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Detection of ECG T-wave Alternans Using Maxima of
Continuous-Time Wavelet Transform Ridges

Abstract. Prognostic utility of microvolt T-wave alternans (TWA) has been established since its clinical acceptance as marker for malignant ven-
tricular arrhythmias, leading to sudden cardiac death. Accurate detection of TWA from surface ECG is a challenge because of invisible nature of
the phenomenon. A novel TWA detection scheme based upon analysis of continuous time wavelet ridges (CTWR) of consecutive ventricular repo-
larization complexes is presented. The CTWR is computed using maxima of wavelet energy coefficients of continuous wavelet transform. Variety of
simulated alternans waveforms, wavelet functions, frequency bands and noise levels are used to test the algorithm. The study concludes that CTWR
can successfully characterize the alternation of cardiac repolarization and detect TWA phenomenon.

Streszczenie. Diagnostyka sygnatu TWA odgrywa duza role w badaniach jako marker arytmii powodujacej zawat serca. Sygnat TWA jest wykrywany
Jjako sktadowa sygnatu elektrokardiogramu. W artykule opisano wykorzystanie ciagtej transformaty falkowej do analizy tego sygnatu. (Detekcja

sktadowej TWA sygnatu EKG bazujgca na wykorzystaniu ciagtej transformaty falkowej)
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Introduction

Electrocardiography (ECG) is an important clinical tool
for diagnosis of cardiac diseases. It is commonly measured
by placing the surface electrodes on a subject’s chest and
recording the cardiac cellular potential variations. The mea-
sured voltages, graphically plotted as a function of time, rep-
resent sequential depolarization (P-wave and QRS complex)
and repolarization (T-wave) of cardiac chambers. A single
such heart beat is shown in Fig. 1(a).
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Fig. 1.  ECG morphology and TWA presence; (a) a single heart
beat, (b) a normal sinus rhythm ECG segment and (c) simulating
TWA presence. Red line traces the alternans waveform and green
squares mark the peak of T-wave where alternans amplitude is at
maximum.

Microvolt T-wave alternans (TWA) is a phenomenon in
which ECG T-wave morphology periodically fluctuates in ev-
ery other heartbeat, as shown in Fig. 1(c). Being peak to
peak amplitudes in microvolts, this alternation is not visi-
ble through manual examination of surface ECGs. Patho-
logical significance of the phenomenon is established since
first observations in 1910 [1], however, the prognosis value
is considerably enhanced since the detection and estima-
tion has become possible through advanced signal process-
ing techniques [2]. Since then, TWA has been increasingly
linked with malignant ventricular arrhythmias and recently in-
cluded among the risk stratifiers for sudden cardiac death
(SCD) [3, 4].

Wavelet transform has been extensively applied for seg-
mentation and analysis of ECG [5, 6, 7]. In this paper, a new

TWA detection technique is proposed using dynamic analy-
sis of ridges of beat to beat continuous-time wavelet trans-
form (CWT) energy coefficients of respective repolarization
segments (T-waves). Detection is performed using different
wavelets families to find the wavelet basis giving optimal de-
tection performance.

In the following three sections, we establish theoretical
basis of our proposed detection scheme. Section 4 and 5
describes the detection scheme and dataset used for the val-
idation. Detection performance results are presented in the
Section 6 with and important conclusions drawn in the last.

ECG Signal Preprocessing

Block diagram of the proposed detection scheme is
shown in Fig. 2. An M beat digitized ECG signal is fed as
input to the analysis system, whose outputs include a deci-
sion statistics regarding the TWA presence or absence. The
aim of the preprocessing stage is to condition the digitized
ECG for subsequent analysis [2].

As TWA is a localized phenomenon only manifested dur-
ing the repolarization phase of beat to beat ECG signal, it is
convenient to adopt a segmentation procedure to extract the
relevant portion from the complete ECG signal before analy-
sis. The steps performed in preprocessing and segmentation
stages are as follows.
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Fig. 2. Block diagram of the proposed detection scheme.

For preliminary analysis, CWT of the whole ECG signal
is computed with a fine fractional dyadic discretization of 200
scales ranging from a = 2%mi» to 2%max and ayi, and dmax
are computed as [8],
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(1) i = log, (Lt
min - g2 Fmax
F.F,

(2) Amax 10g2 (F;lj)

where Fj is the sampling frequency of the ECG signal,
F. is the center frequency of the mother wavelet and Fiiy,
Fax are the pseudo-frequencies corresponding to the re-
spective CWT scales and chosen according to the band of
interest. Frequency contents of the T-wave normally lie be-
tween 0.5 to 10 Hz [9] but to cater for the possibility of high
frequency components, the repolarization segment is spec-
trally localized within 0.5 to 15 Hz, which corresponds to a
temporal interval of 180 ms from the onset of ST segment.
After localizing the repolarization segment, QRS and T-wave
peak detection is performed using the waveform locator of
Laguna et al [10], available at Physionet [11]. Fig. 3 shows
preprocessing steps performed on a real ECG signal taken
from TWA challenge database sampled at 500 Hz [11, 12].
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Fig. 3. ECG preprocessing; (a) Localization of ventricular repolariza-
tion in time-frequnecy plane, a portion from 2.5 to 14 Hz is shown for
better visualization, and (b) QRS detection and T-wave segmentation
in time domain, Tonset and T, 5 ro; are marked with '+’

Signal Model

The output X € RN*M of the preprocessing stage
contains preprocessed ECG repolarization segments X =
[Xo...Xa_1), where x; = [2[0],..., ;[N —1]]" is the
segment corresponding to [-th beat, having IV samples. TWA
is essentially a non-stationary phenomenon and analysis has
to be performed on a limited number of beats, therefore, an
analysis window B € R“*" comprising of L segments is
defined which must be shifted r times with L beats to cover
the length of whole signal length M. At r = 1, the analysis
window is considered to be centered at beat é — 1, such that

B — [bo...béfl...

plexes in the L beat analysis window can be written in matrix
notation as,

bL,l] . The segmented ST-T com-

3) X=S+W

where X € RNV*L contains the aligned ST-T segments
and S, W € RM*ZL represent signal and noise samples,
respectively. The odd and even ST-T complexes, denoted
by D € RN*"2 and G € RN*"/2 respectively, are ob-
tained through D = X(I® e;) and G = X(I ® ez), where
I € REX/2 s the thin identity matrix, e1,es € R? are stan-
dard basis and ® represents the Kronecker product. If we

denote D = [dod; ...dzs.] and G = [gog1 .. .8rs), the
signal model in (3) can be disintegrated and rewritten as,

4) d; = s;+w
(5) g = Siy1+Wip
where ¢ = 0,...,1/2 — 1, and s =

(100, ..., s [N —1)]" and w; = [w[0],...,w[N —1]]"
are signal and noise samples of ST-T complexes corre-
sponding to [/-th beat within the analysis window and (-)7
represents the transpose operation.

Alternan waveform, being the beat to beat fluctuation, is
the recurring trace of difference between consecutive repo-
larization complexes. If V. € RN*"/2 is considered a rep-
resentation of this difference, such that V. = [vovy ... Vi)
and v; = |g; — d;|, we have the alternan waveform modeled
as,

(6) u; =v; +n;

where u; is the observation vector containing the alter-
nan waveform segment v; = [v;[0],...,v;[N — 1]]7, corre-
sponding to i-th pair of consecutive ST-T complexes contain-
ing N samples each, and n; = [;[0],...,n;[N — 1]]" are
residue noise and artifact samples n;[n| = w;41[n] — w;[n].

Computation of Wavelet Transform Energy Coefficients
The CWT of a continuous time signal x(t¢) is defined
in [8] as,

+oo
(7) C(a,b):% / 2ty (=2

)

a

where 1*(t) is the complex conjugate of the wavelet
function ¢*(¢) and a, b are the scaling and location param-
eters of the wavelet. The two dimensional energy density
function at a specific location and scale is given by

(8) E(a,b) = |C(a,b)|?

In practice, a discretized approximation of (7) is used,
which is fundamentally different than discrete wavelet trans-
form (DWT). The preprocessed and aligned repolarization
segments d; and g; of length N came from the ECG signal
sampled with F, therefore, the above location-scale repre-
sentation of CWT must be translated into a notion of time-
frequency atoms.

We denote the computed CWT coefficients of a repolar-
ization segment x; = [2;[0], ..., z;[IN — 1]]T corresponding
to I-th beat in the frequency interval [} F»] by C; € RV*/
with C; = [cj,cr, ... c;;| Twhere j = 0,1,..., J—1arethe
discretized frequency locations in time-frequency plane with
J = £2=11 and AF is the step size of the frequency corre-
sponding to the discrete scaling step of the discretized CWT.
The vector ¢;, = [c1,[0], ..., ¢, [N — 1]]" contains wavelet
coefficients of [-th repolarization segment corresponding to
first frequency location, i.e., j = 0.

A wavelet ridge corresponding to each time sample of
the repolarization segments can be computed as

d
(9) nlk] = %&(a,b) =0
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where & = |¢;[K]|? and 7;[k] represents the energy and
trend of instaneous frequencies at k-th time samples of [-th
cardiac repolarization complex, respectively.

Detection Scheme

Presence of TWA exhibits an electrophysiological state
in which ST-T complexes belonging to every other heartbeat
are closely homogeneous, as shown in Fig. 1(c). This im-
plies that respective instantaneous frequencies correspond-
ing to repolarization intervals of even and odd cardiac cycles
in an L beat analysis window may indicate the presence or
absence of TWA. Departing from the described signal model,
wavelet ridges are computed for d; and g; using (9), resulting
in sufficient detection statistics given by 74, and 74, which
are maximas of the wavelet ridges corresponding to first and
second repolarization complex, respectively, of i-th pair of
heartbeats.

To facilitate dynamic tracking of TWA, these values are
finally combined as a beat to beat series of coefficients in the
L beat analysis window obtained through v, = Ja, || Ye.
such that yn, = [yo,y1,--.,Yr—1], where yo = Jd,,y1 =
ﬁgoa e YL—2 = ’S/dL/271 s Yr—1 = :YgL/271'

The series y;, must exhibit a periodicity of order 2 over
the length of the analysis window L in order to decide about
the presence of alternan, therefore, the standard sign change
counting TWA detection statistics [2] is computed with each
shift of the analysis window in the neighbourhood of the I-th
beat (I =lp +rL) as,

(10)
1 l z
Zi=5 L+| ) sign(Ayh)(—l)h> = A
h=l—L+1 Ho

where H1 implies detection of TWA, H, is the null hy-
pothesis and and Ay, = yn — yn—1. The hypothesis is
tested against a fixed value threshold )\, which is a predeter-
mined test significance value. In a scenario where signal and
noise statistics are assumed to be unknown, it is assumed
that A, = L.

Datasets

Signals with a priori knowledge of TWA levels are re-
quired to test the performance of detection scheme. Like
many other ECG problems, there is no gold standard
database as it is not possible to manually (and accurately)
detect the microvolt TWA. Therefore, the accepted procedure
is to devise realistic synthetic datasets for validation experi-
ments. ECG signals are generated using realistic ECG gen-
erator model proposed by McSharry et al [13].

The model provides various tunable parameters to
change the important morphological and signal characteris-
tics of generated waveforms, such as mean and standard
deviation of heart rate, morphology of PQRST cycle, am-
plitudes and sampling frequency. Beat registers are made
by L-fold repetition of a randomly extracted beat from the
stream generated by the generator and choice of L is varied
according to the target experiment. A hamming function is
added in each alternative beat {/,! + 2,...,L — 1} of the
ECG signal so that any alternan waveform segment u;[n]
contained in observation vector u; in (6) becomes w;[n] =
g1 (0.54 — 0.46 cos (272 )) + g2 (m:[n]), where g1 and go
are the scaling parameters to control alternan waveform am-
plitude and noise power respectively. The noise 7;[n] is mod-
eled as a white gaussian process, i.e., ;[n] ~ N(0,0?).

Detection Performance

Detector performance is evaluated in different scenarios
involving variety of TWA distributions and noise realizations.
Three different temporal realizations of alternan episodes are
devised to simulate variety of stationary and non-stationary
characteristics. Stationary TWA (dataset TWA-1) is simu-
lated by equally distributing a single episode in an M beat
signal. For non-stationary TWA, three different datasets are
devised to simulate both large and small scale non-stationary
characteristics. TWA-2 dataset includes multiple episodes of
randomly varying length and TWA amplitude. TWA-3 dataset
includes a single TWA episode with increasing magnitudes
with 7 magnitude transition levels.

Inappropriate selection of wavelet basis as well as sig-
nal bandwidth of interest will adversely effect the resolution in
time and frequency domains, and therefore the performance
of algorithm. Therefore, preliminary analysis before algo-
rithm testing is carried out by studying time-frequency energy
characteristics of T-wave using a number of wavelet functions
which have been validated previously for physiological signal
analysis [8].

Fig. 4 shows mean &, [k] of a T-wave computed us-
ing five different mother wavelets for respective scales cor-
responding to 0.5-15 Hz. It is observed that repolarization
morphology is best traced by Mexican Hat, Symlet4 and
truncated Morlet wavelet (only the real part), whereas, the
energies towards the second half of ventricular repolariza-
tion were significantly suppressed by Daubechie4 and Meyer
wavelets.
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Fig. 4.  Applying different mother wavelets to analyze T-wave
morphology; (a) T-wave from an ECG signal from TWA challenge

database (twa01), and (b) mean energy, & [k] = 5 >°7 " &, [k], for
Daubechie4, Symlet4, Meyer, Morlet and Mexican Hat wavelet func-
tions for all scales corresponding to 0.5-15 Hz.

Detector output results for a noisy ECG signal with
signal-to-noise ratio (SNR) = 20 dB are reported below. Fig. 5
shows detection of a TWA-1 episode of alternan amplitude
20uV in a 128 beat ECG signal (M = 128). The detection
remains accurate for the complete range of analysis window,
ie., L =4,..., M, implying independence of algortihm sen-
sitivity from the length of analysis window L, assuming TWA
stationarity across M beats. In case of non-stationary TWA,
the detection performance obviously depends upon the win-
dow length and would significantly degrade if TWA episode
is significantly shorter than L, e.g., detection of an 8 beat al-
ternan episode keeping L. = 32. A simple solution is to keep
the length of window as small as possible according to the
clinical dictates.

Detection of TWA-2 with three randomly generated al-
ternan episodes is shown in Fig. 6. All the episodes are
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accurately detected by keeping minimum length of analysis
window, i.e., L. = 4. TWA-3 is a special case where TWA is
present within the whole ECG signal, however, the magnitude
is changing. This gradual increase in alternan magnitude is
also detected by the algorithm, as shown in Fig. 7.

(a) TWA-1 Eplsode

can be successfully used to study the short time dynamical
periodicity in cardiac repolarization. The implementation of
the algorithm is tested using realistically synthesized ECG
signals with variety of alternan distributions and magnitudes.
The detection has been tested for different wavelet basis with
varying noise levels. The study presents a new application of
CTWR as an important analytical tool for detection of TWA
which is among the most important marker and risk stratifier
of sudden cardiac death.
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Conclusion

A new TWA detection algorithm based upon variation
of continuous-time wavelet transform ridges (CTWR), com-
puted using maxima of wavelet energy coefficient corre-
sponding to consecutive cardiac repolarization complexes is
presented. It is proposed that CTWR, which represents in-
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