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Abstract 

In this study we have developed a limited lead system 

to allow reconstruction of the 12-lead ECG. This has 

been based upon the analysis of eigen-vectors calculated 

from body surface potential map (BSPM) data.  Eigen-

vectors were calculated from a set of 117 lead BSPMs 

(normal = 172, LVH = 178, MI = 209). The extrema of 

the first three eigen-vectors were used to determine the 

positions of recording sites for three bipolar leads. These 

three bipolar leads were then used to reconstruct 12-lead 

ECGs recorded from an unseen group of subjects 

(normal = 57, LVH = 59, MI = 69).  It was found that the 

suggested leads could reconstruct the 12-lead ECG with 

a median RMS error of 57.0 µV and a correlation 

coefficient of 0.968. This was in comparison to the EASI 

leads, which, when tested on the same data, produced a 

median RMS error of 60.1 µV and a correlation 

coefficient of 0.955. Following comparison on a lead-by-

lead basis the eigen-vector based leads were found to 

perform particularly well in the reconstruction of the 

precordial leads V1-V5.  Further work is required to 

refine and to determine the practical utility of the 

proposed leads in practice. 

 

1. Introduction 

In electrocardiography limited or derived lead systems 

are currently stimulating much interest. These systems 

offer the potential to record the ECG from fewer sites 

than would normally be used. Information from missing 

sites is then estimated using transformation coefficients 

[1].   

Several systems have been reported in the literature 

which allow the reconstruction of the 12-lead ECG from 

a reduced number of recording sites.  One example is the 

EASI system [2,3], where the 12-lead ECG is derived 

from three bipolar leads based on the Frank VCG system 

[4].  Several systems have also been reported that use a 

subset of the 12-lead ECG [5-7].  These systems use 

information from the limb leads along with just two 

precordial leads to derive the four missing precordial 

leads.  Despite the commercial availability of these 

systems and the clinical interest there is still some 

controversy and reluctance surrounding their widespread 

use. 

In this study we develop a limited lead system to allow 

reconstruction of the 12-lead ECG based on the analysis 

of eigen-vectors which have been calculated from body 

surface potential maps (BSPMs).  Eigen-vector based 

techniques have been previously used in the analysis of 

BSPMs.  This has included the compression of BSPMs 

[8], and selection of unipolar leads for limited lead 

BSPMs [9].  In this study we employ eigen-vector based 

techniques to find statistically orthogonal bi-polar leads.   

2. Methods 

We calculated eigen-vectors for a set of 117 lead 

BSPMs.  The recording apparatus and procedure has 

previously been described in [10-11].  Briefly, the 

electrode array used to record the BSPMs comprised of 

117 recording sites distributed over the surface of the 

thorax as shown in Figure 1.  These recording sites were 

sampled simultaneously with respect to the Wilson 

Central Terminal derived from three standard (distal) 

limb leads.   

 

Figure 1. Electrode configuration used to record 117 lead 

BSPMs.  Also depicted are the locations of the six 

precordial leads relative to the 117 lead array. 

The dataset used consisted of 744 recordings taken 

from normal subjects, subjects who had suffered 

myocardial infarction (MI) and subjects with left 

ventricular hypertrophy (LVH).  For each subject 
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averaged beats were calculated for each lead.  Prior to 

analysis the dataset was partitioned to facilitate 

experimentation and evaluation.  The experimentation 

dataset consisted of data from 559 subjects (normal = 

172, LVH = 178, MI = 209).  The evaluation dataset 

consisted of data from the remaining 185 subjects 

(normal = 57, LVH = 59, MI = 69). 

Eigen-vectors were calculated from all map frames 

(PQRST) for all subjects in the experimental dataset.  The 

resulting eigen-vectors exist in the same space as the 117 

lead BSPM frames and therefore can be plotted as 

contour maps.  The first six eigen-vectors, ranked based 

on eigen-value are plotted in Figure 2.  The maps exhibit 

a similar pattern as that reported by previous investigators 

[7].  Namely, the first three eigen-vectors exhibit a 

dipolar pattern whereas subsequent eigen-vectors exhibit 

a more complex pattern with more than two poles. 

 

 

Figure 2. Top six eigen-vectors (descending order from 

top) plotted as contour maps. 

Bipolar leads were determined based on the positive 

and negative pole of each eigen-vector.  The bipolar leads 

resulting from the first three eigen-vectors are illustrated 

in Figure 3.   

 

 

Figure 3. Three bipolar leads as determined by locations 

of extrema on eigen-vectors shown in Figure 2. 

A set of transformation coefficients were 

derived that allowed each lead of the 12-lead ECG to be 

derived from the three eigen-leads.  These were derived 

by performing a linear regression, again using the 

experimentation dataset.  The 12-lead ECG was then 

derived from the three eigen-leads for each subject in the 

evaluation dataset.  These derived 12-lead ECGs were 

compared with the actual 12-lead ECGs for that 

population.  Two independent and widely used metrics 

were used for comparative purposes.  RMS error, as 

described in equation 1, was calculated to provide a 

measure of the average potential error between the two 

ECG waveforms. 
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where x1,i and x2,i are the ith sample from a measured 

and estimated ECG lead respectively and n is the number 

of samples. 

Correlation coefficient, as described in equation 2, was 

used to provide a measure of the similarity in the shape of 

the measured versus estimated ECG waveforms. 
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where P1 and P2 are the measured and estimated ECG 

leads respectively.  Both measures were determined for 

each lead of each patient.  The median and interquartile 

ranges were then calculated for each lead across all 

patients.  For the purposes of comparison the 

performance of the EASI [2] leads and the Nelwan [5] 

lead system were also calculated for the evaluation 

dataset. 

The Wilcoxon’s signed rank test was used as a 

measure of statistical significance of the difference in 

evaluating the performance between different lead sets.  

This test was applied to the paired difference in 

performance for the various experiments for each subject 

in the evaluation dataset.    
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3. Results 

The reconstruction accuracy of the eigen-leads is 

shown in Figure 4.  This set of error bars shows the 

median and interquartile range for each reconstructed 

lead.  The performance of the EASI and Nelwan lead 

systems has also been included.  Figures 4a and 4b 

illustrate RMS error and correlation coefficient 

respectively.    

The median RMS error across all reconstructed leads 

for the Eigen based, EASI and Nelwan lead systems was 

57.0 µV, 60.1 µV and 72.5 µV respectively.  The 

respective median correlation coefficient across all 

reconstructed leads was 0.968, 0.955 and 0.981, 

respectively. 

It can be seen in Figure 4a that the eigen-leads exhibit 

a consistent level of reconstruction accuracy across all 

reconstructed leads with a deviation in median of less 

than 30 µV.  In contrast, the error observed in the 

reconstruction of the 12-lead ECG using the EASI leads 

is seen to fluctuate by almost 150µV.  This is evident 

with a visible increase in error when reconstructing the 

precordial leads V1 to V5 and especially leads V2-V4.  The 

Nelwan lead system which does not reconstruct any limb 

leads shows a deviation of approximately 40 µV across 

the four reconstructed leads.   

Following the Wilcoxon’s test it was found that the 

eigen-leads significantly out performed the EASI leads in  

 
(a) 

 
(b)

Figure 4.  Performance of eigen-leads, EASI leads and Nelwan leads when reconstructing the 12-lead ECG.  

Reconstruction accuracy for each reconstructed lead is shown (median and interquartile range).  Figure 4a indicates RMS 

error, Figure 4b indicates correlation coefficient. 

 

the reconstruction of the precordial leads V1 through 

V5 (p<0.001).  There was, however, a significant deficit 

in the reconstruction accuracy of lead V6 using the eigen-

leads as compared to the EASI leads (p<0.001).  The 

EASI leads outperform the eigen-leads in the 

reconstruction of all the limb leads with a significant 

margin (p<0.05). This is with the exception of lead aVL 

where the eigen-leads actually yield a more accurate 

reconstruction, however, this improvement was not found 

to be significant (p=0.265).  When compared to the 

Nelwan leads, the eigen-leads reconstructed V1 with a 

similar margin of error (p=0.166).  Of the remaining 

leads, V3 and V4 were more accurately reconstructed 

using the eigen-leads and V6 was more accurately 

reconstructed using the Nelwan leads (in all three cases 

p<0.001). 

When the error bars for correlation coefficient, in 

Figure 4b, are examined, it can be seen that the eigen-

leads again fair favorably when reconstructing precordial 

leads.  There was, however, more variability in the 

correlation coefficient values for precordial leads versus 

those for limb leads using the eigen-leads than was 

evident in the RMS voltage error.  Such a deficit will be 

more evident when performance is expressed in terms of 

correlation coefficient given that the signal levels on limb 

leads are generally lower than that of precordial leads and 

although voltage differences will be smaller in these leads 

pattern difference may be more extreme.   

When comparing the reconstruction accuracy of the 

eigen-leads versus the other two lead systems,  based on 
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correlation coefficient, , the eigen-leads generally 

outperform the EASI leads in the reconstruction of 

precordial leads V1-V5 (p<0.001).  As was evident in the 

RMS voltage error lead V6 is more accurately 

reconstructed using the EASI leads (p<0.001).  A similar 

pattern as was exhibited in the RMS voltage errors is also 

observed here for the limb leads, as again, the majority of 

leads are equally as well if not more accurately 

reconstructed using the EASI leads.  When compared to 

the Nelwan leads the eigen-leads reconstructed V1 and V4 

with similar accuracy (p= 0.479 and p = 0.138 

respectively). V3 was more accurately reconstructed 

using eigen-leads (p<0.001) whilst V6 was more 

accurately reconstructed using the Nelwan leads 

(p<0.001).  This is similar to the pattern of performance 

observed based on the RMS voltage error. 

4. Discussion and conclusions 

Here we have illustrated the performance of a set of 

orthogonal leads for reconstructing the 12-lead ECG.  

These leads can be thought of as being statistically 

orthogonal as the eigen-vector based approach exploits 

this characteristic of the studied dataset (statistical 

orthogonality).  This contrasts the EASI lead system 

which is based on spatial orthogonality.   

The eigen-leads have been shown to perform 

reasonably well in the reconstruction of the 12-lead ECG 

particularly when compared to the EASI leads.  This is 

most evident in the reconstruction of the precordial leads.  

This quality may make these leads suitable for 

applications where the precordial lead information is 

sought without the recording overhead of the Wilson 

Central Terminal leads. 

There are still some issues with the proposed system 

that require further investigation.  Firstly, the eigen-leads 

currently need six recording sites which is more than that 

of the other limited lead systems.  A way of addressing 

this could be to combine poles of some of the eigen-leads 

to reduce the number of required recording sites.  This 

may be to the detriment of reconstruction performance 

but may be desired for reasons of practicality.  Secondly, 

the practical limitations of this approach are yet to be 

tested, specifically, we have not identified anatomical 

landmarks that allow for the accurate application of the 

leads.  An issue that is related to this that also needs 

clarification is the fact that we have not yet assessed the 

effects of electrode placement variability on the 

reconstruction performance.  All of these issues form the 

basis of the plans for our further work. 
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