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Abstract. The foremost premise for the success of noninvasive volu-
metric myocardial transmembrane (TMP) imaging from body surface
potential (BSP) recordings is a realistic yet efficient electrocardiographic
model which relates volumetric myocardial TMP distribution to BSP dis-
tribution. With a view towards this inverse problem, the heart-torso rep-
resentation and the associated TMP-to-BSP model should balance the
accuracy of the model with the feasibility of TMP reconstruction. We
present a novel coupled meshfree-BEM platform to this TMP-to-BSP
modeling and perform electrocardiographic simulations of various car-
diac conditions on personalized heart-torso structures. Simulated QRS
integral maps, BSPMs and ECG leads are consistent with existent ex-
perimental studies, verifying the plausibility of the presented platform.

1 Introduction

Noninvasive imaging of volumetric myocardial transmembrane potential (TMP)
dynamics aims at quantitative reconstructions of TMP dynamics inside the heart
from body surface potential (BSP) sequence. The foremost premise for its success
is a forward electrocardiographic model which links volumetric myocardial TMP
distribution with BSP distribution. With a view towards the inverse problem of
TMP reconstruction, this TMP-to-BSP model and the associated representation
of the underlying heart-torso structures should emphasize the balance between
the accuracy of the models with the feasibility of TMP reconstruction.

The common description of TMP-to-BSP mapping is based on the biodomain
theory, where any point in the myocardium is considered to be in either the
intra- or extra-cellular space [I]. Usually it is reduced to a boundary element
(BE) formulation by ignoring the conductive anisotropy and inhomogeneity in
both spaces [2]. As a result, it considers only TMP activity on heart surfaces.
By considering the electrical anisotropy in both spaces, the finite element (FE)
formulation is able to investigate volumetric electrical conduction within the
myocardial mass [3]. Meanwhile it increases the problem size by considering
extracellular potential in the myocardium.

This paper presents a coupled meshfree-BEM platform for TMP-to-BSP mod-
eling to combine the advantage of BEM- and FEM-based approaches. To inves-
tigate the volumetric myocardial TMP dynamics, meshfree points are used to
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detail the anatomical structure, as well as the anisotropy and heterogeneity,
of the 3D myocardium. Meanwhile, to emphasize the accuracy of geometrical
modeling and relax unnecessary restrictions on conductivie anisotropy or inho-
mogeneity of different torso tissues, we assume the torso as an isotropic and
homogeneous volume conductor, represented with boundary elements on the
body surface. By emphasizing the anisotropy for active current conduction but
neglecting that for passive currents, this approach allows the investigation of
volumetric TMP inside the myocardium while discarding irrelevant variables to
reduce model complexity.

The accuracy and convergency of this approach has been verified by ana-
lytical solutions on a synthetic geometry of two concentric spheres [4]. In this
paper, electrocardiographic simulations of normal cardiac conditions, ventricu-
lar pacing, bundle branch blocks (BBB) and myocardial infarction are carried
out on personalized heart-torso structures. Simulated BSP map sequences, QRS
integral (QRSI) maps and 12 ECG leads are compared to existent experimental
studies, demonstrating the plausibility of the presented coupled meshfree-BEM
platform in TMP reconstruction.

2 Methods

2.1 Personalized Heart-Torso Structures

After segmenting the short-axis cardiac MRI slice by slice and building a smoothed
mesh for the heart surfaces, the 3D heart wall is represented by a cloud of points
(meshfree points) inside the surface mesh. Myocardial conductive anisotropy is
considered by mapping volumetric fiber structures from the fibrous structure of
the canine heart in [5]. Heterogeneity of TMP shapes in the epi-, endo- and mid-
myocardial regions [6] is also taken into account. For a flexible control on the simu-
lation of various cardiac conditions, the LV wall is divided into 17 segments by AHA
consensus [7]. Because the torso geometry is the primary factor affecting TMP-to-
BSP relationship [§], the volume conductor of torso is assumed as isotropic and
homogeneous. It is described by triangulated body surface, obtained by deforming
a reference torso model to match patient’s image data [9].

2.2 Volumetric TMP Dynamics

Myocardial TMP dynamics is described by the 2-variable diffusion-reaction sys-

tem from [10]:

o =V - (DVu) + ku(u — a)(1 — u) — ww

B = —e(v+ ku(u —a—1)) (1)
ot

where u stands for TMP and v for recovery current. D is the diffusion tensor
and V - (DVu) accounts for the electrical propagation. Parameters e, k and a
determine individual TMP shapes.
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2.3 TMP-to-BSP Mapping

Potential distribution within the torso is described by the quasi-static approx-
imation of Maxwell’s equations [IT]. Within the myocardium volume (2}, the
bidomain theory [I] defines the distribution of extracellular potentials ¢. as a
result of the gradients of TMP:

V- ((Di(r)+Dc(r))Voe(r)) = V- (Di(r)Voe(r)) = V-(—=D;(r)Vu(r)) Vre 02

(2)
where r stands for the spatial coordinate. D; and D, are the effective intracellular
and extracellular conductivity tensor, and their summations Dy, is termed as the
bulk conductivity tensor. In the region (2,/, bounded by the heart surfaces and
body surface, potentials ¢, are calculated assuming that no other active electrical
source exists within the torso:

V- (Dy(r)Vey(r)) =0 Ve e (3)

where Dy is torso conductivity tensor.

Because the anisotropic ratio of Dy is a magnitude smaller than that of D,
we only retain the anisotropy of D; to reduce model complexity. Regarding the
tissue inhomogeneity, we have justified the validity of the homogeneous torso
model in TMP reconstruction [4]. Accordingly, (2] B) is simplified into a single
Poisson equation describing potential distribution ¢(r) within the homogeneous
volume conductor (2;:

oV2p(r)) = V- (=D;(r)Vu(r)) Vre (4)

and it is assumed that no current leaves the body surface I: a%t:) =0,Vr € I}.
By the direct method solution in BEM [12], (@) is reformulated into:

e [ (890
«(©00)+ [ ot enan - [ (0"

_/ (V- (DiVu(r)))¢* (€, r) a9,
o

g

)¢ (&, ) dI}
()

where ¢(£) is determined by surface smoothness of any point £ on I}. n is the
outward normal vector of boundary surfaces. ¢*(£,r) and ¢*(&,r) are the so-
called fundamental solution and its normal derivative [12].

The volume integral on the right hand side (rhs) of (@) is commonly approxi-
mated as a summarization of several current dipoles [I3]. Instead, we introduce
meshfree approximation based on moving least squares (MLS) [14] into (@) for
a simpler yet more direct calculation of the volume integral. It is shown in [I3]
that in most cases, MLS methods are identical to kernel methods and may serve
as a partition of unity. Further applying the BEM [I2] to the boundary integral
in (@) [, we obtain the linear relationship between volumetric TMP and BSP:

& = HU (6)
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Fig. 1. Personalized heart-torso structure on coupled meshfree-BEM representation,
where the ventricles are represented with a cloud of 3999 meshfree points and the torso
by triangulated body surface with 370 vertices

where U consists of u from all meshfree points inside the myocardium and ®
contains ¢ from all vertices on the body surface.

When (@) is reduced to a BE formulation [2], the conductive anisotropy and
inhomogeneity in both intra- and extra-cellular spaces are ignored, and therefore
only TMP activity on heart surfaces are considered. On the other side, the FE
formulation considers the conductive anisotropy in both space and therefore
allows the investigation of volumetric electrical conduction within the myocardial
mass [3]. However, it increases the problem size by considering extracellular
potentials in the 3D myocardium. This approach combines the advantages of
previous BE- and FE-based efforts by emphasizing the electrical anisotropy for
active current conduction but neglecting that for passive currents. It is able to
study TMP activity inside the 3D myocardium and preserves the primary factors
to TMP-to-BSP modeling, including 3D anisotropic heart structures and relative
heart-torso positions. Meanwhile, it avoids excessive variables and focus only on
TMP and BSP, the two vectors of direct interest to TMP reconstruction.

3 Results

Electrocardiographic simulations of normal cardiac conditions, ventricular pac-
ing, BBB and MI are performed on personalized heart-torso structures. The
cardiac MRIs provided by [15] contain 9 slices from apex to base, with 8mm
inter-slice spacing and 1.33mm/pixel in-plane resolution. Anatomical locations
of 123 electrodes on the body surface are also available. Fig[I] (b) illustrates this
personalized combined heart-torso model, where the torso is represented by tri-
angulated body surface with 736 elements and 370 vertices, and the 3D ventricu-
lar mass by 3339 meshfree points with detailed fiber structure. Simulated BSPM
sequences exhibit the spatiotemporal evolution of BSP distributions. QRSI maps
are generated by integrating BSPs over the QRS interval, and 12 ECG leads are
calculated according to the given electrode locations. These results are compared
to published experimental studies for verification.
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Fig. 2. Simulated BSPM isochrone sequence during normal cardiac electrical activa-
tion. The color encodes normalized BSP value.
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Fig. 3. Simulated normal QRS morphology of lead V1 - V6. The time course (x-axis)
is normalized by the QRS interval and ECG values (y-axis) are scaled.

3.1 Normal Cardiac Conditions

Since the ventricular conduction system is not included in the current heart
model, endocardial areas of earliest ventricular excitation are determined ac-
cording to the experimental study of [16]. In the simulated BSPM sequence
(Fig. ), the potential maximum initially resides on the anterior thorax and
the minimum on the back. The minimum then moves over the right shoulder
onto the anterior region, while the positive potentials cover the back. In the
end, the maximum rotate back to the superior part of the chest. Fig. [3] dis-
plays the simulated 6 precordial leads, where V1 shows a dominant negative
defect and V3 — V6 display dominant positivity. Besides, since cardiac activa-
tion progresses from the thinner right ventricle across the thicker left ventricle,
positive R wave increases in amplitude and duration from leads V1 to V4, while
S wave is large in V1, larger in V2, and progressively smaller from V'3 through
V6. These results are consistent with the BSP morphology known for normal
subjects [17].



Electrocardiographic Simulation on Coupled Meshfree-BEM Platform 167

W02 004 006 0.08 0.1 002 004 0.06 0.08 0.1 0.02 0.04 0.06 0.08 0.1
o 0.1 0.2 03 ] 0.1 0.2 0.3 0 0.1 02 03
\al V& |

(a) (b)

Fig. 4. Simulated QRS morphology in BBB conditions. (a) Lead V1,V2 and V6 for
LBBB. (b) Lead V1,V6 and I for RBBB. The time course (x-axis) is normalized by
the QRST interval and ECG values (y-axis) are scaled.

3.2 Bundle Branch Block (BBB)

Different BBB conditions are simulated by removing corresponding sites of ear-
liest exitation in the ventricles. The results of ECG leads comply with standard
diagnostic criteria [I7]. For LBBB, since the activation proceeds sequentially
from the interventricular septum to the lateral LV wall, the characteristic changes
of the QRS complex are the monophasic QS morphology in V1, broad R wave
in V6 and minimal R wave in V2 (Fig. @ (a)). In comparison, since the RV
contributes minimally to QRS complex, RBBB produces little distortion to the
normal QRS morphology. As show in Fig. @ (b), the abnormality is usually
marked by the presence of a late prominent positive in V1, and a wide S wave
in V6 and 1.

3.3 Ventricular Pacing (Ectopic Activity)

The atlas of body surface QRSI map has been established for identifying ectopic
ventricular activation [I8]. This study simulates ventricular pacing cases in [I§]
for a comparison with the QRSI map atlas established therein. Fig. Bllists exam-
ples of QRSI maps generated from ventricular pacing at 6 endocardial sites at the
basal LV and the apical level. When the pacing site advances horizontally from
lateral, anterior, septal to inferior part at basal LV endocardium (Fig. Bl (a)),
the anticlockwise rotation of the potential maximum and minimum reported in
[18] is observed. During apical pacing (Fig. Bl (b)), the minimum lies at a quite
similar location on the lower anterior thorax while the maximum moves from
the upper front to upper back with the pacing site moving from apical inferior
to apical septal. In addition, LBBB morphology (negative QRS polarity in V1)
is noted in QRSI maps for all apical pacing and LV basal septum pacing. All
these observations, including the distribution, location and rotation of potential
extreme, are in good accordance with the atlas [18].
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(b) Apical ventricular pacing

Fig. 5. Simulated QRSI maps for different ventricular pacing cases. (a) Left to right:
pacing sites change horizontally from anterior-lateral, anterior, anterior-septal, inferior-
septal, inferior to inferior-lateral parts of the basal LV wall. (b) Left to right: pacing
sites at lateral, anterior, septal and inferior apical endocardium of the LV, LV apex
and RV apex. The color encodes the integrated BSP values during QRS interval.

We have simulated BSP sequences for several typical ventricular pacing cases,
and all the results are in agreement with the experimental recordings by [I§].
Fig. [6] exemplifies the simulated BSP map sequence for anterior-lateral pacing
at the middle LV endocardium. At the beginning, the minimum shifts from the
upper right anterior thorax toward the left back while the maximum moves from
the lower left anterior part to the right part of the chest. It is followed by a stable
bipolar BSPM pattern featuring clockwise rotation of potential extreme. By the
end of the ventricular activation, regions of positive and negative potentials
appear almost vertical on the anterior and posterior torso.

3.4 Myocardial Infarction (MTI)

Various locations of infarct substrates are selected from the 17 LV segments. Elec-
trophysiological properties for infarct tissues are modified so that TMP shapes
show progressively reduced action potential duration and magnitude, until no
activation could be stimulated in the center of the infarcted region. Fig. [ lists
the simulated BSPMs at the beginning of the S-T segment for transmural in-
farction at the middle anterior, inferior and lateral walls of the LV. As reported



Electrocardiographic Simulation on Coupled Meshfree-BEM Platform 169

Fig. 6. Simulated BSPM isochrone sequence of the anteriorlateral pacing at the middle
endocardium of LV. The color bar is the same as in Fig.

Inferior infarction Lateral infarction

Anterior infarction

Fig. 7. Simulated BSPM isochrone map at the beginning of the S-T segment for 3
different MI conditions. The color bar is the same as in Fig.

in [19], BSPMs display a potential maximum facing the infarct location and an
opposite potential minimum.

4 Conclusions and Discussions

To provide an applicable heart-tosro representation and TMP-to-BSP model
for noninvasive volumetric myocardial TMP imaging from BSPs, we present
a novel coupled meshfree-BEM platform and verify its plausibility by electro-
cardiographic simulations of different cardiac conditions on realistic heart-torso
structures. To improve the accuracy of simulated ECG leads, firstly, models with
more complexity and detailedness are needed for a more realistic description of
volumetric electrical activity of the heart. Geometrical modeling, such as the rel-
ative position between the heart and the electrodes, is another important factor
on the electrocardiographic simulation. Meanwhile, a more realistic and detailed
heart model would largely improve the accuracy of the simulated ECGs. For
instance, the errors caused by incorrect locations of earliest ventricular excita-
tion could be reduced by incorporating the ventricular conduction system into
the heart model. By taking into account transmural electrical heterogeneity,
this study avoids generating incorrect T waves as a reverse of the QRS complex.
Nevertheless, more accurate divisions among the epi-, endo- and mid-myocardial
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cells are desired. Besides, by including the atrium into the heart model, P wave
could be generated in the simulated ECGs.
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