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Imaging and Visualization of 3-D Cardiac
Electric Activity

Bin He, Senior Member, IEEEBnd Dongsheng Wu

Abstract—Noninvasive imaging of cardiac electric activity is of Efforts have been put forth on estimating the electrical po-
p g p

importance for better understanding the underlying mechanisms  tentials [2]-[10] or activation sequence [11], [12] over the epi-
and for aiding clinical diagnosis and intervention of cardiac ab- cardium from body-surface ECG measurements. Similar efforts
normalities. We propose (o image the three-dimensional (3-D) car- 15 heen made to estimate potentials or activation se-
diac bioelectric source distribution from body-surface electrocar- - p )

diograms. Cardiac electrical sources were modeled by a current duence over the endocardium from potentials recorded over a
dipole distribution throughout the entire myocardium, and esti- balloon catheter [13], [14]. In these approaches, the electrical

pp

mated by using the Laplacian weighted minimum norm (LWMN)  potential field or activation sequence over a part or the entire
algorithm from body-surface potentials. The estimated inverse so- heart surface are inversely estimated with the goal to virtually

lution of the current distribution was further improved by usinga b . di lectrical activity in the vicinity of electrical
recursive weighting strategy for localized sources, such as origins observe: cardiac electrical activity In the vicinity ot electrica

of cardiac arrhythmias. Computer simulations were conducted to  activity in the myocardium. Such estimation through an inverse
test the feasibility of the proposed approach by using a 3-D ven- procedure is usually called the ECG inverse solutions.

tricle model embedded in a realistically shaped torso model. The  \While the heart-surface inverse solutions provide much en-
boundary element method was used to solve the forward problem 54064 spatial resolution regarding the underlying cardiac elec-
from assumed cardiac sources to the body-surface potentials. Two , . NP -

testing dipoles were placed in the left and right ventricles, simu- trical activity as Compqred _W't_h th_e smeared body-surface (or
lating the early activation associated with ventricular arrhythmias.  balloon surface) potential distribution, the heart-surface inverse
The LWMN inverse solution showed an equivalent source distribu- solutions are still limited in that it is an inverse solution over
tion over the entity of both ventricles, with spread areas of activity the surface of the heart, within which the true myocardial elec-
overlying the positions of the testing dipoles. The sharpened inverse tric activity is located over the three-dimensional (3-D) my-

image provides well-localized focal sources near the testing dipole di = le itis desirable to | i it f oriai
positions. In summary, the present computer simulation suggests Ocardium. i-or exampie, 1LIS desirable o localize SItes ot orgin

that the proposed 3-D cardiac current source imaging and localiza- Of cardiac arrhythmia in the 3-D myocardium, in order to guide
tion approach appears to be a promising candidate for localizing RF catheter-ablation procedures. The information available over

and imaging sites of origins of cardiac activation. the heart surface regarding the underlying myocardial activation
Index Terms—Cardiac imaging, catheter ablation, electrocar- will still need to be processed to lead to directly useful informa-
diography, inverse problem, Laplacian imaging. tion in a clinical setting.
In this paper, we propose to image the current source distribu-
I. INTRODUCTION tion insidethe 3-D myocardium from noninvasive body-surface

] ] ] ) ~ ECG recordings, by means of a Laplacian weighted minimum

N ONINVASIVE imaging of cardiac electrical activity norm (LWMN) algorithm. A recursive weighting strategy was
inside the human body has historically been an importapfther used to aid the localization and imaging of focal sources.
challenge. Cardiac electrical activity is spatially distributegtomputer simulation studies were conducted to test the feasi-

over three dimensions of the myocardium and evolves Willjity of this newly proposed 3-D source imaging approach, and
time. A significant amount of effort has been put forth in pasiye described below.

decades in the development of high-resolution cardiac electric
imaging techniques, which attempt to image myocardial
electrical activity withoutad hocassumption on the number of
source dipoles [1]. Due to the high temporal resolution inhereat Formulation of 3-D ECG Source Imaging

in the bioelectric measurements such as the electrocardiogranllhe ECG inverse problem, which shall be defined as the

(ECQG), the availability of bioelectric source imaging modalities . A
) . o : roblem to reconstruct equivalent source distributions from
provides much needed high temporal resolution in mapping the

. - - : X dy-surface electrical measurements, is intrinsically underde-
functional status of the heart, and aiding clinical diagnosis and "°. . : )
; . termined. The source imaging method does not lead to a unique
treatment such as catheter ablation of arrhythmias.

solution of the inverse problem unless further constraints are
considered, e.g., the sources are restricted to the epicardium, or
Manuscript received May 22, 2000; revised January 14, 2000. This WO'k‘"@gme physiological constraints and mathematical regularization
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the current dipole distribution inside the myocardium to the
body-surface ECG measurements

V= AX 1)

whereV is the vector consisting af» body-surface-recorded
potentials,X is the unknown vector of moments of current
dipoles, which are located at sites covering the entire my-
ocardium, andA is the transfer matrix. If we consider each
point dipole consists of three components in the Cartesian
coordinates, the vectak will be 3» in length and matrixA

will be m x 3n in size. The measurement at each sensor is
produced by a linear combination of all dipole components,
with columns of A as weighting factors. The inverse problem
of 3-D current source imaging is to seék from V. As the
number of measurement electrodes is always much less than
the dimension of the unknown vectoX, this problem is

an underdetermined nonunique inverse problem. A proper
regularization strategy is necessary for obtaining a reasonaflg1. 3-D heart-torso model used in the present computer simulation study.
solution to this problem. A ventricle model is embedded into a realistically shaped inhomogeneous torso.

The body-surface potentials are computed by means of the boundary-element
method.

B. Inverse Imaging Algorithms

Equation (1) is a heavily underdetermined system because, ilThe recursive weighting algorithm assumes that most of the
general, the number of current dipoles inside the myocardiutomponents in the solution for localized sources will be zero, in-
greatly exceeds the number of chest recording electrodes. Fdicating no current at the corresponding locations. Equivalently,
thermore, there are an infinite number of solutions that may sanly a small number of columns of and, hence, the corre-
isfy (1). The unique minimum norm (MN) solution is one of thesponding elements of vectdt, contribute to the measurements.

feasible solutions [17], [18] The recursive weighting algorithm finds localized solutions by
starting with the LWMN estimate. It then recursively enhances
X=Atv=4" (AAT)+V (2) the values of some of the initial solution elements, while de-
creasing the rest of the elements until they become zeros. In the
where(x)* denotes the Moore—Penrose inverse. end, only a small number of winning elements remain nonzero,

As the MN solution is intrinsically biased toward the superfiyielding the desired type of localized energy solution.

cial position, the LWMN solution has been used [19] to improve The numerical strategy for computing recursive solutions is
the performance of the inverse reconstruction. For LWMN [19he WMN, with the pseudoinverse solution given by

it utilizes a weighting operatat W, whereL is a Laplacian op- +
erator and¥ is a diagonaBn by 3n matrix withw;; = ||4,||, X =WAW)TV = WWHAT(AWWTAT)TV - (5)
and 4; is theith column of A. Assuming the weighting factor

is nonsingular, we have whereW is ann x n weighting matrix. In each iteration step,

matrix Wy, is updated by taking the product &f;,_; with the
V = A(LW)~ (LW)X 3) diagonal current matrix from the preceding step
and Wi, = Wy -diag (X§ 1 X571 XF1). (6)
B n Each diagonal element d¥ corresponds to one element of
X= (WLTLW) AT (A(WLTLW)fAT) V. (4) the current. Large elements Bf in conjunction with the data
make the corresponding elementsinarge and vice versa for
If L is simplified to be a unit matrix, (4) will be simplified small elements. From (3), we reinforce the positive (or negative)
to the normalized weighted minimum norm (WMN) solution. Ithanges in the elements &f with each step. The process con-
both L andW are simplified to be unit matrix, (4) will simplify tinues until most elements are reduced to zero. Therefore, the
to the MN solution [16]. solutions are localized and the spatial resolution is enhanced.
Furthermore, the solution resulting from the LWMN algo- , )
fithm tends to be over-smoothed in the space domain becafrseSimulation Procedures
of the constraints of minimizing the Laplacian of the signal A 3-D heart-torso inhomogeneous volume conductor model
being imposed. For the purpose of localizing well-focusg@1] was used in the present simulation study (Fig. 1). There are
sources, such as the sites of origin of cardiac arrhythmi&d,1 nodal pointsin total over the torso surface and lung surfaces.
we have applied a recursive weighting strategy, which w&onsidering the low conductivity of the lungs, the conductivity
previously developed for improving the performance of MMatio of torso to lungs was setto 1:2 [1], [15]. The conductivity
magnetoencephalogram (MEG) imaging [20]. for cardiac muscle is assumed to be the same as the torso. The
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ventricles were divided into an equidistant lattice structure witt
6.7 mm between nodes. In total, there are 1124 voxel nodes
the 3-D solution space of the ventricles.

The body-surface potentials generated by current sourc
somewhere inside the inhomogeneous volume conductor &
given by [22]

(a)

—xy 1 — 1 < al'"—al_/ (_)
¢(7 ) O_l¢oo(7 ) 4”; o Sl(/J 7 ) dw

. (7)
wherer is any observation pointinside the volume conductor
P IS the potential at the same point in an infinite medium with
unit conductivity, ands;” ando;” are the conductivities of the
medium just outside and insid&, respectively. Note that all
homogeneous compartments are bounded by surfces Sy
of arbitrary shape, and; is the outer surface of the volume
conductor.

Two current dipoles, oriented from the waist toward the neck
were used to approximate well-localized myocardial electrice
sources. Gaussian white noise of 5% was added to the calculal
body-surface potentials from assumed cardiac sources to sir
late noise-contaminated body-surface ECG measurements. T
3-D equivalent cardiac source distribution was then estimate
by means of the LWMN algorithm with recursive weighting
Strategy.

(b)

Ill. RESULTS

Fig. 2 illustrates an example of 3-D cardiac electric imaginc
of two dipole sources located close to the anterior epicardiul
at the right and left ventricles. The locations of the dipoles
are illustrated in Fig. 2(c) by the red color, where the greel
color refers to zero activity. The LWMN solution is illustrated
in Fig. 2(a), where the red and yellow colors illustrate the
strength of the equivalent dipole source distribution throughot
the ventricles. Fig. 2(a) shows that the LWMN solution
reached maxima in the regions overlying with the location:
of the two source dipoles. However, the source distribution i
widely spread over a large volume of the ventricles due to th
smoothing constraints introduced in the LWMN solution. The
recursively weighted LWMN solution is illustrated in Fig. 2(b),
where, after 20 iterations, the source strength distribution is
well focused at three locations: two of the source Iocalizatiqjﬂg. 2. Example of 3-D cardiac electric source imaging of two dipole sources
results being consistent with the “true” dipoles, and onecated close to the anterior epicardium at the right and left ventricles in (c). The

extra “false" source pOSItlon on the posterlor Ventrlcular Wa!.rNMN solution is illustrated in (a), where the red and ye”OW colors illustrate
. . . . the strength of the equivalent dipole source distribution over the ventricles. The
mtrqduced by the inverse imaging procedure. ) recursively weighted LWMN solution is illustrated in (b). The 15 small panels
Fig. 3 illustrates another example of 3-D cardiac electrigarting from the left- to the right-hand side (and from the top to the bottom)

imaging of two dipole sources located close to the endocardi ijfystrate the source strength distribution over 15 slices of the ventricles (from
at the right and left ventricles [see Fig. 3(c)]. The LWM ase to apex).

solution is illustrated in Fig. 3(a), where the red and yellow

colors illustrate the strength of the equivalent dipole soureentricular activity may be due to the increased distance from
distribution through the ventricles. Fig. 3(a) shows that, whehe left ventricular endocardium to the chest, as compared with
the two dipoles were located close to the endocardium, ttiee distance from the right ventricular endocardium. Similar to
LWMN solution reached a maximum in the right ventriclethe epicardial dipoles, the reconstructed LWMN solution was
overlying with the location of the source dipole. However, thevidely spread over a large volume of the ventricles, due to the
source strength distribution showed a small local maximusmoothing constraints introduced in the LWMN solution. The
in the left ventricle, with a strength much weaker than thecursively weighted LWMN solution is illustrated in Fig. 3(b),
maximum at the right ventricle. This bias toward the rightvhere, after 20 iterations, the source strength distribution is

(e)
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Fig. 3. Example of 3-D cardiac electric source imaging of two dipole sourc:

located close to the endocardium at the right and left ventricles in (c). T

LWMN solution is illustrated in (a), and the recursively weighted LWMN

solution is illustrated in (b). The 15 small panels starting from the left- to the

right-hand side (and from the top to the bottom) illustrate the source streng__t_h . o . )

distribution over 15 slices of the ventricles (from base to apex). ig. 4. Example of 3-D cardiac electric imaging of two dipole sources located
close to the endocardium at the right ventricle and the epicardium at the left
ventricle in (c). The LWMN solution is illustrated in (a), and the recursively

. . ._ .. weighted LWMN solution is illustrated in (b). The 15 small panels starting from
well focused at two locations: one of the source localizatiqf fe- 1o the right-hand side (and from the top to the bottom) illustrate the

results being consistent with the “true” dipole at the righdource strength distribution over 15 slices of the ventricles (from base to apex).
ventricle, and another being located at the left ventricular
endocardium, shifted 1 cm left of the “true” dipole position.

Fig. 4 illustrates another example of 3-D cardiac electriocations of the source dipoles. The LWMN solution showed a
imaging of two dipole sources located close to the endocardiwtnonger source distribution over the left ventricle as compared
at the right ventricle and the epicardium at the left ventricleith that in the right ventricle, probably due to the fact that the
[see Fig. 4(c)]. The LWMN solution is illustrated in Fig. 4(a)dipole in the left ventricle is located closer to the chest, as com-
where the red and yellow colors illustrate the strength of thgared with the dipole located in the right ventricle. In addition,
equivalent dipole source distribution throughout the ventricleBig. 4(a) shows that there is another major area of activity ap-
Fig. 4(a) shows that the LWMN solution reached maxima ipearing over the posterior ventricular wall in the LWMN solu-
both the right ventricle and the left ventricle, overlying with théion. The recursively weighted LWMN solution is illustrated in

B3 o4 am LE E R
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Fig. 4(b), where, after 20 iterations, the source strength distribuith experimental observations during the early phase of ven-
tion is well focused at two locations: one of the source localizéricular tachycardia [31]. In our computer simulation studies,
tion results being consistent with the “true” dipole at the rightve have initially tested, for the first time, the feasibility of our
ventricle, and another being located at the left ventricle, shifteghproach using the LWMN solution with a recursive weighting
1 cm toward the direction of endocardium from the “true” dioplstrategy in localizing and imaging well-localized cardiac elec-
position in the left ventricle. tric activities in a 3-D heart—torso model.

While the present simulation results appear to be encour-
aging, there are a few open questions to be addressed in
future studies. First, as Fig. 2 shows, the present imaging

Noninvasive localization and imaging of sites of origin oflgorithm sometimes introduces a spurious solution in a region
supraventricular and ventricular arrhythmias is of great impothere there is no actual source. Therefore, the imaging results
tance for guiding RF ablation procedures. Of importance is &ould be interpreted as candidate sites of origins of cardiac
develop reliable and fastimaging techniques, which can ident@jrhythmias and the final decision should be made based on
the sites where the ablative energy is to be delivered. Investigatheter measurements. With efficient computation based
tors have used various mapping procedures to aid localizati@h spontaneous body-surface ECG distribution, the imaging
of sites of origin of cardiac arrhythmias, including endocardi&gésults can be promptly screened by inserting the catheter
activation mapping [23], electromagnetic—anatomical mappiﬁg\Nard the region where a candidate solution is suggested. Such
[24], and pace mapping [25]. However, due to the significagpurious solutions can be excluded by examining the catheter
period of time required by these clinical mapping procedurel‘@COl’dingS. Since sites of origin of arrhythmias that need RF
the application of RF ablation procedures for treatment of veifitervention do not have a large number in a clinical setting,
tricular arrhythmias has remained limited. Thus, it is highly deéuch spurious solutions may not introduce significant problems.
sirable to be able to fast localize and image sites of origins 8&cond, the current LWMN solution with a recursive weighting
ventricular arrhythmias. strategy still show a certain shift toward the “interior” of the

Historically, numerous efforts have been made in an attenipyocardium from the “true” solution positions ( Figs. 3 and
to noninvasively localize and image cardiac electrical activit§)- Both the LWMN algorithm and the recursive weighting
from body-surface ECG signals [1]. A number of investigatoi@lgorithm may contribute to such a “shift.” Compared with
have studied electrocardiographic inverse solutions, whigkher available methods to localize sites of origin of cardiac
attempt to mathematically reconstruct the equivalent sourgghythmias, the present results of 1-cm accuracy appear to be
distribution of cardiac bioelectrical activity. Cardiac electricapromising and encouraging. Third, in order to systematically
sources have been modeled by a single dipole [26] and multigi¢aluate the performance of the proposed approach to image
dipoles [26]-[29], multipoles [30], heart-surface isochronand localize focal cardiac sources, a more thorough study
[11], [12], or epicardial potentials [2]-[10]. For the clinicalshould be conducted by evaluating the reconstruction results of
applications to localize the sites of origin of arrhythmias, 3-B number of source configurations including sources located
information is desirable. The equivalent dipole solutions wef@ various regions of the heart with various orientations.
among the early ECG inverse solutions. It has been sholWg@netheless, the LWMN solution with recursive weighting
that the single equivalent moving dipole solution can providdrategy appears to be a promising candidate for localizing and
good approximation of the myocardial electrical activity ifmaging sites of origin of cardiac activation.
only one small area of the myocardial tissue is activated at a
time [26]. Previous studies have also shown that the equivalent ACKNOWLEDGMENT
dipole solution suffers from existing experimental noise if the
number of the moving dipoles increases to two or more [29],
In a clinical setting, one wishes to localize and image sites
origin of arrhythmias, which are generally unknown. Therefor
there is a need to develop a technique, which can localize and

IV. DISCUSSION
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