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Localization of the Site of Origin of Cardiac
Activation by Means of a Heart-Model-Based
Electrocardiographic Imaging Approach

Guanglin Li and Bin He?* Senior Member, IEEE

Abstract—We have developed a new approach to solve the in- challenging problem. Efforts have been made to circumvent the
verse problem of electrocardiography in terms of heart model pa- nonuniqueness of the ECG inverse problem by using equivalent
rameters. The inverse solution of the electrocardiogram (ECG) in- cardiac generators (such as equivalent dipoles [1]-[4] and

verse problem is defined, in the present study, as the parameters of . . . .
the heart model, which are closely related to the physiological and multipoles [S]), heart surface isochrone [6], [7], or epicardial

pathophysiological status of the heart, and is estimated by using an Potentials [8]-[17]. Among the ECG inverse solutions, the
optimization system of heart model parameters, instead of solving epicardial inverse solutions have been demonstrated by many
the matrix equation relating the body surface ECGs and equiva- jnvestigators to provide important unrestricted information
lent cardiac sources. An artificial neural network based prelimi- regarding the underlying cardiac electrical activity.

nary diagnosis system has been developed to limit the searching - .
space of the optimization algorithm and to initialize the model pa- Another characteristic of the ECG inverse problem, not so

rameters in the computer heart model. The optimal heart model €asily bypassed, is its ill-posed nature whereby the desired
parameters were obtained by minimizing the objective functions, inverse solution is unstable and can oscillate wildly with the

as functions of the observed and model-generated body surfaceslightest noise or other perturbation in the electrical and/or
ECGs. We have tested the feasibility of the newly developed teCh'geometricaI input data. The techniques of regularization must

nigue in localizing the site of origin of cardiac activation using a theref b dt the effects of i itabl d
pace mapping protocol. The present computer simulation results ereiore be used to suppress the eflects ol inevitable errors due

show that, the present approach for localization of the site of origin 0 imposing ConStrain_tS on the 59|Uti0n5- In O_rder to Obtain ac-
of ventricular activation achieved an averaged localization error curate, stable and reliable ECG inverse solutions, investigators

of about 3 mm [for 5-uV Gaussian white noise (GWN)] and 4 mm  have explored techniques of regularization [9]-[14]. Recently,
(for 10-uV GWN), with standard deviation of the localization er- g\ erg| investigators [15]-[17] have also attempted to solve the

rors of being about 1.5 mm. The present simulation study suggests . . .
that this newly developed approach provides a robust inverse so- ECG inverse problems by employing body surface Laplacian

lution, circumventing the difficulties of the ECG inverse problem, ECG measurements [18], [19].
and may become an important alternative to other ECG inverse  Although one can circumvent the difficulty that arises from

solutions. the lack of a mathematically unique solution in the ECG in-

Index Terms—Body surface potential maps, electrocardio- VErse problem and minimize the effects of the inevitable errors
graphic imaging, electrocardiography, heart model, inverse by imposing constraints on the solution by means of regulariza-
problem, optimization algorithms, pace mapping. tion, some difficulties still exist. For example, it is obvious that
even if the ECG inverse solutions, using either the equivalent
cardiac-source representation or the epicardial potentials, can
. _ be accurately obtained, they are not the desired results which
T HE GOAL of the inverse problem of electrocardiogy|iow us to gauge the physiological or pathophysioligical status

raphy is to noninvasively and quantitatively characteriz@ the three dimensional myocardium and to establish a clinical

and reconstruct cardiac electrical events from body surfagggnosis. One still must deduce or evaluate the cardiac physi-
electrocardiographic measurements. In contrast to the ffpgical or pathological characteristics inside the three-dimen-
ward problem of electrocardiography, which can be solvagonal (3-D) myocardium from the inverse solutions of either
uniquely within a constraint, the electrocardiogram (ECG)quivalent cardiac generators or heart surface inverse solutions.
inverse problem does not possess a mathematically unigtfsse difficulties limit the potentially beneficial ECG inverse
solution. Several approaches have been explored to tackle ¥4g;tions from becoming a routine clinical tool at present.

In the present investigation, we have developed a new
electrocardiographic imaging technique to solve the ECG
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Fig. 1. The schematic diagram of the present heart-model-based electrocardiographic imaging approach for solving the ECG inverse problehtha terms o
heart model parameters.

cardiac arrhythmia, for example, the site of accessory pathwegnstructed using CT images of a human subject as shown in
(AP) of Wolff—-Parkinson—White syndrome (WPW), ventriculaFig. 2(a). The torso surface, lung surface, endocardial surface
tachycardia, and ectopic cardiac beats. and epicardial surface were divided into 412, 297, 154, and
158 nodes, and 820, 586, 296, and 308 triangles connecting
these nodes, respectively. The heart model contains about
65 000 myocardial cell units with a spatial resolution of 1.5 mm

A. A New Approach for ECG Inverse Problem as shown in Fig. 2(b). The spatial location of each unit was

- . . n f three in {, andk). From th
The present approach indirectly obtains the ECG mverdg oted by a set of t ee tegersj_(, a dk.) om the base_
S : 0 the apex, the ventricles are divided into 53 myocardial
solution in terms of heart model parameters using a parameter .
S . segments (numbered froMS-1to MS-53. Every segment is
optimization system. In contrast, other methods directly solve . . .
. e . . -~ cpmprised of approximately the same number of myocardial
the matrix equation linking the electrical sources with electrica ; . .
cell units. The ventricles consist of 50 layers [from Layer 30

potential fields to estimate the ECG inverse solution. Tt}e Layer 79 (the whole heart has 80 layers)], with interlayer

schem_atl_c dlagr_am of_the new approach is show_n n Flg'. istance of being 1.5 mm. Layer 30 corresponds to the base and
A preliminary diagnosis system (PDS) to determine cardiac .
. ayer 79 the apex. Each myocardial segment corresponds to
status based oa priori knowledge and the measured BSP . ) .
a 3-D ventricular myocardial block that includes seven-layers

was developed using an artificial neural network (ANN), and IS , . : ; .
myocardium cell units. For example, in the region adjacent

used to obtain initial information on the site of origin of cardiag:O the atrial-ventricular (AV) ring, there are ten myocardial

activation. The output of the ANN-based PDS provides thseegments (numbered froMS-1to MS-10, which correspond

initial heart model parameters used in the optimization SySte{B'ventricular myocardium between Layer 30 and Layer 36
Then the body surface potential maps (BSPMs) were S'mUIatque left-top part of Fig. 4 illustrates these ten myocardial

using the 3-D computer heart model, and then the objective : . . . .
. PR ségments in one layer, with different gray levels illustrating
functions that assess the similarity between the measured .
iferent myocardial segments.

simulated BSPMs were calculated. If the measured BSPM an . .
: wenty-four sites throughout the ventricles were selected to
the simulated BSPM matches well, the heart model parametgers . :
: . : est the performance of the present technique. The BSPMs in-
corresponding with the simulated BSPM are regarded as td fced by pacing each of these 24 sites were simulated by means
inverse solution of the measured BSPM, from which the site @

origin of activation can be uniquely and accurately determinegi the boundary element method [21]. For pacing at each of the

If not, the heart model parameters are adjusted with the aid OZ*snes, 200-lead BSPMs [shown in Fig. 2(a)] on the torsp sur
face were calculated at every 3 ms over the ventricular excitation

the optimization algorithms and the simulation procedure pro- . . -
: T . : . cr}/cle. Fig. 2(c) shows an example of the ventricular excitation
ceeds until the objective functions satisfy the given convergerit

criteria. The inverse solutions so obtained are the heart moagﬂuence after pacing in the anterior wall of the left ventricle.
parameters that directly correspond to the physiological agd preliminary Diagnosis System

pathological status in the heart (e.g., the site of origin of cardiac
activation, or the site of AP for WPW syndrome).

Il. METHODS

Application ofa priori knowledge to limit the searching space
of heart model parameters is of vital importance. To achieve
this, we developed Breliminary Diagnosis Systeof cardiac
status witha priori ECG knowledge. The PDS is developed to
A previously developed computer heart simulation modeapproximately determine the cardiac status, which is then used
[20] was used. The geometry model of the heart and torso wasnitialize the heart model parameters and limit the searching

B. Computer Heart Model and Pacing Protocol
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Fig. 2. (a) The computer heart-torso model used in the present simulation study, and an example of the BSPM simulated on the chest at 40 ms foljowing paci
(b) A horizontal section of the heart model over which the pacing site is illustrated by a black dot. (c) An example of the excitation sequencagfiarthaci
anterior ventricular wall.

space in the computer heart model for the parameter optimifigient algorithm [22] was used to train the ANN. The number
tion system. of neurons in the input layer was set to 200, corresponding to
In the present study, we have developed the PDS based ahenumber of body surface electrodes used in the present sim-
three-layer feed-forward ANN as shown in Fig. 3. This ANNilation study. The hidden layer had 25 neurons that were de-
is capable of mapping the nonlinear input-output relationshiggrmined heuristically. The output layer had 53 neurons, which
to a desired degree of accuracy. An adaptively weighted coebrresponded to 53 ventricular myocardial segments of com-
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[ P— whereCC,,,;(z,t) is the CC between the measured and
|!.5|~~.| simulated BSPMs at instantz is a parameter vector of
— the spatial location of initial activation in the computer
" | heart model.
‘-' 2) Ewminp(z), which was constructed with the deviation of

the positions of minima of the measured and simulated
BSPMs from instanf} to instantl, is defined as

mmp Z H‘Pxﬁlm - mm(xv t)” (2)

t=T1

wherePM (¢) and P3. (z, t) represent the positions of
the minima in the measured and simulated BSPMs at in-
stantt, respectively. The definition of is the same as that

in (1).

Bt Tnkitial 3) Enpr(z), which was constructed with the relative error
Pacing Sité™— o of the number of body surface recording leads, at which
the potentials are less than a certain negative threshold,
in the measured and simulated BSPMs from insfarto

Fig. 3. The block diagram of the preliminary diagnosis system based on a  instantTs, is defined as
three-layer feed-forward ANN. The input to the PDS is the BSPMs at 200

body surface electrodes over time, and the output from the PDS is the region

inside myocardium, which provides the initial pacing site in the parameter Enpr, (a:)

optimization. The input, hidden and output layers of the ANN have 200, 25,

and 53 neurons, respectively. < i Z i u
t=T1 t=T1 t=T1

puter heart modeMS-1to MS-53 Five cardiac cellular units 3)
were selected for each of 53 myocardial segments in the ventri-
cles, and eac_h of these>5_53 = 265 sites was then paced in where LY¥(t) = Zz Ll u(¢T — #(t, ) and
the forward simulation using the computer heart-torso model, .

ting the dataset for training the ANN. Each of these 265 L% ) = 25 w(ér — ¢(x, ¢, 1)), are the numbers
generating the dataset for fraining the - =ach orthese of recording leads, at which the potentials are less than a

:Laeml?egsz:f:?z'r\;valsagtl)merl\elg'ts?g:j;zz zglls;ehjtslnge?eac'gg dstl(t)esr:l _given thresholdr(< 0), in the measured and simulated
P imufation. INol were u MU~ BSPMs at instant, respectivelyp(t, ¢) and ¢(z, ¢, ©)

gtsep'ﬁ';icszttafménﬁf:.Egt(z]tssugafﬁ EZ%CiolT;%a;:rzgleern;s_{;he are theith-lead measured and simulated potentials at
b Ve fime | urnng it instant ¢, respectively;«(e) is the unit-step function,

activation were used as inputs to train the ANN. which gives a unity output if the potential at a lead is less
o ) than the preset threshold; and, is the number of body
D. Objective Functions surface recording leads. The definition ofs the same
We localized the site of origin of cardiac activation by min-  as thatin (1).
imizing dissimilarity between the measured and heart-model-The present selection of three objective functions relied
generated BSPMs. The dissimilarity between the measured decvily on the morphologies, location of the minimum, and the
simulated BSPMs could be described by appropriate charactarea of negativity in the BSPMs. This is because the BSPM
istic parameters extracted from the BSPMs. The characterigtittern and the site of negativity change with the site of initial
parameters should be selected in such a way that they are higidsivity and not so much the site of positivity. Also, it has been
sensitive to the different sites of ectopic activation, and insereported [23], [24] that little influence to the morphology and
sitive to the intersubject variation. In the present study, the fadite of negativity was observed due to individual difference.
lowing three objective functions were used to reflect the dissirilote that the present objective functions were particularly
ilarity between the measured and simulated BSPMs for localizelected for the localization of site of ectopic activation, and
tion of site of ectopic activation. will need be changed for a different cardiac pathology, since the
1) Ecc(z), which was constructed with the average correl&ptimal characteristic parameters will be different for different
tion coefficient (CC) between the measured and simulaté@rdiac pathologies.
BSPMs from instanf to instantl;, of the cardiac exci-
tation after detection of initial activation, is defined as E. Optimization Algorithm

Optimization of the heart model parameters is a mul-

T tiobjective nonlinear optimizing problem. Let the ob-

Ecc(z) = Z [1 — CCpus(m, )]/ (T2 — T1) (1) Jective function of the entire optimization system be
=T E(z) = f(Ecc(z), Fminp(2), Exnpr(z)), the mathematical
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Fig. 4. An example of the simulated BSPMs induced by pacing at ten myocardial segiiéais@ MS-1Q in the ventricular base along AV-ring, at 36 ms
following pacing. A representative paced ECG (lead V4 in the 12-lead ECG) obtained by pacing at #S8tRisfshown at the right top. The time instant of 36
ms after pacing is indicated by a vertical dashed line. Note the difference in the morphology of the BSPMs corresponding to the different pdtipgsites.
activity; NV: negative activity.

model of the desired optimization can then be representedaem the slower the convergence. On the other hand, because

the following minimization problem the measured BSPMs will inevitably be contaminated by noise
and the accuracy of the simulated BSPMs will also inevitably

min(E(x)) be limited by the accuracy of a heart-simulation-model, it
r€X is possible that the optimization system can not converge or

= min f(Eco(z), Emmp(z), Enpp(z)) (4) converge to an incorrect site for an excessively sma_illfp or
z€X en pr- Note that thes,in, ande v py, are not very sensitive pa-

whereX is the probable value region of the parameters in tﬁaé\meters to the present technique since they are only constraint

heart modelz is a parameter vector of the sites of origin OFondmons in (5). In the present study, the Simplex Method [25]

activation in the heart model. We solved this minimizatio}lwv"’lS used to solve (3).

problem by transferring two objective functions into the con-
straints. Regardin@min »(x) andEx p () as the constraints,
the three-objective nonlinear optimization problem (4) 4. Initial Pacing Sites Determined by PDS

Ill. RESULTS

optimization problem with two constraints myocardial segments were simulated using the computer heart
model. An example of the BSPMs associated with ten myocar-
min(Ecc(r)) dial segmentsNIS-1to MS-1( in the ventricular base at 36 ms
zeX following pacing at each of the MS is shown in Fig. 4. Itis noted

=Eic,  Euminp(®) < éminp, Enrr(z) <enpr (5) thatthe BSPM spatial patterns show morphological differences
corresponding to each MS where the myocardial activation orig-

where £l is the optimal value of the objective functioninates. Fig. 4 agrees with experimental observation of Beason
Ecc(x). eminp and expy, are the allowable errors of theal. [23] and Dubucet al.[24] in which the BSPM results were
objective functionE,.in,(x) and Ex pr.(x), respectively. The clinically measured in WPW patients, and the simulation results
selection of thesuin, or expr Will affect the recognition of Hrenet al.[26]. From these differences in the spatial pattern
accuracy and convergence rate of the optimization system. Théhe BSPMs, the PDS estimated the myocardial segment where
smaller thesyin , OF ey p 1, the higher the recognition accuracythe ventricular activation originates.
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TABLE |
COMPUTER SIMULATION RESULTS OF THEPERFORMANCE OFPDS
True Pacing Site True Estimated True Pacing Site True Estimated
(G, ], k) MS (No.) MS (No.) (i, j, k) MS (No.) MS (No.)
(30, 33,31 MS-8 MS-8 (38, 18, 6) MS-12 MS-12
(30,31, 13) MS-3 MS-3 (38, 8, 28) MS-15 MS-15
(30, 10, 10) MS-1 MS-1 (40, 30, 34) MS-18 MS-18
(31,8,31) MS-5 MS-5 (41, 5,32) MS-15 MS-15
(31, 38,24) MS-8 MS-8 (41, 25, 45) MS-17 MS-17
(32,10, 38) MS-6 MS-6 (43,13, 8) MS-11 MS-11
(33, 14, 23) MS-10 MS-10 (45,20, 18) MS-30 MS-20
(34, 24, 8) MS-2 MS-2 (50, 29, 28) MS-28 MS-28
(34, 34, 38) MS-8 MS-8 (50, 8, 25) MS-24 MS-24
(35, 13, 46) MS-6 MS-6 (55, 19, 25) MS-40 MS-40
(36, 32, 35) MS-8 MS-8 (59, 16, 42) MS-44 MS-30
(37,21,19) MS-20 MS-20 (60, 23, 32) MS-47 MS-47
TABLE I

SIMULATION RESULTS OFLOCALIZATION OF THE SITE OF ORIGIN OF VENTRICULAR ACTIVATION

Ventricular True Pacing Site | Initial Estimate | Inverse Solution | Spatial | Iteration
Region (i.j k) (i, ], k) (i.j, k) Distance | Number
BA (30, 33, 31) (33,34,31) (31,32,31) 2.12 mm 5
BRW (30,31, 13) (33,33, 16) (30,32, 13) 1.50 mm 8
BP (30, 10, 10) (33,9, 8) (30,9, 8) 3.35mm 4
BP (31, 8,31) (33,5, 34) (32,8,32) 2.12 mm 7
BA (31, 38,24) (33, 34,31 (33, 36, 25) 4.50 mm 9
BLW (32, 10, 38) (33,13, 43) (33,11, 38) 2.12 mm 8
BS (33, 14, 23) (33, 16, 21) (33,14, 22) 1.50 mm 4
BRW (34, 24, 8) (33,21, 6) (33,24, 7) 2.12 mm 5
BA (34, 34, 38) (33,34,31) (33,34,37) 2.12 mm 5
BLW (35, 13, 46) (33,13, 43) (37,13, 45) 3.35mm 6
BA (36, 32, 35) (33,34, 31) (34, 34, 35) 4.24 mm 6
BS 37,21, 19) (40,17, 21) (36, 22, 18) 2.60 mm 16
BRW (38, 18, 6) (40,22,7) (40,21, 7) 5.61 mm 3
BP (38, 8, 28) (40, 6, 34) (36,7, 28) 3.35 mm 14
MA (40, 30, 34) (40, 34, 31) (38, 33, 36) 6.18 mm 12
MP (41, 5,32) (40, 6, 34) (41, 6, 33) 2.12 mm 4
MLW (41, 25, 45) (40, 26, 41) (41, 26, 43) 3.35mm 3
MP (43, 13, 8) (40, 10, 9) (43, 13,9) 1.50 mm 7
MS (45,20, 18) (40,17, 21) (45, 18, 20) 4.24 mm 7
AA (50, 29, 28) (47,33,31) (49, 30, 28) 2.12 mm 8
AP (50, 8, 25) (47,9, 20) (51,9, 25) 2.12 mm 6
AS (55, 19, 25) (54, 19, 24) (54,19, 24) 2.12 mm 4
ALW (59, 16, 42) (47,17,21) (56, 16, 42) 4.50 mm 4
AA (60, 23, 32) (61, 19,27) (60, 23, 29) 4.50 mm 10

After training the ANN using the sample set of the BSPMs, According to the results of the PDS, an initial pacing site was
the 24 cellular units in the ventricles were randomly chosen ast at the center point of the PDS-predicted myocardial segment
the pacing sites. Gaussian white noise (GWN) @f\bor 10-.  in the optimization procedure. The initial pacing points for all
V noise level was added to the calculated BSPMs to simul&td pacing sites are shown in Table II.
noise-contaminated BSPMs, which serve as the input data of the ) )

PDS. The output of the PDS is the location of the possible site®f [nverse Results of the Recovered Pacing Sites

pacing, in terms of the number of the myocardial segment (fromin the present simulation study, the following parameters
one to 53 in the present study). Table | shows the performangere used for the optimization system: ) = 21 ms and

of the PDS when %V GWN was added to the BSPMs. From[;, = 48 ms following pacing. In other words, the BSPMs at
Table I, it can be seen that the recognition accuracy of the Piin instants were used to localize the site of origin of cardiac
was around 92%, suggesting its feasibility. In the case that thetivation. 2) The convergence criteria of the optimization
PDS could not correctly recognize the myocardial segment 9fstem was set abf, < 0.004, and the allowable errors
pacing site [for example, at the pacing site (45, 20, M83{30], of the objective functionsFym () and Expr(x), which

the PDS estimation was still close to the location of the true MEere regarded as the constraints, wegg,, < 1.5 mm and
(e.g.,MS-20in this case). enpr. < 0.05, respectively. 3) Gaussian white noise, with
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e, (45, 20, 18) of the ventricle in the computer heart model, the
Irrverse sofufion T';';U_"‘I‘d_“f,jj“" initial pacing site was set at the center point (47, 17, 22) of

(30, 5, E) MS-8according to the result of the PDS, and the site of origin
of activation, inversely localized by the present optimization
algorithm, was in the middle septal region located at (45, 18,
20) in the computer heart model. The spatial distance between
the “true” and inverse site of origin of activation was 4.24 mm
for this case.

Table Il shows the inverse results for all 24 pacing sites
when 53V GWN was added to the BSPMs. According to
the anatomic structure of the ventricles and recommended
segmenting methods [27] for the ventricles, the ventricles were
divided in the following way. The atrial-ventricular ring was
divided into five regions: Anterior, Left Wall, Posterior, Right
Wall, and Septum. The ventricle from base to apex was divided
into three regions: Basal, Middle, and Apical. For example,

“aEEmEEEE BA in Table Il means that the pacing site is located in the
basal-anterior, and MLW in the middle left wall. From Table II,
(a) the mean value and standard deviation of the spatial distance
: between the true pacing point and the localized site of origin
True pacing site Bt of ventricular activation are 3.04 and 1.32 mm, respectively.
(45, 30, 18) - The maximum and minimum values of the spatial distance are

6.18 and 1.50 mm, respectively. Table Il shows the inverse
results for all 24 pacing sites when L& GWN was added to

the BSPMs. From Table lll, the spatial distance between the
true pacing point and the localized site of origin of ventricular
activation is 3.88t 1.38 mm, and the maximum and minimum
values of the spatial distance are 6.18 mm and 2.12 mm, respec-
tively. Tables Il and Il demonstrate the feasibility of accurately
localizing the site of origin of ventricular activation by means
of the present heart-model-based electrocardiographic imaging
approach.

C. Effects of Heart-Torso Geometry Uncertainties

The effects of the intersubject torso-geometry variation on the
(b} performance of the present approach were evaluated by using
modified torso models: 10% enlargement and reduction of the
Fig. 5. Two typical examples of the inversely recovered site of origin Jiormal torso model (NTM-10% and NTM-10%) in the com-
activation. (a) The spatial distance between the true and estimated pacing gier heart-torso model. The heart position uncertainty was sim-
is igi mm. (b) The spatial distance between the true and estimated pacing§jtgte by moving the heart along horizontal directions of the
S f.28 mm. torso (along the:-direction (from the right to the left) and the
y-direction (from the front to the back)). Four new heart posi-
standard deviation of pV and 10wV, was added to the tions, the right/left shift along the-direction (RSX/LSX) and
BSPMs simulated by the computer heart model. the front/back shift along the-direction (FSY/BSY), were con-
Fig. 5(a) and (b) illustrates two typical examples of theidered. In all four cases, a distance of 10 mm was shifted.
inversely recovered site of origin of ventricular activation. Five pacing sites, in five different regions adjacent to the
In Fig. 5(a), the known “true” pacing site was in the basa\V-ring, were selected from the 24 pacing sites to test the effects
posterior region located at (30, 10, 10) of the right ventriclef heart-torso geometry uncertainties on the performance of the
in the computer heart model, the initial pacing site was set @tesent approach. The modified torso models were used in the
the center point (33, 9, 8) df1S-1according to the result of forward BSPM simulation and 1Y GWN was added into the
the PDS, and the site of origin of the ventricular activatiorsimulated BSPMs as the measured ECGs. Similarly, for each
inversely localized by the present optimization algorithnof four shifted heart positions, the forward simulation was con-
was in the basal right-posterior region located at (30, 9, 8) ducted, and 1Q:V GWN added into the simulated BSPMs as
the heart computer model. The spatial distance between the measured ECGs. By using the modified heart-torso models
“true” pacing site and the inversely localized site of origimn the forward simulations and the standard model in the inverse
of activation, was 3.35 mm for this case. In Fig. 5(b), thealculation, the effect of intersubject geometry variation on the
“true” pacing site was in the middle septal region located atesent approach was initially evaluated.
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TABLE Il
SIMULATION RESULTS OFLOCALIZATION OF THE SITE OF ORIGIN OF VENTRICULAR ACTIVATION

Ventricular True Pacing Site | Initial Estimate | Inverse Solution | Spatial | Iteration
Region (i,j, k) (., k) (i, ], k) Distance | Number
BA (30, 33, 31) (33,34,31) (33,31,31) | 541 mm 4
BRW (30,31, 13) (33,33, 16) (30,33,13) | 3.00 mm 7
BP (30, 10, 10) (33,9, 8) (31,9,8) 3.67 mm 3
BP (1,8, 31) (33, 5, 34) (33,9,33) | 4.50 mm 6
BA (31, 38, 24) (33,34,31) (33,35,26) | 6.18 mm 7
BLW (32, 10, 38) (33, 13, 43) (33,11,39) | 2.59 mm 7
BS (33, 14,23) (33, 16, 21) (33,15,22) | 2.12mm 3
BRW (34,24, 8) (33,21, 6) (33,24, 7) 2.12 mm 5
BA (34, 34, 38) (33, 34,31) (33,34,37) | 2.12mm 5
BLW (35, 13, 46) (33, 13,43) (38,13,44) | 541 mm 4
BA (36, 32, 35) (33,34, 31) (33,34,35) | 541 mm 4
BS (37,21, 19) (40, 17, 21) (35,22,18) | 3.67 mm 15
BRW (38, 18, 6) (40,22, 7) (40,21, 7) 5.61 mm 3
BP (38, 8, 28) (40, 6, 34) (35,7,27) 4.97 mm 12
MA (40, 30, 34) (40, 34, 31) (38,33,36) | 6.18 mm 12
MP (41,5, 32) (40, 6, 34) (41,5, 34) 3.00 mm 3
MLW (41, 25, 45) (40, 26, 41) (41,26,43) | 3.35mm 3
MP (43, 13, 8) (40, 10, 9) (42,13, 9) 2.12 mm 6
MS (45, 20, 18) (40, 17, 21) (45,18,20) | 424 mm 7
AA (50, 29, 28) (47,33,31) (49,32,28) | 3.35mm 6
AP (50, 8, 25) (47,9, 20) (52,9, 25) 3.35mm 5
AS (55, 19, 25) (54, 19, 24) (54,19,24) | 2.12mm 4
ALW (59, 16, 42) (47,17,21) (57,16,42) | 5.15mm 4
AA (60, 23, 32) (61,28, 32) (61,25,32) | 3.35mm 4
TABLE IV
SIMULATION RESULTS OFLOCALIZATION OF THE SITE OF ORIGIN OF VENTRICULAR ACTIVATION IN THE CASE OF CHANGED TORSOMODEL AND HEART POSITION
Ventricular Region BA BRW BLW BS BP
True pacing site | (i, j, k) | (30,33,31) | (34,24,8) | (35,13,46) | (37,21, 19) | (38, 8, 28)
DP 0 0 0 0 0
Is’lfjgf;rgxﬁf:i Gj k) | 33,31,31) | (33,24,7) | (38,13,44) | (35,22, 18) | (35,7,27)
SD (mm) 5.41 2.12 5.41 3.67 4.97
R DP 0 0 1 0 0
Imlgsggéﬁlﬁon Gk | 33,31,31) | 32,24,7) | (38,13,44) | (38,20, 21) | (37,7, 31)
SD (mm) 5.41 335 5.41 3.67 4.97
R DP 0 0 0 1 0
Injjfsgdél?uﬁm Gk | (33,31,31) | (33,25,7) | (38,13,44) | (35,20, 18) | (37,7,31)
SD (mm) 5.41 2.12 5.41 3.67 4.97
LSX DP 0 0 0 0 0
Inverse Solution | (5% | 33,3131 | (35,25,7) | (38, 14,44) | (35,22, 17) | (35,6,29)
SD (mm) 5.41 2.60 5.61 4.50 5.61
RSX DP 0 0 0 1 1
Inverse Solution | (4% | 33,31,31) | (33,22,8) | (38, 14,44) | (35,19, 18) | (35,6,29)
SD (mm) 5.41 3.35 5.61 4.50 5.61
FSY DP 0 0 0 0 0
Inverse Solution | (4% | 33,31,31) | (34,24,6) | (33, 13,49) | (39,20, 20) | (37,7, 31)
SD (mm) 5.41 3.00 541 3.67 4.97
BSY DP 0 0 0 0 0
Inverse Solution | (5% | 33,31,31) | (33,23,7) | (33,13,49) | (38,19, 20) | (37,7, 31)
SD (mm) 5.41 2.60 541 3.67 497

Table 1V shows that the results of the PDS and inverse dopic activation, as well as the spatial distance (SD) between
lutions for all five pacing sites in all six modified heart-torsdahe inverse site and the true site, are shown for each modified
models. In Table 1V, the locations of the myocardial sectioheart-torso model. For the sake of comparison, the inverse re-
of the true pacing site are shown under the “True pacing sitetlts when the standard heart-torso model was used are shown
The outcome of the PDS, the inversely localized site of the d@o-the row of “Standard Model Inverse Solution.” In order to
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show the deviation of the PDS due to the geometry errorsaacertain negative threshold in the measured and simulated
deviation parameter (DP) was introduced as follows:-&B, BSPMs—have been selected to construct the objective func-
when two myocardial segments are identical; BPL, when tions for the parameter optimization system. The characteristics,
two myocardial segments are neighboring; BRP2, when the being used to construct an objective function of the optimiza-
two myocardial segments are separated by one myocardial S8 system, should be sensitive to the different pacing site
ment;. ... In Table IV, the DP values refer to the distance bewhile insensitive to intersubject variation. Fig. 4 suggests that
tween the initial myocardial segment identified by the PDS intae morphology of the BSPM is sensitive to the site of pacing.
modified heart-torso model and that in the standard heart-tol8ased on observation of clinically measured BSPMs of an
model. Therefore, the DP values shown in Table IV reflect thectopic site, Bensoat al. [23] reported that, when ventricular
effect of the geometry errors on the performance of the PDSactivation is primarily induced by an ectopic site, the pattern
From Table 1V, it is noteworthy that while there is certairof BSPMs during QRS are reproducibly similar from patient
effect of the geometry errors on the initial estimate of th® patient for a given site. Spadt al. [28] also reported that
PDS, little effect of the heart-torso geometry uncertainty waso major features govern the projection of epicardial events to
observed on the final localization of site of ectopic activatiothe body surface: the magnitude of the epicardial potential gra-
using the present approach. This may be because the optimidiants and the distance over which they exist on the epicardial
tion system proposed in the present study is not sensitive to tweface (cardiac sources), and the distance to the recording area
initial guess when searching for the optimal solution. on the body surface (volume conductor). These experimental
and clinical observations suggest that characteristics based on
normalized parameters (e.g., regarding the heart-torso size)
IV. DISCUSSION should be used in the parameter optimization procedure, and
that intersubject variation may not have significant effect when
We have developed a new approach to localize the sit&e morphological pattern of the BSPM is concerned.
of origin of cardiac activation in the 3-D myocardium, by The effects of the geometry errors due to intersubject vari-
incorporatinga priori information regarding cardiac excitationation on the inverse solution have been addressed in a simu-
and torso volume conduction. We use a parameter optimizati@fion for five pacing sites adjacent to the AV-ring. Modified
system based on a 3-D computer heart model, instead hefart-torso models simulating the torso geometry uncertainty
solving the matrix equation for the ECG inverse problenand heart position uncertainty have been used in the forward
to indirectly obtain the ECG inverse solution. The preseghlculation of the BSPMs due to pacing at each of the five rep-
heart-model-based electrocardiographic imaging approagsentative locations. While some effects of these torso geom-
is based on the unique and well-posed features of the E@y and heart position uncertainties, as considered in the present
forward solution, the 3-D computer heart model in whicBtudy, are observed on the initial estimate of the myocardial seg-
a priori information regarding cardiac electrophysiology isnent of the PDS, little effects have been observed on the final
incorporated, and the multiple objective functions, that contaigcalization of the site of origin of activation by the optimiza-
the sensitive characteristics extracted from the BSPMs. Ttién system. These robust characteristics against geometry un-
PDS based on an efficient ANN algorithm limits the searchingertainty may be due to the fact that the activation sequence in-
space of heart model parameters, and effectively facilitates #tead of merely location of the source is taken into account in
convergence of the optimization system. The present approaes present approach. The present simulation results are encour-
not only circumvents two intrinsic difficulties of the ECGaging and promising, suggesting potential clinical applications
inverse problem, the nonuniqueness and ill-posedness, but @sthe present approach in localizing the site of origin of cardiac
offer the desired solutions in terms of heart model parametesgtivation. However, while beyond the scope of the present man-
that directly correspond to the cardiac physiological angkcript, the effects of intersubject geometry variation should be
pathological status (for example, the site of origin of cardigarther systematically addressed in the future investigations.
activation or the site of origin of cardiac arrhythmias). In the present simulation study, a pacing protocol has been
The PDS is a knowledge-based expert system. Developmasid to simulate localized myocardial activation at different my-
of the traditional expert systems based on knowledge-rules laardial regions. Such protocol has been used previously in an
met many challenges, for example, the “bottle-neck” problem éxperimental setting [29] and simulation setting [30]. To test the
the knowledge-acquisition and the fragility. In the present studyerformance of the present approach to localize the site of origin
we have successfully applied a three-layer feed-forward ANd ventricular activation, twenty-four pacing sites from base to
to realize this expert system. The success rate of over 90%apkx have been randomly chosen and performance examined.
the PDS (Table Il) demonstrates the effectiveness of the ANNRhe present simulation results demonstrate the feasibility of lo-
based PDS. Tables Il and Il also indicate that the outcome edlizing the site of origin of ventricular activation, with averaged
the PDS essentially affects only the number of iterations in thecalization errors for the 24 testing sites of being approximately
optimization procedure, but not the final result of pacing sitequal to 3+ 1.5 mm for 5xV GWN and 4+ 1.5 mm for 10uV
localization. GWN. The present simulation study suggests that this new ap-
In the present study, three characteristics of the BSPMs—thi@ach can provide a robust and accurate solution in localizing
correlation coefficient (CC) between measured and simulatdgb site of origin of ventricular activation, may be applicable to
BSPMs, the location of the minimum in the measured ardinical diagnosis of other cardiac diseases, and may become an
simulated BSPMs, and the area of negativity being less thiamportant alternative to other ECG inverse solutions.
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