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Noninvasive imaging of cardiac excitation using body surface potential mapping (BSPM) data and
inverse procedures is an emerging technique that enables estimation of myocardial depolarization
and repolarization. Despite numerous reports on the possible advantages of this imaging technique,
it has not yet advanced into daily clinical practice. This is mainly due to the time consuming
nature of data acquisition and the complexity of the mathematics underlying the used inverse
procedures. However, the popularity of this field of research has increased and noninvasive imaging
of cardiac electrophysiology is considered a promising tool to complement conventional invasive
electrophysiological studies. Furthermore, the use of appropriately designed electrode vests and
more advanced computers has greatly reduced the procedural time. This review provides descriptive
overview of the research performed thus far and the possible future directions. The general challenges
in routine application of BSPM and inverse procedures are discussed. In addition, individual
properties of the biophysical models underlying the inverse procedures are illustrated.
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Through the years, various noninvasive electro-
cardiographic imaging techniques have emerged
that estimate epicardial potentials or myocardial
activation times from potentials recorded on the
thorax.!® The recording of potentials from a large
number (32-256) of torso electrodes is referred
to as body surface potential mapping (BSPM).°
The BSPM data can later be used in mathematical
inverse procedures to calculate local epicardial
potentials or myocardial activation times.!°
Although a vast amount of research illustrates
the possible clinical advantages of this noninvasive
imaging method, the time consuming nature of
BSPM and the complexity of the mathematics

underlying the inverse procedures has thus far
hampered these techniques to advance into daily
clinical practice.

Nevertheless, noninvasive imaging of cardiac
excitation is still gaining popularity as a field of
research and is considered a promising tool to
complement conventional invasive electrophysio-
logical studies.!! The use of appropriately designed
electrode vests and more advanced computers has
greatly reduced the procedural time. Recently, a
noninvasive imaging technique based on electro-
cardiographic imaging (ECGI) has been commer-
cialized and has become available for clinical use in
Europe.!'? Although ECGI estimates the time course
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of unipolar epicardial electrograms only, several
studies have demonstrated that the epicardial
potentials and electrograms provide substantial
information about intramyocardial activity.!3 14

This review discusses the general challenges in
routine application of BSPM and inverse proce-
dures. Descriptive overview is given to the research
performed thus far and the future direction of
noninvasive imaging of cardiac excitation. In
addition, individual properties of the biophysical
models underlying the inverse procedures are
illustrated.

BODY SURFACE POTENTIAL
MAPPING

Waller was the first to report on the recording
of human body surface potentials in 1887.1° He
used a capillary electrometer to systematically in-
vestigate the potential distribution associated with
the beating heart. Einthoven published the first
surface electrocardiogram (ECG) constructed
with the string galvanometer in 1903 and
later described the method for clinical 12-lead
electrocardiography.'® The use of the 12-lead ECG
made it possible to study potential fields over
designated areas and to investigate their variations
over time.

Although the efficacy of the 12-lead ECG had
been widely recognized, several researchers felt
that information was lost when the recording
of potentials was limited to only nine sites.!” 18
In the following years, alternative configurations
using 16-256 torso electrodes were proposed.!®-24
Nevertheless, BSPM has never been incorporated
into daily clinical practice because of uncertainty
about the clinical utility. In the mean time,
much experience had already been gained with
the interpretation of the 12-lead ECG and this
configuration continues to be the standard of
routine clinical practice today.

INVERSE PROCEDURE

The forward problem of electrocardiography
refers to estimation of body surface potentials from
potentials measured on the surface of the heart.
Therefore, the effect that different types of body
tissue have on the cardiac potentials is simulated.?®
In contrast, the inverse problem of electrocardio-
graphy describes the opposite (Fig. 1A). Through

an inverse procedure, the potentials on the heart
surface or activation times of the myocardium
are estimated using the recorded body surface
potentials as source data.

In order to calculate cardiac activation times
from potentials recorded on the body surface,
potentials that are generated by the cardiac
electrical activity in the torso volume need to be
modeled. Unlike the forward problem that can
be solved uniquely, the inverse problem in terms
of sources is not unique.?® Many different source
configurations in the heart can correspond to the
same potentials on the body surface, even for noise-
free and error-free data. These different sources are
termed equivalent sources because they generate
the same potentials on the body surface. Therefore,
the inverse problem is said to be “ill conditioned."*”

In order to cope with this ill conditioned nature,
most inverse procedures employ a combination
of two types of models: a biophysical source
model and a volume conductor model (VCM). In a
biophysical source model, the heart is represented
as a generator of electrical currents (Fig. 2). The
VCM reproduces the influence of different types of
tissues in the thorax on the potential waveforms.

In order to reproduce this influence, a detailed
anatomical model of the patients’ thorax, incor-
porating the conductivity properties of the main
thoracic structures, is a prerequisite. Anatomy is
usually provided by a computed tomography (CT)
or magnetic resonance imaging (MRI) scan. The
conductivity values used for the thorax, ventricular
muscle, lungs and blood cavities can be found
in literature, for example, 0.2, 0.2, 0.04, and
0.6 S/m, respectively.?®2° The resulting simulated
body surface potentials are then compared to the
actual potentials recorded by the torso electrodes.
Finally, the activation times and the resulting
potential curves are tuned in order to obtain
an optimal match between the measured and
simulated ECG. Eventually, the most favorable
match between simulated and measured thorax
potentials is considered to be a true reflection of
local cardiac activation.

The inverse problem in terms of potentials
is unique; that is, in the absence of noise and
errors only one epicardial potential distribution
corresponds to a given body surface potential
distribution. This inverse problem does not employ
a model representation of the source; instead,
it uses the actual epicardial potentials as a
source.
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Figure 1. Forward and inverse computation (A) The principle of forward and inverse
computation is illustrated in a VCM from a lateral view (H: heart, L: lung). In the EDL
source model (B), the wavefront separating resting heart cells in the myocardium
from those that have undergone depolarization, is regarded as an activation layer
that moves through the heart during the cardiac cycle. In the PPS model (C), a unique
relationship exists between the potentials on the body surface and the potentials

on the epicardium.

Inverse problems are regarded to have an ill-
posed nature, that is, the desired solution is
unstable and can vary significantly with the
slightest noise or perturbation in the BSPM data.
In order to circumvent this issue, investigators
have developed several regularization methods that
impose constraints to the outcome.?! The chosen
constraints can have a tremendous influence on
the outcome and are therefore a subject of constant
debate. Nevertheless, regularization is a key issue
in contemporary used inverse procedures.*?

BIOPHYSICAL SOURCE MODELS

A biophysical source model represents the heart
as a generator of electrical currents. The first source
model to be introduced was the current dipole
(CD).

Current Dipole

The electrical field generated by the heart was
considered equivalent to a single rotating dipole,
visualized as a vector of varying strength during
the cardiac cycle.®®* Hence, usage of this model

is known as vectorcardiography. The effect of an
approaching or receding excitation wave can be
described using this model. However, multiple
excitation wavefronts, spreading simultaneously
through the myocardium, and regional electrical
activity cannot be discriminated due to the total
lack of spatial resolution of this model. Following
the introduction of the current dipole, Wilson et
al. introduced another source model in 1933; the
equivalent double layer (EDL).3*

Equivalent Double Layer Model

The wavefront separating resting heart cells in
the myocardium from those that have undergone
depolarization, can be regarded as a surface double
layer. This activation layer moves through the
heart during the cardiac cycle, reflecting cardiac
electrical activity (Fig. 1B). Observed from some
distance, this double layer is electrically equivalent
to the net effect of the currents generated at the
cellular membrane during depolarization with a
strength proportional to the local transmembrane
potential.®®> However, the validity of the EDL
model is disputed; in particular the assumption
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Figure 2. Triangulated mesh of a patient’s heart. A
triangulated heart model developed and used at our
institution. This model can be used for simulations of
cardiac activation. After segmentation of the different
cardiac compartments on CT or MRI anatomic images,
specialized software divides the volumes in triangles of
equal size. The nodes and interconnecting spines of the
mesh can subsequently be used to calculate probable
excitation pathways.

that ventricular cells constitute a homogeneous
syncytium. In addition, an equal anisotropy
(directional dependence) ratio is assumed, while
fiber architecture inside the myocardium is het-
erogeneous with major regional variations in fiber
arrangement.%®

Pericardial Potential Source Model

Among the biophysical source models, the
pericardial potential source (PPS) model has been
investigated most extensively.’”® In order to
inversely compute the pericardial potential distri-
bution from recorded potentials, the PPS model
exploits a common physical fact (Fig. 1C). A unique
relationship exists between the potentials on the
body surface and the potentials on the epicardium,
as long as the model descriptions of both surfaces
are closed and no other electrical sources are
present in between.* The entire time course of

unipolar epicardial electrograms is estimated. This
enables mapping depolarization, repolarization
and other electrophysiologic processes that are
reflected in the S-T segment. Moreover, it has
been demonstrated that the epicardial potentials
and electrograms provide substantial information
about intramyocardial activity.*°

Cellular Automaton (CA)

In a cellular automaton (CA) model, the
myocardial tissue is considered to be a set of
discrete elements (in either active or inactive state)
connected to each other. States vary as a function of
the preceding state and the state of the neighboring
elements. CA are relatively easy to program and
allow fast simulations, but have serious limitations
when seeking to reproduce the effects of curvature
on an activation front.*! This in turn may results
in less accurate estimations on cardiac activation
times to be made.

VOLUME CONDUCTOR MODELS

A VCM reproduces the influence of the different
types of tissues in the thorax on the potential
waveforms. The models most often used are
discussed here.

Spherical Element Model

The spherical element model considers the
volume-conducting medium to be a symmetrical
homogeneous sphere. Therefore, it is not suited
for accurate localization of electrical foci, but
has proven to be an efficient and fast model in
vectorcardiography.*> The attractiveness of this
model relies in the fact that in such a simplistic
configuration, the differential equations involved
can be solved analytically, rather than by a
computer.

Boundary Element Method

The boundary element method (BEM) is a
frequently used model that approximates the
volume conductor properties of realistic shaped
compartments. When wusing this approach for
forward or inverse computation, it is essential
to accurately obtain a patient’s heart and thorax
geometry. The boundaries of the organs involved
are of particular interest. The properties of the
enclosed tissue (e.g., anisotropy) are purposefully
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neglected. Hence, the influence of various types
of tissues on the distribution of potentials through
a volume cannot be determined. The BEM allows
relatively fast calculations as long as only a limited
number of boundaries are present.*3

Finite Element Method

On the contrary, the finite element method
(FEM) fully appreciates the volume and ar-
chitecture of the tissue rather than just its
boundaries. Although historically hampered by
limited computational resources, this model is
used more frequently nowadays. The ability
to incorporate the effects of inhomogeneity on
the transmission of electrical impulses through the
thorax is an important incentive to investigate the
FEM. Although its efficiency in localizing epileptic
foci in neurological patients has been demonstrated
previously,** little research has thus far been
performed in cardiac patients.

NONINVASIVE
ELECTROCARDIOGRAPHIC
IMAGING TECHNIQUES

Through the vyears, various methods using
different combinations of BSPM and inverse
procedures (source and volume conductor model)
have been proposed. Numerous experiments were
performed to determine a technique’s localization
accuracy. Validation studies in humans with
various pathologies are an ongoing effort that
should continue. The mean resolution of currently
used noninvasive electrocardiographic imaging
techniques is approximately 1-2 cm, though some
have obtained better results.*>~%°

Electrocardiographic Imaging

Electrocardiographic Imaging (ECGI) uses 250
torso electrodes and combines the PPS and BEM.%!
Recently, this technique has been commercialized
by Cardiolnsight (Cardiolnsight Technologies Inc.,
Cleveland, OH, USA). The clinical applicability
of ECGI is currently being investigated in a
multicenter trial and the first reports have been
published. ECGI effectively predicted which pa-
tients would respond to cardiac resynchronization
therapy (CRT), based on differences between
estimated left ventricular (LV) and right ventricular
(RV) mean activation times. A greater difference

was associated with clinical CRT response and
appeared to be a more powerful predictor than
12-lead ECG parameters.? The feasibility of CRT
optimization by using ECGI had been reported
earlier.”

Another study demonstrated the clinical utility
in mapping simple and complex atrial tachycardias
(AT).>* The overall diagnostic accuracy of the
noninvasive system compared to invasive EP
diagnosis, as the gold standard, was 92% (100% in
patients with de novo ablations and 83% in patients
with previous AF ablations).

The ability of ECGI to map atrial fibrillation
(AF) was investigated in several studies.>® ¢ Body
surface signals generated by AF are typically of low
amplitude and the volume conductor smoothes the
potential distribution. Because ventricular signals
are typically of much greater magnitude than the
atrial signals, it might be necessary in some patients
with normal atrioventricular (AV) conduction to re-
move the ventricular signals. This can be achieved
by using ORS(T) subtraction algorithms or by the
administration of AV blocking agents. Hence, it
can be challenging to acquire long continuous
recordings of atrial signals of adequate quality.

In 2011, Wang et al. reported on the application
of ECGI in a series of 25 patients undergoing
catheter ablation procedures for various types
of VT (Fig. 3).5” BSPM were recorded during
episodes of sustained VT in nine patients. The
remaining patients were imaged during premature
ventricular contractions (PVC). The sites of origin
as determined by ECGI were in agreement with
the invasive electrophysiological study (EPS) in 10
of 11 RV sites (91%) and in 11 of 12 LV sites (92%).
ECGI correctly categorized both focal and reentrant
mechanisms of VT, but was not able to differentiate
between focal activity and microreentry.

Electrical remodeling due to right ventricular
pacing was investigated in nine patients with
an implanted dual-chamber pacemaker system.®®
This remodeling resulted in action potential
prolongation near the site of abnormal activation
and a marked dispersion of repolarization. This
dispersion of repolarization is potentially arrhyth-
mogenic and was less evident during continuous
RV pacing.

When recording the atria, the ventricular signal
is a problem when the ventricular rate is rapid.
Analysis requires that a few cycles do not conduct
to the ventricles. AT with 2:1 conduction to the
ventricles pose an analytic challenge in the absence
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Figure 3. Noninvasive ECGI isochrone maps for localization of VT site of origin. Epicardial isochrone maps are shown
for four patients, with earliest epicardial activation marked with an asterisk. EP-study-determined sites of origin are
indicated under the ECGI maps. Yellow arrows point to VT origin on a representative CT scan. RA = right atrium; LA =
left atrium; AO = aorta; LAD = left anterior descending coronary artery; LV = left ventricle; RVOT = right ventricular
outflow tract. Reprinted with permission from Cuculich et al.>®

of reliable QRST subtraction software program.
It can be difficult to estimate signals around the
mitral annulus, which can be problematic for
perimitral atrial flutter. In most studies, a CT
scan was performed that includes the abdomen
in order to register the location of all BSPM
electrodes on the image. The inclusion of the
abdominal region is associated with substantially
higher patient radiation doses.*®

Noninvasive Imaging of Cardiac
Electrophysiology

Noninvasive imaging of cardiac electrophysi-
ology (NICE) employs 64 electrodes, the EDL
and BEM.®® NICE has been performed in seven
patients with WPW syndrome undergoing catheter

ablation of the accessory pathway.®! All ven-
tricular accessory pathway insertion sites were
identified with an accuracy of 18.7 £ 5.8 mm.
In CRT and control patients, endocardial and
epicardial ventricular activation were visualized
noninvasively.%?

However, the atria cannot be analyzed using the
NICE technique and the model does not account
for ventricular repolarization. The small number of
study subjects in which NICE was applied makes
it difficult to fully appreciate the quality of this
system. Studies on functional electrocardiographic
imaging are generally limited by the small number
of study subjects owing to the complexity of data
acquisition and image segmentation procedures
for reconstruction of patient-specific anatomical
models.
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AMYCARD

AMYCARD uses 83 electrodes, PPS, and BEM.®3
It has been commercialized by AMYCARD LLC
(AMYCARD LLC, Moscow, Russia). Since AMY-
CARD has only recently been installed in several
Russian research centers, no data on the accuracy
of this technique is yet available.

Current Density Reconstruction (CDR)

Another method developed by He et al. uses
current density reconstruction (CDR) to estimate
the current density distribution on the endocardial
surface of the LV from measured body surface
potentials.** The dipole source model and BEM
are used in combination with 90 torso electrodes.
The first report on in vivo validation has recently
been published by Lai et al.®® BSPM was per-
formed in six patients with monomorphic PVC.
Compared with the successful ablation site, the
mean localization error of the CDR approach was
13.8 £ 1.3 mm.

Future perspective

Noninvasive imaging of cardiac excitation has
been the focus of several investigators, but it has
not yet evolved into a clinical technology that is
usable in daily clinical practice. This is mainly due
to technical challenges in the recording, processing,
and interpretation of the data. To enter the clinical
arena, the physical validity of the simulations and
robustness of the method must be undisputed. As
far as validation is a key issue, there is a need
for continued validation in humans. In addition,
practical aspects of handling a great number of
electrodes must be considered. Until now several
multielectrode vests have been developed, but it
remains unclear to what extent these vests allow
routine clinical application of BSPM.

More reliable simulations of greater physical
validity are aspired in the near future. In
order to achieve this, high-resolution imaging
techniques and improved inverse algorithms need
to be developed and integrated. For example,
the integration of patient specific MRI data on
cardiac fiber orientation into biophysical models
(FEM) poses new challenges.®® The selection of an
appropriate source and volume conductor model
may prove to be of utmost importance to construct
highly accurate, patient-specific three dimensional
simulation models for clinical use. Therefore,

substantial knowledge on the general challenges
regarding the use of inverse procedures seems
imperative.

Despite these challenges, noninvasive imaging of
cardiac electrophysiology is considered a promis-
ing tool to complement conventional EPS. For
example, in patients suffering from arrhythmias,
ectopic foci may be localized noninvasively prior
to entering the catheterization suite. Reducing the
duration of an invasive procedure and to decrease
the associated exposure to radiation could be an
important advantage of this application.

With regard to optimization of pacing therapy,
detailed simulation studies may be performed
using patient-specific three dimensional computer
models prior to implantation of a cardiac pacing
device. By incorporating knowledge on anatomy,
location of scar tissue and the site of latest
mechanical activation, optimal sites for lead
placement may be determined noninvasively.

In case of AF, these techniques may offer new
insights in the extent of structural and functional
remodeling of the atria. Especially, when incorpo-
rating information on the extent and location of
atrial fibrosis in patients undergoing pulmonary
vein antrum isolation (PVAI). Through follow-up
investigations, therapeutic effects or progression
of substrate remodeling can be assessed and
monitored carefully.

CONCLUSION

The development of robust inverse procedures
has kindled renewed interest in BSPM. The
combined use of inverse procedures and BSPM,
referred to as noninvasive imaging of cardiac
electrophysiology, is considered a promising tool
to complement conventional EP studies. To enter
the clinical arena, the physical validity of the
simulations and robustness of individual methods
must be undisputed. The selection of appropriate
biophysical models may prove to be of utmost
importance to construct highly accurate, patient-
specific three dimensional simulation models for
clinical use.
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