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Abstract The boundary-element method (BEM) is widely used for etazrdio-
gram (ECG) simulation. Its major disadvantage is its peexbinability to deal
with the anisotropic electric conductivity of the myocaidinterstitium, which
led researchers to represent only intracellular anisgtoomeglect anisotropy al-
together. We computed ECGs with a BEM model based on dipalecss that
accounted for a “compound” anisotropy ratio. The ECGs wemagared with
those computed by a finite-difference model, in which irgteadar and interstitial
anisotropy could be represented without compromise. Fivemget of conduc-
tivities, we always found a compound anisotropy value tedttb acceptable dif-
ferences between BEM and finite-difference results. Inresnta fully isotropic
model produced unacceptably large differences. A modélatteounted only for
intracellular anisotropy showed intermediate perforngaki¢e conclude that using
a compound anisotropy ratio allows BEM-based ECG modelsaeraccurately

represent both anisotropies.

Keywords myocardial anisotropyboundary-element method§nite-difference

model- electrocardiogramcomputer model



1 Introduction

The electrocardiogram (ECG) is arguably the most importiegnostic tool in
cardiology. Although it has been around for more than a ggntoany aspects of
the ECG are still poorly understood. Computer models of @&play an impor-
tant role in filling these knowledge gaps. Whole-heart rieaetliffusion models,
which can simulate the ECG directly from processes on the lnane level, have
only just begun to appear [21, 24, 25, 51]. These models, swdlwith patient-
specific anatomic models, can predict subtle electrocgrdphic effects of ion-
channel malfunctions, provided that the ECG simulatiorcisugate enough.

The boundary-element method (BEM) has been used for ECGatiiwm for
more than four decades [1, 3, 9, 16, 19, 21, 28, 32, 47, 54ttitactiveness comes
from the small number of surface elements necessary toidedtre torso and
its major inhomogeneities. The torso, skeletal muscler|dyags, and ventricu-
lar blood masses can be modeled with a few thousand triafiésOriginally
the small footprint of the BEM model made it the only candédédr ECG sim-
ulation [16, 19, 32]. The continuing popularity of the medhis mainly due to
its speed, which makes it useful for low-end computers atetaactive applica-
tions [37].

The BEM is used to model the conductivity of the torso commiselt is
combined with a source model, which represents the cardigtrieal activity.
The source model can be a small number of dipole sourcesitisédmyocardium
[16, 19, 32, 52], which can be computed from membrane patisrgimulated by
a reaction-diffusion model [51] or by simpler models [28}hér source models
are the “uniform-" or “oblique dipole layer” on the activati front [6, 7, 42] and
the “equivalent double layer” on the surface of the myoaard[11, 35, 36]. We

will discuss only dipole sources.



The major disadvantage of the BEM model for ECG simulatiatsigability
to represent the anisotropy of the extracellular spacedrcérdiac muscle. Both
intracellular and extracellular anisotropy affect the EQ@racellular anisotropy
can be treated straightforwardly, as has been done in destedies [20, 53].
However, when extracellular anisotropy is neglected, tifeceof intracellular
anisotropy in the model is exaggerated. Because of thigique authors have ex-
pressed doubt as to whether such models should represegitdlar anisotropy
[14, 50]. Many models neglected anisotropy completely.

Anisotropy has important effects on the precordial ECG de&tr example,
when subendocardial ischemia is modeled, the effect obaojgy can make the
difference between a positive and a negative ECG deflecigf yvith important
consequences for diagnosis. Thus, anisotropic ECG siimonlaan be important
and the question is whether BEM models can reliably accaurit.f

The purpose of this study is to demonstrate that a good ajppadixe treat-
ment of extracellular anisotropy in a BEM model is possibleg that accounting
for both anisotropies improves the simulated ECG. We coethBCGs computed
by a BEM model with those computed by a finite-difference nhoglewhich

anisotropy could be represented without compromise.



2 Methods

Our methods are based on the bidomain model of cardiac {is4u#8, 32], which
treats the myocardium as two continuous co-located medlieddae intracellular
and extracellular domain, which are separated everywhetbebcell membrane.
The conductivity in each domain is greater along than adhesmuscle fibers. We
denote the fiber direction by a field of normalized row vecéors(ay, ay,a;). The
conductivity of each domain can then be characterized bpsotdield, generated
by the function

G(oL,01) =011+ (0L —or)d'a 1)
wherel is a unit tensor, and; andoy are the conductivities parallel and perpen-
dicular to the fiber axis, respectively [8]. Lei andagit be the intracellular con-
ductivities parallel and perpendicular to the fibers, resipely, andoe. andger
their extracellular equivalents. We define the intracali@nd extracellular con-
ductivity tensors fields aS; = G(ai_, ;1) andGe = G(eL, OeT). The anisotropy
ratios of the two domains aRR = g;_ /gir andRe = OgL/GeT. An Overview of all
conductivity values and anisotropy ratios is given in table

Potential fieldsg and ¢ in the two domains are related to current density

fieldsJ; = GjOgq in the intracellular domain andk = G¢Og in the extracellular
domain [14]. The divergence of each current density fielcaéqthe current that
flows through the cellular membrane; this current must hgualemagnitude and
opposite sign in the two domains. Thus, the bidomain modelbeasummarized

with the following equation [14, 18, 32]:
0-(Gila) = —0- (Gelg) )

It is convenient to use the transmembrane poteltiak @ — @ to eliminateq
from equation (2); after-re-arranging terms we obtain aplicit equation forg
in terms ofVp,:

0-([Gi + GelUg) = —0- (GiOV). 3)



In this study ECGs were simulated from given membrane piatisni/,,) by
a BEM model and by a finite-difference (FD) model of the hunwasd. The FD
model solved the extracellular potentglfrom equation (3). The BEM model is

conceptually more complicated. Its source model is an @dgtit current density
Je = —Gc[Vm (4)
with G a proposed “compound” conductivity tensor field

G. = fc.G(ReaiT, 0i1) (5)

wheref; is an isotropic amplification factor ai} a chosen “compound anisotropy
ratio.” The parameter§ andR; were obtained by fitting a BEM-derived ECG to
an FD-derived ECG, as detailed in Results. The volume cdnddior the BEM
model is piecewise continuous and isotropic with conditgtiog. Conductivity
values used in this study are listed in table 1. Details orileeECG models are
given in the following sections.

The underlying/, were computed by a monodomain reaction-diffusion model
of the human heart, as detailed in the next section. The aryadd the heart and

thorax was obtained from in-vivo magnetic resonance intadata [27].

2.1 propagation model

Propagating action potentials were computed with a monadtoneaction-diffusion
model [40, 51]. This model integrated the equation

0Vim

Cn 5t

= BilD' (G(UmL, UmT)DVm) — lion (6)

wheref is the membrane surface to volume ra@g,is the membrane capacitance
per unit arealion, the sum of all transmembrane ionic currents, and the equiva-
lent “monodomain” conductivities are definedagr = it de1/(0iT + Tet), and

OmL = Oy OeL/(GiL + OeL) [40]. Membrane potentials were stored at 1-mm spatial

resolution at a 1-ms interval. Each simulation had a dunatfdc00 ms.



The patient-tailored cardiac anatomy was used for this Isitimn. Cardiac
fiber orientation was mathematically defined as previousigcdbed [40]. This
procedure was performed at 0.2-mm resolution to obtain #mfioer orienta-
tion profiles. Tissue types and fiber orientations were th#sampled to 1-mm
resolution. This subsampled heart model was inserted iffEhéorso model, as
discussed later on. For the propagation model, which wodtéti2-mm resolu-
tion, each voxel of the subsampled model was replicated &tiim each spatial
dimension, to obtain exactly the same geometry as in the Fd tmodel.

Because the heart of our patient was relatively large, wenasd that its my-
ocytes were larger than average, and therefore set thecsttdavolume ratio of
the cells 20 % smaller than the normal value in our model, ®@0. This led

to realistic activation times.

2.2 BEM model

Previously-described BEM software was used to compute @@ Eom the re-
gional dipoles [16, 28, 30, 51]. Briefly, this software usasraegral equation for
the potential on the surface triangles due to the regior@lés. This method,
which was first proposed by Barr et al. in 1966 [2, 4], has bessdun many
studies and is well explained in textbooks [14, 39]. Becahgemethod is well
covered in the literature we give only a brief outline heretdls of our imple-
mentation can be found in previous publications from ouotatory [28, 30].

Let a set of surfaceS bound several regions of continuous isotropic conduc-
tivity 0. The notationo, indicates the conductivity inside surfakeando,” the
conductivity outside surfacke In one or more of these regions there is a source

current density field; (equation 4). The potential at a poinbn surfacek is given

by
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M= 2o o)

3 r*r/
30 e

* ; /5[(0[ —0,) @(r")dQn

(7)

wherer’ andr” are variable points, the summation is over all surfdcasddQ,,~

is the solid angle subtendedraby the infinitesimal surface element situated’at
[4, 14]. When discretized on a set of triangulated surfaibésis a system of linear
equations forg, on all surface triangles, with a right-hand side determimgthe
dipole sourcesc.

The source ternd; was evaluated at 1-mm resolution according to equation
(4) and then integrated over “dipole regions.” Except wheentioned otherwise,
the heart was divided inthly = 29689 dipole regions. Evaluation & at 1-mm
resolution allows the local fiber orientation to be takeo mtcount [53], while the
regional integration serves to arrive at a manageable nuails®urces [28, 51].

Equation (7) was solved (using an iterative method) wittgatrhand side in
which one of the 3 spatial components of one of yedipoles was set to unity,
and all others were setto zero [30]. This process was regiéatevery component
of every dipole in turn. Each solution yields a set of transfeefficients that link
the dipole component to a contribution to the potential arhed theN; triangles.
Thus, a total of BNy coefficients link all dipoles to all surface potentials. The
coefficients that relate to the outer torso surface trissglere stored and used to
compute individual ECGs, while those related to internaisies were discarded.
In general, the potentials on internal surfaces close théaet are too inaccurate
to be useful, while those on the outer torso surface areynggdurate [14].

The anatomic model, consisting of a set of triangulatedased, is shown
in figure 1. The torso surface and the inside of the skeletadaheulayer were
described by 1216 triangles each. Each lung katb0 triangles, and the intra-

cavitary blood masses 800 triangles. The skeletal muscle layer was represented



using the torso extension method introduced by McFee and R6s31, 48]. This
anisotropic layer with variable fiber orientation, whictassumed to have conduc-
tivities 0.43 and 6.67 mS/cm [31, 44], is replaced by a thiégketropic layer with
conductivity 1.25 mS/cm. We used a thickness of 4 cm, whicdoimewhat more
than previously reported [16], because our subject wag largl heavily-built. A
conductivity gg = 2.0 mS/cm was used for the torso, including the myocardium

[16]. Values ofog for all regions are listed in table 1.

2.3 FD model

The FD model of the heart and thorax had a resolution of 1 mmiasdobtained
by scan-converting the surface model of the thorax andtingghe 1-mm version
of the heart model. The skeletal muscle layer was repredémtbe same way as
in the BEM model.

From the simulate&, at 1-mm resolutiond - (Gj[OVyn) was evaluated and
used to computes by solving equation (3). This was done using our previously-
described software [40] but with 100-fold lower error t@lece levels needed to

compute an ECG witkc 0.1 mV precision.

2.4 Comparison

The crucial difference between the BEM and FD models is tmelactivity of the
extracellular space: the BEM model used an isotropic camdtyc og, whereas
the FD model used anisotropic valuegg and get (table 1). Our purpose is to
try to compensate for the lack of extracellular anisotrapyhie BEM model by
selecting appropriate values for the constattand fe.

An analytic solution to this problem exists if both the irttedular and extra-

cellular domain are homogeneous and unbounded [14, 42§ I€bordinate axes
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are chosen such th&; andGe are diagonal, equation (3) can be rewritten as
0%@ = —0- (GcOVin) (8)

where
Ge = G(0iL /(0L + OeL), O / (Tt + TeT)) )
is also diagonal. The anisotropy ratio of this tensor can btem as

_oL/(oL+0e) L Oor+0er R

— = = — 10
o7 /(O + OeT) O +0e. R (10)

whereR = (0. + 0eL)/(0it + Cet) is the anisotropy ratio of the myocardial bulk
conductivity, which opposes the effect Bf. For the normal conductivity values
from table 1, we would havB.; = 2.5 andR’ = 4.

In case of the heart in situ, the isotropic torso modifies tfeceof the bulk
myocardial anisotropy. Geselowitz and Miller [12] haveadissed an analytic so-
lution for the case of a dipole source in the center of an amip& sphere embed-
ded in an unbounded isotropic medium of conductity In this situation, the
potential at large distance from the sphere can be reprddag@ homogeneous
isotropic medium of conductivityy if the dipole’s transverse and longitudinal

components are multiplied by factofg and f_, respectively, given by

Agy
fr=———— 11
f = Al (12)

OiL + OeL + B0y
whereA = 3 andB = 2. If this is a good approximation for the heart in the torso,
we should usd; = fr andR. = R; f,_/ fr. With the values from table 1, we would
now find R; = 5.5. By analogy with equation (10), we define an effective bulk

anisotropy ratio

R _fr
=== 13
Refr R~ 13)
which has the value 1.8 in this situation. By comparison viRthwe see that
the isotropic torso reduceR®., and so amplifies the effect of the intracellular

anisotropy of the heart.
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Torso boundaries and inhomogeneities also play a role.idrgi et al. [50]
showed that for an anisotropic cube in a bounded isotropiiumg, the constants
A andB depend oruoy, on fiber rotation, and on the position of the dipole source
in the cube.

Our purpose now is to see how this works out in a complete lireart inho-
mogeneous torso, where we identdy with og for the torso (table 1). Specifi-
cally, we will test if values folR. and f; = ft exist that, if applied throughout the
heart, still result in an acceptable approximation to this@ropic ECG. Since we
equatef; and fr we will from here on refer only tdy.

We simulated 13 different ECGs with the FD model: a normaivation se-
guence for several different values @f , i1, de, and get; and four abnormal
activation sequences with normal conductivity valuesllloases, the propagation
model was based on normal conductivity values.

With the BEM model we simulated, for each activation seqeeCGs for
R.=1.0,1.1,...,100 andfr =0.1,0.12, ...,2.0. For each ECG simulated with
the FD model, the BEM ECG with minimal root-mean-square (RMiBerence
was selected. RMS and maximum differences were also platefdnctions of
(Re, fr) to verify the existence of a global minimum. The best choceeported

in terms of itsR. and f1. We also givef,, how computed as

fL = f1R/R,, (14)

as well asA andB obtained by inverting the linear system defined by equations
(11) and (12), andR; (equation 13). Maximum errors and RMS errors are re-

ported, as well as the relative difference (RD) [35, 52],ukedi as

BEM __ FD)2
o= B )

where the index=1,...,500 ranges over all samples= 1,...,12 over all leads,

@BEM is the ECG potential computed with the BEM model, agigP the ECG

potential computed with the FD model.
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3 Results

3.1 isotropic BEM versus isotropic FD

Ideally, if both the BEM and FD models use isotropic conduitiis throughout,
they should produce equal results. In practice the resiffexr glightly because
the geometry used in the two models cannot be exactly the.s@haze were
also small differences in the handling of the conductiviggor in either model.
Usinggj. = git = 0.66 mS/cm andig. = Oet = 0p = 2.0 mS/cm in both models,
we found an RMS difference of 34V, a maximum difference of 278V, and
RD = 0.08, for a BEM model with 29689 dipoles.

With 5004 dipoles in the BEM model, the difference was sligtarger: 315uV
max, 42uV RMS, RD=0.10.

With 88 dipoles in the BEM model as in previous work [28, 5k tifference
between isotropic BEM and FD models was %iA7 max, 99uV RMS, RD =

0.23.

3.2 anisotropic BEM versus anisotropic FD

Simulations were performed for sinus rhythm and four abradractivation se-
guences, each initiated by stimulating a single site in #rgncular myocardium:
“apex” = epicardially in the left ventricular (LV) apex, “L¥pi” = in the LV free
wall epicardium near the base of the anterior papillary feystV endo” = en-
docardially at the same site, and “RV endo” = in the right vieatar (RV) endo-
cardium near the RV anterior papillary muscle. The sinustimysimulation was
repeated with 8 different conductivity settings for the timular myocardium.
Values ofR; and fr were determined that gave an optimal match between BEM

and FD models in a least-squares sense.
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The results of the sinus rhythm simulations are listed ihet&b For normal
conductivity values, RMS and maximum errors (differenceveen BEM and FD
results) were 46 and 354V, respectively. This was achieved wiy = 5.8 for
the BEM model. Corresponding parameters according to @egeland Miller
[12, 50] areA = 4.2 (ideally 3) andB = 2.4 (ideally 2). The anisotropy of the bulk
myocardium thus had the effect of amplifying the transvesmponents of the
dipoles by a factorfr = 1.36 and diminishing the longitudinal component by a
factor f = 0.79.

When conductivity values were varied, the optimal settitgsnatch BEM
and FD results varied as well. Optimia} ranged from 3.4 to 7.6. Nevertheless,
RMS errors were acceptable in all cases (at mogtV)/ Maximum errors of
up to 530uV (5 mm on standard ECG paper) may seem unacceptable, bet thes
occurred always at the peak of ECG deflections, with ampuaf up to 2mV,
and represented a relative error in the order of 25%. OvBfalvalues< 0.17
also indicate a good match.

For practical application of the BEM, predetermined valoé¢R. and fr
should be usable for different activation sequences. Bhigsgted in table 3. Op-
timal values ofR. and ft were determined for a normal activation sequence, and
applied to ectopic beats. For the abnormal activation sempsgethis leads to dou-
bled RMS errors, but not to an increase in maximum errors.rétaively large
errors for the apically paced sequence are due to the laggalsamplitudes it
generates; its RD is relatively low.

When only 88 instead of 29689 dipole sources were used, ffezatice be-
tween the BEM and FD models for the normal activation seqaiétap row in
table 3) increased slightly to 38 RMS; RD = 0.16, while the maximum error
decreased to 262V. This indicates that the number of dipoles is not very impor

tant, even for an anisotropic BEM model.
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3.3 isotropic BEM versus anisotropic FD

An important practical question is whether a BEM should bedusith isotropic
or anisotropic conductivity [14, 50]. Therefore we also gared isotropic BEM
results with anisotropic FD results. With fix& = 1 we found that the optimédi
for the normal activation sequence was 1.50. With thesesgalve simulated the
ECGs for the abnormal activation sequences. Results avensinatable 4. RMS
errors are now 3 to 5 times larger than with the anisotropiMB&nd maximum

errors are well above 1 mV. RD values also indicate a bad match

3.4 only intracellular anisotropy

Some previous studies have used BEM models in which onlgdettular anisotropy
was represented, with an anisotropy ratio 9 [20, 53]. We @areythe result of
such settings with an FD model in whi&h= 10, as before. With fixeB; = 9 we
found that the optimafy for the normal activation sequence was 1.01. With these
values we simulated the ECGs for the abnormal activationesgzps. Results are
shown in table 5. RMS errors and RD are considerably largam th the BEM

model withR. = 5.8, but not as large as in the fully isotropic model.

3.5 qualitative comparison

The main results are repeated in figure 2 to allow a qualgatbmparison of BEM
and FD results. In each panel, an ECG simulated with the BEMeh(black)
is printed superposed on an ECG simulated with the FD modayJgThe two
simulations are hardly distinguishable in the isotropisece&mall differences on
the peaks of the T waves can be observed when anisotropidsrenégecompared.

In contrast, an isotropic model compared to an anisotropidehshows a different
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progression of R/S waves through the precordial leads (dalyv3 and V5 are

shown).
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4 Discussion

This study demonstrates that ECGs computed with a BEM mdolstly resemble
those computed with an anisotropic FD model if a suitablemmmnd anisotropy
(Rc) and scaling factorfr) are used. We founB. =~ 6. Although optimal param-
etersR. and fr have to be found experimentally for a given set of heart argbto
conductivities, and perhaps also depend on the torso agatieey can be used for
different activation sequences. Thus, one comparison avitkD model suffices
to gauge a given BEM model.

The perceived impossibility of representing extracelalsisotropy in a BEM
model has caused previous authors to take two differenbappes: fully isotropic
models [1, 28, 32] and models that represented intraceblulsotropy only [20,
53]. Our study shows that there is no need for such extremiigress because
an intermediate value d®. results in a very accurate representation of the two
anisotropies. The use of intracellular anisotropy alonedmetter results than full
isotropy, but the best results were obtained with an inteliate value.

In general, anisotropy cannot be neglected in forward EG@@ulsition [15,
29, 33, 50, 53]. We found differences between isotropic andadropic models
primarily in the precordial leads V1 to V5. Difficulties withads V3-V5 can be
observed in studies that used fully isotropic models [458§l i others were prob-
ably hidden because activation sequences and heart dibentgere, especially in

older studies, often adapted to improve the ECG.

4.1 role of intracellular and extracellular conductivitie

The results in table 2 show that the effect of the torso anfbtlveintracellular and
extracellular conductivities on the surface ECG can beapprated with a single
compound anisotropy ratig; and an amplification factofr. As expected, larger

R; led to largemR;, and largeR led to smalleiR.. These relations were nonlinear.
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The normal valudR. = 5.8 was much larger than what would be expected for an
unbounded homogeneous myocardium (2.5) but similar toaheevexpected for
an anisotropic sphere embedded in an unbounded isotromawmg5.5). This
similarity is probably coincidental, since it only occulréor the normal set of
conductivities. Moreover, the anisotropic-sphere apipnaxion did not accurately
predict fr.

As expected, higher extracellular conductivity led to deraECG signals
(smaller f1), and higher intracellular conductivity to larger ECG satm(larger
fr). These relationships were nonlinear.

Differences between the FD model and the anisotropic BEMeh(dble 3)
depended on the activation sequence. This may be due totlableamportance

of propagation along the fibers in different activation ssmpes.

4.2 modeling techniques

Application of the most efficient numerical techniques was an priority in this
study. Our FD model based on a regular mesh with 1-mm resoletisured suffi-
cient accuracy, but is far from efficient. We chose this métioo practical reasons
only and do not recommend its application in general. A mdfieient approach
is a finite-element (FE) discretization of the heart, codpléth a BEM model of
the torso [5, 10] or as an integrated part of an FE torso m&&jl Regular FD
meshes of the torso at lower resolutions than our 1 mm haeebalsn reported
[22-24, 54].

Similarly, a BEM model with nearly 30 thousand dipole sosrtenot useful
in all BEM applications. We used this large number to minienigas due to sys-
tematic errors. Comparisons with a BEM model using only §®ldis, the number
we used in previous work [28, 51], showed a small increaseMisRrror. Inter-

estingly, an isotropic model seemed to be more sensitivesmall number of
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dipoles than an anisotropic model. This may be explainetheéygteater influence
of transmural dipole components in the isotropic modelsTamponent is most
affected by the error introduced by spatial averaging igdatipole regions.

Thus, the ability of the BEM model with dipole sources to deith anisotropy
does not rely on a large number of dipoles. It depends onlhervaluation o
(equation 4) on a scale that is small enough to account fal fidwer orientation.
The effect of the regional integration &f, which is done to arrive at a reasonable
number of dipoles to place in the BEM model, is to approxinthgelocations of
all “small” dipoles in a region by the location of the “largdipole. The effect of

this approximation on the ECG is negligible.

4.3 related studies

In the limited space of a research paper we cannot do justia# the work that
has been done on forward ECG simulation. Several good revig@; 17, 34]
and textbooks treat this subject in depth. Here, we give d@dohmaccount of the
discussion on anisotropic forward models and the accurBB¥M models.
Several authors have discussed the relative merits ofradteguations dis-
cretized with the BEM on the one hand, and differential eiguat discretized
with FD/finite-element (FE) methods on the other [38, 41,488, However, these
studies addressed the relation between torso surfacetipdgeand cardiac surface
potentials — a very different source model than ours. Witicapial potentials
as a source model, anisotropy cannot be accounted for dfradlsame is true
for equivalent double layer models [11, 35, 36], in which Hoairce consists of
(equivalent) membrane potentials on the myocardial sarfédth some notable
exceptions [37], these source models are mostly used fersavmodels, where

anisotropy is deemed less important than in forward ECG #sdda].
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As discussed above, the situation is different when curdgmble sources
throughout the cardiac volume are used. If these are eealahigh spatial reso-
lution, e.g. 1-mm volumes in our study, inhomogeneous intracellular anigotr
can easily be taken care of (equation 4), as shown, for exaropMei et al. [53].
Hren et al. [20] named this an “oblique dipole model.” Repréig intracellu-
lar anisotropy and neglecting extracellular anisotropyaesult in exaggerated
anisotropic effects [14, 50], so the relevant questionsridraained were whether
extracellular anisotropy can be accounted for, and whetieimproves the ECG.
Our answer to both questions is affirmative. These conabgsmbtained here with
a model based on volume-averaged current dipoles, may @by to the oblique
dipole layer model [6, 7]. Such an approach has in fact beed hg Roberts and
Scher [42], with analytically-derivedy and f_ for a spheroidal wave front, to

simulateg. inside the heart muscle.

4.4 inhomogeneities

A remaining limitation of BEM methods is that they cannottrasthomogeneous
conductivity as easily as FD and FE methods. In our study¢laet was anisotropic
with inhomogeneous fiber orientation, but the longituderad transverse conduc-
tivities were the same throughout the myocardium. It is hesicwhether an area
with different conductivity parameters could be treated BEM model by assign-
ing other values for the paramet&sand ft in this area. It could be necessary to
assign a boundary around such an area. Inhomogeneity ptajes\&hen, for ex-
ample, hypertrophy, cardiomyopathy, or an advanced statgacardial ischemia

or infarction is modeled.
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4.5 Conclusion

We conclude that not only intracellular, but also extradal anisotropy can be
implemented in current dipole-based BEM models for the E@@&) that repre-
senting both anisotropies improves the accuracy of thelaied ECG. As a rule

of thumb, a compound anisotropy ratio of 6 can be used.
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Table 1 Tissue conductivity values

material source Gt oL R; OeT Oel. Re OB

ventricular muscle [43] 030 300 10 120 3.00 25 200

body [31] 0 0 200 200 1 200
blood [31] 0 0 6.00 6.00 1 6.00
lung [31] 0 0 050 050 1 050
skeletal muscle [31] 0 0 125 125 1 125
air [31] 0 0 0 0 0

lvalue adapted for treatment of anisotropy; see text.
Units are mS/cm. “source” = literature reference.
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Table 2 Anisotropic BEM with optimal settings compared to anisptooFD.

conductivity (mS/cm) errorifV)
sequence Gy Ot OeL  OeT R Re rms max RD Re fr fL A B R

normal 3.00 0.30 3.00 1.20 10 2.5 46 354 0.13 580 1.36 0.79 22 1.7

normal 3.00 0.30 1.50 0.60 10 25 77 340 0.17 3.80 1.98 0.75 22 07 2.6
normal 3.00 0.30 450 1.80 10 25 50 352 0.16 7.20 1.06 0.76 73 59 14
normal 150 0.15 3.00 1.20 10 25 25 171 0.13 5.60 0.75 0.42 15 13 1.8
normal 450 0.45 3.00 1.20 10 25 68 530 0.14 5.80 1.89 1.10 7.6 3.2 1.7
normal 3.00 0.30 3.000.60 10 5.0 74 361 0.17 3.40 1.98 0.67 26 09 2.9
normal 3.00 0.30 3.001.80 10 1.7 50 347 0.15 7.60 1.06 0.80 6.5 5.1 13
normal 3.00 0.30 1.50 1.20 10 1.2 47 346 0.12 6.20 1.36 0.85 33 1.7 1.6
normal 3.00 0.30 450 1.20 10 3.8 46 359 0.13 520 136 0.71 44 25 1.9

0L, OiT, OeL and get are the conductivities used by the FD model. error = diffeechetween BEM and FD simulated
ECGs. normal = sinus rhythm. Bold type is used to highlightamal conductivity settings.

Table 3 Anisotropic BEM with fixedR. and fr compared to anisotropic FD.

conductivity (mS/cm) errorifV)
sequence Gy O OeL OeT R Re rms max RD Re fr fL A B Rt

normal 3.00 0.30 3.00 1.20 10 2.5 46 354 0.135.80 1.36 0.79 42 24 1.7
LVapex 3.00 0.30 3.00 1.20 10 25 115 221 0.105.80 1.36 0.79 42 24 1.7
LV epi 3.00 0.30 3.00 1.20 10 25 80 374 0.11 580 1.36 0.79 42 24 1.7
LVendo 3.00 0.30 3.00 1.20 10 25 76 322 0.14580 1.36 0.79 42 24 1.7
RVendo 3.00 0.30 3.00 1.20 10 25 85 423 0.105.80 1.36 0.79 42 24 1.7

Bold type is used to highlight newly fixed parameter settirmgeex = apical stimulation (see text). endo/epi = endoedrdi
epicardial stimulation (see text). Other abbreviatioresa in table 2.

Table 4 Isotropic BEM compared to anisotropic FD.

conductivity (mS/cm) errori{V)
sequence Gy  Oitr  OeL OeT R Re rms max RD R fr fL A B Rt
normal 3.00 0.30 3.00 1.20 10 25 211 1833 0.591.00 1.50 0.15 - - 10
LVapex 3.00 0.30 3.00 1.20 10 25 401 1579 0.341.00 1.50 0.15 - - 10
LV epi 3.00 0.30 3.00 1.20 10 25 393 1213 0.54 1.00 1.50 0.15 - - 10
LVendo 3.00 0.30 3.00 1.20 10 25 367 1239 0.651.00 1.50 0.15 - - 10
RVendo 3.00 0.30 3.00 1.20 10 25 447 1815 0.531.00 1.50 0.15 - - 10

Bold type is used to highlight newly fixed parameter settifgsbreviations are as in tables 2 and 3.

Table 5 BEM with only intracellular anisotropy compared to anisgic FD.

conductivity (mS/cm) errori{V)
sequence Gy  Oitr  OeL OeT R Re rms max RD R fr fL A B Rt
normal 3.00 0.30 3.00 1.20 10 25 95 238 0.26 9.00 1.01 0.91 - - 11
LVapex 3.00 0.30 3.00 1.20 10 25 113 264 0.109.00 1.01 0.91 - - 11
LV epi 3.00 0.30 3.00 1.20 10 25 126 423 0.17 9.00 1.01 0.91 - - 11
LVendo 3.00 0.30 3.00 1.20 10 25 155 489 0.289.00 1.01 0.91 - - 11
RVendo 3.00 0.30 3.00 1.20 10 25 155 799 0.189.00 1.01 0.91 - - 11

Bold type is used to highlight newly fixed parameter settifgsbreviations are as in tables 2 and 3.
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Figure Captions

1 Anatomic model. The triangulation of the torso correspotul
that used in the BEM model. For clarity, other components are
shown as smooth surfaces. The standard ECG electrodes (thre
limb electrodes and six precordial electrodes) are shovgreen
spheres. For actual simulations the torso surface wascegplay
inner and outer surfaces of the skeletal muscle layer, agct el
trodes movedtothe outerlayer. . . . . . .. ... ... ...... 28
2 Comparison of ECGs simulated with an FD model (gray) and wit
a BEM model (black). ECGs were obtained from a normal (si-
nus rhythm) activation sequence. A representative sulisttieo
standard 12-lead ECG is shown. ECGs are displayed in the con-
ventional way, using grid lines with 40 ms spacing horiztpta
and 0.1 mV spacing vertically, and no axis labélsboth models
isotropic (RD= 0.08). B: both models anisotropic (RE 0.13,
table 3).C: fully isotropic BEM versus anisotropic FD model
(RD=0.59,table4). . . ... ... ... ... ... ... .. 29
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Fig. 1 Anatomic model. The triangulation of the torso correspotadthat used in the BEM
model. For clarity, other components are shown as smoofacas. The standard ECG elec-
trodes (three limb electrodes and six precordial elecspdee shown as green spheres. For
actual simulations the torso surface was replaced by innéroater surfaces of the skeletal
muscle layer, and electrodes moved to the outer layer.
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Fig. 2 Comparison of ECGs simulated with an FD model (gray) and elREM model (black).
ECGs were obtained from a normal (sinus rhythm) activatequsnce. A representative sub-
set of the standard 12-lead ECG is shown. ECGs are displaytx iconventional way, using
grid lines with 40 ms spacing horizontally and 0.1 mV spaciegtically, and no axis labels.
A: both models isotropic (RB: 0.08).B: both models anisotropic (RB 0.13, table 3)C: fully
isotropic BEM versus anisotropic FD model (RP0.59, table 4).



