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Noninvasive imaging of regional cardiac electrophysiology remains an elusive target. Such imaging
is still in its infancy, particularly in comparison to structural imaging modalities such as magnetic
resonance imaging (MRI), x-ray computed tomography (CT) , and ultrasound. We present an overview
of noninvasive ECG imaging, and the challenges and successes of the various techniques across a
range of applications. Unlike MRI and CT, reconstructing cardiac electrophysiology from remote
body surface measurements is a highly ill-posed problem. We therefore first review the theoretical
considerations and associated algorithms that are used to address this issue. We then focus on the
important issue of validation, and review and contrast recent advances in this area. Efforts to validate
ECG inverse procedures using a modeling-based approach are addressed first. We then discuss various
experimental studies that have been conducted to provide appropriate data for robust validations. We
present new data that are simultaneously recorded from dense arrays of electrodes on the epicardium
and body surface of anesthetized pigs during sinus rhythm, ventricular pacing, and regional ischemia.
These data have been obtained specifically to help validate inverse ECG procedures, and form a useful
supplement to recent clinical validation studies. Finally, clinical applications and outstanding issues
regarding noninvasive imaging of regional cardiac electrophysiology are addressed.
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A major source of cardiac morbidity is electrical
rhythm disturbance due to altered electrophysio-
logical substrate. The 12-lead ECG is the primary
clinical tool for noninvasive assessment of cardiac
electrical function, but electrocardiographic imag-
ing has seen little development over the last cen-
tury. The quantitative interpretation of a 12-lead
ECG is based on a high degree of pattern recog-
nition and it lacks the ability to provide detailed
quantitative information about regional electrical
function. This is due in part to the limited num-
ber of recording sites used to sample the elec-
trical field generated by the cardiac source and
also its primitive theoretical basis. These limita-
tions have been recognized for many years! and
calls for clinical improvement have recently been
made.??

The diagnostic capability of an ECG can be im-
proved by increasing the number of leads used

to sample the cardiac electric field, thus increas-
ing the amount of information available about the
electrical source. Work in this direction began in
the 1960s*° and a variety of electrode configura-
tions have been used to increase the spatial sam-
pling density.® The increased data produced by the
electrode configurations require new methods of
visualization and analysis. Interpretation has often
been done by building up a database of body sur-
face potential maps from patients with known car-
diac conditions and using the database in a pattern-
matching procedure.” While this approach has been
shown to be useful,® one drawback is that no stan-
dard lead set has yet been defined. This has resulted
in a variety of databases being developed with little
communication between them. The success of this
procedure is therefore reliant on the quality of the
databases, and can result in spatially inadequate or
even incorrect diagnoses.

Address for reprints: Dr Martyn P. Nash, Ph.D., Bioengineering Institute, The University of Auckland, Private Bag 92019, Auckland,
New Zealand. Fax: +64 9 3677157; E-mail: martyn.nash@auckland.ac.nz

73



74 « AN.E. * January 2005 + Vol. 10, No. 1 * Nash, et al. « Validation of Inverse ECG Imaging

An alternative to the above pattern-matching
approaches are techniques based on the physical
laws governing electrostatics. Quantitative inter-
pretation of densely sampled ECG data in terms
of the underlying cardiac electrical activity is an
inverse problem. Over the past few decades, var-
ious mathematical algorithms have been devel-
oped in an attempt to solve the ECG inverse prob-
lem.%"1% Typically, the ECG inverse problem is
not uniquely determined, since there exist multi-
ple versions of the source (cardiac) electric fields
that can give rise to the remote (body surface) field
measurements.

Early approaches overcame this nonuniqueness
issue by modeling the heart as a combination of
a small number of fixed or moving dipoles.!* It
was later recognized that the problem was uniquely
determined if it was formulated in terms of re-
constructing epicardial potentials from the body
surface potential recordings.'® However, the recon-
struction of epicardial potentials from body surface
recordings is an ill-posed problem. This means that
in the presence of noise (which always exists in
practice), a solution to the ECG inverse problem
may produce a result that bears no resemblance to
the true electrical source. The emergence of a gen-
eral theory for such ill-posed problems!® and the
introduction of constraints on the mathematical so-
lutions have resulted in a variety of algorithms for
the ECG inverse problem. However, since they are
based on a generic approach, most of the modern
algorithms fail to incorporate the underlying physi-
ological processes governing the generation of body
surface potentials.

An alternative to the epicardial potential ap-
proach is to pose the problem in terms of the
myocardial activation sequence.!®71® This has po-
tential advantages over the epicardial potential
problem formulation, not least in that it deals di-
rectly with the underlying physiological process re-
sponsible for generating the body surface potentials
(namely, an evolving wave of depolarization). How-
ever, it introduces additional complexities in the
modeling process, such as the need to accurately
model the entire heart instead of just modeling the
epicardial surface. Techniques based on this acti-
vation imaging approach have been described in
several studies.!97%2

Given the sound theoretical basis for the above
ECG inverse methods, one question that natu-
rally arises is: why have these techniques not su-
perceded the 12-lead ECG for routine use by clin-

ical cardiologists? Possible reasons are: (1) mathe-
matical methodologies and computational model-
ing techniques have not been sufficiently power-
ful nor efficient to be of practical use; (2) there is
a lack of invivo experimental and clinical studies
that demonstrate the accuracy of these ECG inverse
methods on living subjects; and (3) the increased de-
tail obtained via various inverse procedures is not
sufficient to justify the extra effort needed to obtain
it.

Mathematical solutions to the first issue have
been formulated,!®?° making possible a tractable
computational implementation, which will con-
tinue to improve with faster CPUs and increasing
memory resources. On the other hand, the "ideal”
ECG inverse validation study may still be some
way off. The essential measures of such a study
include: accurate anatomical geometry and tissue
architecture (including anisotropic, heterogeneous
structure); concurrent electrical measures from the
torso (model inputs) and heart (to check ECG in-
verse predictions); heart and body surface elec-
trode locations; regional distributions of electrical
properties (such as conductivities) and associated
anisotropy; and all of these measures for a vari-
ety of cardiac conditions (normal versus pathologi-
cal). Furthermore, to complete the ideal validation
study, all of these measures would be achieved
noninvasively in the same subject, preferably
human.

It is only when the issues (1) and (2) above are
appropriately addressed that the question of ef-
fort versus reward (3) can be addressed. What is
clear is that accurate geometrical information is re-
quired to make a reasonable attempt at the inverse
solution.?®2* In a clinical setting, obtaining this ge-
ometrical information necessitates obtaining an ap-
propriate structural image of the patient using a
modality such as MRI or CT. This adds significant
extra time and expense to that required for a stan-
dard ECG assessment. Technology has a role to play
in decreasing this time and expense (e.g., ultra-fast
CT, automatic image segmentation algorithms), but
the onus is clearly on those working in the field of
inverse electrocardiology to make the case that per-
forming a quantitative inverse procedure justifies
the additional costs.

This review first presents a brief summary of the
common ECG inverse techniques. We then focus
on the variety of experimental, clinical, and mod-
eling studies that have attempted to validate the
computational methods.



AN.E. » January 2005 « Vol. 10, No. 1 « Nash, et al. * Validation of Inverse ECG Imaging * 75

ECG FORWARD MODELING

ECG inverse procedures all begin with a descrip-
tion of the forward problem, i.e., the problem of
relating the electrical source (be it the activation
sequence or epicardial or pericardial potentials) to
densely sampled body surface ECG signals. The
standard forward problem can be expressed as:

Polx. t) = Ad (y. 1 (1)

where ¢y (X, t) is a vector of body surface electropo-
tential signals at location x and time t, A is the
so-called transfer matrix, which contains all the in-
formation regarding geometry and tissue conduc-
tivities, and ¢n(y, t) is the electrical source on or in
the heart at location y (either epicardial or trans-
membrane time-varying potentials).

This simple description disguises a number of
important issues. First, the quasistatic approxima-
tion is universally adopted in this field. Thus, at
each time instant, the body surface potential dis-
tribution is assumed to be entirely determined by
the simultaneous electrical state of the heart source
(thus inductive and capacitive effects are assumed
to be negligible). Hence, the forward problem can
be thought of as a series of independent problems
— one for each time instant. Another widely ap-
plied assumption is that the cardiac motion can be
ignored, at least for restricted time intervals (e.g.,
during depolarization). Thus, the transfer matrix is
assumed to be constant over these restricted time
intervals. Third, ¢p(x,t) and A are corrupted in
practice by a variety of noise sources, each of which
may vary with time.

The transfer matrix is constructed by solving the
physical equations that relate cardiac activity to the
body surface ECG signals. For the epicardial poten-
tial formulation, the potential in the volume exte-
rior to the heart is governed by

V.(0cVe) =0 (2)

where ¢, is the extracellular potential and o.is the
extracellular conductivity tensor, which is spatially
heterogeneous due to various tissues of the body.
For the activation formulation, Equation (2) is com-
bined with the governing equation within the heart:

V.[(oe + 0i)Vpe] = —V.[0:1V ] (3)

where o; is the intracellular conductivity tensor and
¢m is the transmembrane potential. Equation (1) is

obtained from (2) or (3) through the use of an ap-
propriate numerical technique.

Theoretically, the transfer matrix is straightfor-
ward to compute. For the epicardial potential imag-
ing problem, the transfer matrix computation is de-
pendent on the geometry and conductivities of the
tissues exterior to the heart. For the transmembrane
potential/activation time formulation, the transfer
matrix is also dependent on the geometry and con-
ductivities of the heart. The issues surrounding the
computation of the transfer matrix are mostly prac-
tical. For example, the amount and quality of infor-
mation required to describe the geometric solution
domain is debatable, and this necessarily affects the
information that may ultimately be required in a
clinical setting.

ECG INVERSE MODELING

Starting from the above forward problem, the
inverse problem can be relatively simply stated:
invert the transfer matrix and apply it to the
measured ¢y, (X, t) to compute the unknown heart
sources ¢n(y, t). For either of the source formula-
tions outlined above, the ill-posed nature of the dis-
cretized inverse problem manifests itself in the se-
vere ill-conditioning of the transfer matrix, which
means that the calculation of its inverse is generally
not feasible, even in a noise-free situation.

Epicardial Potentials Inverse Methods

To produce a useful solution, a pseudoinverse of
the transfer matrix can be constructed, using tech-
niques involving a truncated singular value decom-
position (SVD) of A, or by imposing other numer-
ical procedures such as Tikhonov regularization.!®
In practice, these two families of methods are the
most widely used.

The Tikhonov solution is obtained by minimizing
the objective function:

Mionly. t)] = min || Apn(y. t) — ¢p(x, t) |17
+2% || Ren(y, t) 117 (4)

where R is a constraint matrix, ||| is the Euclidean
norm, and X is the regularization parameter, which
may be time varying.

There are three common Tikhonov regularization
methods—zero, first, and second order, for which R
is taken to be the identity matrix (zero-order), a dis-
crete approximation of the surface gradient (first
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order), or the Laplacian (second-order). The regu-
larization parameter controls the weight given to
the residual and solution norm, and controls the
degree of smoothing. The many variants of
Tikhonov regularization generally use zero-order
regularization and mainly differ by the manner in
which A is determined.?®

Another method of treating the ill-conditioned
nature of the transfer matrix is to obtain a well-
conditioned rank-deficient variant of A to use in its
place. This is easily achieved by truncating an SVD
expansion of A. The major question that arises with
this approach is how to determine the appropriate
place to truncate the singular values. The perfor-
mance of truncated SVD regularization is often in-
distinguishable from that of zero-order Tikhonov
regularization.

Regularization constraints are often applied in-
dependently to the individual members of the ECG
time-series data under the quasistatic approxima-
tion.19-26:27 Sych approaches neglect the fact that
the time-series components are not independent,
since they arise from a propagating wave of excita-
tion. In principle, an approach that simultaneously
operates on the entire time series, incorporating
physiological temporal constraints, could overcome
these shortcomings.?873! However, it remains to be
established whether such approaches can provide
more accurate predictions of cardiac electrical ac-
tivity in the experimental or clinical settings.

Activation Sequence Inverse Techniques

Activation inverse algorithms revolve around ob-
taining an initial estimate of the depolarization
sequence from the body surface potentials, then
refining this estimate through an optimization pro-
cess designed to minimize the difference between
the known torso signals and those predicted using
the transfer matrix. The accuracy of the results ob-
tained from this process is strongly dependent on
the initial estimate used in the optimization process.

The activation inverse approach has been around
for several decades.!®'8 However, obtaining an ap-
propriate initial estimate of the solution proved to
be challenging, until a significant advancement®?
provided greatly improved activation inverse pre-
dictions.’® The key difference of this work was
that instead of trying to obtain an initial esti-
mate of the entire activation sequence (a prob-
lem with infinitely many degrees of freedom), one
first attempts to locate some key features of the

activation sequence, namely, the critical points
(which are essentially the activation breakthrough
points). With an accurate localization of the crit-
ical points, the computation of the entire activa-
tion sequence is theoretically well-posed. This so-
called Critical Point Theorem has paved the way for
the practical use of activation inverse algorithms.!®
Other groups have since adopted the activation
inverse approach,??% and modifications to im-
prove the performance of the algorithm have been
proposed.3*

ECG INVERSE VALIDATION

Although the theoretical developments of various
ECG inverse techniques have been based on math-
ematically sound formulations, it remains to be es-
tablished whether these methods can offer useful
insight into the electrical function of the heart in
the laboratory or clinical setting. Quantitative ex-
perimental validation studies are required in order
to convince researchers and cardiologists that ECG
imaging can aid in the clinical assessment of car-
diac function. However, such experimental studies
are by no means trivial. In order to assess the ac-
curacy with which ECG inverse methods can re-
construct electrical images of the heart, an "ideal”
set of in vivo experimental data would contain the
following:

1. Concurrent sets of densely sampled electropo-
tential signals from the body surface and heart.

2. 3D locations of each of the electrical sampling
points (electrodes).

3. Patient- or animal- specific quantitative descrip-
tions of the anatomical geometry of the torso and
all of its constituent organs and tissues.

4. Spatial descriptions of the electrical properties
(e.g., conductivities) of the various tissues, in-
cluding heterogeneities and anisotropic mate-
rial descriptions for the appropriate tissues (e.g.,
heart and skeletal muscle).

The complexity of such an experiment has meant
that no attempt has been made to record all of these
data for a single patient or animal. It is even ques-
tionable as to whether this may even be techni-
cally possible. Instead, a variety of experimental
studies have reported subsets of these measures,
both in vivo and in vitro, with varying quality and
accuracy. In an attempt to validate ECG inverse
methods, these subsets of recordings have been
amalgamated with data from the literature
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(estimates from other preparations), and/or synthe-
sized data generated using computer models.

Modeling Studies

Since the early theoretical work in developing
ECG inverse algorithms, there have been a wide
variety of modeling studies that have attempted to
assess the accuracy of the methods and highlight
the relative importance of various sources of data
required to solve the ECG inverse problem. In the
absence of the ideal clinical data set, the majority
of studies have combined a limited set of experi-
mental recordings with synthetic ECGs. Some of
the most detailed studies of this kind®>-3¢ have in-
corporated dense arrays of epicardial electrograms
from dog hearts under a variety of conditions into
forward simulations using an anatomically realis-
tic torso geometry to generate body surface signals.
These synthetic torso signals were then fed into
the inverse algorithm to reconstruct epicardial po-
tentials. There are a number of similar studies of
note 2437-39

While such studies have reported some inter-
esting conclusions, their limitations should not be
overlooked. The signals and transfer matrix of these
model simulations were noise free. Although at-
tempts were made to “corrupt” the synthetic data
by imposing noise, this was often limited to adding
noise to the signals, or a small amount of uncer-
tainty to electrode locations. By far the most dam-
aging to any inverse algorithm is the effect of ge-
ometric noise,* particularly that associated with
uncertainty in the position of the heart within the
torso.?® Most of the ECG inverse modeling studies
have failed to address this.

Modeling studies have been repeatedly used to
determine the importance of various factors, such
as the relative conductivities of different tissue
types to the accuracy of the ECG inverse predic-
tions.?*% Typical simulations involved the use of
recorded heart data to generate synthetic torso sig-
nals via a transfer matrix constructed from one
combination of tissues and conductivities. The syn-
thetic signals were then inverted using a transfer
matrix constructed from a different (typically re-
duced) combination of these factors. The original
and reconstructed heart signals were then com-
pared to assess the importance of the changes
in tissue properties. The major limitation with
these studies is that epicardial potentials are ex-
tremely sensitive to the surrounding impedances,
i.e., changing external tissue properties markedly

affects the epicardial potentials. Thus, it is ques-
tionable whether the effect of tissue impedances
can be determined using such modeling studies.
These limitations all strengthen the need for in
vivo data for validation of ECG inverse techniques.

Experimental Studies

The earliest attempts to simultaneously record
dense arrays of torso and heart electropotentials
were reported by Spach et al.*! in the chimpanzee,
and Barr and Spach!® in the dog. The lack of spa-
tiotemporal resolution and the fact that these stud-
ies were published prior to the major theoretical
developments in ECG inverse techniques have re-
sulted in limited interpretation of the results in the
context of validation of ECG imaging methods. Nei-
ther of these data sets is currently available, ren-
dering more a more modern inverse assessment
impossible.

A decade later, a carefully controlled series of
in vitro experiments involving isolated dog hearts
submerged in a torso tank*? provided a good source
of data for ECG inverse validation studies.?**3 Us-
ing this approach, a range of pathological maneu-
vres, such as changes in pacing rate and temper-
ature,* reduced coronary flow,*> and variations
in heart location,?® were performed to investigate
their effects on surface ECG activity. This exper-
imental model provided quantitative information
regarding the size, shape, and orientations of the
hearts in the known torso geometry, together with
locations of the concurrent epicardial and torso sur-
face electropotential recordings, and has been used
to examine the effects of varying conductivities
and heart position on torso surface recordings.?%36
While the setup was anatomically realistic, the ECG
data arises from a fundamentally in vitro setup,
and the conclusions from these studies remain to
be demonstrated using in vivo or in situ heart
preparations.

To address this, we have developed methods to
simultaneously record dense arrays of in situ epi-
cardial and body surface ECGs from anesthetized
pigs using a UnEmap recording system (UniSer-
vices Ltd, New Zealand).*® Detailed measurements
of thorax and cardiac geometry were taken to-
gether with individual electrode locations for the
torso and heart arrays. Simultaneous electrical ac-
tivity was reported for a range of epicardial pacing
sites,*” and during/following acute regional ventric-
ular ischemia.*® Full details of the ECG mapping
techniques, computational model construction and
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customization, and signal visualization methods
have been published previously.*5-4°

Figure 1 illustrates concurrent porcine heart
and body surface electropotential measures from
five experiments under control conditions (sinus
rhythm), and during epicardial pacing at two differ-
ent sites. In all three cases, spatial maps of the mean
epicardial activation times and the mean torso ORS
integrals illustrate the small variability of the torso
ECG recordings for a given epicardial activation
sequence. These technically difficult experiments
not only provide suitable in vivo data to quanti-
tatively assess the accuracy of ECG imaging tech-
niques, but the repeatability of the torso record-
ings (i.e., the close proximity of the body surface
integral extrema) for similar conditions between ex-
periments suggests that some features may be ro-
bustly obtainable using computational ECG inverse
methods. Similar repeatability of torso characteris-
tics has been demonstrated in human studies that
compared endocardial pace-mapping results with a
database of body surface potential images.®*-5!

Figure 2 illustrates changes in epicardial activa-
tion and repolarization sequences, together with
the concurrent QRST integral maps due to acute
ischemia induced by 4 minutes of total LAD oc-
clusion in the anesthetized pig. Epicardial changes
were clearly reflected in the body surface record-
ings, with the marked electrical changes (delayed
activation, early repolarization, and elevated ST
segments) on the anterior surfaces of the ven-
tricles and torso. An inverse ECG technique ap-
plied to human body surface ECGs obtained during
acute ischemia®® provided reasonable qualitative
agreement with regions of reduced perfusion es-
timated from fluoroscopic examination of the coro-
nary anatomy. These results and the experimental
data illustrated in Figures 1 and 2 suggest that the
combination of ECG inverse methods with dense
body surface ECG mapping may well serve as a
useful non invasive tool to investigate electrocar-
diac abnormalities in the in vivo experimental or
clinical setting.

While the animal studies have posed some inter-
esting hypotheses and elucidated potentially useful
techniques, validation of the methods, and confir-
mation of the results in humans remains extremely
challenging. The ability to record the ideal set of
ECG and geometric data to validate inverse ECG
algorithms in the clinical setting is practically infea-
sible. However, recent attempts have been made in
this direction.

A recent study®® described efforts to validate in-
verse ECG imaging in humans. Studies were con-
ducted in which CT images of patients were used
to create the geometric torso models needed for
the transfer matrix computation. Densely sampled
(224) body surface ECGs were acquired from sev-
eral patients, for which epicardial potential in-
verses were computed. Results were obtained for
activation and repolarization in a normal heart, a
heart with a conduction defect, pace activation, and
atrial flutter. These results were compared to the
known disorders and were shown to be in qualita-
tive agreement. However, a quantitative validation
was lacking since no in vivo heart recordings were
available. Further qualitative validations have been
performed previously.*5°

To date, arguably the most quantitative clinical
ECG inverse validation studies®®®” have assessed
the accuracy of methods that reconstruct myocar-
dial activation (depolarization) times. These valida-
tion data were based on the fusion of endocardial
catheter mapping protocols with MRI, to determine
the patient-specific cardiac and torso geometry. Lo-
calization of initial activation sites showed good
agreement with data measured using the catheter
based CARTO system for paced hearts, for patients
with Wolff-Parkinson-White syndrome, and in pa-
tients with atrial arrhythmias. These are some of
the first clinical ECG imaging studies to validate the
ECG inverse techniques using concurrent in vivo
cardiac and body surface ECGs.

CLINICAL APPLICATIONS AND
ISSUES

There are many questions and issues that need
to be addressed, and many validation experiments
that need to be performed before one can be
confident that quantitative noninvasive electrical
imaging of the heart can provide efficient and ac-
curate diagnoses in the clinical setting. Such is-
sues include the cost and logistics behind obtain-
ing patient specific anatomical information (via
MRI/CT/ultrasound) and whether these can be al-
leviated to some degree using techniques that can
customize models to patients in the absence of de-
tailed information. It is debatable as to whether an
inversely computed electrical image of the heart is
worth the extra expense, given the historical suc-
cess of the 12-lead ECG. Moreover, even if it was
worth it, clinical use of such an approach would
likely face great inertia from the medical profession
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FIGURE1. Simultaneous epicardial (left) and body surface ECG (right) imaging in the anesthetized pig (n = 5) during
sinus rhythm (control heart rate 156 4+ 28 bpm; mean arterial blood pressure [ABP] 122/80 mm/Hg), and epicardial
pacing (approximately 25 ppm above the intrinsic rate). Posterior apical pacing (STIM1) significantly increased the
dispersion of epicardial activation from 19 £ 2 ms (control) to 48 £ 7 ms (p<0.01) and decreased the ABP by
approximately 45/25 mmHg. Activation dispersion for antero-basal epicardial pacing (STIM2) was 51 £+ 4 ms (p<0.01
compared to control) and the ABP dropped by approximately 45/20 mmHg. Epicardial activation and torso ECG integral
maps show averaged data, with individual observations indicated for earliest (red squares) and latest (blue squares)
epicardial activation, and positive (red diamonds) and negative (blue diamonds) extrema of the torso ECG QRS integral
maps. The minor nature of the variations in body surface activity suggests that some electrical features may be robustly
obtainable using in vivo inverse ECG imaging.
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FIGURE 2. Concurrent epicardial and torso ECG activity before (left), following 4 minutes of
total left anterior coronary artery (LAD) occlusion (middle), and after 6 minutes of reperfusion
(right) in an anesthetized pig. (A) Epicardial activation sequence mapping highlights the region
of slowed conduction (blue) distal to the LAD snare during occlusion, while repolarization (B)
was earliest (red) in the same region, consistent with the known effects of ischemia on the
cardiac action potential. (C) Body surface QRST integral mapping highlighted a marked region
of abnormal positivity adjacent to the ischemic portion of the heart, consistent with the ST
segment elevation seen on the standard precordial lead-V1 (D), while lead-Il showed relatively

little change during the entire protocol.

due to the dominance of the 12-lead ECG and the
mind set that surrounds it.

However, it is clear that there are many advan-
tages that can be offered by more detailed noninva-
sive imaging of the electrical activity of the heart,

although it should be expected that the prospective
imaging modality will be an adjunct rather than a
replacement for the 12-lead ECG. At a minimum,
one would expect to provide much greater pre-
cision in ECG-type diagnosis by filtering out the
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contamination that noncardiac geometric factors
have on the ECG. This would improve the sensi-
tivity and specificity of a diagnosis. From the pa-
tient perspective, an increased confidence associ-
ated with a diagnosis may be worth paying a pre-
mium for, helping to alleviate the issue of the in-
creased cost to obtain such a diagnosis.

There is also potential benefit to be obtained from
inverse ECG imaging in the guidance and evalua-
tion of antiarrhythmic interventions, for example,
in the case of catheter ablation or drug therapy.%%->°
In ablation procedures, a priori determination of
the arrhythmogenic focus would certainly be ad-
vantageous, but this may be very challenging in
many situations, such as for ectopic foci originating
from the ventricular septum. Quantitative informa-
tion regarding the location of ectopic activity or ac-
cessory pathways could help guide catheter place-
ment and reduce operating times in the catheter
clinic.

It is also worth noting that inverse ECG imaging
is a functional imaging technique. It would be inter-
esting to follow, for instance, electrophysiological
changes during cardiac stress tests with more pre-
cision than is currently available with the 12-lead
ECG. In addition, the study of aging and disease on
cardiac electrophysiology would be greatly aided
by quantitative electrical imaging of the heart. Al-
though there are still several hurdles to jump be-
fore quantitative noninvasive electrical imaging of
the heart becomes a routine tool in cardiovascu-
lar research or clinical practice, the benefits of the
technology are extremely promising.
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