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ABSTRACT

In this review study we will shed some light on the equivalent source generators in electrocardiography
and specially the moving dipole (MVD) and the characteristics of biomedical models used with this type of
equivalent source generator. The mathematical derivation of the equations used in localizing this MVD is
presented with the clarification of the reasons of inaccuracies due to; non-uniqueness, instability (ill-
posedness) of the solution, and how a linear least square estimator method may improve the uniqueness of
the solution. In addition, its experimental check in different inhomogeneity situations is also stated, the
effect of blood mass on the moment and direction of the dipole throughout the ECG course is discussed too.
The contribution and/or the progress of different groups of researchers in the clinical validation of MVD is
concisely mentioned, furthermore some modern applications of the MVD are also presented.

KEYWORDS: Electrodes number and interspacing, Forward and inverse problem, Heart models, Least
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1. INTRODUCTION

In biomedical engineering, models can
predict the function of different systems and
organs of the human body (Malmivuo, J., &
Plonsey, 1995). Models with hypothesis describe
and dictate the inter relationship between the
different variables of systems that are difficult to
be obtained in practical experiments. Laws of
electrical or mechanical engineering and
chemistry are used to represent those
relationships, and the electric field effect (e.g., the
forward problem and the inverse problem) and
mathematical analysis (e.g., least squares
analysis) are used to verify the hypothesis or
workout the solution to the invers problem. In this
review study, an electrical source, the heart model
in the form of a moving dipole(MVD)(Gabor &
Nelson, 1954), is used to describe the complete
heart function(Geselowitz, 1964). Its non-
invasive(i.e., surface body) localization which
was clinically validated by (Ideker et al., 1975),
is compared with other sources localization
method used by different researchers in this field
(indicative of heart illnesses (Savard et al., 1985))
and some recent applications of the
MVD(Armoundas, Feldman, Mukkamala, He, et
al., 2003; Bystricky, 2012, 2018; Selvester et al.,
2010; Starc & Swenne, 2017).
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2. MODELS

The biomedical heart model is based on the
electrical engineering concept of the distributed
volume source and volume conductor. Inductors
are non-existent in the human body as for
resistance, batteries(source), and capacitances
they are distributed too. Capacitance is due to cell
membrane and affect the conduction velocity. In
electrocardiography the source is within the heart
and the conductor is the whole body (Malmivuo,
J., & Plonsey, 1995). Within the frequency range
of 0.1-10 kHz(which is the spectral range of the
physiological heart activity) the human body can
be regarded as purely resistive(Kay, C. F.
Schwan, 1956).

Before going any further in the
electrocardiographic heart model source and
conductor types, it should be made clear that
certain heart volume sources are associated with
certain volume conductors and the association is
based on certain preconditions(assumptions);
these preconditions include that volume
conductors are all linear and
isotropic(homogeneity assumption) especially in
the field of body surface methods which often
noninvasive(Gulrajani,  1998). The term
“isotropic” here means that the conductivity has
the same value when measured in different
directions. Volume conductor is considered
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isotropic for the different regions of the torso as
(1) Heart 1.6 Qm, lung 4 Qm, and blood regions
20 Qm, or as semi-isotropic if the muscles of the
overlying part are considered.

(2) Lung is uniform 1 Qm, and heart and the
surface muscle 10 Qm(Rush, 1971).

The body surface potentials (forward
problem) can be measured by two methods;
surface method and volume method. If the
voltage is measured on the body surface, or the
potentials of the epicardium(Lv et al., 2020;
Svehlikova et al., 2018); it is called surface
method and both of them can be solved by
integral equations. If on the other hand volume
method is used which is more complex than
surface method(Houari et al., 2018; Nakane et al.,
2019; Nakano et al., 2021); the torso is divided
into small elements and either finite elements or
finite difference method is used in addition more
potentials are often used and those potentials are
described in terms of its neighboring point.

As for sources which represents ions that
move between the intracellular and extracellular
domain through the cell membrane, and as this
membrane is very small those ion charges can be
considered as  dipoles(Geselowitz, 1964;

Macfarlane, P. W., Van Oosterom, A., Pahlm, O.,
Kligfield, P., Janse, M., & Camm, 2010). Those
charges can constitute an infinitesimal current.
sources

The different types of used in

electrocardiography are

(A)

e Monopole.

¢ Dipole and moving dipole.
e Multiple dipoles.

e Multipole.

e Etc.

Each of these models has different variables
that describe its behavior and relate it to a specific
area of the heart; variables are magnitude,
location, and orientation. Anyway, it should be
emphasized here that in this paper we deal only
with moving dipole(MVD), which generally have
variable size and orientation and location
2-1. DIPOLE

An electric dipole consists of two equally
sized neighboring particles of opposite charges.
The equation of the dipole potential can be
derived using Coulomb’s Law (conservation of
charge) and under the assumption that the ratio
between the separation of the two different
charges(d) and the distance to a point in space(r)
is sufficiently large, e.g., larger than one tenth. In
bioelectromagnetsim r >> d holds (Plonsey, R.,
& Barr, 2007) (shown in Figurel: (A)and (B)
below) or stating it in another way the strict
definition requires with p=¢*d in the limit being
finite(where p is dipole moment, and -¢q and ¢ are
negative and positive charge and d is the
displacement vector pointing from the negative
charge to the positive charge).

)tz (x'y'.2"

2]
-

v =

(B)

Fig.(1):- Simplified dipole model. (A) Two opposite charges position relative to point P in space(or in a field)
(B )Source and sink(monopoles) in 3D coordinate(Malmivuo, J., & Plonsey, 1995).
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The potential equation for the simplified dipole Equation Error! Reference source not found.

__kPcos®
= =

(1

Where ¢ is dipole potential due to a point in
space(in field), k is Columb’s constant the value
of which is 8.99x10° Nm2/ columb2, p is the
dipole strength, r distance between the point
where the potential is measured and the dipole
coordinates (Samann et al., 2019).

3. ELECTRIC FIELD EFFECT AND
MATHEMATICAL ANALYSIS

3-1. Forward and Inverse Problem

The forward problem is defined as calculating
or measuring the electric field(on surface body
voltages) of the equivalent source (in our case is
the MVD), i.e., measuring and interpretation of
the body surface voltages is straight forward.
However, if the heart source and the volume
conductor properties are known, then the

computing of the forward problem is easy. But
real signals can be corrupted by noise to some
degree by the geometry which may result from
errors due to numerical

geometric model,

solution, errors in different region in
conductivities, and also due to the positions of the
electrodes. Thus, a comparison between

simulated and measured data is often elaborate.

The inverse problem on the other hand is
defined as calculating the source position having
the field measurements (voltages including
electrode’s positions) knowledge about the
volume conductor as shown in the Figure2, the
solution to the inverse problem is generally not
unique. This also can be a result of the volume
conductor approximation and additional voltage
sources, which may be represented by different
Thevenin’s or Norton’s equivalent
circuits(McFee & Baule, 2008).

The ECG inverse problem is often unstable
and sensitive to small changes, especially noise
that can produce large solution errors (Nguyen &
Schanze, 2017; Samann et al., 2019). However,
the solution is also sensitive to changes in
geometry or configuration of the model (Nguyen
& Schanze, 2017). The sensitivity or instability of
the inverse problem is often termed ill posed
(Kabanikhin, 2008).

Fig.(2):- The Forward Problem (green curved arrow ) and the Inverse Problem (red curved arrow) (Malmivuo,
J., & Plonsey, 1995).

3.2. Least Square Method

An optimization method that uses the
minimization of the sum of square residuals,
minimizes the difference between two sets of
values like calculated and experimentally
measured ones. The unknowns of
EquationError! Reference source not found.
can be computed by least square method given
potentials recorded with electrodes of given
positions of the body surface. Thus, we have to
estimate 4 parameters, i.e., k, p, 6 and r. When the

orientation of the dipole is not known, then the
potential of a dipole located at rd in the origin of
a homogeneous medium is given by
EquationError! Reference source not found.

—rP__ ©)

<p(r) = 4 e, gglr—14|

where e,, p , &, &, are unit vector from
source to field, p = p*a (a is unit vector in the
direction of the displacement), relative
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permittivity,  permittivity of free space
respectively. This means that six parameters of
the dipole must be estimated, three for position
and three for dipole moment. When six potentials
including their recording positions are known,
then the estimation of the six parameters is
possible(Nguyen & Schanze, 2017; Samannetal.,
2019). In case of noisy signals, we need more
potentials in order to find the parameters by
solving an overdetermined system of equations,
e.g., by least squares method.

4. MOVING DIPOLE MVD
4-1. Moving Dipole Localization
Mathematical Treatment
The idea of a moving dipole in
electrocardiography came first by (Gabor &
Nelson, 1954) in their classical paper where they
showed mathematically that for a uniform

distributed homogeneous conductor the
magnitude(strength), orientation, and location of the equivalent

M, =k [[Vdzdy
M, =k [[Vdx dz
M, =k [[Vdxdy
M X —-M,Y =k [[[xVdzdy — [[yVdxdx ]
MY -M,Z=k [[fyVdzdx — [[zVdxdy ]
M X—M,Z=k [[[xVdzdy — [[zVdxdy ]
MX—M,Z=k [[f[xVdzdy — [[xVdzdx ]
MX—-M,Z=k [[[zVdzdy — [[yVdxdy]
MX—-M,Z=k [[[xVdxdy — [[zVdzdy ]

where k, V, M, ,, ., X,Y,and Z,are uniform
isotropic conductivity, potential measured on the
surface of body, moment in the x, y, and z
coordinates direction, and the location of the
dipole in x, y, and z coordinates respectively
EquationError!  Reference  source  not
found.Error! Reference source not found. can
be added and yield EquationError! Reference
source not found. and we end up with five
equations for the second moment instead of 6
equations. They proposed two ways to solve
them; one by solving three integral equations (to
obtain the location i.e., X, Y, and Z coordinates
of the source) leaving the other two redundant
equations for checking the results(more elaborate
details can found in (Gabor & Nelson, 1954,
Nelson et al., 1975)), and the other way was by
using least square method. They also extended
this idea of moving dipole (resultant of set of

current source generator can be estimated from measuring body
surface voltages and the shape of the body. They used vector
calculus; and employed the resultant of first and second moments of

a current source. They obtained a Set Of three integral
equations from first moment EquationsError!
Reference source not found., Error! Reference
source not found. Error! Reference source not
found. (to find the strength and direction of the
dipole) and another six equations (or rather five
as one can be eliminated by addition) from
combining the first and second moment
equations(to find the location of the dipole)
EquationsError!  Reference source not

found.Error! Reference source not
found.Error! Reference source not
found.Error! Reference source not
found.Error! Reference source not

found.Error! Reference source not found. as
shown below

3) 15T moment equations
(4)
(5)
(6)
(7 2" moment equations
®) -
)

(10)

(11 —

source and current sinks) to finding the location
of more than on dipole by employing the third
moment of the dipole source in which they
derived a set of nine equations containing the first
moments and by cyclic interchange and
elimination end up with seven equations. It
should be mentioned here there is another
mathematical way for calculation or localization
of MVD equivalent source generators* the
multipole series expansion” which can also be
evaluated from the voltage body surface but with
geometry of the body not the shape of the body
(Geselowitz, 1964), this method too uses the least
square estimation. This method was investigated
by  Geselowitz and is used to
explain the abnormal behavior of the heart
(Geselowitz, 1965).

757



Journal of University of Duhok., Vol. 26, No.2 (Pure and Engineering Sciences), Pp 754 - 771, 2023
(Special Issue)

4-2. Moving Dipole Localization
Experimental Check

This theory was tackled
experimentally(Nelson et al., 1975) by using a
tank resembling the shape of human thorax filled
with an electrolytic solution and by placing a
dipole in the heart area and measuring the
voltages distribution around the thorax as shown
in the Figure3. The agreement between measured
results and the calculated ones were for
orientation angle 1" and for location of dipole
0.5cm. Taking in consideration the lungs
conductivity (inhomogeneity) and using the ratio
of one quarter to its surrounding was used and
also gave very satisfactory results of 4° for the
angle and 0.6 cm for the locations. When
assuming the lung is partly an insulator  the
results for the angle was still satisfactory 4" but for
the location it was 6 cm due to the high value of
conductivity used which didn’t take account for
the lower part of the tank used.

The effect of blood mass was also investigated
by (Nelson et al., 1972). Due to the fact that QRS
diastolic start when the volume of the ventricle is
the largest; a change in blood mass quantity (or its
resistivity) will contribute to the change in
ventricle volume and as result to the ECG and
particularly to QRS portion. In experiments

conducted on dogs; blood was withdrawn and
reinfused and the resistivity of the blood (or the
density of the blood) was controlled by
controlling the hematocrit. Furthermore, if in a
situation where the blood resistivity can be
controlled to be equal to that of the heart tissue a
homogenous state can be reached and results in
more accurate real values. It was shown from a
lead system devised by (Nelson, C. V.
Gastonguay, P. R., Wilkinson, A. F., & Voukydis,
1971) and used to find the dipole moment and its
direction, that the moment vector M of the dipole
in normal conditions had three peaks M1 , M2 and
M3 according to their occurrence with respect to
QRS. The mean of M; during the 29 % and M
during 42% (i.e., nearly during the 1% half of the
QRS) and M3 during the 64% (i.e., during the 2™
half of the QRS). The change in the moment
vector M1, M is in the radial direction for the first
portion of the QRS while for Ms is tangential.
When blood resistance changed to be equal to the
heart tissue resistance (i.e., homogeneity
condition) M; increased by 3 folds, M- increased
by 2.5 folds and M3 decreased nearly by 25%. P
wave changed in a manner similar to QRS and
directed tangentially as for T wave the results
were inconclusive but in general, they increased.

Fig.(3):- Experimental setups of the simulated human thorax model filled with fluid with electrodes laid over
thorax surface(Nelson et al., 1975).
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4-3. Moving Dipole Localization Clinical
Prove

Moving dipole localization(also called dipole
ranging) has been tested clinically by a number of
researchers by different methods. (Martin
Arthur’s et al., 1971) used 2800 points on the
surface of human torso to describe 1426
triangular element each with three vertices
coordinates; and with the help of biplane imaging;
(coronal and longitudinal) of the heart silhouette
are obtained. The center of gravity of the X-ray
was chosen to be the equivalent source location
and the position of the moving electrical
center(MEC) during the different heart phases

was examined. (Brody et al., 1971) used a
spherical container made of two identical epoxy
hemi-spheres, one of them has adaptable support,
the chamber has 20 evenly spaced electrodes
installed on its inner surface and its diameter is
6.25 cm shown in Figure4. An isolated beating
heart of turtle was immersed in this spherical tank
filled with Ringer’s solution and from the 20
electrodes that were organized in pairs; 10 signals
were obtained and they were used to represent the
parameters of dipole (3) and parameters of
octupole (7) and solved using the multipole series
expansion.

Fig.(4):- Spherical container consisting of upper and lower parts, 20 electrodes fixed from inside; used to study
the field effect of the beating heart of a turtle (Brody et al., 1971).

(Brody & Wennemark, 1974) in another setup
in which isolated rabbit heart immersed in
chamber filled with Krebs-Henseleit solution
(KH) and some modification to the chamber used
in his previous study of the turtle heart that allow
for synchronizing camera photograph taking with
start of QRS segment and data acquisition as
shown in Figure5. Then this is followed by
sectioning the right bundle branch and repeating
the same procedure, to make sure that the right
bundle branch was cut to the desired depth and
width it was stained with Lugol’s solution. The
signals obtained are resolved into the different
source generators of dipole, quadrupole,
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octupole, and hexadecapolar. The dipole
coefficients and their mathematical expression
are compared and an iso-potential map over the
chamber surface was obtained. From this iso-
potential mapping they derived a qualitative
directional location estimation. They quantitively
find dipole location by using the 20 signals
obtained from the chamber’s sensor by feeding
them to shifting equations and using the least
square estimation method. Their conclusion was
that eccentricity of the source is not a big problem
because with their dipole ranging method 90%
accuracy was obtained.
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Fig.(5):- Synchronizing photographs triggering and data acquisition integrated in the chamber(Brody &
Wennemark, 1974).

(Ideker et al., 1975) in his work tried to remaining 6. This was done in a spherical
enhance the finding of the former work or rather ~ apparatus similar to the one used in the previous
to validate the dipole localization clinically. study by (Brody & Wennemark, 1974) with the
Using 20 isolated rabbit hearts in two scenarios: same number of electrodes (20). In this spherical
one by epicardial cauterizing 14 of them and the  container a window was introduced to view the
other scenario is by ventricular pacing of the  cauterization area as shown in Figure6.

Fig.(6):- Two views of isolated rabbit heart in the chamber showing the cauterized region. White arrow pointing
toward(circle shape) cauterized area (Ideker et al., 1975).

For the first 14 specimens two kind of signals ~ part of specimen (circle shape) and the other

are obtained as shown in Figure7. One when the  when the electrode touches the intact specimen.
electrode of the chamber touches the cauterized
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Fig.(7):- Potentials recorded during the QRS complex and the early S-T segment by; A electrodes touching the

cauterized specimen part and, B by electrode touching the intact part of the specimen; the early commencement

of the S-T segment which is represented by a vertical mark on B indicate the isopotential surface on Figure (8)
(Ideker et al., 1975).

Electrode positions relative to the cauterized
area of the heart is shown in Figure8, which
represents the potential distribution on the surface

of the container 7 msec later of the

commencement of the S-T segment.

Fig.(8):- Potential distribution on the spherical container; E represent the electrode 18 position and cauterized area are represented by the
small dotted circle(ldeker et al., 1975).

It’s evident from Figure8, the shape of the
potential distribution which has smooth transition
from maximum to minimum value, that the
behavior is that of a dipole.

The equivalent dipole is found by iterative
method using a mathematical procedure
described in (Terry et al., 1971) for the two
intervals of the heart cycle QRS and ST segments
every millisecond. This linear least square

optimization method produced the strength,
orientation, and location of the dipole using the
potentials of the 20 electrodes in the chamber.
The distance of the locus of computed equivalent
dipole to the center of the cauterized region is
shown in Figure9. This distance is less than 1/3 of
the radius of the cauterized region taken as
average for the 14 specimens.

ME AN S.D.

{mm.) {rmim.)
BUuRM RADIUS 5.0 1.3
LINE CD 3.2 1.0
LINE CD° 1.7 .1
LINE D'D 2.0 1.r
ANGLE MM 13.5° 6 .9°

Fig.(9):- Difference between the calculated and cauterized dipole vectors. P is periphery of the cauterized region.
DD', calculated location vector of the cauterized region and its projection on the plane of the cauterized region
respectively. Mp, Mp', computed dipole moment and computed dipole moment moved to the center of the
cauterized region respectively. N is the vertical to the plane of the cauterized region, and the S.D is the standard
deviation(ldeker et al., 1975).
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From Figure9, it can be seen that inward shift
of the dipole from the center of the cauterized
region (D'D) is the main cause of the difference
between the center of the cauterized region and
the calculated dipole.

The root mean square voltages residual is the
remaining potentials of 20 potential recording
electrodes on the chamber surface after the
removal of the portion of the equivalent dipole
and it was found from Figure9, to be 11.9%; it

represents the non-dipolar portion of the seventh
millisecond of the ST segment and because the
root mean square of the surface is Pythagorean
totality of the dipole and residual effect(Horan et
al., 1972), that is mathematically represented as
in EquationError! Reference source not
found.Error! Reference source not
found.Error! Reference source not
found.Error! Reference source not found.

1= \/(Deffct)z + (Reffct)2 1)

2
Deffct = 1’ 1+ (Reffct) (13)

Deffer =+/1 — (0.119)2 (14)

Deffct = 0.993

where Deste: IS percentage of root mean square of
dipole effect and Retct is percentage of root mean
square residual effect and this result which is very
important result states that the total of root mean
square of dipole effect contributes to 99.3% of the
total surface potentials.

More accurate findings further consolidated
the above results in a study by (Claydon et al.,
1992) in which they obtained that the root mean
square error between calculated and measured
isopotential maps values of a single MVD
measured from inside the heart by inserting
intercavitary probe (Taccardi et al., 1987) to be
11.5%.

5. Moving Dipole Localization and Electrodes
Number and Configuration
As stated, above, electrodes play an important

(15)

role in enhancing the localization procedure of the
MVD. In a simulation study by (Savard et al.,
1982) in which a modified torso model with finite
element as the one used by (Horacek, 1971)
shown in Figure10. This finite element model was
compromised of 19 horizontal section each made
of 67 triangles with total of 1216 surface elements
form which 326 triangles for the lungs and 264
for blood mass. On each of the surface element
the generated potential by a given source is
obtained by one solid angle, (Barnard et al., 1967)
and (Lynn & Timlake, 1968). The setup,
procedure, and mathematical treatment of the
study had number of goals the one most
relevant to our study is the lead system
configuration results.
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CONTAMINATION  LEAST-SOUARES
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MATRIX . SOURCE
(Ai):l_ Q—-—-xi=1

Fig.(10):- Simulation set up of the finite element model of the torso and the block diagram of the mathematical
formulation (Savard et al., 1982).

Different lead systems and configuration were
used. One by (Lux et al., 1978) which is made of
32 leads another by (Barr et al., 1971) and a third
by(Warren, 1978) which consisted of 24 leads
and others used up to 192 leads. The main results
arrived at by (Savard et al., 1982) concerning the
lead number is that although the more the number
of electrodes is used the better the single moving
dipole (SMD) localization is achieved (Nguyen &
Schanze, 2017; Samann et al., 2019) but more
than 63 leads electrodes do not give substantial
improved results.

Another important factor which also
contribute significantly to the accuracy of SMD
localization is the electrodes interspacing as the
shorter the distance between the electrodes the
narrower the field of view which in turn increase
the spatial resolution and hence more accurate
SMD localization(Goldberger & Ng, 2010).

6. RECENT APPLICATIONS TO MOVING
DIPOLE

6-1. Identification of Strict Left Bundle
Branch Block

The MVD localization in cardiology can only
explain the behavior of normal heart and also can
be applied to very localized heart signals as in
arrhythmia cases like reentry and left branch
bundle block (LBBB); recently the LBBB has
gain some attention due to its new
definition(Strauss et al., 2011)and also due to the
use of cardio resynchronization therapy(CRT) in
implantable cardioverter defibrillator(ICD) for
the prevention of heart failure and sudden death
in arrhythmia diseases(Moss et al., 2009) and in

r=1/o7r?

addition, to know who can benefit from CRT. A
study by (Bystricky, 2018) in which the ability of
how much a MVD representing the heart
electrical activity can distinguish between the
LBBB new strict definition (hereafter termed
sLBBB) and other heart abnormalities was
investigated and an automated algorithms were
devised to help identify the sLBBB to improve
the use of CRT. ECGs published by ISCE
initiative 2018 meeting (LBBB Initiative of the
ISCE Meeting., 2018) were used, which were 12
lead ECG from male and female having sLBBB
taking from Holter device further these were
divided into two sets; data set and training set.
The definition of the sLBBB by (Strauss et al.,
2011) or the complete diagnosis of the sLBBB
from the ECG follow the criteria below
1-Duration of QRS complex > 140 ms for male
and > 130 ms for female.
2-QSorrSinV1and V2,
3- Mid-QRS notch in leads I and aVL, slurring in
V5 and V6(although slurring can be ignored).
The MVD model used in this study is
represented by single time varying signal of
momentum q(t) and at position p(t). The
measured signal was taken at body surface from
8 leads I, 11, and the six precordial leads. my(ti) is
the measured signal at time t;; which represent the
scalar product of moment and lead vector L. The
lead vector depends on electrode positions, time
varying positions, and body geometry and
conductivities. The dipole potential ®(r)
(Malmivuo, J., & Plonsey, 1995)] is given by
EquationError! Reference source not found.

(@)
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where ¢ is the conductivity and r the distance  electrodes E;, Ex at position €; and e is given by
from the position of the dipole. The lead vector of ~ EquationError! Reference source not found.

ej—p(t) e—p(t)
L:.(t) = —2 — 17
J’k( ) o'||e]-—p(lf)||3 ollex—p®)|3 (17

EquationError! Reference source not found. real position. The predicted lead vector can be
can be modified to account for different  calculated as in EquationError! Reference
conductivities related to different electrodes and  source not found.
by small changes in electrode positions from the

M i (£) = Lj i (£) - q(£) Error! Reference source not found.

The estimated equivalent MVD generator is EquationError! Reference source not found.
given by minimizing the expression below in

N . . - ,
Zi=1 Im(t;) — M) + P, (p) + P4 (q) + Pe(e,&) + Py(0,6) — min Error!
Reference source not found.

N represents number of sampling points, represents regularize function related to the prior
m(t;) and m(t;) are predicted and measured conditions (model parameter optional values) see
vector leads respectively at t;and ®x (x,x~)  (Bystricky, 2012) as shown in Figurell.

— L 4
) Prior
Subject Conditions
~__ 7 [ Y 5
Recording o ) ;1 Dipole Model ¢
System @uahzahon & Conditions

Measured Predicted
ECG ECG
8 Y 7
Comparison )(
Regularizer &
Settings Optimization

Fig.(11):- Flow diagram identification of the electrical activity in the heart concurrently with subject and
measurement related conditions(Bystricky, 2012).

After fitting the MVD to the central five 2017) to separate sLBBB and non LBBB cases;
seconds of each ECG a total of 2403 beats were  an accuracy of 85% were obtained, the MVD
analyzed in five equal time slices starting from model analysis revealed some physiological
10ms up to 160ms and the position and the information too, which are not available in 12
momentum of the MVD within the QRS complex  Lead ECG.
were found. These X, Y, and Z of spatial 6-2. MVD Determination from 12-Lead ECGs
components in addition to QRS width, and sex and Detection of Acute Myocardial Ischemia
was applied to a logistic regression(R Core Team, 6-2-1. Spatial Distribution and Orientation of a
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Single MVD Computed in 12-lead ECGs of a
Healthy Population

In a study made by(Starc & Swenne, 2017)
relying on the spatial distribution of equivalent
source or the single moving equivalent
dipole(SMED) localization  findings  of
(Armoundas et al., 2001; Armoundas, Feldman,
Mukkamala, & Cohen, 2003) (“source size is
largest at the end part of the QRS complex, at
depolarization end”); the possibility of assessing
the MVD from 12-lead ECG(Bort et al., 2017) in
a healthy population for complete cycle was
investigated.

(Special Issue)

By utilizing a model from which a solution to
Laplace Equation as in Equation Error!
Reference source not found. & Error!
Reference source not found. with the aid of
analytical  equation of  potentials D
EquationError! Reference source not found.,
( which represent the scalar product of dipole

vector Dy, and the lead vector L) was obtained;

using the method of images for the dipole in
homogenous conductive sphere of radius R as
shown in Figurel2.

Py = Dy - Ly, (20)
— 1 Al A — 2 (n_Lﬁ_za)n_L
Ly, = i 21
ki 40mR? |Fkl/ |2 5 |kal/ |2 +h ( )
R f R
Bo— T Tk (ut(r-w/O+F2-211)) 22)

J(@1-u?)

D, and D', , o are dipole and its mirroring
image, the conductivity of the medium
respectively, , u,f, are as indicated in the

diagram of Figurel2 and h is the potential part to
make the solution consistent with Laplace
solution for surface potential

TR =T/ f

F=17:l/R

Fig.(12):- Representation MVD model, in the plane through the points Pk , Pi, and the sphere origin. The dipole
and its image are both in red (Starc & Swenne, 2017).

A human torso model was constructed using
data from(Dawoud et al., 2008) which also
included the location of electrodes for the ECG,
the model was a sphere of radius 15 cm and the
potentials of the ECG electrode(the measured
potentials Vi) were 9; six precordial and the VR,
VL, and VF all taken with the reference to Wilson

terminal. Dipole strength and direction was
obtained by minimizing the EquationError!
Reference source not found. after substituting
EquationError! Reference source not found.
into EquationError! Reference source not
found.
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Fie = @y — Vi (23)
Fie =Dy. Ly — Vi (24)
Where Fi the error function. The values of  objective  function wy(r) EquationError!

Dux, Dky, and Dy, were obtained by using principal
component analysis. This solution gave the
direction and the strength, to get the location an

— Ni Ni
l/J(T'k): ZiilFi%C/ Ziilvﬁc

The range of movement of MVDs in three
dimensions (MVD ROM) was defined as relative
deviation of the mean from the average of the
MVD location during QT interval. 16-segment
model was employed in a single ECG beat of each
subject to obtain the spatial distribution of MVDs
in a healthy population; QRS was represented by
10 segments, the remaining 6 segments were
used; 3 segments for each of ST and T wave
respectively. These segment representations were
averaged over each single beat(for averaging
details see(Starc & Swenne, 2017) ) and further
over the whole 20 beats which were chosen for
this template.

The location and the orientation of this spatial
distribution were quantified in 1.5 cm® voxels.
The mean MVD orientation and the intra voxel
dispersion were also obtained for each voxel. The
main finding of this study was that for the healthy
population considered the MVD spatial
distribution at similar time instants are over small
volume and with small intra voxel dispersion,
which permit the wuse of ECG segment
representation of the MVD spatial distribution
orientations and locations as a reference to
compare with and identify abnormalities as in
cardiac ischemia or infarction that have
dissimilar distributions.

Reference source not found. was minimized and
also normalized by the sum of potentials squared.
For further detailed see(Starc & Swenne, 2017).

(25)

6-2-2. MVD Determination from12 Lead ECGs
and Ischemia Detection

Using the findings above (Starc & Swenne,
2017) and ECG data from STAFF Il data base
(Martinez et al., 2017) which are related to
patients who suffered occlusion in right coronary
artery RCA or left circumflex LCX or left
descending artery LDA an investigating study
by(Starc & Schlegel, 2020) was conducted and
under the assumption that depolarization changes
in ischemia lead to changes in SMEDs locations
which in turn might help in discovering its
position and detecting it; something difficult to
detectin 12 lead ECG specially in RDA and LCX.
The heart model employed was that of 12cm
sphere positioned in the left anterior part of the
chest using data from (Odille et al., 2017) as
shown Figurel3, to fit all the hearts in the data
base an assumption was made that all follow the
heart orientation in the MRI study(Odille et al.,
2017) combining those data a heart model was
formed with ellipsoidal right ventricle(RV) and
left ventricle(LV) further the long axis was
aligned with LV and short axis perpendicular to
the septum center. The SMED trajectory was
assumed to coincide with the origin of LV at the
beginning of the QRS.

Fig.(13):- Heart location in the chest (Starc & Schlegel, 2020).

To represent the SMED in heart in local

coordinates a 12 segment LV model was
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identified with the arteries supply as shown in Figurel4 and 15(Selvester et al., 2010).

Quadrants | I m v

Basal

Middle

Apical

Walls Anteroseptal Anterosuperior Posterolateral Inferior

Fig.(14):- Typical distribution of heart coronary arteries on epicardial surface. The superior 75-80 % of the
anteroseptal wall is supplied by septal perforator branches of (LAD). The remaining 20-25% of the inferior parts
is supplied by the shorter septal branches of the posterior (inferior) descending artery (PDA) (Selvester et al.,

2010).
LA[D‘ > o Anterosuperior <
CA-_ e
Al terosepta\l\'“LV " the mlt(ial
> point
-y e Lateral RCA
© L BF
\/Q(\ A,
R S Inferior ) 2
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-~ RV

Apical

Fig.(15):- A: Short axis view wall segments, and B: long axis view, the coronary arteries(Starc & Schlegel,
2020).

The location of SMEDs in a healthy  projections on short axis for the QRST and on the
population was restricted within small volume long axis the at the end portion of T wave; shown
and orientation limited in the intraventricular in Figurel6, A and B respectively.
plane (Starc & Swenne, 2017) and their

Detail X3 A
&1%0\9 6 4
& ?4.§ Short axis view
ok &g \ t
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Fig.(16):- The changing aspects of SMEDs in a healthy population, A: short axis view, B: long axis view. Color
coding: QRS0-QRS9, from the initial light red changing via yellow, green, and blue to gray; ST1-ST3, black;
T1-T3, violet; Each SMED represents the mean value of 563 individuals (Starc & Schlegel, 2020).

2
Distance [cm]
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The behavior of SMEDs in the occluded LCX
and RCA arteries differ noticeably from healthy
population behavior in that it showed dipolar
amplitude increase, location change of SMEDs of
the QRS and ST segments from initial to inferior
or posterior wall depending on the unhealthy

Distance [cm]

artery, and directed toward the affected wall
segment then returning to the former orientation
next to recovery. The SMED in rest (green)
against occluded (red) are easy recognizable
Figurel7

] 4 ] a 2 4 4

5

4 6

Fig.(7):- The properties of SEMDs variation in the ST segment within the LCX artery proximal occlusion in
different intervention phases. The phases of C: 12 lead ECG are as follow: B stands for before occlusion(green),
A stands for after occlusion (blue), and 1,2 and 3 during occlusion for 1,3, and 5 minutes in red respectively. The

SMED:s of the ST1 group in black(Starc & Schlegel, 2020)

In the occlusion of the LAD artery the ST
segment showed increase dipolar amplitude but
the SMED s orientation were not considerable;

may be because of overlapping with ST segment
Figurel7C.

Table(1):- Segments of ECG cycle and projection on different heart part. Azimuth dynamic of the heart in
QRS end and ST segment

Group N Q6 Q7 Q8 Q9 ST1 ST2

Control 511 -62 -4 82 91 98 101
prox.RCA 42 69 -54 -5 22 24 52
mid.RCA 33 -76 -36 16 33 42 37
dist.RCA 24 713 60 -34 15 -8 46
prox.LCX 24 -84 75 57 5 12 1
mid.LCX 12 91 61 -27 -4 -8 -15
dist.LCX 16 -80 -69 -59 42 -40 -34
prox.LDA 56 67 97 101 96 96 98
mid.LDA 25 59 -26 85 89 91 98

The findings of this study are that the most
changes of the SMEDs amplitude location and
orientation during occlusion in the RCA and LCX
arteries that are difficult to be detected in 12 lead
ECG manifest itself very early with low ST
segment, and they are not just on the ST segment
but also on the end portion of QRS. In spite of
inconsistency in the change of pattern of the
SMEDs this method can help in detection of
ischemia of the inferior wall of the occlusion in
RCA and LCX.

7. CONCLUSIONS

SMD is proven theoretically, experimentally,
and clinically to be responsible for more than
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99.3% of the total electric field appearing on
surface method (non- invasive); whether body
surface or epicardial (even more in the case of
invasive in the endocardial method), and in
volume method where the body is divided into
small elements using the finite element method.
The practical localization method (in the presence
of noise) by the inverse method although non
unique and very susceptible to noise level and
geometry, both of body and electrodes, it could be
improved by using a larger number of electrodes
up to certain limit depending on the geometry
beyond which no appreciable improvement can
be obtained. The localization of the SMD can be
further improved by shortening the interelectrode
spacing as this distance can improve the field of
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view of the lead system and a better spatial
resolution(localization) can be obtained.

Interesting trends of applications are recently
appearing for the MVD that help in detection of
isolated ectopic signals of arrythmia in
implantable  cardioverter  defibrillator(ICD)
devices that can deliver CRT and also identify
how need them, like in cases of sLBBB.
Furthermore, MVD can contribute greatly in
reviving the role of 12 lead ECG as diagnostic
tool again by ECG MRI projection pattern that
will lead to the early detection and identification
of ischemia in RCA and LCX that were difficult
to detect by 12 lead ECG. The benefit of this early
detection by this 12 lead ECG manifests itself in
1. The prevention of  wrong drug
administrating(nitroglycerine) to patients having
ischemia/infarction symptoms which may lead to
fatal errors (hemodynamic collapse) in RCA
occlusion cases.

2. | very important in pinpointing the clipart
artery which in turn greatly reduce the time for
catheterization procedure as it helps the
interventional cardiologists in choosing the right
catheter.

3. The ease of use, fast results, and unexpansive
of 12 lead ECG as it’s a well-established tool for
all medical staff compared to other modalities like
Echocardiography and MRI greatly reduces
inpatient time.

Future work should include the enhancement
in acquisition and mathematical processing of the
low ST segment signal as it’s very important in
localizing the SMD and this may be achieved by
proper electrode placement and change in
electrode size.
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