based on BSPM recordings that would
discriminate among the activation sequences initiated at those segments. Twelve
patients with no ventriculographic or 2-D echocardiographic evidence of structural
heart disease underwent BSPM recordings during ectopic beats generated by catheter
stimulation at endocardial sites corresponding to the selected segments. The study
later was expanded to include hearts compromised by a prior anterior or inferior
myocardial infarction [340]. They subsequently used patterns derived from QRS-
integral maps as templates to supplant the guiding of surgical and catheter ablation
(338].

In preliminary work {160, 161}, we simulated ectopic activation in the model of the
human ventricular myocardinm. We initiated the activation sequences at 45 LV and
20 RV endocardial sites and calculated isochronal maps of activation and BSPMs at
60 ms after the onset of activation. The results of our simulations indicated that the
BSPM patterns generated by the developed wavefronts were distinctly determined
by the initial sites of activation and closely resembled the BSPMs recorded by Sip-
pensGroenewegen et al. [339]. Although we have shown in this initial study that,
for a limited number of sites at least, QRS-integral distributions can be relatively
accurately approximated by the instantaneous distributions at 60 ms after the onset,
of activation, having arbitrarily chosen one particular time instant limited our study.
In this section, we shall advance that preliminary work and calculate QRS-integral

maps generated by systematic ectopic pacing in the LV and RV.



6.5.1 Simulated activation sequences

We initiated ectopic activation sequences at 126 LV endocardial pacing sites and
58 RV endocardial pacing sites. Endocardial ectopic pacing sites were in six levels
(basal, basal/midbasal, midbasal, middle, midapical, and apical) at 12 equiangular
increments (relative to the local geometric center of the ventricular cavity) around
the LV and RV endocardium; in the LV, additional endocardial levels (viz., mid-
basal/middle, middle/midapical, midapical /apical) were also explored. We calculated
BSPMs, EPMs and QRS-integral maps corresponding to cach ectopic activation se-
quence according to the protocol described in Section 6.4. In this subsection, the
sequences of BSPMs calculated at different time instants will be related to the cor-

responding isochronal maps and EPMs.

Anterior endocardial pacing in the middle level of the LV. Fig. 6.11 shows
the isochronal map calculated for an activation sequence initiated at the anterior
endocardial pacing site in the middle level of the LV. As already demonstrated in
Chapters 4 and 5, the anisotropy has a pronounced effect on the propagation of
activation. The leading edge of the crest-like wavefront, following the principal fiber
direction, moves much faster around the LV cavity than across the wall, and it spreads
CCW toward the base and CW toward the apex in a characteristic spiral pattern.
Epicardial breakthrough occurs at 24 ms after the onset of activation in the anterior
area of the LV epicardium.

Fig. 6.12 shows the pattern of BSPMs and EPMs calculated at 12, 36, and 60

ms into the sequence. At 12 ms after the onset of activation, the EPM shows one
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Figure 6.11: Isochronal map calculated for an activation sequence initiated at the
anterior endocardial pacing site in the middle level of the LV. Isochrones are shown
in an axial cross section taken through the model at 45 mm above the LV apex. See
the legend of Fig. 5.9 for details of the layout.

negative area above the endocardial pacing site and the two adjacent positive areas.
At 36 ms, after the epicardial breakthrough, the central negative area expands and
develops an oblong shape, while the two positive areas expand and rotate CW. At
60 ms, the negative area further expands, covering nearly the entire anterolateral LV
epicardium, and both negative and positive areas become fragmented in part due to
the involvement of the conduction system.

The sequence of corresponding BSPMs (Figs. 6.12 and 6.13) reflects the activation
isochrones and EPMs. The formation of the elliptically shaped central negative area
on the epicardium after the epicardial breakthrough is concomitant with the evolution
of initially unstable BSPM patterns—characterized by low-amplitude potentials—
into a distinct and stable dipolar pattern. When the BSPM pattern stabilizes, the

potential minimum is located on the upper middle posterior torso (close to the left
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Figure 6.12: BSPMs and EPMs calculated at three time instants after the onset of
an activation sequence initiated at the anterior endocardial pacing site in the middle
level of the LV. See the legends of Fig. 6.2 and 6.5 for details of the layout.
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Figure 6.13: BSPMs calculated at 12 time instants after the onset of an activation
sequence Initiated at the anterior endocardial pacing site in the middle level of the
LV. The BSPM pattern stabilizes at 24 ms after the onset of activation, and remains
stable thereafter. See the legend of Fig. 6.2 for details of the layout.
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Figure 6.14: Isochronal map calculated for an activation sequence initiated at the
anterolateral endocardial pacing site in the middle level of the LV. Isochrones are
shown in an axial cross section taken through the model at 45 mm above the LV
apex. See the legend of Fig. 5.9 for details of the layout.

midaxillary line), thereby revealing the epicardial breakthrough in the anterior LV
free wall. Since the propagated activation progresses from the anterior LV toward
the RV, the potential maximum is on the lower middle anterior torso and the region
of positive potentials covers the entire lower torso. Some small changes in the BSPM
pattern also can be observed after the pattern has stabilized. The area of negative
potentials expands toward the sternum of the anterior torso (c.g., at 36 ms after
the onset of activation, orly Vg is negative; at 104 ms after the onset of activation,
all precordial leads but V, are negative), with the minimum councurrently migrating

toward the anterior side of the left midaxillary line.

Anterolateral endocardial pacing in the middle level of the LV. Figs. 6.14,
.15, and 6.16 show the isochronal map, EPM, and BSPMs calculated for an acti-

vation sequence initiated at the anterolateral cudocardial pacing site in the middle
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Figure 6.15: BSPM and EPM calculated at 28 ms after the onset of an activation
sequence initiated at the anterolateral endocardial pacing site in the middle level of
the LV. See the legends of Fig. 6.2 and 6.5 for details of the layout.

level of the LV. (This site is positioned slightly more laterally than the previous one.)
While the initial patterns of the EPM and BSPMs are very similar to those observed
in the previous case for the anterior endocardial pacing site in the middle level of the
LV, the BSPM pattern does not stabilize until 46 ms after the onset of activation.
This delay in the evolution of the BSPM pattern occurs because the endocardial
pacing is delivered at the portion of the ventricular wall that is covered with thick
trabeculata. Such pacing produces an activation wavefront that reaches the epicar-
dial surface later in the activation sequence, as shown by the isochrones in Fig. 6.14.
After the epicardial breakthrough, BSPMs with a stable dipolar pattern (Fig. 6.16)
feature extrema that are rotated CW compared to those in BSPMs corresponding to
the more anterior ectopic activation site shown in Fig. 6.13. In addition, the region

of near-zero potentials becomes almost vertical on the posterior and anterior torso.
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Figure 6.16: BSPMs calculated at 12 time instants after the onset of an activation
sequence initiated at the anterolateral endocardial pacing site in the middle level of
the LV. The BSPM pattern stabilizes at 46 ms after the onset of activation, and
remains stable thercafter. See the legend of Fig. 6.2 for details of the layout.
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Apical RV endocardial pacing. Figs. 6.17, 6.18 and 6.19 show isochronal maps,
EPMs and BSPMs calculated for an activation sequence initiated near the apex of the
RV endocardium. The location of the potential minimum in the EPM at 12 ms after
the onset of activation points to ectopic activation initiated near the endocardial apex
of the RV. (Compare this with the position of the minimum in EPM shown in Fig. 6.7,
which corresponds to ectopic activation initiated in the posteroseptal apical area of
the LV.) The region of negative potentials in the EPMs during the more advanced
phases of the activation sequence corresponds to the wavefront spreading from the
apex toward the base; the propagation is more rapid over the RV than over the LV
epicardium. These findings regarding the direction and velocity of propagation arc
clearly evident in the isochronal map (Fig. 6.17A).

Unlike what occurred in the two LV cases presented above, the BSPM pattern
corresponding to RV activation remains relatively stable from the very onset. The
region of high-amplitude negative potentials initially covers the precordial area, with
the minimum being located near precordial lead V4. Later in the sequence, the area
of negative potentials covers the entire lower torso, and the arca of positive potentials
covers the upper torso; the low-amplitude maximum is Jocated on the posterior torso
through nearly the entire activation sequence. The sequence of BSPMs in Fig. 6.19
is similar to the one corresponding to idiopathic VT, with the origin at the apical
area of the LV endocardium featuring—during the final phase of activation-—almost
identical morphology (Fig. 6.8). The resemblance of these sequences is due to the

proximity of their ectopic activation sites.
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Figure 6.17: Isochronal maps calculated for an activation sequence initiated near
the apex of the B'/ endocardium. The isochrones are shown in coronal cross section
taken through the mode] at 11 mm posterior to the LV apex (A) and in axial cross

section taken through the model at 11.5 mm above the LV apex (B). See the legend
of Fig. 5.9 for details of the layout.
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Figure 6.18: BSPMs and EPMs calculated at three time instants after the onset of an
activation sequence initiated near the apex of the RV endocardium. See the legends
of Fig. 6.2 and 6.5 for details of the layout.
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Figure 6.19: BSPMs calculated at 12 time instants after the onset of an activation
sequence initiated near the apex of the RV endocardium. The BSPM pattern remains
stable throughout the sequence. See the legend of Fig. 6.2 for details of the layout.
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Figure 6.20: Isochronal map calculated for an activation sequence initiated at the
posterolateral endocardial pacing site in the basal level of the LV. Isochrones are
shown in an axial cross section taken through the model at 70 mm above the LV
apex. See the legend of Fig. 5.9 for details of the layout.

Posterolateral endocardial pacing in the basal level of the LV. Figs. 6.20
and 6.21 show the isochronal map, EPMs, and BSPMs calculated for an activation
sequence initiated at the posterolateral endocardial pacing site in the basal level of the
LV. The cpicardial breakthrough site at the posterolateral basal LV is reflected in the
region of negative potentials located over the lower torso, with the minimum on the
lower posterior torso. The basal location of the pacing site determines the principal
features of BSPMs, and even though the activation starts at the endocardial, as
opposed to the epicardial, site in this case, the BSPMs resemble those corresponding
to the left posterior preexcitation site in patients suffering from WPW syndrome

[128, 182].
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Figure 6.21: BSPMs and EPMs calculated at 20 ms and 40 ms after the onset of
an activation sequence initiated at the posterolateral endocardial pacing site in the
basal level of the LV. See the legends of Fig. 6.2 and 6.5 for details of the layout.
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Figure 6.22: Isochronal map calculated for an activation sequence initiated at the
anterior cpicardial pacing site in the middle level of the LV. The isochrones are
shown in an axial cross section taken through the model at 45 mm above the LV
apex. Compare with the isochronal map (in Fig. 6.11) generated by the corresponding
endocardial pacing. See the legend of Fig. 5.9 for details of the layout.

Comparison of activation sequences for epicardial and endocardial pacing.
To compare the sequences initiated by epicardial stimuli and those initiated by en-
docardial stimuli, we also simulated sequences of BSPMs starting at a few epicardial
pacing sites (three in the LV free wall and one in the RV free wall) for which we have
already investigated the corresponding endocardial sites. Figs. 6.22 and 6.23 show the
isochronal map and BSPMs calculated for an activation sequence initiated at the an-
terior epicardial pacing site of the middle level of the LV (for the sequence of BSPMs
elicited at the corresponding endocardial pacing site, see Fig. 6.13). The pattern
of BSPMs generated by epicardial pacing is stable from the very onset of activation.
Comparison with its endocardial counterpart reveals major pattern differences during
the initial phase of the activation sequence (with high negative correlation coefficients,

e.g., —0.866 at 16 ms after the onset of activation), while during the later phases of
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Figure 6.23: BSPMs calculated at 12 different time instants after the onset of an
activation sequence initiated at the anterior epicardial pacing site in the middle level
of the LV. The BSPM pattern is stable from the very onset of activation. Compare
with the sequence (in Fig. 6.13) generated by the corresponding endocardial pacing.
See the legend of Fig. 6.2 for details of the layout.
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the activation sequence, there are only minor pattern differences between the epicar-
dially and endocardially paced maps (which is indicated by high positive correlation
coefficients, e.g., 0.992 at 32 ms or 0.969 at 72 ms after the onset of activation).
The isochronal map in Fig. 6.22 confirms the picture suggested by the sequence
of BSPMs. During the initial phase, the activation wavefront moves from the epi-
cardium toward the endocardium in a direction opposite to the one resulting from the
activation elicited on the endocardial surface (the isochronal map shown in Fig. 6.11).
During the later phases of the activation sequence (i.c., after the endocardially paced
wavefront reaches the epicardial surface), the wavefronts in both cases progress in a

very similar manner.
6.5.2 Data base of QRS-integral maps

LV endocardial pacing sites. The simulated QRS-integral maps that correspond
to the LV endocardial pacing sites are shown in Figs. 6.24-6.29. The QRS-integral
maps for the endocardial pacing sites—which were moved in equiangular increments
at a given level between the midapical and basal segments of the LV—feature a CCW
rotation of the axis joining the extrema as the ectopic pacing site is shifted from the
lateral to the anterior, septal, and posterior aspects of the LV endocardium. This
rotation of the electrocardiographic axis in the QRS-integral maps corresponding to
the adjacent pacing sites on the same level of the LV endocardium is most rapid at
the anteroseptal and posteroseptal junctions of the LV. Pacing on both sides of the
anteroseptal junction (from the anterior to the septal aspects) generates an almost
90° CCW rotation of the axis, while near the posteroseptal junction (from the septal

to the posterior aspects) it results in a nearly 180° CCW rotation of the axis. This ro-
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Figure 6.24: QRS-integral maps calculated for activation sequences initiated at 12 en-
docardial sites in the basal level of the LV. Clockwise (starting with the QRS-integral
map at 3 o’clock): LL, left lateral; L(A)L, left lateral/anterolateral; LAL left antero-
lateral; LA, left anterior; LAS, left anteroseptal; L(A)S, left septal /anteroseptal; LS,
left septal; LPS, left posteroseptal; LP(S), left posterior/posteroseptal; LP, left pos-
terior; LP(L), left posterior/posterolateral; LPL, left posterolateral. See the legends
of Figs. 6.2 and 6.9 for details of the layout.
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Figure 6.25: QRS-integral maps calculated for activation sequences initiated at 12

endocardial sites in the basal/midbasal level of the LV. See the legends of Figs. 6.2,
6.9, and 6.24 for details of the layout.
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Figure 6.26: QRS-integral maps calculated for activation sequences initiated at 12
endocardial sites in the midbasal level of the LV. See the legends of Figs. 6.2, 6.9,
and 6.24 for details of the layout.
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Figure 6.27: QRS-integral maps calculated for activation sequences initiated at 12
endocardial sites in the middle level of the LV. See the legends of Figs. 6.2, 6.9, and
6.24 for details of the layout.
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Figure 6.28: QRS-integral maps calculated for activation sequences initiated at 12
endocardial sites in the midapical level of the LV. See the legends of Figs. 6.2, 6.9,
and 6.24 for details of the layout.
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Figure 6.29: QRS-integral maps calculated for activation sequences initiated at 6
endocardial sites in the apical level of the LV. Sec the legends of Figs. 6.2, 6.9, and
6.24 for details of the layout.

tation of the axis (extrema) is accompanied by progressive changes of the amplitudes
of the extrema in the QRS-integral maps, with maps corresponding to the lateral
sites being characterized by high-amplitude positive QRS-integral values and those
corresponding to the septal sites being characterized by high-amplitude negative val-
nes. The exception is the basal level of the LV endocardium, where QRS-integral
maps exhibit high-amplitude positive values and low-amplitude negative values for
all pacing sites. In general, the amplitudes (in zVs) of the positive QRS-integral val-
ues are—for a given aspect of the LV endocardium—Ilarger in the (QRS-integral maps
that correspond to the basal segment than in those that correspond to the midapical

segment; the amplitudes of the negative QRS-integral values show the opposite trend.

In the apical region (Fig. 6.29), the QRS-integral maps are characterized by a

region of negative QRS-integral values covering part or all of the precordial area, with
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Table 6.1: Correlation Coefficients between QRS-integral Maps for Adja-
cent and Opposite Pacing Sites Around the LV Endocardium

Level Adjacent sites Opposite sites
Basal 0.959 + 0.023 0.471 £0.177
Basal/midbasal 0.931 + 0.096 0.264 £ 0.253
Midbasal 0.847 + 0.169 —0.498 £ 0.177
Middle 0.824 £+ 0.241 —0.658 £ 0.150
Midapical 0.885 % 0.106 —0.222 £ 0.100
Apical 0.963 £ 0.021 0.501 £ 0.108

Values are means 4 SD.

the minimum in the lower middle of the anterior torso, close to the precordial lead
V4. The region of the positive QRS-integral values and the position of the maxima
move from the right anterior torso to the right posterior, upper posterior, and upper
anterior torso as the pacing site is shifted from the lateral to the anteroseptal and
septal aspects of the LV endocardium.

It 1s interesting that the QRS-integral maps for LV septal pacing sites located
between the basal and apical levels and for LV anteroseptal sites between the middle
and apical levels feature an LBBB morphology (with a negative precordial lead V).
As can be expected, the basal QRS-integral maps in Fig. 6.24 resemble the preexci-
tation BSPMs of patients suffering from WPW syndrome [83, 257] despite the fact
that the activation starts at endocardial rather than epicardial sites.

We quantitatively assessed the variability in QRS-integral maps at the same level
of the LV endocardium by calculating the correlation coefficients between maps cor-
responding to adjacent pacing sites, and between maps corresponding to sites on

opposite sides of the LV endocardium. The middle and midbasal levels exhibit the
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most pronounced variability in the patterns of their QRS-integral maps, i.e, rclatively
low correlation coefficients, with large standard deviations for the adjacent maps (Ta-
ble 6.1). The most marked change between adjacent QRS-integral maps was observed
for pacing at the middle and midbasal anteroseptal and posteroseptal junctions of
the LV, which agrees with qualitative observations (described above) regarding the
rotation of the electrocardiographic axis. (For example, the correlation coefficients
between LV middle posteroseptal and adjacent LV middle posterior and LV middle
septal maps were 0.116 and 0.641, respectively.) By contrast, at the basal level, high
positive correlation coefficients with small standard deviations were found for the
acdjacent maps.

Figs. 6.30 and 6.31 are two cxamples showing how QRS-integral maps differ be-
tween different levels of the anterior and posteroseptal aspects of the LV endocardium.
These alterations are clearly seen in changes in the zero-line configuration and the
axis joining the extrema. Fig. 6.32 shows QRS-integral maps for the lateral aspect
of the LV endocardium where differences among QRS-integral maps are less obvious
because the changes in the distance between the extrema are subtler and the shifting
of the regions of negative and positive QRS-integral values is relatively small. Quan-
titative evaluation of pattern variability between QRS-integral maps thai, correspond
to adjacent levels shows more pronounced differences for the posteroseptal (with the
average correlation coefficient of 0.874 + 0.155) than for the anterior (0.966 % 0.016)
or the lateral sites (0.983 & 0.008). Quantitative assessment of the total difference
between maps corresponding to the basal and midapical levels reveals a similarly

larger variability in the posteroseptal aspect (resulting in the negative correlation co-
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Figure 6.30: QRS-integral maps calculated for activation sequences initiated at 8
levels in the anterior aspect of the LV endocardium. The number above each map
corresponds to the height of the pacing site above the LV apex. See the legends of
Figs. 6.2 and 6.9 for details of the layout.
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Figure 6.31: QRS-integral maps calculated for activation sequences initiated at 8
levels in the posteroseptal aspect of the LV endocardium. See the legends of Figs. 6.2,
6.9, and 6.30 for details of the layout.
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Figure 6.32: QRS-integral maps calculated for activation sequences initiated at 8
levels in the anterior aspect of the LV endocardium. See the legends of Figs. 6.2, 6.9,

and 6.30 for details of the layout.
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efficients of —0.597) than in the anterior and lateral aspects (exhibiting low positive

correlation coefficients of 0.312 and 0.368, respectively) of the LV endocardium.

RV endocardial pacing sites. The simulated QRS-integral maps for the RV en-
docardial pacing sites are shown in Figs. 6.33-6.35. All feature a region of high-
amplitude negative values on the anterior torso, with a distinct LBBB morphology.
The position of the extrema and orientation of their joining axis are affected to a
relatively small degree when the pacing site is shifted around the RV endocardium.
The configuration of the region of near-zero values appears to be the most potent
discriminator between QRS-integral maps.

The similarity among RV QRS-integral maps was reflected in high average positive
correlation coefficients between the adjacent maps in the same level (0.947 £ 0.042
for the basal level, 0.919 £ 0.130 for the middle level, and 0.882 + 0.197 for the
midapical level) of the RV endocardium. The most pronounced change between
adjacent QRS-integral maps was observed for the RV middle anteroseptal/septal site
and the RV midapical anterior/anteroseptal site, which had correlation coefficients of
0.627 and 0.419, respectively. It is interesting that a marked pattern similarity was
found between maps corresponding to distant pacing sites: high positive correlation
coefficients were obtained between the RV basal septal site and the RV basal lateral
site (0.944), between the RV middle septal site and the RV middle posterolateral
site (0.974), and between the RV midapical anteroseptal site and the RV midapical

posterolateral site (0.968).
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Figure 6.33: QRS-integral maps calculated for activation sequences initiated at 8 en-
docardial sites in the basal/midbasal level of the RV. Counterclockwise (starting with
the QRS-integral map at 9 o’clock): RL, right lateral; RAL right anterolateral; RA,
right anterior; RAS, right anteroseptal; RS, right septal; RPS, right posteroseptal;
RP, right posterior; RPL, right posterolateral See the legends of Figs. 6.2 and 6.9
for details of the layout.
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Figure 6.34: QQRS-integral maps calculated for activation sequences initiated at 8
endocardial sites in the middle level of the RV. See the legends of Figs. 6.2, 6.9, and
6.33 for details of the layout.
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Figure 6.35: QRS-integral maps calculated for activation sequences initiated at 8
endocardial sites in the midapical level of the RV. See the legends of Figs. 6.2, 6.9,
and 6.33 for details of the layout.
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Figure 6.36: QRS-integral maps calculated for activation sequences initiated at en-
docardial sites near the LV and RV apex. See the legends of Figs. 6.2 and 6.9 for
details of the layout.

Comparison between LV and RV endocardial pacing sites. QRS-integral
maps generated by endocardial pacing in the lateral, posterior, and anterior aspects
of the LV are distinctly different from those generated by endocardial pacing in the
same aspects of the RV; the correlation coefficients calculated between these LV and
RV maps yield negative or low positive values. By contrast, QRS-integral maps
generated by endocardial pacing in the septal aspect of the LV (having an LBBB
morphology) resemble some of those generated by endocardial pacing of the RV. We
obtained high positive correlation coefficients between the LV and RV QRS-integral
maps corresponding to the following segments of the LV and RV endocardium: 1) the
LV midapical septal segment and the RV midapical anterior (0.967), the RV midapical
lateral (0.971), and the RV midapical anterolateral (0.970) segment, respectively, 2)
the LV midbasal anteroseptal segment and the RV midbasal anteroseptal (0.911)
scgment, 3) the LV middle septal segment and the RV lateral (0.981) segment, 4)
the LV middle posteroseptal/septai segment and the RV middle posteroseptal (0.943)
segment, and 5) the LV midapical posteroseptal /septal segment and the RV midapical

septal (0.963) segment. The distinction between the LV and RV QRS-integral maps
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often can be inferred from the amplitude of the minima, but this discriminator has to
be applied with care, since the LV and RV QRS-integral sometimes have the minima
of similar amplitudes.

QRS-integral maps generated by pacing near the apex of the LV endocardium
and the RV endocardium (Fig. 6.36) have a very similar morphology with a high
positive correlation (0.936) because of the proximity of the pacing sites. In both
cases, maps exhibit a large minimum in the precordial area, but the location of the
maxima (on the anterior torso for LV pacing and on the posterior torso for RV pacing)

is a discriminating feature.

6.5.3 Correspondence with clinical data

The simulated QRS-integral maps in Figs. 6.24-6.36 were compared visually to the
maps recorded during ectopic activation sequences in patients who were suffering from
VT but who had no structural heart disease {339]. Our simulations agree wiui the
measured data in the following fundamental morphological aspects of QRS-integral

maps:

¢ the axis joining the extrema rotates CCW when the pacing site is moved around

the LV endocardium

e pacing at adjacent LV endocardial sites produces maps with similar morphol-
ogy, and pacing at distant LV endocardial sites generates maps with markedly

different patterns

¢ pacing close to the anteroseptal and posteroseptal junctions of the LV endo-

cardium produces maps that are markedly different from maps generated by
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pacing at the adjacent sites of the junction

e pacing in the RV endocardium generates maps that have relatively small vari-
ability, with the most pronounced changes occuring in maps for the anteroseptal

segment of the RV endocardium

e pacing at some distant RV endocardial (lateral /posterolateral and septal /antero-

septal) sites produces maps with similar morphology

e pacing at some pairs of LV and RV endocardial sites (LV and RV endocardial
apex; LV anteroseptal/septal/posteroseptal and RV lateral /anterior /septal/pos-

teroseptal) generates maps with a similar morphology

In general, the simulated dipolar patterns with the characteristic position of the
extrema and the zero-line configuration for nearly all pacing sites corresponded well
to the measured ones. A small discrepancy between the simmulated and measured data
was found for pacing sites near the apex of the LV endocardium, where SippensGroe-
newegen et al. {339] reported QRS-integral maps with negative values near precordial
lead V. In our simulations, QRS-integral values near the lead V| were located in the
positive region, possibly because of a small discrepancy in the position of the heart
in the model and in the actual patients. In comparing simulated and measured QRS-
integral maps, we could only consider qualitative features due to schematic nature of
measured QRS-integral maps in the publication [339]. A more rigorous comparison
should use statistical techniques (e.g., calculated correlation coefficients), and this

would require access to the measured data.
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The relative uniformity of RV QRS-integral maps and the similarity between some
LV and RV maps pose a problem for efforts at pattern classification. The amplitude
of QRS-integral values is, as noted earlier by SippensGroenewegen et al. [339], often
unreliable because it is subject to marked variability during the recording session. It
is difficult to adequately address such a problem using simulations as we currently
perform them, since the parameters describing the structure of the ventricles and the
human body are kept constant in our model.

Simulations are invaluable for exploring those areas of thie endocardium (as well as
intramural and epicardial sites) which were not probed during the actual recordings.
SippensGroenewegen and coworkers [339] had to pool data recorded in cight patients
to obtain a relatively good spatial distribution of ectopic pacing sites on the LV
endocardial surface, and in six patients for the RV endocardial surface. However,
because the procedure is so demanding, some arcas (e.g., the LV middle to basal
septum, the LV apical lateral area) were not investigated. In addition, it can be
expected that the variability in patients’ torso geometry, in position of the heart, and
in placement of the leads, caused errors to be introduced when the pacing sites and
QRS-integral maps collected from different patients were correlated.

Our simulations agree with the data of SippensGroenewegen et al. [339] in that
the dipolar potential distributions of QRS-integral maps and the developed activation
sequence of BSPMs are distinctly determined by the initial sites of ectopic activation.
A discrepancy between the simulated and measured data was observed regarding the
initial instability of dipolar patterns. SippensGroenewegen et al. [339] noted that, in

two-thirds of all pacing sites, the BSPM patterns remain stable right from the onset



200

of activation; only in the remaining one-third was the potential distribution subject
to initial instability beforc it evolved at 31+ 15 ms into the stable dipolar pattern. In
our simulations, we observed this initial instability of the BSPM pattern for nearly all
pacing sites, and it generally reflected the spread of activation from the endocardium
toward the epicardium before the epicardial breakthrough. The small discrepancy
between measured and simulated BSPMs may be partly explained by the fact that
SippensGroenewegen et al. [339] used a potential amplitude of £0.2 mV to mark
the onset of activation. In our simulations, we were able to follow the evolution of
carly BSPM patterns with potentials of much lower amplitude than their threshold
dictated by the noise in BSPM recordings.
6.5.4 Protocol for localizing the site of origin of ectopic LV
activation using the data base of QRS-integral maps
To pauge the ability of the simulated reference data base of QRS-integral maps to
localize the origin of ectopic endocardial activation, we used a subset comprising QRS-
integral maps for the LV cndocardial sites between the base and midapex shown
in Fig. 6.37. (These maps were presented in more detail—with the amplitudes of
the extrema—in Figs. 6.24-6.28.) The QRS-integral maps gencrated by endocardial
pacing in those levels of the LV that were not included in this subset were used as
the test set. The QRS-integral maps of the test set were correlated with each map of
the reference subset, and the correlation coefficients for the given test set map were
displayed as correlation maps, with the layout corresponding to the reference subset
in Fig. 6.37.

Figs. 6.38 and 6.39 illustrate the protocol for localizing the site of «rigin of ec-
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Figure 6.37: QRS-integral maps calculated for activation sequences initiated at endo-
cardial sites between the basal and midapical levels of the LV. As in Figs. 6.24-6.28,
cach column corresponds to a different level of the LV endocardium and each row to
the initial sites positioned circumferentially from the lateral (top row) to the anterior,
septal, and posterior aspects of the LV endocardium. Asterisks (*) denote approxi-
mate position of QRS-integral maps shown in Figs. 6.38 and 6.39; sce Figs. 6.24-6.28
for amplitudes of the extrema, and the legends of Figs. 6.2 and 6.9 for details of the
layout of each map.
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Figure 6.38: QRS-integral map (A) and correlation maps (Bl and B2) calculated
for an activation sequence initiated at the lateral/anterolateral endocardial pacing
site in the midbasal/basal level of the LV. The correlation maps were constructed
by correlating the QRS-integral map in panel A with each map of the reference
subset in Fig. 6.37. The layout of the correlation maps corresponds to the layout of
the reference subset; the number above the QRS-integral map denotes the highest
correlation coefficient, with its position in the correlation maps shown as a cross.
In panel B, all correlation values were used to construct the correlation map; in
panel B2, only correlation values above the threshold (chosen at 0.90) were used.
Isocorrelation lines are displayed in equal increments; see the legends of Figs. 6.2 and
6.9 for details of the layout of QRS-integral map.
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Figure 6.39: QRS-integral map (A) and correlation maps (Bl and B2) calculated
for an activation sequence initiated at the posteroseptal/posterior endocardial pacing
site in the middle/midapical level of the LV. See the legend of Fig. 6.38 for details of
the layout.
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Figure 6.40: QRS-integral maps and correlation maps calculated for activation se-
quences initiated at 12 endocardial sites in the LV. See the legend of Fig. 6.38 for
details of the layout.
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topic activation: the former pertains to the activation sequence initiated at the lat-
eral/anterolateral endocardial site in the midbasal/basal level of the LV; the latter
to the sequence initiated at the posteroseptal/posterior endocardial site in the mid-
dle/midapical level of the LV. It is apparent that in both cases, the position of the
maximum in the correlation map (indicating where the highest correlation coefficient
is) agrees with the initial site of the test activation sequence. Similar observations
were made for 12 other sites of the test activation sequences presented in Fig. 6.40.
The correlation maps in Figs. 6.38-6.40 confirm quantitatively that there are major
pattern differences between QRS-integral maps corresponding to the distant activa-
tion sites (area of negative correlations). On the other hand, any similarity between
patterns is localized enough that one can accurately identify the site of origin as an
area of high positive correlations. One can improve the accuracy of the protocol that
makes use of the correlation maps by precomputing the reference data base with a
denser distribution of ectopic pacing sites. However, the resolution limits that un-
certainties in catheter positioning and interindividual variability in the position of
the heart relative to the electrode locations will impose on this protocol must be

determined in a clinical setting.

6.6 Discussion

Any model of the human ventricular myocardium should faithfully reconstruct both
clectrograms on the epicardial surface and ECGs on the body surface. As we have
demonstrated in Chapters 4 and 5, the architecture of the ventricular fibrous struc-

ture is the primary factor determining the distribution of epicardial potentials. The
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distribution of potentials on the body surface is, moreover, affected by the distance
from the cardiac sources to the electrode locations, the position of the heart in the
torso, and the torso’s boundaries and, hence, is less directly related to the underly-
ing cardiac fibrous structure. This “smoothing” action of the torso produces mostly
dipolar potential distributions on the body surface, featuring only a single maximum
and a single minimum. The simulations presented in Chapter 6 used a realistic model
of the human ventricular myocardium to calculate BSPMs that correspond to the ec-
topic activation sequences. No modeling studies have yet incorporated such a detailed
representation of the ventricular myocardium.

Our results were validated through a qualitative comparison with published data
(194, 339). To make the comparison, we used the major morphological features of
BSPMs and QRS-integral maps: 1) the locations and magnitudes of the extrema,
2) the distance between the extrema, and 3) the configuration of the region of near-
zero values. By inspecting these specific features of BSPMs, we established criteria
for differentiating among septal accessory pathways in patients suffering from WPW
syndrome. The criteria developed by our simulations have already proven useful in
the clinical setting at this institution. In particular, these criteria have been used to
improve the localization of accessory pathways before RF catheter ablation in two
important ways: firstly, fewer repeated discharges have been required to ablate the
given pathway, which, in turn, decreases the extent of tissue damage; secondly, the
duration of the ablative procedure has been shortened, which reduces the risks asso-
ciated with the procedure, including radiation exposure of both patient and operator.

Based on our simulations, we have developed a clinically applicable protocol for



207

localizing the origin of idiopathic VT. We first identified two distinct BSPM sequences
that correspond to the origin of idiopathic VT at the RVOT (with an LBBB morphol-
ogy) and at the posteroseptal apical region of the LV (with an RBBB morphology).
We found that the LBBB pattern was stable from the onset of ectopic activation,
while the RBBB pattern stabilized at the approximate time of epicardial break-
through. These simulations were relatively easy to perform because both endocardial
areas of origin were well defined and well separated. However, SippensGroenewegen
et al. [336]) recently demonstrated that the origin of polymorphic idiopathic VTs with
the LBBB morphology may be located not only at the RVOT but also on the RV
midseptum, and Kottkamp et al. [197] observed that idiopathic VTs with the RBBB
morphology may actually originate from places in the LV septum that are distributed
from the apex to the base.

In our effort to unify and cor;;ielnent currently available clinical data pertaining
to the origin of ectopic activation, we systemnatically paced the LV and RV endo-
cardium from sites on a regular endocardial grid in our model of the human ventricular
myocardium. The primary objective of these simulations was to further investigate
the capabilities of sequential BSPMs and QRS-integral maps in localizing the site of
origin of ectopic activation. SippensGroenewegen et al. [339] gathered BSPMs and
QRS-integral maps for multiple endocardial pacing sites under clinical conditions.
However, they had to resort to intersubject pooling of data to cover the LV and RV
endocardium adequately, and this inevitably caused an increase in variability and an
overlap between regions with distinct QRS-integral maps. Our modeling approach is

well suited for complementing previous clinical findings because it enables pacing of
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the LV and RV endocardium at a large number of sites that have an exactly defined
location. In conjunction with our proposed protocol, the results of our simulations
can provide valuable guidance during the clinical pace mapping.

The correspondence between our simulations and the clinical data of SippensGroe-
newegen et al. [339] was discussed in dctail in Section 6.5.3. In another simulation
study, Xu et al. [423] also correlated their simulations with the same set of clinical
data and concluded that their simulations agree “very well”. However, closer inspec-
tion of their results reveals that they were, in fact, unable to accurately reproduce the
observed BSPMs in the lateral, anterior, and septal aspects of the LV endocardium
between midbase and midapex. Absent in their simulations is the CCW rotation of
the axis joining the extrema, which represents the fundamental feature of BSPMs
when the pacing site is moved from the lateral to the anterior, septal, and posterior
aspects of the middle LV endocardium. In addition, rather than performing ectopic
pacing in a systematic manner, Xu et al. {423] selected the endocardial ectopic sites
“iteratively” to obtain the best overall agreement between the simulated and mea-
sured BSPMs. Such an approach may cause a biased (too favorable) evaluation of the
model’s capabilites. Thus, their study is limited by an inability to reproduce some
fundamental qualitative features of measured QRS-integral maps. This may well re-
sult from an oversimplified representation of both the ventricular fibrous structure
and the process of propagated activation in their model.

Recent clinical results [45, 244, 253, 408] have supported the use of RF ablation as
the primary therapy for LV and RV idiopathic VTs. Successful RF ablation requires

that the origin of VT be precisely determined. Such a localization of target sites for
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ablation can be facilitated by interactive pace mapping, i.e., by quantitatively corre-
lating a precomputed reference data base of QRS-integral maps with QRS-integral
maps recorded during the pace mapping. Since QRS-integral maps can be obtained
from single beats, this technique can enable the localization of the origin of those VT's
that cannot be localized by conventional mapping procedures, such as VTs that ap-
pear only temporarily and/or are morphologically unstable. Using tools developed in
this study, one can systematically compute the simulated data base of QRS-integral
maps with a very fine spatial resolution. Such an approach is not possible when one
is assembling the data base from clinical BSPM data.

Our simulations confirmed the usefulness of QRS-integral maps that were intro-
duced by this laboratory [155, 242] and later adopted by SippensGroenewegen et al.
[338, 339, 340). QRS-integral maps substantially compress the data pertaining to
the entire activation sequence, thus making the classification of the resulting pat-
terns more convenient. In our simulations, the QRS-integral maps generally reflected
the developed wavefronts of propagated activation. This is important because QRS-
integral maps are therefore not affected by the possible variations caused by initial
instability of instantaneous BSPMs (which most likely arises due to the interindivid-
ual variability in the anatomy of the trabeculata).

An obvious extension of our study would be to generate a reference data base of
QRS-integral maps for the ectopic activation sites located epicardially and intramu-
rally; such a study can be readily undertaken with our model of the human ventricular
myocardium. Another area of future work can include simulating activation sequences

in a model of ventricles damaged by previous infarction. We have, in fact, already
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presented some preliminary results [161]. However, to adequately model the infarcted
areas, one must take special care to account for their interindividual variability. As
already pointed out in Chapter 5, detailed data regarding the anatomy and histology
of infarcted regions would be necessary for adequate modeling of the arrhythmogenic
substrate. Our preliminary results showed that one way in which the course of prop-
agated activation is altered depends on whether the infarction is transmural or there
is the layer of surviving tissue in the subepicardium or subendocardium. In addition,
the size of the infarction is also important.

While our simulations were directed toward localizing the origin of VTs by means
of BSPMs in the structurally normal ventricular myocardium, simulations of ven-
tricles damaged by myocardial infarction also have to build on understanding the
clectrophysiological precursors to VTs [32, 78, 138, 179, 289, 390]. Specifically, the
application of RF ablation to patients with structural heart disease (e.g., ischemic
cardiomyopathy) and VT is limited because the arrhythmogenic substrate is diffuse
(with scarring and fibrosis) and so is difficult to localize and eliminate with the small
focal lesions generated by the RF ablative procedure [33, 66]. The surgical abla-
tive procedure, on the other hand, may not require such precise electrocardiographic
guiding [76].

Our realistic ventricular model advances the effort to solve the forward prob-
lem of electrocardiography, which is the prerequisite for the ultimate goal of clinical
electrocardiography—solving the inverse problem of electrocardiography [135]. Even
though our model is too complex to be applied to the inverse solution, our results

demonstrate that the simple interpretation of the qualitative features of BSPMs and
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QRS-integral maps (enhanced by quantitative assessment using correlation coeffi-
cients) may be an alternative to localizing ectopic activity by solving the inverse
problem. Two approaches to solving the electrocardiographic (and magnetocardio-
graphic) inverse problems are widely used in conjunction with numerical models of
the human torso. One involves estimating the single dipole source by means of, e.g.,
the Levenberg-Marquardt algorithm [266, 297], and the other requires estimating dis-
tributed dipolar sources using, e.g., the minimum-norm estimate method [93, 137].
The ability of these methods to accurately localize the site of ectopic activation has
frequently been overstated [133, 251, 260, 324, 404]. Recent studies [159, 163, 164]
showed that any effort to solve the inverse problem in terms of the single dipole
model is susceptible to the variations in patients’ geometry and intrathoracic inhomo-
geneities of conductivity and, thus, may not be appropriate for clinical applications.
Distributed dipolar sources are, on the other hand, affected by imposed constraints
(such as the position and/or orientation of the current dipoles), which are set a priori
and may often lack a physiological foundation {188, 259).

While some earlier forward modeling studies reconstructed the potential distri-
butions on the human torso, practically no attempt has been made to reconstruct
concurrent epicardial potential distributions. (Recently, Simms and Geselowitz [335]
used the isotropic model of cardiac electrical sources developed earlier by Miller and
Geselowitz {238] to calculate epicardial electrograms, and a similar approach was also
used by Lu and Xia [221].) The analysis of simultaneous sequences of BSPMs and
EPMs provides additional information about the electrocardiographic features on the

body surface by examining distinct changes (such as the displacement of the mini-
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mum) in potential distributions on both surfaces [23]. In addition, sequences identify
not only the origin of activation, but also the course of propagated activation [325].
Since in vivo experiments cannot be performed simultaneously on the epicardial and
body surfaces in humans, our computer model of the human ventricular myocardium
can be instrumental in reconstructing the measurable potential distributions both in
the vicinity of the cardiac sources and on the body surface. These simulated dis-
tributions of electric potential on both surfaces will provide a means for validating
the electrocardiographic inverse solution in terms of the epicardial potentials and for
deriving meaningful physiologically based constraints for regularizing such solutions

(230, 277, 316, 317).



Chapter 7

Conclusions

The aims of this study—to develop a computer model of the human ventricular
myocardium and to validate it by comparing simulated isochronal maps, epicardial
potential maps, and body surface potential maps with measured ones—have been
achieved. Our ventricular model incorporates an anatomically accurate assignment of
the fibrous structure and a physiologically accurate description of propagated excita-
tion. These features allowed us to simulate measurable manifestations of propagated
activation in the human heart in greater detail than ever before.

Our slab model, which simulates the elementary anatomical structure of the ven-
tricular myocardium with its rotating anisotropy, yielded isochronal maps and maps
of the electric potentials and magnetic field during the initial phase of ectopic trans-
mural activation, that satisfactorily reproduced those measured by Taccardi et al.
[376], Watabe et al. [399], and Staton et al. [361] in terms of their general mor-
phological features. To achieve even closer agreement with the experimental data
of Taccardi et al. [376] and Watabe et al. [399] during the initial and, especially,
later phases of ectopic activation, we used a realistic model of the human ventricular

myocardium, which successfully reproduced a number of the distinct features of the
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epicardial potential distributions.

We used simulated body surface potential maps to develop a clinical protocol for
differentiating between the accessory pathways located on the basal septum in pa-
tients suffering from Wolff-Parkinson-White syndrome, which will help localize these
pathways during RF ablation. Similarly, our simulated body surface potential maps
during idiopathic ventricular tachycardia, which match very well the data recorded
by SippensGroenewegen et al. [339] and Klug et al. [194], will help enhance the
efficacy of the RF ablative treatment of ventricular arrhythmias.

Finally, we generated a reference data base of QRS-integral maps by systemati-
cally pacing the LV and RV endocardium. These simulations significantly advance
the existing data base, which was collected in a clinical electrophysiology laboratory
by means of intersubject pooling [339]. Our data base of simulated QRS-integral dis-
tributions on the body surface offers a high-resolution reference frame for localizing
distinct endocardial regions. It promises to be a useful tool for enhancing the per-
formance of catheter pace mapping used in combination with body surface potential
mapping.

In general, the results presented in this dissertation demonstrate that an anatom-
ically accurate model of the human ventricular myocardium is required if one is to
accurately predict the potential distributions on both the epicardial surface and the
body surface. The primary focus of this particular study was on ectopic activation
in structurally normal myocardial tissue or in the presence of localized necroses with
clear-cut borders. Further work will be needed to elucidate how ectopic activation is

altered by the presence of the more complex arrhythmogenic substrate.



Appendix A

Functions used in simulating
propagated excitation

This appendix summarizes functions used in simulating propagated excitation in the

anisotropic myocardium.

Function for ionic current i;,,(v,). Presently, only the timne-independent K+
current iy is considered when the cell is in the relative refractory state. The formu-

lation of this curent follows the Luo-Rudy ionic model [224].

An AP function. An AP during the absolute refractory state is approximated by

a function [305}

In{1 — (1 — e ®-va)/APD}
CY b

v(t) = v, + (A.1)

where at the beginning of the plateau phase, ¢ = 0, v, = 20 mV, and o = 0.04.
The action potential duration APD is determined from the recovery time ¢, and the

restitution curve [212]
APD = A= Bie™/™ = Boe ™™ 2>ty (A.2)
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where A = 270 ms, By = 2441 ms, B, = 90.02 ms, 7, = 19.6 ms, 75 = 200.5 ms, and

tonin = 53.5 ms.

Finite difference approximation of parabolic partial differential equation.
The transmembrane potential at time ¢ + §¢ (where ¢ is a time step) is calculated
by discretizing Eq. 3.12,

ot k
'Um(t -+ ‘Sf) = 'Um(f) -+ __—‘v ' Divvm(t) - il(l('vm(t)) + ":am; . (AB)
Cnk+1

The term defining local circnit currents V - D;Vu,,(#) can be rewritten in the form

] 82 Um 1 0 m I 8 Un T 82 Um
V- DiV’Um(t) = (O't b ot)(alal D22 + asa 0‘ YN + ay 3 922 +2 189 81328?/ +
o+ O v . %y & v
28. a[ m + ‘)a a[ m H [£13 ’m ‘m ] ."\.4
2 % Bydz : Sf)z,é)z) + o ox? + iy’ + 022 Jo (A

The partial derivatives are discretized using the central difference approximation,

5, 1
2 = (_[2—{1}"1(1' + d$ Y, Z) - 2'()771(3:3 s 2) + U (:I: - d’ i :)} (}\5)
T o oy ) - 2l ) ey - A} (A
gz = @lomlytdiz) = 2on(ey, 2) ol y = d,z } (A.6)
5v,, 1 a
o = plomleyz+d) = 2o,z y,2) +onle,y, 2 - d)} (A7)
azvm
(97;—83/ = Mz{u,,l(z—{-d y+d,z)+op(e—dy—dz)
—Un(z +dyy —d,z) — vz —d,y +d, 2)} (A.8)
0%u,, 1
8y0z = W{Um(lv y+d,z+ d) + U@,y —d, 2 — (1)
=2,y +d, 2 —d) — v,y — d,z + d)} (A.9)
0,
prl 4dz{v’"(’“+d Y,z +d) + vz —d,y, 2 = d)

~Um(z+d,y,2—d) vz —d,y,z+d)}, (A.10)

where d is a spatial step.



Appendix B

Effect of volume conductor
boundaries on epicardial and body
surface potentials

Before we simulated potential distributions on the epicardial and body surface and
compared them with measured data, we estimated how sensitive the forward solution
that used primary sources generated by a model of the human ventricular myocardium
was to variations in the volume conductor’s properties {159, 163, 164, 168, 270, 298].
The answer to this question is important for keeping the calculation of extracardiac
potentials reasonably simple. This appendix summarizes the results of our investiga-
tions.

Three boundary element models of the human torso were used: the standard male
torso model [152, 229] and individualized male and female torso models [162]. All
three models (Figs. B.1 and B.2) were represented by an outer boundary, an epicardial
boundary and lungs. The outer boundary of the standard torso model was tessellated
with 700 triangles (defined by 352 nodes) and the lungs were tessellated with 326

triangles (defined by 157 nodes). The outer boundary of the male torso model was
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Figure B.1: The anterior and posterior views of the standard torso model with the
lead positions displayed. The lungs and epicardial surface are also shown.

Figure B.2: Individualized male and female torso models constructed using surface
harmonic expansion. The anterior lead positions, the lungs, and the epicardial surface
are also shown.
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approximated by 782 triangles (defined by 393 nodes), and the outer boundary of the
female torso model had 762 triangles (defined by 383 nodes). The male and female
torso models included lung boundaries tessellated with 456 triangles (defined by 232
nodes) and 432 triangles (defined by 220 nodes), respectively. The conductivity was
0.05 S/m for the lungs and 0.2 S/m for all other torso tissues. In all threc models, each
of 117 lead positions of the body surface mapping system used at this institution [229,
242] corresponded to a node point. The model of the human ventricular myocardium
was appropriately placed in, and the epicardial surface, tessellated with 400 triangles
(defined by 202 nodes), was added to each model.

To generate primary sources with which to test the torso models, we initiated
ectopic activation in the midapical, middle, and basal levels of the ventricles at 12
sites in the LV endocardium and at 24 sites on both the RV and LV epicardium,
using the propagation parameters described in Chapter 4. For the primary sources
associated with each activation sequence, we calculated the corresponding potential
distributions on the epicardial and body surfaces at 10-ms increments within 40 ms
after the onset of activation. The infinite-medium and bounded-medium potentials
were calculated for each node of the models, as outlined in Chapter 3. The potential
distributions on the epicardial and body surface were displayed as BSPMs and EPMs
using the layout described in Chapter 6. (Because the potentials on the surface of
each torso models were calculated from primary sources at only 117 torso sites, some
of the potential values at 352 nodes of the standard torso model had to be interpolated
for the purposes of the display; this was done by means of an algorithm introduced

by Qostendorp et al. [267].)



220

Effect of epicardial boundary on epicardial potential distri-
butions

The first issue investigated was whether the potential distribution predicted by an
infinite homogeneous model adequately describes the potential distribution on the
insulated epicardium. (In the infinite homogeneous model, only the first term in
Eq. 3.26 is used to calculate the potentials at the electrode positions; this model ne-
glects the realistic shape of the boundary surface and assumes that at each electrode
location the electric potential is twice the potential in a homogenous volume conduc-
tor of infinite extent [281].) Table B.1 shows the corrclation coefficients and relative
differences (i.e., normalized rms differences) between potential distributions obtained
by the boundary element model of an insulated homogeneous epicardium and those
obtained by a model of an infinite homogencous medium; the results were averaged
for each time instant over all 36 stimulation sites. The relative difference between the
potential distributions yielded by the two models does not markedly change through
the sequence. On the other hand, the potential distributions tend to become slightly
less correlated as the activation wavefront spreads through the ventricles.

Fig. B.3 shows pairs of EPMs calculated at 30 ms after the onset of activation
for four different ectopic sites, assuming the insulated homogeneous epicardial model
and the infinite homogeneous model. Figs. B.3A and B.3B, Figs. B.3C and B.3D, and
Figs. B.3E and B.3F, show representative pairs of potential distributions for three
cases: for the first pair, the correlation coefficient is 0.979 and the relative difference
is 0.38; for the second pair, the corresponding values are 0.967 and 0.37; and for

the third pair, the corresponding values are 0.988 and 0.22. Figs. B.3G and B.3H
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-22.33/19.29 -17.77/13.01

-37.91/26.79 -33.28/13.36

-31.51/12.42

-46.68/12.61 -24.91/13.89

Figure B.3: Epicardial potential maps calculated at 30 ms after the onset of activation
for four ectopic sites for the insulated homogeneous epicardial model (A, C, E and
G) and the infinite homogeneous model (B, D, F and H). See the legend of Fig. 6.5
for details of the layout.
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Table B.1: Effect of Epicardial Boundary on Epicardial Potential Distribu-
tions

Time [ms] Correlation coefficient Relative difference*
10 0.989 £ 0.010 0.31 £0.25
20 0.982 £ 0.011 0.29 £ 0.12
30 0.979 £ 0.015 0.31+0.14
40 0.973 £0.014 0.36 £0.11

Values are means + SD.

*corresponding values between EPMs obtained with the homogeneous epicardial model
and those obtained with the infinite homogencous model

show the pair of potential distributions with the worst correlation coefficient (0.916)
and the worst relative difference (0.92) among all 36 cctopic sites. In general, it was
observed that the assumption of an infinite homogeneous medium primarily affects
the amplitudes of the extrema (they are lower than in the boundary element model of
an insulated epicardium) but has a relatively small effect on the qualitative features

of EPMs. Simms and Geselowitz [335] reached a similar conclusion.
Effect of torso boundaries on BSPMs

The next issue addressed was whether a model must include a torso boundary or
lungs to adequately represent the patterns of BSPMs. We considered three models:
the standard torso model with lungs, the homogeneous standard torso model, and
the infinite homogeneous model. The potential distributions on the body surface that
were obtained via the standard torso model with lungs were taken as the reference
distributions, and potential distributions yielded by the other two models were com-
pare:i with them. Table B.2 summarizes the results for each of four time instants

averaged over all 36 stimulation sites. Inspection of the correlation coefficients and
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Table B.2: Effect of Torso Boundaries on BSPMs

Correlation coefficient Relative difference
Time [ms] HT SI HT SI
10 0.990 £0.009 0.960+0.015 0.19£0.10 0.39£0.11
20 0.989 £0.015 0.9604+0.019 0.19+0.10 0.38%0.10
30 0.986 £ 0.017 0.955+0.033 0.19+0.08 0.37+0.10
40 0.990 4+ 0.010 0.965+£0.021 0.16£0.06 0.34+40.10
Values are means =+ SD.
HT, homogeneous standard torso compared with standard torso with lungs
SI, infinite homogeneous model compared with standard torso with lungs

relative differences reveals that the inclusion of the torso boundary is more impor-
tant than the inclusion of the lungs as inhomogeneities. This agrees with observations
made earlier by other investigators for a single dipole source model [164, 298].

The BSPMs presented in Fig, B.4 for two different cases of ectopic activation
sequence illustrate the quantitative results. Excluding the lungs as inhomogeneities
causes only subtle changes in the position of the extrema and in the morphology of
the region of near-zero potentials (the correlation coefficient is 0.995 and the relative
difference is 0.19 for the case presented in Fig. B.4A; the corresponding values are
0.975 and 0.25 for the case presented in Fig. B.4B). By contrast, however, excluding
the torso boundaries causes more pronounced changes in the region of near-zero
potentials, although the position of the extrema in this particular example is not
significantly affected (the correlation coefficient is 0.925 and the relative difference is
0.38 for the case shown in Fig. B.4A; the corresponding values are 0.920 and 0.52 for

the case shown in Fig. B.4B).
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Figure B.4: BSPMs calculated at 30 ms after the onset of ectopic activation initiated
at two sites (A and B) when using the standard torso model with lungs (top row),
the homogeneous standard torso model (middle row), and the infinite homogeneous
model (bottom row). Sce the legend of Fig. 6.2 for details of the layout.
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Figure B.5: BSPMs calculated at 30 ms after the onset of ectopic activation when
using different homogeneous torso models (A) and when using different torso models
with lungs (B). Top row, the standard torso model; middle row, individualized male

torso model; bottom row, individualized female torso model. See legend of Fig. 6.2
for details of the layout.
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Table B.3: Effect of Individualized Torso Boundaries on BSPMs

Time [ms] HMale HFemale LMale LFemale
10 0.991 +0.005 0.978 +0.00% 0.985+0.010 0.967 £ 0.016
20 0.9914+0.004 0.978 +0.008 0.986 £ 0.008 0.965 + 0.023
30 0.991+:0.004 0.978 4 0.008 0.984 £ 0.010 0.967 £ 0.013
40 0.991 +=0.004 0.980 +£0.006 0.987£0.006 0.971 £ 0.010

Values are means =+ SD.

HMale, homogeneous individualized male torso correlated with homogeneous standard torso
HFemale, homogeneous individualized female torso correlated with homogeneous standard torso
LMale, individualized male torso with lungs correlated with the standard torso with lungs
LFemale, individualized female torso with lungs correlated with the standard torso with lungs

Effect of individualized torso boundaries on BSPMs

Another issue addressed was whether individualized torso boundaries are a prereq-
uisite for obtaining accurate BSPMs. We used the standard torso model and the
individualized male and female torso models, either assuming that the torso includes
inhomogeneities or assuming that the torso tissues are homogeneous. (The BSPMs
obtained by the standard models with and without lungs were taken as the reference
distributions.) Table B.3 summarizes the average correlation coefficients and relative
differences over 36 ectopic sites for each of four time instants for the male and female
torso models. A comparison of the data in Tables B.2 and B.3 reveals that the effect
on BSPMs of excluding the lungs in the standard torso model is quantitatively com-
parable to the effect of “tailoring” the torso boundaries in the torso male model. By
contrast, the effect of the tailored boundaries in the female torso model on BSPMs is

much more pronounced than that of excluding the lungs in the standard torso model.
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Fig. B.5 illustrates the qualitative differences among the BSPMs yiclded by the
various torso models. The correlation coefficient between the BSPM obtained with
the homogeneous male torso mor.el and that obtained with the homogeneous standard
torso model is 0.991, the correlation coefficient between the BSPM obtained with the
homogeneous female torso model and that obtained with the homogencous standard
torso model is 0.978, the correlation coefficient between the BSPM obtained with the
male torso model with lungs and that obtained with the standard torso model with
lungs is 0.990, and the corrclation coefficient between the BSPM obtained with the
female torso model with lungs and that obtained with the standard torso model with
lungs is 0.965. It is cvident that the major morphological features of the BSPMs

remain unaltered by the choice of torso model.
Discussion

This auxiliary study showed that the infinite homogeneous model is adequate for
capturing the qualitative features of epicardial potential distributions generated via a
model of the human ventricular myocardium. The important practical implication of
this conclusion is that it simplifies the calculation of epicardial potential distributions,
since the epicardial surface need not be retessellated cach time the size or placement
of the epicardial measurement grid is changed. This study also showed that the
tailoring of the torso models influences BSPMs more than do inhomogeneitics, such
as the lungs. However, these efiects do not markedly alter the qualitative features of
the BSPMs. This resistance of the qualitative features in BSPMs to variability in the
shape and size of patients was also observed in recordings of SippensGroenewegen et

al. {339]. The homogeneous torso assumption, therefore, appears to be justified when
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one is calculating the standard, generic potential distributions on the hody surface

rather than those pertaining to a particular individual.



Appendix C

Localization of the site of origin of
idiopathic VT by magnetic field

mapping

Magnetic field mapping [369] is another noninvasive method for imaging cardiac elec-
tric sources and one that complements body surface potential mapping. In this
appendix, we describe simulations of the magnetic field for activation sequences from
initial activation sites in idiopathic VT. We calculated magnetic field normal to the
chest at 225 points (a regular 15x15 grid with 2-cm spacing) in the plane that is
parallel to the anatomical frontal plane of the torso and is situated 2 ¢cm above the
anterior chest (Fig. C.1). Magnetic field maps (MFMs) were calculated at 4-ms in-
crements during the first 120 ms of the activation sequence initiated at the RVOT
and the posteroseptal apical area of the LV endocardium. QRS-integral maps were

also calculated from these instantaneous MFMs.

Results

Idiopathic VT with the origin of activation at the RVOT. Fig. C.2 shows

MFMs calculated at 13 time instants after the onset of an activation sequence initiated
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Figure C.1: The anterior view of the standard torso model with epicardial surface.
The magnetic field component normal to the chest was simulated at 225 points on a
153x15 grid with 2-cm spacing and situated 2 cm in front of the anterior chest,.

at the RVOT. The pattern of these MFMs, like that of BSPMs (shown in Fig. 6.6)
for the same initial site of activation, evolves slowly from the onset of activation
throughout the sequence and has the following general features: 1) the positive region
of the magnetic field (i.e., field vectors pointing from the anterior to the posterior
torso) covers the right anterior torso, and the negative region of the magnetic field
(i.c., ficld vectors pointing from the posterior to che anterior torso) covers the left
anterior torso, 2) the axis joining the extrema is initially almost horizontal and at the
level of the upper midanterior torso, but moves downward and leftward in the last
third of the sequence, and 3) the region of near-zero magnetic field is nearly vertical
through most of the sequence. Comparison with BSPMs on the anterior torso in
Fig. 6.6 reveals that the morphological features of the MFMs are rotated by about

90°.
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Figure C.2: MFMs calculated at 13 time instants after the onset of an activation
sequence initiated at the RVOT. The extrema are denoted in 107!0 T, and isofield
lines are plotted for equal intervals, with solid contours representing the magnetic
field from the anterior to the posterior torso.
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Figure C.3: MFMs calculated at 13 time instants after the onset of an activation
sequence initiated at the posteroseptal apical area of the LV endocardium. See the

legend of Fig. C.2 for details of the layout.
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Figure C.4: QRS-integral maps calculated from instantaneous MFMs for activation
sequences initiated at the RV outflow tract (RVOT) and at the LV endocardial pos-
teroseptal apical (LPSAp) area. The extrema are denoted in 107!2 Ts. See the legend
of Fig. C.2 for details of the layout.

Idiopathic VT with the origin of activation at the LV apical area. Fig. C.3
shows MFMs calculated at 13 time instants after the onset of an activation sequence
initiated at the posteroseptal apical area of the LV endocardium. The pattern of
the MFMs changes during the initial phase of this activation sequence and later in
the sequence evolves into a distinct pattern with the positive region of the magnetic
field over the left anterior torso and the negative region of the magnetic field over
the right anterior torso. The entire sequence of MFMs in Fig. C.3 is nearly a mirror
image of the sequence of MFMs generated by the activation originating at the RVOT
(Fig. C.2). Again, the morphological features of the MFiMs are rotated by about 90°
relative to those found in BSPMs (Fig. 6.8). However, unlike BSPMs, which feature
a dipolar distribution with markedly unequal extrema, the MFMs have a dipolar

distribution with extrema of similar amplitudes.

QRS-integral maps. Fig. C.4 shows QRS-integral maps for simulated activation
sequences initiated at the RVOT and at the posteroseptal apical area of the LV en-

docardium, as calculated from MFMs. Comparison of QRS-integral maps for these
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widely separated sites reveals major pattern differences {with a high negative corre-

lation coefficient of —0.944).
Discussion

The results in this appendix demonstrate that our model of the human ventricular
myocardium can also be used for simulating the magnetic field above the chest. No
MFMs recorded in paticents suffering from idiopathic VT that would enable us to
validate our simulations have as yet been published. We have shown that the patterns
of MFMs undergo sequential changes similar to those of BSPMs ou the anterior torso;
in general, the morphological features of MFMs are rotated by about 90° relative to
those found in BSPMs on the anterior torso.

The advantage of magnetic field mapping is that it can be performed faster than
body surface potential mapping (provided the necessary multichannel equipment is
available in the clinical setting); its major drawbacks are the high costs and the
requirement of a specially designed magnetically shielded room. Future research
should determine whether MFMs contain any diagnostically valuable information

that is not available in BSPMs [271, 383].
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