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Abstract. Experimental and inverse approaches have been applied in studying 
the contributions of different parts of the myocardium to the ECG 
measurements. Also optimal electrode locations for different clinical purposes 
have been studied by applying body surface maps. It is valuable to know where 
the measured ECG is actually generated. Thus the measurements can be 
designed to be most optimal to measure certain myocardial sources. Here we 
assess the contributions of 12 left ventricular segments to the potentials of 117 
surface leads. The study is based on the numerical lead field analysis combined 
with the cardiac activation modeling. We analyzed the contributions of the 
signals generated by different segments to the total signal generated by the left 
ventricle. It was found that anterior segments have high contributions to the 
leads on the lower left thorax and inferior segments on the leads on the lower 
left back. These results were expected based on the previous clinical studies. 

1   Introduction 

Today various electrode systems are applied in measuring the electrical activity of 
myocardium. The properties and benefits of these electrocardiography (ECG) lead 
systems, such as multielectrode systems with 24 to 190 electrodes or standard 12-lead 
ECG have been studied widely. All the studies have tried to answer, one way or 
another the questions; How many leads are needed for different measurement 
purposes and where they should be located. Trägårdh and colleagues [1] have recently 
published a good review of these clinical studies. In the present paper we study the 
contributions of 12 left ventricular segments to the body surface potentials measured 
in 117 leads, i.e. which source locations within the left ventricular myocardium are 
actually measured by each lead. The analysis is based on the sensitivity distributions 
of surface electrodes and simulated cardiac activation.  

The past body surface potential map (BSPMs) studies have suggested optimal 
electrode locations for different clinical cases such as detection of infarctions and 
ischemia [2-4]. Many of these studies suggest electrode locations which are specific 
to measure and indicate changes in the activation of different parts of myocardium 
such as anterior segments of left ventricle. The studies of optimal measurement leads 
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to detect different cardiac abnormalities have been mainly conducted by statistical 
data analysis of measured BSMPs [5-7]. The statistical methods and BSPMs are very 
applicable when surface measurements are studied and evaluated. Despite of their 
efficiency these methods might be impractical or even unuseful when designing and 
optimizing new measurements and devices such as implantable ECG monitors.  

The true origins of the electrophysiological phenomena measured are of interest in 
many cases. Inverse problems and experimental setups have been applied in studying 
the effects of spatial and temporal characteristics of cardiac activation on the body 
surface potentials [8-12]. For example MacLeod and colleagues found in [8] that 
some locations of infarcts are more visible in some body surface potentials than in 
others and there exist so called silent changes in cardiac activation which are not 
projected to the body surface. These studies suggest that there are electrode locations 
which are sensitive to activation arisen in certain areas of myocardium. 

When designing novel measurement devices and setups it would be beneficial to 
know where to locate the electrodes to measure the target signals and monitor their 
source regions as efficiently as possible. One might also desire to concentrate the 
measurement in a certain area of the cardiac muscle, like in a segment of the left 
ventricle. Thus the electrodes should be located in such places that the measurement 
is most specific to the activation arising in this region of interest. This is especially of 
interest when monitoring different cardiac arrhythmias or changes in activation of 
certain segment of myocardium after infarctions. Also designing of active cardiac 
devices such as implantable defibrillators and pacemakers could benefit of such 
approach where the measurement and stimulating lead configurations could be 
studied by modeling approach.  

Modeling of measurements and their sensitivity distributions together with 
simulation of cardiac activity serves time and cost effective approach to study the 
properties of measurements. In the past only few methods have been applied in 
analyzing the sensitivity distributions of measurement setups. Thus the possibilities of 
sensitivity distribution analysis have not been utilized as efficiently as possible. The 
lead field and reciprocity approaches provide effective tools to analyze the sensitivity 
distributions. In this paper we apply the lately developed method which combines the 
lead field approach with dynamic source model of cardiac activation in studying the 
origins of the body surface potentials. The sensitivity distributions were calculated in 
a realistic model of human thorax by applying finite difference method (FDM). We 
simulated the dynamic source distribution in left ventricular myocardium and 
calculated the lead fields of 117 body surface leads. Signals in these leads can be 
solved by combining the lead fields and source distributions. In [13] we have 
presented a method to analyze the contribution of certain source volume to the 
measured signal by estimating the mean square difference (MSD) between signal 
generated by these sources and the signal generated by the whole source volume. 
Here we studied the contributions of 12 segments of left ventricle to the source 
volume which generates signal having 10 % MSD

 
when compared to the signal 

generated by whole source volume. This analysis was applied to all leads and thus we 
can estimate which electrode location is most optimal to measure different segments 
of left ventricular myocardium with the applied activation model. 
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2   Material and Methods 

2.1   Finite Difference Method 

In the FDM the segmented volume data, e.g. from an MRI dataset, are divided into 
cubic elements forming a resistive network. In short the resistances of the elements 
correspond to the tissue resistivities and the dimensions of the elements correspond to 
the resolution of the dataset. The network can be described as a set of linear equations 
which present the potentials and currents in the model. The FDM is based on the 
Poisson’s equation that can be used to describe the bioelectric quasistatic source-field 
problems [14]. FDM models are discrete and thus continuous Poisson’s functions 
have to be discretized to form linear equations. A potential distribution within the 
model for a specific source configuration is solved with these linear equations with 
iterative methods  [15]. The use of FDM method in modeling sensitivity distributions 
is validated in [16]. 

Realistic model of human anatomy 
The FDM allows the implementation of complex anatomic geometries from the image 
data, and the resulting potentials and currents can be calculated within the whole 
volume conductor model [15]. In the present study we applied a FDM model of the 
3D male thorax based on the Visible Human Man dataset (VHM) [17, 18]. The 
applied dataset represents data on 95 segmented slices where resolution in the slices 
close to the heart was 1.67 mm x 1.67 mm x 4 mm and elsewhere 1.67 mm x 1.67 mm 
x 8 mm. Model contains altogether 2.7 million nodes with 2.6 million elements. The 
model applied contains over 20 different organ and tissue types with corresponding 
resistivities which are listed in Table 1 [16]. Figure 1 illustrates the model with 117 
electrode locations applied in the study.  

Table 1. Resistivity values in the model. Blood masses include atrium, ventricles, aortic arch, 
ascending aorta, descending aorta, superior vena cava, inferior vena cava, carotid artery, jugular 
vein, pulmonary artery, pulmonary vein and other blood. 

Organ/tissue Resistivity 
(Ωcm) Organ/tissue Resistivity 

(Ωcm) 

Air 1010 Kidney 600 

Skeletal muscle 400 Liver 600 

Fat 2000 Heart muscle 450 

Bone 2000 Heart fat 2000 

Lungs 1325 Blood masses* 150 

Stomach 400 
Other tissues and 
organs on thorax 

460 
 

2.2   Lead Field and Reciprocity  

The sensitivity distribution of the measurement configurations can be illustrated and 
analyzed with lead fields. Lead fields are thus applied to describe and study the 
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Fig. 1. 3D model of torso containing 117 electrode locations 

measurement of the electric fields in the volume conductor. Lead current density 
vectors define the relationship between the measured potential in the lead and the 
current sources in the volume conductor following Equation 1. The measured lead 
voltage is dependent on the magnitudes of the lead and source current vectors as well 
as the angle between these vectors [14]. 
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Where z[n] is the lead voltage as a function of time n, 
L

J  is the lead current density 

vector [A/cm2] , Ir is the applied reciprocal current [A], [ ]
i

nJ
  is the current source 

density vector [A/cm2] as a function of time, σ is the conductivity [1/Ωcm] of the 
source location in the volume conductor  and V is the source volume.  

The lead field in the volume conductor can be established by applying the principle 
of reciprocity. In [14] it is stated that the current field in the volume conductor raised 
by the reciprocal unit current (Ir=1 A) applied to the measurement electrodes 
corresponds to the lead current density and hence to the lead field.  The essential 
benefit of this method is that the sensitivity of a measurement lead at all source 
locations in the volume conductor can be calculated with a single calculation.  

2.3   Cardiac Activation Model 

In our implementation we opted for a state machine approach defined previously in 
[19]. This model of cardiac electric activity reproduces electric restitution of both 
action potential duration (APD) and conduction velocity (CV), as well as curvature 
effects. Cardiac tissue is modeled as a grid of discrete elements characterized by three 
discrete states, namely, Rest, Refractory1 and Refractory2, and transitions among 
them. The excitation of an element, i.e. the transition from Rest to Refractory1 is 
interpreted as a probabilistic event, depending on the amount of excitation in its 
neighborhood, and the excitability of the element, that can be accessed through the 
restitution curve of CV. Transitions from Refractory1 to Rest through Refractory2 
depend on the current of APD. Additionally, a membrane voltage is assigned at every 
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time instant. Finally, non-conservative sources at each time n and location i, [ ]i
J n , are 

solved based on the voltage differences and conductivities between neighboring 
elements. 

2.4   Mean Square Difference Estimating Contribution of the Sources to the 
Signal 

In [13] we introduced a method to analyze the contributions of the sources to the 
measured signal. The contribution of certain sources to the measured signal is defined 
by the mean square difference (MSD) between the signal generated by these sources 
and signal generated by whole source volume. Let V be the total source volume and 
Vo

 
be subset of the sources within the V. Based on (1), we define that the ECG signal 

z[n] is generated by V and zo[n] is generated by the source in Vo. If we measure the 
similarity between z[n] and zo[n] based on MSD, we obtain: 

2{ } ( [ ] [ ])o oMSD V E z n z n⎡ ⎤= −⎣ ⎦  (2) 

Furthermore, by normalizing MSD by the mean power of whole source volume 
z[n], Pzz, we can obtain a more convenient measurement of similarity relative to the 
mean power of z[n]: 
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{ } o
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MSD V

P
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2.5   Calculations 

We calculated the sensitivity distributions, the lead fields, in a realistic model of the 
male thorax by applying the principle of reciprocity. The lead fields were calculated 
for standard 117 body surface electrode leads illustrated in Figure 2. The same lead 
arrangement has been adopted for example by Kornreich and colleagues [4, 20]. The 
current distribution corresponding to the lead field current density was generated into 
the volume conductor by applying the unit currents to the electrode pairs. The 
calculations were executed with bioelectric field software which applies the 
Incomplete Cholesky Preconditioner and Conjugate Gradient for solution [21]. 

Here we study the contributions of the sources of left ventricular segments to the 
signals measured with 117 leads. The left ventricle was divided into 12 segments 
based on the standard 12 segment left ventricular subdivision recommended by the 
Committee on Nomenclature of Myocardial Wall Segments of the International 
Society of Computerized Electrocardiography [22, 23] illustrated in Figure 3.  

We solved source distribution [ ]i
J n  for the activation starting on the apex and 

conducting through the left ventricle over one second. The source distribution was 
combined with the sensitivity distributions to solve the measured potentials in the 
surface leads as described by (1). For each lead we evaluated the source volume Vo 

within the left ventricle which generates signal with 10 % MSDn compared to the 
signal generated by whole left ventricle. Further we observed the proportions of the 
12 segments in Vo and studied which segments have the largest influence on  
the signals measured with surface leads.  
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Fig. 2. 117 body surface electrode leads 

 

Fig. 3. The standard 12-segment left ventricular subdivision. Segments 1-3 anteroseptal, 4-6 
anterosuperior, 7-9 inferior and 10-12 posterolateral. 

3   Results 

Figure 4 presents for 117 leads the proportions of the 12 left ventricular segments to 
the source volume which produces signal having 10 % MSDn when compared to the 
total signal generated by the left ventricle.  

From the results we may observe the segments of the left ventricle which have the 
highest proportions of the sources measured with surface leads. Thus these leads are 
most optimal to measure activation generated within the segments. As an example 
over 30 percent of the sources that produce the signal with 10 % MSDn in the lead 93 
are within the segment 8. Further Segments 8 and 9 have together over 60 % of the 
sources which produce the signal having 10 % MSDn

 
in the lead 93.  

There are leads that are most optimal to measure different segments. For example 
approximately 50 % of the sources producing signal with 10 % MSDn in leads on the 
mid left thorax are in segments 1, 4 and 5 and fewer than 10 % of the sources are 
within the segments 8, 9 and 12. Thus these leads are most optimal to measure the 
signal originating from anterior segments. Leads in lower left back are mainly 
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Fig. 4. For 117 leads the proportions of the 12 left ventricular segments in the volume 
generating signal with 10% MSDn compare to the signal generated by whole left ventricle. The 
larger the proportion the higher is the contribution of the segment into the signal measured on 
the lead and more likely changes in measured signal are originating from the corresponding 
segment. 

measuring the activation of segments 8 and 9 because these segments have 
approximately 60 % share of the sources measured with these leads. 

4   Discussion 

Realistic and highly accurate models of the human anatomy are needed to carry out 
efficient modeling and simulation of the measurements leads. The FDM enables 
effective use of the models and thus leads to a more accurate modeling of 
measurements. Nevertheless the accuracy of the results can be affected by the 
resolution of the model and the number of conductivities modeled. These factors can 
affect the potential distribution within volume conductor and further the current 
density vectors which correspond to the sensitivity vectors. The higher the resolution 
of FDM grid the lower is the numerical error produced by discretization of 
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conductivities and thus more accurate current density vectors are achieved. Numerical 
approach applied here takes into account double sided differences of potentials in 
calculation of sensitivities and thus decreases the numerical error produced by the 
discretization of conductivities. 

The resolution of the FDM model defines the time needed for the calculation. A 
calculation of sensitivity distribution of a lead in this study took approximately 15 
minutes with AMD 3000+ 64Bit, 2 GB RAM. Solving the one second of cardiac 
activation in left ventricle took less than 3 seconds with Intel P4 2,4GHz and 1.5 GB 
RAM. Models with higher resolution can be applied in studies with high 
computational resources without excessive computation times.  

Although the model utilized possesses high anatomical accuracy, it has certain 
other shortcomings. In the present study we applied the finite difference model with a 
network of resistances featuring the tissue impedance. The human tissues also have 
capacitive characteristics possibly affecting the current distribution on the thorax. 
However, it has been recognized that the ratios between conductivities and 
permittivities of the human tissues on the frequency range of ECG are such that the 
dielectric behavior of tissues is mainly resistive [24]. Thus the model containing only 
resistive properties is relevant for our purposes.  

Furthermore, the model applied in the present study is isotropic. Anisotropic 
conductivities, especially of the cardiac muscle would improve the simulations. The 
model was based on the anatomy of a single human subject and the segmentation of 
the tissues might also have some shortcomings. In the future we will apply other 
thorax models to study the effect of model on the results. Also the resolution and 
segmentation of models will be enhanced.  

The MSD was found to be an efficient approach when the contributions of 
different segments were observed. In the present study we decided to observe the 10% 
difference but in future studies also other difference should be considered when the 
contributions of sources are observed. It would be valuable to investigate if the 
proportions are the same with the larger differences. Also other statistical properties 
of signals such as standard deviation and correlation will be included in the analysis 
in future studies. 

Kornreich and colleagues have studied which are the most optimal leads to detect 
anterior and inferior myocardial infarctions. The anterior infarction volume contains 
segments 1-7, 10 and 11 which are supplied by left descending artery or its branches 
[23]. The inferior infarction volume contains segments 8 and 9 supplied by inferior 
descending artery or its proximate coronary [23]. Kornreich and colleagues found in 
[4] that the optimal leads to detect anterior infarction are located in the left thorax 
around leads 50 and 69. They also found that the inferior infarction is most optimally 
detected from the leads on the left lower back. The same conclusions can be obtained 
from our results because segments involved in anterior infarction have high 
contributions to the signals measured with leads on the mid-left thoracic region and 
segments involved in the inferior infarction have high contributions to the leads on 
lower left back.  

Although the model and segmentation of left ventricle to 12-segments are quite 
coarse the study shows that there are locations which are more specific to measure 
individual segment and locations which are sensitive for number of segments. It is 
also shown that the modeling and the analyzing methods presented here provide 
excellent tools when studying the contribution of myocardial sources to the measured 
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body surface potentials. In the present study only one type of activation model was 
applied. The activation model has impact on the results and in the future we will thus 
apply multiple activation models to study e.g. the effect of starting point of ectopic 
beat on the sensitivities of the leads. In the future this method will be also applied in 
studying and designing of implantable ECG monitors as well as analyzing the origins 
of signals measured with implantable cardiac defibrillators and pacemakers.  
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