
Enhanced adaptive matched filter for automated identification and
measurement of electrocardiographic alternans
Marcantoni, I.; Sbrollini, A.; Morettini, M.; Swenne, C.A.; Burattini, L.

Citation
Marcantoni, I., Sbrollini, A., Morettini, M., Swenne, C. A., & Burattini, L. (2021). Enhanced
adaptive matched filter for automated identification and measurement of
electrocardiographic alternans. Biomedical Signal Processing And Control, 68.
doi:10.1016/j.bspc.2021.102619
 
Version: Publisher's Version
License: Creative Commons CC BY-NC-ND 4.0 license
Downloaded from: https://hdl.handle.net/1887/3279790
 
Note: To cite this publication please use the final published version (if applicable).

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hdl.handle.net/1887/3279790


Biomedical Signal Processing and Control 68 (2021) 102619

Available online 10 April 2021
1746-8094/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Enhanced adaptive matched filter for automated identification and 
measurement of electrocardiographic alternans 

Ilaria Marcantoni a, Agnese Sbrollini a, Micaela Morettini a, Cees A. Swenne b, Laura Burattini a,* 
a Department of Information Engineering, Università Politecnica delle Marche, Ancona, Italy 
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A B S T R A C T   

Electrocardiographic alternans, consisting of P-wave alternans (PWA), QRS-complex alternans (QRSA) and T- 
wave alternans (TWA), is an index of cardiac risk. However, only automated TWA measurement methods have 
been proposed so far. Here, we presented the enhanced adaptive matched filter (EAMF) method and tested its 
reliability in both simulated and experimental conditions. Our methodological novelty consists in the intro
duction of a signal enhancement procedure according to which all sections of the electrocardiogram (ECG) but 
the wave of interest are set to baseline, and in the extraction of the alternans area (AAr) in addition to the 
standard alternans amplitude (AAm). Simulated data consisted of 27 simulated ECGs representing all combi
nations of PWA, QRSA and TWA of low (10 μV) and high (100 μV) amplitude. Experimental data consisted of 
exercise 12-lead ECGs from 266 heart failure patients with an implanted cardioverter defibrillator for primary 
prevention. EAMF was able to accurately identify and measure all kinds of simulated alternans (absolute 
maximum error equal to 2%). Moreover, different alternans kinds were simultaneously present in the experi
mental data and EAMF was able to identify and measure all of them (AAr: 545 μV ×ms, 762 μV × ms and 1382 
μV ×ms; AAm: 5 μV, 9 μV and 7 μV; for PWA, QRSA and TWA, respectively) and to discriminate TWA as the 
prevalent one (with the highest AAr). EAMF accurately identifies and measures all kinds of electrocardiographic 
alternans. EAMF may support determination of incremental clinical utility of PWA and QRSA with respect to 
TWA only.   

1. Introduction 

Heterogeneity in cardiac tissue is fundamental to maintain the 
normal electrical and mechanical heart function [1]. However, patho
logical conditions and administration of drugs may lead to an exacer
bation of such heterogeneities that, in turn, may result in an increased 
risk of cardiac arrhythmias [1]. Indeed, the occurrence of dynamic 
factors, interacting with each other and/or with pre-existing tissue 
heterogeneities, may cause arrhythmogenic cardiac alternans [1]. At the 
cellular level, cardiac alternans manifests as every-other-beat alterna
tion in contraction (mechanical alternans), action potential duration 
(electrical alternans) and cytosolic calcium transient amplitude [2]. 

Indeed, in myocytes the beat-to-beat regulation of cytosolic calcium is 
linked to membrane potential and it is generally agreed that this link is a 
key factor causing electromechanical and calcium transient alternans 
[2]. Electromechanical and calcium transient alternans are highly 
correlated, but it has remained moot whether the primary cause of the 
phenomenon is a perturbation of cytosolic calcium signaling or mem
brane electrical properties [2]. This coupling was studied in case of 
ventricular myocytes but less in case of atrial ones [2]. 

Given the cellular mechanism underlying the phenomenon, cardiac 
alternans manifests in the electrocardiogram (ECG). Electrocardio
graphic alternans (ECGA) is the manifestation of an electrophysiological 
phenomenon occurring at stable heart rhythm consisting in the every- 
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other-beat alternation of the morphology of one or more electrocar
diographic waves (P wave, QRS complex or T wave), expressing in 
amplitude, shape or polarity variation. ECGA is a non-stationary phe
nomenon, with varying amplitude and duration [3,4]. Historically, 
alternans that manifests as T-wave oscillation in the ECG, i.e. T-wave 
alternans (TWA), was the most investigated. TWA has become an elec
trocardiographic prognostic means for arrhythmia-risk stratification and 
regulation of antiarrhythmic therapy [2,5–13]. It has been observed in 
several conditions: electrolyte abnormalities, hypothermia, coronary 
artery disease, post-myocardial infarction, long QT and Brugada syn
dromes, vasospastic angina, dilated, hypertrophic, and Takotsubo car
diomyopathies, and heart failure [1,14–25]. P-wave alternans (PWA) 
and QRS-complex alternans (QRSA) have been less investigated and 
most studies in the literature, especially those related to PWA, are case 
reports [26–36]. PWA has been referred as a rare phenomenon predictor 
of atrial fibrillation [26]. P wave is associated to atrial depolarization; 
thus, it is plausible to associate PWA to atrial electrical instabilities. 
Similarly, being QRS complex associated to ventricular depolarization, 
QRSA appeared mostly to occur in case of supraventricular and ven
tricular tachycardias [31–36]. Therefore, in general, ECGA is recognized 
as a risk factor for cardiac arrhythmias (including severe ventricular 
arrhythmias and atrial fibrillation) and even for sudden cardiac death. 
Given its importance, recently, it was recognized that investigation of 
ECGA would deserve a complete vision on the electrical function of all 
myocytes (both atrial and ventricular) and on all cardiac cycle phases 
(both diastolic and systolic) [37–39]. Further studies are needed to 
permit a comparison of results, as well as statistical and epidemiological 
evaluations for the ECGA phenomenon interpretation. The preliminary 
requirement to perform these studies is a reliable automated method 
able to identify and measure ECGA in all its possible manifestations, i.e. 
PWA, QRSA or TWA. As far as we know, no specially designed algorithm 
for automated identification and measurement of ECGA has been pre
sented in the literature (the several proposed methods refer only to TWA 
and studies on PWA and QRSA relied mostly on visual inspection). 

Thus, the present study aimed to propose an enhanced version of the 
heart-rate adaptive matched filter method, originally introduced to 
study only TWA [40], and to test it in the reliable identification and 
measurement of PWA, QRSA and TWA in both simulated and experi
mental conditions. 

2. Materials and methods 

The algorithm proposed here, termed enhanced adaptive matched 
filter (EAMF), is meant to investigate all kinds of ECGA (i.e. PWA, QRSA 
and TWA) and represents an enhanced version of the heart-rate adaptive 
matched filter algorithm, originally introduced to study alternans 
affecting only the T wave [40]. The EAMF was designed to process an 
ECG tracing containing a number of heartbeats (NHB) equal or greater 
than 32. In case of ECG signals longer than NHB heartbeats, analysis is 
still possible. In case, overlapping and sliding ECG windows containing 
NHB heartbeats are recursively extracted until the whole length of the 
signal is reached. The elapsed number of seconds (NS) between two 
subsequent extractions has to be equal or greater than 1 s [41,42]. There 
are no restrictions in the sampling frequency (SF) of the ECG signal to be 
analyzed as long as SF is equal or greater than 200 Hz. 

The EAMF-based procedure to automatically identify and measure 
ECGA is described below and consists of two subsequent steps, a pre
processing step (including filtering, ECG suitability assessment and 
signal enhancement) and an alternans identification and measurement 
step by EAMF (including signal filtering and extraction of alternans 
features). As the ECGA is probably a lead-dependent phenomenon 
(analogously to TWA [43]), the procedure is performed on each avail
able lead. In the description of the procedure, the generic NHB-heartbeat 
long ECG window of the generic lead is referred to as ECG tracing. 

The block diagram of the whole procedure for automated ECGA 
identification and measurement through the EAMF is depicted in Fig. 1. 

2.1. Preprocessing 

Preprocessing of the raw ECG tracing includes standard high- 
frequency noise removal (by application of a 6th-order bidirectional 
Butterworth filter with cut-off frequency at 35 Hz), R-peak detection 
(mandatory if annotations are not available), heartbeat segmentation 
(mandatory if annotations are not available) and removal of baseline 
(computed through cubic spline interpolation). 

Additionally, replacement of artifacts and ectopic heartbeats is per
formed. A check on the possible presence of noisy or non-sinus heart
beats is carried out through a correlative approach. At first, each 
heartbeat is sectioned into three adjoint sections (Fig. 2): the P-wave 

Fig. 1. Block diagram of the whole procedure for automated electrocardiographic alternans (ECGA) identification and measurement through the enhanced adaptive 
matched filter (EAMF). 
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section (P section), included between the P-wave onset (Pon) and the Q- 
wave onset (Qon); the QRS-complex section (QRS section), included 
between Qon and the J point (J); and the T-wave section (T section), 
included between J and the T-wave end (Tend). 

If heartbeat landmarks are already annotated, they are used as 
landmarks of ECG sections; otherwise, they have to be estimated, for 
example through experimental formulas or through visual inspection. In 
the experimental study performed here, Pon was the only landmark that 
was not annotated, thus we estimated it experimentally (Pon =Qon – 
160 ms). 

Eventually, correlations between the ECG waveforms included in the 
QRS and T sections of each heartbeat and the corresponding ECG 
waveforms of the median heartbeat (computed over all available 
heartbeats) are evaluated. The heartbeat under examination is assumed 
to be sinus and not affected by artifacts if correlations relative to QRS 
and T waves are both higher than 0.85; if not, the heartbeat is entirely 
replaced by the median heartbeat. Moreover, R peaks are used to 
compute mean RR interval (mRR; s) and RR standard deviation (stdRR; 
s). An ECG tracing is considered suitable for ECGA analysis if its number 
of replaced heartbeats is lower than 10 % NHB and stdRR is less than 10 
% mRR. If classified as not suitable, the ECG tracing is no further 
analyzed. Suitable ECG tracings undergo signal enhancement by setting 
to baseline all ECG sections but the one for which occurrence of alter
nans has to be evaluated. Thus, from each ECG tracing, three signals are 
generated (Fig. 3): the P signal (with all sections set to baseline but the P 
section); the QRS signal (with all sections set to baseline but the QRS 
section); and the T signal (with all sections set to baseline but the T 
section). 

2.2. Enhanced adaptive matched filter 

In the unlikely condition of fixed heart rate (i.e. null heart-rate 
variability), alternans would have one specific frequency, by defini
tion equal to half heart rate. However, in the realistic condition of stable 
heart rate but affected by a finite, although limited, physiological vari
ability, ECGA is characterized by a narrow frequency band around half 
mean heart rate. Thus, in order to extract the alternans signal, a band- 
pass filter is conceived. After computing the alternans frequency 
(fA = 1/2⋅mRR; Hz), the band-pass filter is implemented as a 6th-order 
bidirectional (to avoid phase delay) Butterworth filter with high-pass 

cut-off frequency of fL=fA ̶̶ 0.06 Hz and low-pass cut-off frequency of 
fH=fA+0.06 Hz [40]. The filter transfer function is given by (1): 

|H(f ) |2 = |HL(f ) |2∙|HH(f ) |2 =
1

1 + ( f
fL
)

6∙
( f

fH
)

6

1 + ( f
fH
)

6 (1) 

When fed with a preprocessed signal (either P signal, QRS signal or T 
signal), this filter deletes any frequency component outside the alternans 
band and provides, as output, a pseudo-sinusoidal signal (Fig. 4). If the 
input signal is the P signal, the pseudo-sinusoid signal is termed PWA 
signal and has its maxima and minima in correspondence of the P wave; 

Fig. 2. The three adjoining sections inside a heartbeat: the P-wave section (P 
section), from the P-wave onset (Pon), to the Q-wave onset (Qon); the QRS- 
complex section (QRS section), from Qon, to the J point (J); and the T-wave 
section (T section), from J to the T-wave end (Tend). Different shades of gray 
discriminate adjacent sections; stars localize section landmarks. 

Fig. 3. Signal enhancement: from each electrocardiogram (ECG) tracing (panel 
a), three signals are generated by setting to baseline all ECG segments but the 
one for which occurrence of alternans has to be evaluated and are: the P signal 
(panel b), the QRS signal (panel c); and the T signal (panel d). 

Fig. 4. Qualitative representation of the electrocardiogram (ECG, first row) and 
corresponding alternans signal (second row) at the output of the enhanced 
adaptive matched filter (EAMF) in case of P-wave alternans (PWA; first col
umn), QRS-complex alternans (QRSA; second column) and T-wave alternans 
(TWA; third column). In all cases the alternans signal is a pseudo-sinusoid. 
However, the pseudo-sinusoid phase depends on the alternans kind: in case 
of PWA, pseudo-sinusoid maxima and minima fall in correspondence of the P 
wave; in case of QRSA, pseudo-sinusoid maxima and minima fall in corre
spondence of the QRS complex; and in case of TWA, pseudo-sinusoid maxima 
and minima fall in correspondence of the T wave. 
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if the input signal is the QRS signal, the pseudo-sinusoid signal is termed 
QRSA signal and has its maxima and minima in correspondence of the 
QRS complex; eventually, if the input signal is the T signal, the pseudo- 
sinusoid signal is termed TWA signal and has its maxima and minima in 
correspondence of the T wave. From each alternans signal, two features 
are extracted: the alternans amplitude (AAm; μV), defined as the dif
ference between the maximum and the minimum of the alternans signal 
[40]; and the alternans area (AAr; μV ×ms), defined as the product of 
AAm and the length of the analyzed wave (i.e. P-wave length, 
QRS-complex length and T-wave length, respectively). 

2.3. Simulation study 

The basic synthetic ECG tracing of the simulation study was obtained 
through a 64-fold repetition of a real heartbeat (i.e. NHB = 64) con
sisting of an electrocardiographic PQRST complex extracted from an 
ECG recording acquired on a healthy subject and not corrupted by noise 
or interference [44]. Each heartbeat was sampled at 200 Hz and was 
750 ms long. Fundamental waves characterizing the considered heart
beat (P wave, R wave and T wave) had a monophasic positive polarity 
(amplitudes were: 0.24 mV, 2.76 mV and 0.77 mV, respectively). ECG 
sections used for alternans evaluation were located as follows: the P 
section ranged from 200 ms to 50 ms before the R peak and, thus, was 
150 ms long; the QRS section ranged from 50 ms before to 50 ms after 
the R peak and, thus, was 100 ms long; eventually, the T section ranged 
from 50 ms to 320 ms after the R peak and, thus, was 270 ms long. 

Stationary alternans affecting the synthetic ECG tracing was simu
lated by adding an alternating rectangular waveform to the different 
considered waves [45]. All possible combinations of alternans kinds 
were considered (Fig. 5). 

Overall, 27 simulations (termed S1 to S27; Table 1) representing 
combinations of alternans kinds (PWA and/or QRSA and/or TWA) with 
low amplitude and high amplitude were evaluated. Low AAm values 
were quantified as 10 μV; consequently, corresponding AAr values 
relative to PWA, QRSA and TWA were equal to 1000 μV ×ms, 800 
μV ×ms and 2000 μV ×ms, respectively. High AAm values were 

quantified as 100 μV; consequently, corresponding AAr values relative 
to PWA, QRSA and TWA were equal to 10000 μV ×ms, 8000 μV ×ms 
and 20000 μV ×ms, respectively. Heart rate was constant and equal to 
80 bpm; consequently, fA was equal to 0.67 Hz. 

2.4. Experimental study 

The experimental data consisted of standard 12-lead ECG recordings 
from 266 heart failure patients having an implanted cardioverter defi
brillator (ICD) for primary prevention. Acquisitions were performed 
during a 10-min bicycle exercise test during which ECG recordings were 
acquired by a CASE 8000 stress test recorder (GE Healthcare, Freiburg, 
Germany; sampling frequency: 500 Hz; resolution: 4.88 μV/LSB); 3 M 
Red Dot ECG Electrode Soft Cloth 2271 electrodes were applied in 
accordance with the Mason-Likar configuration). All experimental data 
used in the present study belong to the Leiden University Medical Center 
ECG database [42]. According to “Guideline for Good Clinical Practice” 
(European Medicines Agency, CPMP/ICH/135/95) and the data privacy 
law in The Netherlands, no patients’ informed consent was necessary 
since their data were anonymized and were recorded during routine 
medical care, without experimental interventions. 

ECGA analysis was performed by recursively (NS = 2 s) extracting 
single lead ECG windows (NHB = 64). Each lead was analyzed inde
pendently. To be included in the analysis, the patient had to have at least 
one ECG window characterized by stable heart rate (i.e. stdRR<10 % 
mRR) and 9 leads with a number of replaced heartbeats less than 6 (i.e. 
lower than 10 % NHB), thus suitable for ECGA identification. For each 
enrolled patient, if more than one ECG window was suitable within an 
ECG recording, only the first one was considered. 

2.5. Statistics 

In the simulation study, EAMF performance in automatically iden
tifying different kinds of alternans characterized by low and high 
amplitude was established by computation of the error (ε; %) defined in 
(2): 

Fig. 5. Possible combinations of P-wave alternans (PWA), QRS-complex alternans (QRSA) and T-wave alternans (TWA) highlighted by plotting the alternans signals 
(dotted lines) over the electrocardiographic tracings (solid lines). Case of no electrocardiographic alternans (ECGA) is also depicted. 
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Negative errors indicate alternans underestimations, while positive 
errors indicate overestimations. In (2), ε can been defined using either 
AAm or AAr, being AAr given by the product of AAm by wave length. 
Thus, ε quantifies both errors percent in AAm and AAr estimations. 

In the experimental study, each lead previously found to be suitable 
for ECGA identification was characterized by six measures, that were 
AAm and AAr values for PWA, QRSA and TWA, respectively. The 
prevalent kind of alternans was defined as the one showing the highest 
AAr. AAm and AAr distribution over ICD patients or over leads were 
described in terms of median value and interquartile range (iqr). Com
parisons were performed using the Wilcoxon signed rank test. Statisti
cally significant level was set at 0.05 in all cases. 

3. Results 

3.1. Simulation study 

The results of the simulation study are reported in Table 1 and in 
Table 2. Table 1 shows simulated and estimated values of AAm and AAr, 
while Table 2 shows alternans estimation errors. 

Overall, EAMF accurately measured alternans in all simulated cases. 
Low amplitude alternans (AAm = 10 μV; S1 to S7, S15 to S26) was al
ways perfectly estimated (ε = 0 %), independently by the alternating 
wave and by the number of waves simultaneously showing alternans. 
High amplitude alternans (AAm = 100 μV; S8 to S26) was slightly 
underestimated (− 2 %≤ε ≤− 1 %). Underestimation was smaller in case 
of PWA (|ε| = 1 %) than in case of QRSA and TWA (|ε| = 2 %), 

independently by the number of waves simultaneously showing alter
nans. Eventually, absence of alternans was always correctly detected 
(ε = 0 %), either when characterizing one wave (S4 to S6, S11 to S13, 
S15 to S20), two waves (S1 to S3, S8 to S10) and all three waves (S27). 

3.2. Experimental study 

Overall, 187 ICD patients out of 266 (i.e. 70.3 % of the population) 
satisfied the inclusion criteria of the study and their ECG tracings were 
then processed for ECGA identification and measurement. The results of 
the experimental study are reported in Tables 3 and 4. Table 3 shows the 
prevalence rate of PWA, QRSA and TWA, together with rate of ECGA 
absence and rate of lead rejection; Table 4 shows AAm and AAr values 
(median (iqr)) characterizing identified PWA, QRSA and TWA. Com
plete absence of alternans was rarely present (rate of no ECGA over leads 
varied from 0 % to 4 %). In all cases in which alternans was present, it 
was found to be a lead-dependent phenomenon with the prevalent 
alternans always discriminable (i.e. there were no two or more waves 
characterized by the same AAr value). Independently by the lead, TWA 
was the prevalent alternans, always followed by QRSA and PWA. 
However, higher AAr values charactering TWA was mainly due to a 
higher T-wave length than to a higher AAm. Indeed, comparable clinical 
values of AAm (in all cases <10 μV, even though sometimes statistically 
different) were observed among alternans kinds in the same lead, and 
among leads for the same alternans kind. Rejection rate was very high on 
lead I (65 %) and aVL (40 %), moderate on lead aVR (13 %) and V5 (11 
%), and small (<10 %) in all other leads. 

Table 1 
Results of the simulation study in terms of simulated and estimated AAm and AAr for all combinations of PWA, QRSA and TWA characterized by low (10 μV) and high 
(100 μV) amplitudes.  

S 

Simulated Alternans Estimated Alternans 

PWA AAm;AAr 
(μV;μV × ms) 

QRSA AAm;AAr 
(μV;μV × ms) 

TWA AAm;AAr 
(μV;μV × ms) 

PWA AAm;AAr 
(μV;μV × ms) 

QRSA AAm;AAr 
(μV;μV × ms) 

TWA AAm;AAr 
(μV;μV × ms) 

S1 10;1000 0;0 0;0 10;1000 0;0 0;0 
S2 0;0 10;800 0;0 0;0 10;800 0;0 
S3 0;0 0;0 10;2000 0;0 0;0 10;2000 
S4 10;1000 10;800 0;0 10;1000 10;800 0;0 
S5 0;0 10;800 10;2000 0;0 10;800 10;2000 
S6 10;1000 0;0 10;2000 10;1000 0;0 10;2000 
S7 10;1000 10;800 10;2000 10;1000 10;800 10;2000 
S8 100;10000 0;0 0;0 99;9900 0;0 0;0 
S9 0;0 100;8000 0;0 0;0 98;7840 0;0 
S10 0;0 0;0 100;20000 0;0 0;0 98;19600 
S11 100;10000 100;8000 0;0 99;9900 98;7840 0;0 
S12 0;0 100;8000 100;20000 0;0 98;7840 98;19600 
S13 100;10000 0;0 100;20000 99;9900 0;0 98;19600 
S14 100;10000 100;8000 100;20000 99;9900 98;7840 98;19600 
S15 10;1000 100;8000 0;0 10;1000 98;7840 0;0 
S16 100;10000 10;800 0;0 99;9900 10;800 0;0 
S17 10;1000 0;0 100;20000 10;1000 0;0 98;19600 
S18 100;10000 0;0 10;2000 99;9900 0;0 10;2000 
S19 0;0 10;800 100;20000 0;0 10;800 98;19600 
S20 0;0 100;8000 10;2000 0;0 98;7840 10;2000 
S21 10;1000 10;800 100;20000 10;1000 10;800 98;19600 
S22 10;1000 100;8000 10;2000 10;1000 98;7840 10;2000 
S23 100;10000 10;800 10;2000 99;9900 10;800 10;2000 
S24 100;10000 100;8000 10;2000 99;9900 98;7840 10;2000 
S25 100;10000 10;800 100;20000 99;9900 10;800 98;19600 
S26 10;1000 100;8000 100;20000 10;1000 98;7840 98;19600 
S27 0;0 0;0 0;0 0;0 0;0 0;0 

AAm: Alternans Amplitude; AAr: Alternans Area; PWA: P-Wave Alternans; QRSA: QRS-complex Alternans; TWA: T-Wave Alternans. 
S: Simulation. 

ε =
Estimated AAm − Simulated AAm

Simulated AAm
∙100 =

Estimated AAr − Simulated AAr
Simulated AAr

∙100 (2)   
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4. Discussion 

The present study presents EAMF as the first reliable automated 
method to identify and measure ECGA in all its possible single or mul
tiple manifestations as PWA, QRSA or TWA. EAMF represents an 
enhanced version of the heart-rate adaptive matched filter, previously 
proposed only for automated TWA measurement [40]. 

Analogously to the algorithm from which it derives, EAMF properly 
deals with ECG signals acquired in most clinical conditions. Indeed, it is 
based on a band-pass filter that tolerates physiological levels of heart- 
rate variability and filters out all the frequency components not per
taining to the alternans, such those related to noise [46]. Due to the 
theoretical approach on which it relies, EAMF is able to identify and 
measure ECGA independently of polarity of alternating waves. The 
filtering procedure does not alter the phase of the frequency component 
characterizing ECGA (and thus its time occurrence along the ECG) since 
the filter is implemented bidirectionally. Additionally, the possibility of 

setting the number of analyzed heartbeats (i.e. NHB) and the 
ECG-window extraction period (i.e. NS) allows EAMF application also to 
ECG tests with varying heart rate, since short ECG windows more likely 
respect the required heart-rate stability criterion and their frequent 
extraction allows a continuous adapting alternans analysis along the 
ECG. However, differently from the previously proposed heart-rate 
adaptive matched filter, EAMF is able to identify and measure PWA 
and QRSA in addition to TWA, and to discriminate which alternans kind 
among the three possible ones is the prevalent alternans. Technically, 
our methodological improvements mainly consist in the introduction of 
a signal enhancement procedure in the preprocessing step according to 
which all ECG sections but the one for which alternans has to be eval
uated are set to baseline, and in the extraction of a new feature, the 
alternans area, in the alternans identification and measurement step. 
The signal enhancement procedure was introduced because the presence 
of different kinds of alternans simultaneously affecting the ECG may bias 
reliable alternans identification [39]. Indeed, the output of the 
band-pass filter is a pseudo-sinusoid signal the amplitude of which in
tegrates all the possible alternans present in the ECG. In previous ap
plications the occurrence of TWA was established by analyzing the 
pseudo-sinusoid phase, i.e. by checking that its maxima and minima 
would occur in correspondence of the T wave [40]. From a theoretical 
point of view, however, the maxima and the minima of the 
pseudo-sinusoid occur in correspondence of the center of mass of all ECG 
alternations [39]. Thus, for example, the simultaneous presence of both 
PWA and TWA could be erroneously measured as QRSA, since the 
alternans center of mass is in between the P wave and the T wave. The 
signal enhancement procedure solves this issue by deleting all waves but 
the one of interest and allows independent analysis of all alternans 
kinds. Additionally, it has been previously demonstrated that use of the 
band-pass filter for automated alternans measurement provides a value 
of alternans amplitude as if it was uniformly distributed over the alter
nating wave [47]. This means that the same alternans amplitude 
measured in waves of completely different lengths (such as the P wave 

Table 3 
Results of the experimental study in terms of rates, in percentage (%) of prev
alent ECGA, ECGA absence and rejections.  

ECG lead PWA (%) QRSA (%) TWA (%) No ECGA (%) Rejection (%) 

I 4 5 23 3 65 
II 4 13 80 0 3 
II 5 14 72 0 9 
V1 3 17 69 2 9 
V2 5 19 70 2 4 
V3 3 14 75 2 6 
V4 6 20 67 2 5 
V5 4 19 65 1 11 
V6 6 18 66 3 7 
aVR 7 10 66 4 13 
aVL 5 11 42 2 40 
aVF 3 13 79 1 4 

ECG: ElectroCardioGram; ECGA: ECG Alternans; PWA: P-Wave Alternans; 
QRSA: QRS-complex Alternans; TWA: T-Wave Alternans. 

Table 4 
Results of the experimental study in terms of estimated values characterizing 
PWA, QRSA and TWA.  

ECG 
lead 

ECGA 
features 

PWA 
Median (iqr) 

QRSA 
Median (iqr) 

TWA 
Median (iqr) 

I AAm (μV) 4 (6) 6 (7) 5 (5) 
AAr (μV × ms) 426 (602)* 500 (548)* 902 (933) 

II AAm (μV) 8 (8) 11 (11)* 9 (7) 
AAr (μV × ms) 760 (763)* 890 (904)* 1725 (1390) 

III 
AAm (μV) 7 (7) 11 (12)* 9 (6) 
AAr (μV × ms) 728 (787)* 890 (1006)* 1706 (1367) 

V1 
AAm (μV) 4 (5) 9 (8)* 6 (6) 
AAr (μV × ms) 352 (498)* 693 (642)* 1124 (1199) 

V2 AAm (μV) 4 (7) 10 (13)* 7 (8) 
AAr (μV × ms) 449 (624)* 828 (1086)* 1454 (1606) 

V3 AAm (μV) 6 (7) 12 (13)* 8 (9) 
AAr (μV × ms) 575 (732)* 955 (1062)* 1629 (1814) 

V4 
AAm (μV) 5 (7) 10 (10)* 7 (6) 
AAr (μV × ms) 534 (679)* 826 (851)* 1496 (1320) 

V5 
AAm (μV) 5 (7) 11 (13)* 8 (8) 
AAr (μV × ms) 547 (651)* 891 (1042)* 1533 (1725) 

V6 AAm (μV) 5 (6) 9 (9)* 6 (6) 
AAr (μV × ms) 501 (676)* 750 (791)* 1267 (1313) 

aVR AAm (μV) 5 (6) 7 (7)* 6 (5) 
AAr (μV × ms) 506 (602)* 547 (584)* 1136 (997) 

aVL 
AAm (μV) 5 (5) 8 (7) 5 (4) 
AAr (μV × ms) 500 (458)* 623 (566)* 1059 (930) 

aVF 
AAm (μV) 7 (7) 9 (12)* 8 (7) 
AAr (μV × ms) 665 (708)* 750 (980)* 1549 (1256) 

Tot AAm (μV) 5 (7) 9 (10) 7 (6) 
AAr (μV × ms) 545 (648) 762 (839) 1382 (1321) 

AAm: Alternans Amplitude; AAr: Alternans Area; ECG: ElectroCardioGram; 
ECGA: ECG Alternans; PWA: P-Wave Alternans; QRSA: QRS-complex Alternans; 
TWA: T-Wave Alternans. 

Table 2 
Results of the simulation study in terms of errors in alternans estimation for all 
combinations of PWA, QRSA and TWA characterized by low (10 μV) and high 
(100 μV) amplitudes.  

S PWA ε (%) QRSA ε (%) TWA ε (%) 

S1 0 0 0 
S2 0 0 0 
S3 0 0 0 
S4 0 0 0 
S5 0 0 0 
S6 0 0 0 
S7 0 0 0 
S8 − 1 0 0 
S9 0 − 2 0 
S10 0 0 − 2 
S11 − 1 − 2 0 
S12 0 − 2 − 2 
S13 − 1 0 − 2 
S14 − 1 − 2 − 2 
S15 0 − 2 0 
S16 − 1 0 0 
S17 0 0 − 2 
S18 − 1 0 0 
S19 0 0 − 2 
S20 0 − 2 0 
S21 0 0 − 2 
S22 0 − 2 0 
S23 − 1 0 0 
S24 − 1 − 2 0 
S25 − 1 0 − 2 
S26 0 − 2 − 2 
S27 0 0 0 

PWA: P-Wave Alternans; QRSA: QRS-complex Alternans; TWA: T-Wave Alter
nans; S: Simulation; ε: error. 
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and the T wave) may involve a completely different amount of alter
nating ECG and, thus, possibly a completely different number of cardiac 
cells the action potential of which presents anomalies driving to alter
nans. Introduction of the alternans area as alternans feature in addition 
to alternans amplitude allows overcoming of this issue by providing 
information about the cumulative amount of alternans related to a 
specific wave. In order to simultaneously provide information relative to 
PWA, QRSA and TWA, EAMF had to introduce an ECG sectioning pro
cedure to discriminate among the three waves. Being alternans related 
to the electrical activity of the cardiac cells, only the ECG portion be
tween P-wave onset and T-wave end was considered (indeed, ECG 
baseline represents absence of electrical activity in the cardiac cells). 
The exact localization of ECG-section landmarks is not crucial here; 
indeed, for ECGA detection purpose, the only notable requirement is 
that each section must include the wave of interest. Therefore, a pro
cedure of landmark localization based on experimental formulas might 
be also considered suitable. 

EAMF ability to automatically identify, measure and discriminate all 
kinds of alternans was evaluated in both simulated and experimental 
conditions. The results of the simulation study demonstrate the ability of 
the EAMF to accurately identify all kinds of alternans (from that 
involving only one wave, to that involving two waves, till that involving 
all three waves; Table 1), independently on alternans amplitude and 
without providing false-positive detections. Indeed, estimation errors 
were at most 2 % in module in all cases (Table 2). These results were 
achieved thanks to the signal enhancement procedure. Indeed, pre
liminary results [39] obtained by application of the method without 
performing the signal enhancement procedure indicate that only alter
nans involving a single wave is correctly identified. Instead, significant 
errors occur when two or three waves are involved in the alternans. For 
example, in case both P wave and QRS complex are alternating of the 
same amount, only PWA would be identified (being P wave longer than 
QRS complex and thus AAr related to PWA greater than AAr related to 
QRSA) with significant errors (ε=+70 % for PWA and ε=− 100 % for 
QRSA) indicating a strong overestimation of PWA, since QRSA is not 
recognized and wrongly associated to PWA. For all alternans combina
tions involving the T wave and characterized by the same amplitude, 
only TWA would be identified and strongly overestimated since T-wave 
length overcomes the sum of P-wave length and QRS-complex length. 
Eventually, if alternans involves two or more waves but with different 
amplitudes, only the wave in correspondence of which the center of 
mass occurs would be recognized as alternating and its alternans 
amplitude would be overestimated (the exact value depends on the 
alternans amplitudes combination). 

In order to experimentally evaluate it, the EAMF was applied to ECG 
tracings acquired from ICD patients while performing physical activity. 
The goal was to demonstrate EAMF usability on real data, to investigate 
if different kinds of alternans could be simultaneously present and, in 
case of alternans affecting more than one wave, to evaluate if it is 
possible to discriminate the prevalent kind of alternans. The experi
mental results indicate that all three kinds of alternans may be simul
taneously present, even if one is possibly dominant over the others. In 
particular, in our ICD patients all three kinds of alternans were always 
present even if TWA was the prevalent one, followed by QRSA and PWA 
(Table 3). These results are in agreement with the physiological obser
vation that ICD patients are known to be at increased risk of major 
cardiac complications more often related to ventricles (the electrical 
activity of which is represented by the electrocardiographic QRS com
plex and T wave) than to atria (the electrical activity of which is rep
resented by the ECG P wave) [48]. Moreover, this methodological study 
demonstrated how, in order to discriminate the prevalent alternans, it is 
necessary to consider the alternans area (i.e. AAr, here proposed for the 
first time) since it combines information related to both intensity and 
duration of the alternans phenomenon (represented by the alternans 
amplitude and wave length, respectively). Indeed, it might occur (as in 
our ICD patients) that mean alternans amplitude is comparable among 

ECG waves, and differentiation among alternans kinds is more evident in 
terms of alternating areas. Eventually, results of the experimental study 
confirmed that ECGA, in all its forms, is lead dependent, similarly to 
what observed for TWA [43]. 

It is finally important to reiterate that the present one represents a 
methodological study finalized to present and test the EAMF. Future 
clinical evaluations are needed to demonstrate the incremental clinical 
utility of ECGA as an index of cardiac risk with respect to TWA only. 

5. Conclusion 

In conclusion, the enhanced adaptive matched filter showed to be a 
reliable automated tool for accurately identify and measure electrocar
diographic alternans in all its possible single or multiple manifestations 
as P-wave alternans, QRS-complex alternans or T-wave alternans. These 
unique achievements were obtained by improving the previously pro
posed heart-rate adaptive matched filter for T-wave alternans mea
surement. The improvements mainly consist in the introduction of a 
signal enhancement procedure in the preprocessing step, and in the 
extraction of the new feature termed alternans area, in the identification 
and measurement step. Availability of this tool will permit to simulta
neously identify and measure P-wave alternans, QRS-complex alternans 
and T-wave alternans rather than only T-wave alternans (as usually done 
at the present time) and, possibly, to increment the prognostic value of 
electrocardiographic alternans. 
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