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Abstract

Several methods have been proposed to automatically
detect and estimate T-wave alternans (TWA) in the ECG,
all of them operating on a single-lead basis. In this study a
multilead detection scheme is proposed. It combines Prin-
cipal Component Analysis with the Laplacian Likelihood
Ratio method to improve the detection results. A simula-
tion is carried out to evaluate the effect of different types of
simulated and physiological noise, and to assess the per-
formance of this detection scheme. According to simula-
tion results, the proposed multilead approach can detect
alternans with a SNR 30 dB lower than the single-lead ap-
proach, showing a remarkable improvement of the sensi-
tivity to low-level alternans.

1. Introduction

T-wave alternans (TWA) is defined as a consistent fluc-
tuation in the repolarization morphology on an every-
other-beat basis. TWA is presently regarded as a plausible
index of susceptibility to sudden cardiac arrest [1]. Several
methods exist to detect and estimate TWA. A comprehen-
sive review can be found in [2]. In all of them TWA is de-
tected on a single-lead basis. The main drawback of these
methods is either their sensitivity to the presence of high
amplitude nonalternant components, or their low sensitiv-
ity to low-level alternans [1, 2].

In this work, we propose a multilead approach that com-
bines Principal Component Analysis (PCA) and the Lapla-
cian Likelihood Ratio method (LLR) proposed in [3, 4].
With the proposed approach, the alternans information
contained in different leads is concentrated in a subset of
signals, discarding noise and artifacts. TWA analysis is
applied considering only this subset of signals.

In this paper we evaluate the multilead approach and
compare it with a single-lead detection scheme. In Sec-
tions 2 and 3, we describe the TWA analysis methods and
the simulation study respectively. Simulation results are
presented in Section 4. In Section 5 we expose the conclu-
sions of this work.
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2. TWA analysis

2.1. Preprocessing

In the preprocessing stage, the multilead input signal is
low-pass filtered with a cut-off frequency of 60 Hz, and
decimated so that the resulting sampling frequency is 125
Hz. An example is shown in Figure 2.a. Let L be the num-
ber of beats in the input signal, N the number of samples
of one ST-T complex, and K the number of leads. For
the i:th beat, the ST-T complex x;(n) is extracted in leads
k=0...K—-1, and then complexes from the different leads
are put together into a matrix X;

X/ %;0(0) xio(N = 1)
Xi=| ... |= (1)
X e il |xik-100) xik-1(N = 1)

The n:th column of X; is formed by the amplitudes of the
K leads at a given time. The X; matrices are concatenated
to form the data matrix X

X=[Xo Xi . Xp @
The k:th row of X contains the concatenated ST-T com-
plexes corresponding to the k:th lead.

2.2.  Single-lead approach

In this approach, each lead is processed independently
after the preprocessing stage. First, alternans detection is
carried out lead by lead using the Generalized Likelihood
Ratio Test for Laplacian noise (Laplacian GLRT) as pro-
posed in [3, 4]. To decide whether alternans is present or
not, the resulting value of the test is compared to a thresh-
old, which is calculated to obtain a fixed false alarm prob-
ability (Pra). The overall TWA test is positive if alternans
is detected at least in one lead. Then, alternans estima-
tion is carried out in each lead by computing the Maxi-
mum Likelihood Estimation for Laplacian noise (Lapla-
cian MLE)[3, 4].
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Figure 1. Block diagram of the multilead approach. The blocks in bold line are the ones used in the single-lead approach.

Note that in the single-lead approach Y = X = X.

2.3. Multilead approach

The block diagram of the proposed multilead detection
and estimation process is given in Figure 1. After the pre-
processing stage, a simple detrending filter is applied to the
original data to eliminate the background ST-T complex

X;‘,k =054 —Xi—14), i=1..L-1 3)

A detrended data matrix X is defined as in (1) and (2) by
piling leads and concatenating the detrended beats x;.,k.

PCA is then applied based on the fact that the rows of
X' have zero mean. The interlead correlation matrix can
be estimated as A T

Ry = LNX X @

To obtain the whole set of K principal components of X,
the eigenvector equation for Ry is solved

Ry ¥ = YA (5)

thus obtaining the eigenvectors matrix ¥. Then, an or-
thonormal linear transformation based on ¥ is applied

Y =¥'X (6)

to obtain the transformed data matrix Y. The k:th row of
Y contains the transformed data corresponding to the k:th
principal component, and from here on it will be referred
to as the k:th transformed lead for simplicity. Figure 2.b
shows the transformed signal.

The main goal of PCA is to project the alternans infor-
mation of X in a subset of components M < K, whereas
noise is projected in the complementary subset. To choose
this subset of components, TWA detection is carried out
in each transformed lead by using the Laplacian GLRT as
proposed in [3, 4], where a statistic Z is computed from the
data and compared to a threshold. The result of this lead-
by-lead detection is denoted as d;: if alternans is detected
in the k:th transformed lead, d; = 1, and d; = 0 otherwise.
The overall TWA test is positive if alternans is detected at
least in one transformed lead.

For the TWA estimation stage, both principal compo-
nents and transformed leads corresponding with k such that
d;r = 0 are eliminated from ¥ and Y, thus obtaining the
truncated basis matrix ¥, and the truncated transformed
data matrix Y, respectively. A new signal in the original
domain is then reconstructed with the truncated matrices,

X = Y, Y, @)

Figure 2.c shows the reconstructed signal. Note that X is
equivalent to a spatially filtered signal, where the equiva-
lent filter is aimed at preserving the alternans content, not
at obtaining a perfect reconstruction of the original signal.
The reconstructed data matrix X consists of the concate-
nation of the multilead single-beat matrices X;:

X=X X .. X (8)
where
ifo
Xi=| .. 9
Xk

with X;; corresponding to the reconstructed ST-T segment
of the i:th beat in the k:th lead. Laplacian MLE is then
applied to the reconstructed data as proposed in [3, 4] to
estimate the alternans waveform and amplitude. Figure 2.d
shows an example of estimated alternans.

3. Simulation study

A simulation study was carried out to evaluate the mul-
tilead approach and to compare it with the single-lead
scheme. Simulation setup is shown in Figure 3. We sim-
ulated multilead ECG signals by adding noise and TWA
to a clean background ECG. Only the eight independent
leads V1 to V6, I and II were considered (K = 8). For
the background ECG we selected a standard beat from a
12-lead record and repeated it L = 32 times. The alter-
nans waveform was estimated and extracted from another
12-lead record, using the LLR method as described in [4].
Both records belonged to the STAFF-III database [4].

We considered four sources of noise: Gaussian (gs),
Laplacian (Ip), electrode motion (em) and muscular activ-
ity (ma). Physiological noises em and ma were extracted
from the MIT-BIH Noise Stress Test Database [5]. A de-
scription of their statistics can be found in [3]. For each
realization, K noise segments of L X N samples were sim-
ulated (gs or /p noise) or extracted from the records be-
ginning at a random position (em or ma noise). Baseline
wander was removed from em and ma noises. Each seg-
ment was normalized so that its RMS value was 1 uV.

Let W be the multilead noise matrix formed by the noise
segments wy,
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Figure 2. (a) Input signal with SNR = —20 dB. (b) Transformed signal after PCA. (c) Reconstructed signal after truncated
inverse PCA. (d) Estimated alternans waveform. The GLRT values for single-lead and multilead approaches are shown in
brackets in (a) and (b) respectively. An asterisk indicates the leads that overcome the detection threshold (TS5 and T6). Note
that alternans are visible in TS, T6, and V4 to V6 in the reconstructed signal. Ordinate units are in mV.
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Wo
W=

T
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(10)

it can be assumed that segments are mutually uncorrelated,
ie.

Ry = L wwr o1 (11)

NL

However, in real ECG records the noise in the different
leads is not uncorrelated. To simulate a physiological-like
correlation, we selected 2000 segments of noise for each
lead from 10 records of the PTB Diagnostic ECG database
[6]. For each segment, the 50 ms interval prior to a P wave
onset was selected, and DC level was removed. Segments
corresponding to each lead were concatenated, and the re-
sulting noise leads were piled similarly to (10) to form a
noise matrix N. The interlead correlation matrix of N was
estimated similarly to (11). Its inverse was decomposed as

R, = DD’ (12)

where D is an upper triangular matrix with strictly positive
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Figure 3. Simulation of ECG signals with TWA and noise.
Signals scale is not preserved for better visualization.

diagonal entries. The inverse of D was used to spatially
correlate the generated noise

W =D 'wW (13)

thus obtaining a noise matrix W’ whose interlead correla-
tion equals ﬁN. Finally, the noise was scaled so that the
RMS value of the least noisy lead was 200 uV. Alternans
was then scaled to obtain a desired value of SNR, defined
as the ratio between alternans power and noise power.

4. Results

We simulated ECG fragments with the four types of
noise described in Section 3, with SNR values ranging
from -60 to 10 dB, and also without TWA. For each pa-
rameter combination, 10* noise realizations were gener-
ated, and signals were processed with both the single-lead
and the multilead methods.

Figure 4 shows the evolution of the GLRT statistic Z in
the eight transformed leads versus different levels of SNR.
Each point represents the average Z value of the 10* re-
alizations. We found that when SNR <-30 dB, alternans
content was mainly projected in the 5th transformed lead
(TS); later, as SNR rose to -10 dB, alternans appeared also
in T6, T7 and T8 successively. When SNR > -5 dB, it
appeared predominantly in T1, T2 and T3. These results
were similar for all the noises.

Receiver Operating Characteristic curves (ROC curves)
were computed by sweeping different threshold values.
Figure 5 shows the curves of the two methods correspond-
ing to SNR= —45 dB. To analyze the behavior of the meth-
ods for different values of SNR, we selected a fixed value
for the threshold so that Pr4 = 0.01, and compared the
resulting detection probability Pp. In Figure 6, Pp for
Prs = 0.01 is plotted against SNR for the different types
of noise and for the two methods.
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Figure 5. ROC curves for SNR = —45 dB

5. Discussion and conclusions

The high performance of the multilead method is similar
for gs, Ip and ma noises, as shown in Figure 5. It is worse
when facing the em noise, because em bandwidth mostly
overlaps the band of the alternans. Even in this case, the
multilead approach performs better than the single-lead ap-
proach. Note that in Figure 5 the single-lead method is not
capable of detecting anything due to the low SNR level.

As we can see in Figure 6, the multilead method sur-
passes widely the performance of the single-lead method.
In the worst case, for a fixed value of Pp the multilead
method can detect alternans with a SNR 30 dB lower than
the single-lead method. The improvement of the perfor-
mance is similar for the different types of noise. The mul-
tilead scheme performs better, specially at low SNR levels,

because the method discards most of the noise. For in-
stance, at SNR = -20 dB, alternans is projected in only two
leads (see Figure 2), and the noise contained in the rest is
totally discarded, allowing a more precise TWA analysis.

Simulation results suggest that the multilead approach
can improve significantly the sensitivity to low level alter-
nans when standard 12-lead ECG is available. The pro-
posed scheme may find application in noisy signals such
as stress test ECG.
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Figure 6. Pp for P4 = 0.01 of the multilead (solid line)
and the single-lead approach (dashed line) vs. SNR.
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