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Abstract— The principal component analysis (PCA) is ap-
plied on juxtaposed average beats of unipolar and differential
leads (DLs), obtained from 35-lead multichannel ECGs, for
assessing proportions of cardiac electrical activity variance
that the leads measure. It was shown that 93% of the total 35-
lead measured variance can be explained by the first three
principal components (PCs). An analysis of correlations be-
tween the ECG leads and the first three PCs shows that the
leads employing electrodes further to the heart pick up less of
the total ECG variance. It was also demonstrated that DLs
with highest correlations to the first three PCs, coincide with
the universal DLs selected by our previously published ECG
synthesis algorithm: BDLSA. This enables the application of
the PCA in the selection of optimal DLs combinations for the
ECG synthesis.

Keywords— Electrocardiography, Differential leads, Princi-
pal component analysis, Derived electrocardiograms, ECG
synthesis.

I. INTRODUCTION

One of the most promising derived 12-lead ECG systems
[1], i.e. systems with reduced numbers of leads that synthe-
size 12-lead electrocardiograms (ECGs), employs leads
measured with wearable ECG devices called wireless body
electrodes (WEs) [2, 3, 4, 5], implemented by two connect-
ed skin electrodes in a distance of about 5 cm and a device
that transfers measured signal wirelessly. The WEs enable
the minimal use of wires on the body and so increase the
wearable comfort. They can be placed on a body surface at
arbitrary positions, but to synthesize the best possible 12-
lead ECG from WEs’ measurements, it is necessary to posi-
tion three WEs optimally [6].

In our previous study [7] the best WEs universal posi-
tions (applicable for any person) have been determined, by
applying a novel “Best differential leads selection algo-
rithm” (BDLSA) that searches for a combination of three
leads, from which an ECG with the highest correlation coef-
ficient (CC) to a target ECG, can be synthesized. The de-
termined leads can be applied for the purpose of the 12-lead
ECG or for a multichannel ECG (MECG) synthesis (Fig. 1).
The BDLSA uses leads that are formed as differences of
neighboring unipolar MECG leads and are therefore named

differential leads (DLs). The DLs are aimed to be measured
by WEs because of the short inter-electrode distance, but
they can also be measured by other devices, e.g. devices
that employ smart textiles.

For the universal synthesis, the DLs from various persons
where concatenated to obtain all-embracing DLs which we
call generic DLs. When BDLSA is supplied with the gener-
ic DLs, it yields universal combination of three DLs, which
is the best combination in terms of CC among all the com-
binations. The algorithm also yields a universal transfor-
mation matrix, which is the best universal transformation to
the 12-lead ECG (in the least-squares sense) among all
transformations for a specific combination of DLs.

The BDLSA evaluations show that the synthesized ECGs
are of an acceptable quality [6, 7]. This suggests that the
cardiac electrical activity variance is successfully collected
by the three WEs placed optimally. This research applies
principal component analysis (PCA) to the generic unipolar
leads and generic DLs, for the purpose of analyzing their
signal variance and the amount of cardiac electrical activity
variance that they pick up. The objective is also to investi-
gate the PCA potential for selecting optimal DLs.

1. METHODS

A. Studied Data

Twenty healthy volunteers (13 male, 7 female, mean age
+ SD = 50.6+9) with no previous medical record related to
heart disease and with a normal 12-lead ECG, and twenty-
seven patients (22 male, 5 female, mean age = SD = 58+10),
scheduled for a coronary artery bypass surgery, were in-
cluded in our study. The patients had one or multiple signif-
icant coronary artery stenoses, whereas eight of them had an
old myocardial infarction. Informed consent was obtained
from all the subjects before the study. A single MECG
measurement was obtained from each healthy volunteer and
two MECG measurements from each patient: the first, one
day before the surgery, and the second, in the period from
the fifth to the seventh day after the surgery. For the data
recording device and procedure please refer to [8]. The
measurements were obtained during our previous studies

[9].
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Fig. 1: Schematic locations of MECG electrodes on the chest (left) and the
back (right). The leads indicated by green lines are the calculated best leads
for the 12-lead ECG synthesis: {(13, 18), (22, 25)}, whereas the ones
indicated by red lines: {(21, 22), (34, 35)} are the calculated best leads for
the MECG synthesis. The lead indicated in blue is in both sets of best
leads: {(4, 5)}.

The length of each measurement was 360 seconds. They
were processed using MatLab (MathWorks, Inc.) where the
average beats where obtained for each lead of the baseline
corrected MECGs, by the procedure described in [7]. Only
the average beats where used in all the subsequent pro-
cessing. Note that the high-frequency noise is satisfactorily
damped by the averaging [10].

B. Generic Differential Leads

A method of juxtaposing measurements was used: the
average beats from each MECG were concatenated for each
lead thus forming generic MECG leads. This method was
previously used in other studies, e.g., [7], [11]. The generic
DLs are formed by taking differences of juxtaposed MECG
lead as specified in the next section (see Eq. (2)).

C. ECG Principal Component Analysis — A Brief
Introduction and Interpretation

The PCA analyses a total variance of a random vector but
when applied for the purpose of an ECG analyses, the ran-
dom vector is replaced with the ECG measurement of inter-
est[12].

A MECG measurement can be denoted as

[ = (I, T, T, (1)

where y is the total number of leads employed by a MECG.
Note that in the scope of this paper lead voltages are denot-
ed in italic to be distinguished from lead labels.

A differential lead is defined as

DLi,j = 1—;—1—'

o Lje{l, ..

Yhi#E] . 2

where pairs of i and j are chosen such that only differ-
ences of neighboring MECG leads are taken into account
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[6], e.g. (13,18), (20,24), etc. Note that there are 91 DLs for
the 35-lead MECG.

Total variance of I' = [1"1
on its covariance matrix diagonal: tr(Z). X is diagonaliza-
ble if it has y different eigenvalues. The diagonalization is
conducted by matrix T of its eigenvectors [13]:

D =T'xT,, 3)

r y] is the sum of elements

where
T=|ty,...t,] €0, D=diag(d,.., 1), (4)
where 0, = {H € ]R;:: H-HT = I} is the y-order group of

orthogonal matrices, whereas diag (Al, s /13,) is a diagonal

matrix with A,,...,4, € R on diagonal. 4; =--- = 4, are
ordered eigenvalues of matrix X.
If we put
t'r
Y=TT-T= , 5)
tr

it can be shown that I' and Y have equal total variance and
that variables Y; are uncorrelated [14]. By definition, varia-
bles Y; = /T, (i =1, ...,y) are named the principal com-
ponents (PCs) of I'.

Let the sample CC between variable I; and principal
component ¥; be Tryyj It can be shown [14] that following

holds:
Y

ZrIgin =1,vie{l..,y} 6)
j=1
so that r,giyjcan be conceived as the variance proportion of
I} explained by PC Y;

In the space of the first two PCs we can draw 77y, and
Ty, .The obtained graphical representation shows how
much each of the input variables correlates with PCs Y; and
Y,. It follows from (6) that 7y, + 1y, < 1, which shows
that all the points on such a figure always fall inside a unit
circle. The variables represented with dots nearer to the
circle are more correlated with first two PCs. For a variable
more correlated with PCs (especially the first one) it may be
inferred that it contributes more to the variability of the
entire system.

The PCA was applied on the juxtaposed MECG leads
(y = 35), which enables the results to be interpreted as
being true in average for each person. The interpretation is
justified by the fact that average beats of each person, from
the studied population, are fairly contained in the juxta-
posed leads. The generic DLs contributions to the MECG
system variability are estimated by calculating the correla
tion between the DLs and first three PCs.
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Fig. 2: Variances explained by the first five PCs. The line represents the
cumulative variance explained.

I11. RESULTS

The correlation between DLs and PCs was analyzed only
for the first three PCs, as it was found that approximately
93% of the total variance in the 35-leads MECG system can
be explained by the first three PCs (Fig. 2), which confirms
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Fig. 3: Correlations between generic MECG leads and the first two PCs.

similar result from previous investigations [15], [16]. Fig-
ure 3 shows how MECG leads correlate with two first PCs.
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Fig. 4: CCs between generic DLs and PCs one and two (left), two and three (right). Colored circles represent all DLs that may be found in top thirty optimal
DLs combinations provided by the BDLSA.: blue - abs. CCs to PCl1 less than 0.5 (|rDLin | < 0.5), yellow - abs. CCs to PC2 less than 0.5
(erLiyzl < 0.5), red - abs. CCs to both PC1 and PC2 less than 0.5 (|rDLiy1| < 0.5and |rDLin| < 0.5), green: remaining optimal DLs, empty circles: DLs not
present in the top thirty optimal DLs combinations. The best DLs selected by the BDLSA for the MECG and 12-lead synthesis are indicated by the electrode
pairs in parentheses (see Fig. 1). The shaded rectangle covers the areas in which the CCs with both PCs are less than 0.5.
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In Fig. 4 the correlations between generic DLs and first
three PCs are shown.

IV. DISCUSSION

Almost the complete variance in the 35-leads MECG can
be explained by the first three PCs. This implies that for
each person there exist three leads that can collect 93% of a
hearth’s electrical activity variance (Fig. 2). It is therefore
sufficient to analyze DLs’ CCs to only the first three PC.

Fig. 4 shows 91 DLs' CCs to the first PCs. Marked with
color are the DLs selected by the BDLSA in the thirty best
combinations of DLs. It is evident from the left graph that
the algorithm selects DLs with a high CCs to the first two
PCs. The red circles however indicate DLs that have CCs
smaller than 0.5 with both first two PCs. Nevertheless, the
right graph reveals that these DLs are among those with
the highest CCs to the third PC. The figure shows that the
BDLSA selects DLs with highest CCs to the first three PCs.
Note that our additional inspection of the thirty best DLs
combinations, showed that each DL in every optimal triplet
of DLs, was highly correlated to a different PC. It follows
that for the purpose of selecting three optimal DL for the
ECG synthesis, one can select three DLs that each has a
high CC with a different of the first three PCs. The quality
of the synthesis still needs to be confirmed by the standard
evaluation measures [1].

Fig. 3 reveals that the same type of graph can be used for
assessing unipolar leads. The leads that are further to the
heart have smaller CCs to the first two PCs so it shows that
they pick a smaller amount of the total system’s variance.
The lead 3 employs an electrode at a left foot which is the
furthest electrode; hence it has the smallest CCs with both
PCs.

V. CONCLUSIONS

We have demonstrated that the PCA can be used for as-
sessing both unipolar leads and DLs. It was additionally
demonstrated that DLs with highest correlations with the
first three PCs, coincide with the DLs selected by the
BDLSA. This is an asset to the application of the PCA in
selecting optimal combinations of DLs for the ECG synthe-
sis, instead of applying BDLSA, which is an algorithm with
a significantly higher computational complexity.
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