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Abstract— Analysis of T waves in the electrocardiogram (ECG)
is an essential clinical tool for diagnosis, monitoring and follow-
up of patients with heart dysfunction. During atrial flutter, this
analysis has been so far limited by the perturbation of flutter
waves superimposed over the T wave.

This paper presents a method based on missing data interpo-
lation for eliminating flutter waves from the ECG during atrial
flutter. To cope with the correlation between atrial and ventri-
cular electrical activations, the CLEAN deconvolution algorithm
was applied to reconstruct the spectrum of the atrial component
of the ECG from signal segments corresponding to TQ intervals.
The location of these TQ intervals, where the atrial contribution
is presumably dominant, were identified iteratively. The algo-
rithm yields the extracted atrial and ventricular contributions
to the ECG. Standard T-wave morphology parameters (T-wave
amplitude, T peak – T end duration, QT interval) were measured.

This technique was validated using synthetic signals, compared
to average beat subtraction in a patient with a pacemaker and
tested on pseudo-orthogonal ECGs from patients in atrial flutter.
Results demonstrated improvements in accuracy and robustness
of T-wave analysis as compared to current clinical practice.

I. INTRODUCTION

The T wave of the surface lead electrocardiogram (ECG)
reflects voltage gradients during ventricular repolarization [1].
Changes in T-wave morphology, amplitude and duration are
considered to be significantly related to health, disease and
sudden death. T-wave morphology is also modulated by heart
rate, the autonomic nervous system and drugs affecting K+

and Ca++ currents. The QT interval (from QRS onset to T-
wave end) includes both ventricular depolarization and repo-
larization. Prolongation of this interval is used clinically to
detect susceptibility to life threatening ventricular arrhythmias,
notably torsades de pointes in the long QT syndromes [2], as
well as a number of metabolic, electrolytic and drug-related
effects. Abnormally short QT interval duration has also been
related to arrhythmic risk [2].

Most studies have excluded the analysis of T-wave morphol-
ogy and QT duration in atrial flutter mainly because of the
superposition of atrial flutter waves on the T wave (Fig. 1A),
resulting in a seemingly large variability in T-wave morphol-
ogy (Fig. 1B). Indeed, in atrial flutter, the atria are activated by
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a stable macroreentrant depolarization wave at a rate of 230
to 350 bpm [3]. This electrical activity is manifested on the
ECG as regular patterns of flutter waves (usually sawtooth-
shaped, like in Fig. 1A). Untreated, the ventricles respond
most frequently in a 2:1 ratio (≈150 bpm; every other beat
being blocked by the atrio-ventricular node). When atrio-
ventricular conduction is depressed (usually following medical
intervention or pharmacological treatment), this ratio may be
3:1, 4:1 or higher, or it may be variable.

One approach to the treatment of atrial flutter is the ad-
ministration of antiarrhythmic drugs prolonging (often non-
uniformly) myocardial cellular action potentials. This is re-
flected on the ECG by an increase in QT interval duration [4].
Antiarrhythmic drugs such as sotalol, dofetilide and ibutilide
may induce proarrhythmic effects [5]–[7]. These drug-induced
arrhythmias are usually preceded by changes in T-wave mor-
phology and QT interval prolongation. Careful monitoring of
T waves is therefore an important target for ensuring the safety
of antiarrhythmic drug administration.

Extraction of T waves requires separating the ventricular
and the atrial contribution to the ECG. Signal processing
techniques have been developed for that purpose, in particular
for their application to atrial fibrillation. These techniques were
based on spatiotemporal template subtraction [8]–[10], blind
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Fig. 1. (A) Example of ECG during atrial flutter (lead X of a pseudo-
orthogonal lead system) along with the QRST nomenclature. The flutter wave
is denoted by F. (B) 100 beats superimposed, aligned with the peak of their
R wave.
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source separation [11], [12], and missing data interpolation in
the QRS complex [9], [13]. In the case of atrial flutter, there
is a clear causal relation between flutter waves and QRST
complexes. The hypothesis of statistically independent atrial
and ventricular components on which blind source separation
is based is questionable. Moreover, phase shifts between QRS
complexes and flutter waves are mainly due to variations
in atrio-ventricular delay. Because the distribution of these
phase shifts is most often limited to a narrow band (see
Fig. 1B), methods based on the creation of QRST templates by
averaging will not be sufficiently accurate. If QRST templates
were used, only one QT interval value would be obtained for
each template, thus forbidding beat-to-beat monitoring. Single
beat methods relying on the dominant T wave (estimated
as the principal component of the ST-T segment) for T-
wave cancellation [9] require as many independent leads with
similar T waves as possible. As a result, their applicability
to pseudo-orthogonal 3-lead systems is limited. Missing data
interpolation [13], however, is applicable to any type of atrial
rhythm and any lead system provided that TQ intervals are
long enough (i.e., ventricular rate is not too fast) to enable
data analysis.

This paper describes a method based on missing data inter-
polation for eliminating flutter waves from recordings of or-
thogonal lead ECG in case of atrial flutter with variable atrio-
ventricular block. A priori knowledge about spectral properties
of flutter waves is incorporated. A deconvolution technique is
applied to account for possible integer ratios between atrial
and ventricular rate. The ability of the method to estimate T
wave parameters is validated using clinically-relevant synthetic
signals and tested on 3-lead pseudo-orthogonal ECGs from
patients in atrial flutter (type I).

II. METHODS

A. Flutter Basic Frequency

The ECG signal ECG(t) can be conceptually written as the
sum of a ventricular component V (t) and an atrial component
A(t). The baseline wandering is included in the ventricular
component. An algorithm will be designed to estimate the
atrial component by successive iterations An(t). The T wave
will be extracted from the signal ECG(t)−An(t). The central
hypothesis of our approach is that the atrial flutter A(t) is
a quasiperiodic signal (within a time window of 1 minute)
with a power spectrum limited to frequency bands around a
basic frequency f0 and its harmonics. The algorithm processes
each (pseudo-orthogonal) lead separately, although the VCG
magnitude (RMS curve) is used for the detection of markers
such as the offset of the T wave. Atrial activity is recovered by
analyzing the ECG signal in the bands [kf0 −∆f ; kf0 +∆f ]
with k = 1, 2, . . . where ∆f denotes the peak half-width. Peak
width is associated with amplitude modulations (notably due to
respiration whose frequency range typically lies within 0.1–0.3
Hz at rest) and possible frequency modulation (local changes
in cycle length). Based on these empirical considerations as
well as on direct measurement of peak width in clinical
signals, ∆f was set to 0.3 Hz. Estimation of the basic
frequency f0 is obtained by finding the maximal value in the

power spectrum of ECG(t) in the band 2.5–6 Hz. The absence
of a clear peak at f0/2 is checked. Because atrial signals may
be small on some leads, f0 is set to the median of the values
obtained for all the leads. If necessary, advanced or multi-
lead dominant frequency identification techniques can be used
[13]–[17].

B. Spectrum of the Atrial Component

In the TQ interval, electrical activity in the ECG is dom-
inated by the atrial contribution, while the ventricular com-
ponent is a major factor in the QT interval. The atrial signal
is considered as a time series with missing data in the QT
interval [13]. Assuming that an estimate of the markers of
the onset of the Q wave (Qon) and the offset of the T wave
(Toff) is available (see next Subsect.), the gap function G(t)
is defined as 0 in the intervals [Qon,Toff] and 1 otherwise. The
function G(t) is also set to zero during premature ventricular
contractions, artifacts, saturation and pacemaker impulses (if
any). The problem is now to recover the signal A(t) when
only the signal

ATQ(t) = A(t) ·G(t) (1)

can be observed. In the clinical application, G(t) will be
constructed based on estimated marker positions and ATQ(t)
will be approximated by ECG(t)·G(t). In the Fourier domain
(the hatˆdenotes the Fourier transform), this relation becomes
a convolution (⋆):

ÂTQ(f) = Â(f) ⋆ Ĝ(f) . (2)

The main signals involved in this method, as well as their
power spectral density, are shown in Fig. 2. A major issue is
that flutter waves periodically trigger a ventricular beat, and as
a consequence the flutter basic frequency is often a multiple
of the ventricular rate. The spectra of A and G therefore
overlap. To perform this deconvolution, the CLEAN algorithm
will be applied [18], [19]. This method iteratively uses an
analytical formula valid for a single sine wave. Intuitively, each
frequency component of ÂTQ(f) is successively “moved” to
the spectrum Â(f) by exploiting the fact that Ĝ(f) is known.
This approach was found to be particularly appropriate for
signals with marked spectral components [18].

The CLEAN algorithm adapted for flutter signals can be
outlined as follows:

1) Inputs: signals ATQ(t) and G(t); basic frequency f0 and
peak half-width ∆f

2) Compute the Fourier transforms ÂTQ(f) and Ĝ(f);
normalize Ĝ(f) so that Ĝ(0) = 1

3) Set the residual spectrum to R̂(f) := ÂTQ(f) and the
estimated atrial spectrum to Â(f) := 0

4) Define the set B(f0) :=
⋃

k≥1[kf0 −∆f ; kf0 +∆f ]

5) Iterate until maxf |R̂(f)| < tolc ·maxf |ÂTQ(f)|
a) Find the frequency fpeak that maximizes |R̂(f)| in

the frequency bands B(f0)
b) Compute the variable a (the star ∗ denotes the

complex conjugate):

a :=
R̂(fpeak)− R̂(fpeak)

∗ Ĝ(2fpeak)

1− |Ĝ(2fpeak)|2
(3)
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Fig. 2. Separation of atrial and ventricular components of the ECG in a patient with atrial flutter. Left panels: (A) ECG signal ECG(t), lead X; (B) gap
function G(t); (C) the product of the two previous signals, denoted by ATQ(t); (D) resulting ventricular component V (t); (E) resulting atrial component
A(t). Right panels: Corresponding power spectral densities; RR indicates average heart rate and f0 is the flutter basic frequency.

c) Update the spectra (the gain g is a parameter such
that 0 < g < 1; δ(f) is the Dirac distribution):

R̂(f) := R̂(f)− g ·
(
a Ĝ(f − fpeak)

+ a∗ Ĝ(f + fpeak)
)

(4)

Â(f) := Â(f) + g ·
(
a δ(f − fpeak)

+ a∗ δ(f + fpeak)
)

(5)

6) Compute the inverse Fourier transform of Â(f)
7) Output: the atrial signal A(t), extrapolated in the regions

with missing data

Two parameters are involved in this deconvolution proce-
dure: the gain g and the tolerance tolc. In a way similar to
underrelaxation, the gain accounts for possible interference
(through the function Ĝ(f)) between peaks and reduces the
effect of the order the peaks are processed. The convention
Ĝ(0) = 1 simplifies Eq. (3) [19]. The tolerance tolc is an
estimate of the noise level. The values g = 0.9 and tolc =
0.5% were selected empirically, guided by previous analyses
of the CLEAN algorithm [18]–[20]. No significant difference
was found after the parameter g was reduced from 0.9 to 0.5.
Mathematical foundations of this algorithm, its convergence
and its relation with least-square fit of sine functions were
studied by Schwarz [21].

C. Iterative Identification of QT intervals
When QRST complexes are contaminated by atrial flutter

waves, these is no clear isoelectric point. As a result, identifi-
cation of the markers Qon and Toff is not reliable. An iterative
scheme was developed to isolate the QRST complexes from
the atrial waves and improve Qon and Toff detection. An initial
estimate of the markers Qon and Toff was used to define a
gap function and extract an estimate of the atrial component
in the ECG [22]. Then, the markers were updated using the
ECG minus the estimated atrial component. Iterations were
performed until QT intervals converged in the root-mean-
square (RMS) sense. The algorithm is sketched below:

1) Inputs: ECG(t)
2) Initialization: set V0(t) := ECG(t) and QT0 = 0;

QTn are vectors of size N where N is the number of
processed QRST complexes

3) Iterate n = 1, 2, . . . until ∥QTn−QTn−1∥ < tolqt ·
√
N

a) Identify the markers Qon and Toff in Vn−1(t) and
compute the sequence of QT intervals QTn

b) Form the gap function Gn(t) from these markers
and the location of artifacts identified in the origi-
nal ECG(t) signal by visual inspection

c) Apply the CLEAN algorithm to the signal
ECG(t) · Gn(t) with gap function Gn(t) to get
an estimate An(t) of the atrial signal

d) Set Vn(t) := ECG(t)−An(t)

4) Outputs: ventricular Vn(t) and atrial An(t) components
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An ECG fiducial point detector [22] based on the magnitude
of the VCG signal was applied to identify the markers Qon
and Toff in the signal Vn−1(t). The marker Toff was defined
as the intersection between the baseline and the tangent at the
steepest negative slope of the T wave. The marker Qon was
defined as the position of the minimum of the Q wave when
reporting QT intervals. To improve robustness and stability, a
different definition of the marker Qon was used to construct
the gap function. A Gaussian was fitted to each R peak (VCG
magnitude) based on peak position, height and width at half
height. The marker Qon was defined as the point of the fitted
Gaussian preceding the peak at 0.1% of peak height. Before
marker detection, baseline correction was reinforced. ECG
signal range was limited to atrial wave amplitude by clipping
larger deflections. The resulting signal was low-pass filtered
at 1 Hz. This baseline curve was subtracted from the ECG
only for marker detection. For all other purposes the standard
0.01–100 Hz preprocessing band-pass filter was sufficient. The
tolerance for the exit criterion was set to tolqt = ∆t where
∆t = 2 ms is the sampling resolution.

D. Clinical and Synthetic Signals
Ten patients in stable type I atrial flutter scheduled to

undergo catheter ablation were selected. Three-lead ECGs
were continuously recorded at a sampling frequency of 500 Hz
during the whole procedure (as well as 1 to 25 hours before
and after) using standard Holter monitoring system (Burdick,
Model 6632). Electrode configuration was designed to gener-
ate 3 pseudo-orthogonal leads X, Y and Z (X = V5 vs V6R;
Y = S vs LL; Z = E vs V9). Sternal electrodes (E and S)
come from the EASI lead system [23]; LL is the left leg
electrode; V6R and V9 are extended precordial electrodes.
All signals were band-pass filtered (0.01–100 Hz). In addition,
ECGs were recorded in a patient with atrio-ventricular block
and an implanted pacemaker whose configuration was set to
fixed-rate pacing with a cycle length of 1500 ms for about 45
minutes.

To validate the signal processing methods, synthetic signals
were generated by adding a ventricular and an atrial com-
ponent derived from computer-manipulated clinical signals.
The ventricular signals came from ECGs recorded with the
same lead system, also at a sampling frequency of 500 Hz,
in a patient in sinus rhythm during a tilt table test. As a
result of the tilt test protocol, this ECG featured significant
variations in heart rate and QT intervals. This enabled us to
evaluate the ability of the algorithm to track changes in T-
wave morphology. Segments of 80 s were extracted. Baseline
correction was performed using cubic splines interpolated
between silent points located before the onset of the P wave.
P waves were removed and the cubic-spline baseline was
reintroduced.

To simulate a flutter wave signal, a beat with a long RR
interval and a stable atrial activity was selected in the ECG of
a patient in atrial flutter. A period of the signal was extracted.
This waveform was resampled (time scaling of the signal) and
duplicated so that its basic frequency was a multiple of the
ventricular rate (inverse of the median RR interval in the 80-
s window). Atrial-to-ventricular rate ratios of 3:1 to 5:1 were

TABLE I
ROOT-MEAN-SQUARED ERROR (RMSE) ON THREE T-WAVE MORPHOLOGY

PARAMETERS OBTAINED WITH THE SYNTHETIC SIGNALS FOR DIFFERENT

ATRIAL TO VENTRICULAR (A:V) RATE RATIOS (MEAN±SD AND MEAN

RELATIVE RMSE; N = 160)

A:V QT RMSE (ms) TpTe RMSE (ms) VMTmax RMSE (µV)
Flutter wave amplitude = 1 × T-wave amplitude

3:1 6.3±2.6 (1.7%) 5.4±2.0 (6.3%) 17.9±5.6 (5.1%)
3.5:1 5.2±2.4 (1.4%) 4.7±2.1 (5.5%) 23.0±8.0 (6.6%)

4:1 5.1±2.0 (1.4%) 4.5±2.2 (5.3%) 28.6±9.6 (8.1%)
4.5:1 3.9±2.0 (1.1%) 4.2±2.0 (5.0%) 19.3±4.5 (5.5%)

5:1 4.4±1.9 (1.2%) 4.1±1.7 (4.8%) 17.6±5.0 (5.0%)
Flutter wave amplitude = 0.5 × T-wave amplitude

3:1 5.0±2.3 (1.4%) 4.5±1.9 (5.3%) 10.1±4.0 (2.9%)
3.5:1 4.0±2.3 (1.1%) 3.8±2.0 (4.5%) 14.2±5.2 (4.0%)

4:1 4.3±1.9 (1.2%) 3.8±2.1 (4.5%) 20.0±6.4 (5.7%)
4.5:1 3.4±2.0 (0.9%) 3.6±2.0 (4.2%) 13.5±3.7 (3.8%)

5:1 4.1±2.0 (1.1%) 3.5±1.7 (4.1%) 12.0±4.4 (3.4%)

simulated in order to span the typical range of atrial flutter (2.5
to 6 Hz). Atrial signals were scaled so that their amplitude was
0.5 to 1 times that of the T wave. Amplitude modulation was
introduced to simulate the influence of respiration and other
factors (sum of 5 sine waves with frequency 0.1, 0.15, 0.17, 0.2
and 0.21 Hz chosen empirically to mimick observed amplitude
modulation, see [8], [13]; total amplitude of the modulation:
0 to 20% of atrial wave amplitude).

E. Data Analysis

Both synthetic and clinical ECGs were analyzed by seg-
ments of 80 s in which stationarity of atrial activity was
assumed. This gave a frequency resolution of 0.0125 Hz in the
Fourier domain. The first and last 10 s of each segment were
discarded to avoid boundary effects. Implementation of the
signal processing techniques was streamlined to enable direct
import and export of ECG data in the native format of the
ECG analysis software Burdick Vision Premier Holter (Car-
diac Science, Bothell, WA, USA). After suppression of atrial
activity, QRST complexes were analyzed. T-wave morphology
was described by the following parameters: QT interval (QT),
interval from the peak of the T wave to the end of the T
wave (TpTe), and maximal amplitude of the T wave on the
VCG magnitude (VMTmax). To reduce the dependency in
heart rate, corrected QT interval (QTc) was computed using
the standard Bazett’s formula QTc = QT/

√
RR, where RR

(in seconds) is the RR interval averaged over the previous
60 beats. Beat-to-beat variations were quantified by comput-
ing the RMS value of the difference between consecutive
beats; for example, ∆TpTen = TpTen−TpTen−1 and RMS
∆TpTe=

(
(N−1)−1

∑N
n=2 ∆TpTe2n

)1/2
where N is the num-

ber of beats recorded. Data were reported as mean±standard
deviation (SD) computed over all the segments.

III. RESULTS

A. Validation with Synthetic Signals

Synthetic signals were generated with 3:1, 3.5:1, 4:1, 4.5:1
and 5:1 atrial to ventricular rates, a flutter wave amplitude of
0.5 and 1 times that of the T-wave, and amplitude modulations
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of 0%, 5%, 10%, 15% and 20%. Each of these 50 signals were
split into 32 segments of length 80-s associated with different
ventricular rates and QT intervals. Ventricular rate ranged from
55 to 78 bpm (66±8 bpm) and QT ranged 320 to 410 ms
(364±23 ms). The flutter wave subtraction algorithm was ap-
plied to all 1600 signals. Convergence was reached after 2 to 4
iterations, 3 iterations in 88% of the cases. QRST morphology
parameters QT, TpTe and VMTmax were measured on these
processed signals. Original signals (without atrial component)
served as reference to define root-mean-squared error (RMSE).
RMSE are reported in Table I as a function of the ratio of
atrial to ventricular rate. No significant differences in RMSE
were found when the amplitude of the flutter wave was time-
dependent (0 to 20% amplitude modulation with frequencies
< 0.3 Hz). Since sampling resolution was ∆t = 2 ms, RMSE
on QT and TpTe were of the order of 2 to 4 ∆t. RMSE on
marker position was therefore typically of the order of 1 to 2
∆t for synthetic signals. Reduction in atrial wave amplitude
as compared to the T wave resulted in lower errors.

B. Comparison with Average Beat Subtraction

There is a case to which average beat subtraction is applica-
ble: when a patient in atrial flutter with atrio-ventricular block
also has a pacemaker stimulating the ventricles at a fixed rate.
In this patient, the phase of flutter waves is not correlated
with the timing of R waves. R-wave aligned beat averaging
therefore eliminates (stationary quasi-periodic) flutter waves.
Moreover, QRST complexes are expected to be very stable
because of the fixed rate. We took advantage of this situation
to compare our T-wave extraction method to standard average
beat subtraction [8].

A sequence of 3000 consecutive beats were extracted from
a 3-lead Holter ECG (at rest) of a patient in flutter with a
pacemaker stimulating at a cycle length of 1500 ms. Flutter
basic frequency was 3.18 Hz. Ectopic/abnormal/non-paced
beats were rejected based on RR time series. The R waves of
the remaining 2204 beats were aligned and averaged for each
of the 3 leads. The phase shift between flutter waves (in the
TQ interval) of different aligned beats was computed using
the largest positive peak of the cross-correlation function.
The resulting distribution of phase shifts was not statistically
different from a uniform distribution between 0 and the period
of flutter (p=0.28; Kolmogorov-Smirnov test). This suggests
that the average beat should be free of atrial component
provided the flutter wave is stable enough.

Figure 3 compares the average beat computed without flutter
wave cancellation (thick black line) to a set of 800 R-wave
aligned beats after flutter wave cancellation (thin gray lines). T-
wave extracted by the two methods were consistent. Although
the flutter wave cancellation algorithm does not remove noise
and baseline wander, it enables the analysis of beat-to-beat
variations in T-wave morphology. Note that U wave (which
lies within the TQ interval) was not eliminated because only a
narrow frequency band was considered around flutter basic fre-
quency and its harmonics. QT interval was stable at 514±5 ms
(range 498–525 ms), as expected during fixed rate pacing and
in agreement with the result obtained using the average beat

method (see Fig. 3). In contrast, QT interval measured with
the same method directly on raw signals contaminated with
flutter waves (the approach currently used in clinical practice)
was more scattered, with values ranging from 492 to 565 ms
(527±13 ms).

C. T-Wave Morphology in Patients with Atrial Flutter

When ventricular electrical activity was driven by atrial
flutter, no reference T wave was available for comparison.
To demonstrate how flutter wave cancellation can improve T-
wave analysis and diagnosis, statistics of T-wave morphology
parameters were computed and compared to those obtained
in the absence of flutter wave cancellation (current clinical
practice). T waves were extracted and analyzed in 10 patients
at rest with atrial flutter before catheter ablation (2 to 25
hours Holter recording). For all patients, in the vast majority
of the 80-s segments, 3–4 iterations were sufficient to reach
convergence. An example of ventricular component extraction
is displayed in Fig. 2. Two cases with regular rhythm (stable
4:1 and 3:1 atrioventricular block during several minutes) are
shown in Fig. 4. Although the atrial spectrum was partially
masked by the harmonics of the ventricular activity, accu-
rate F-wave cancellation was achieved by the deconvolution
method. Amplitude distribution of reconstructed atrial waves
was approximately Gaussian-shaped. The coefficient of varia-
tion (SD/mean) of atrial wave amplitudes ranged from 5.5%
to 32% (average: 13.5%), which is comparable to the values
used for synthetic signals.

Table II presents statistics for corrected QT intervals mea-
sured on patient ECGs before and after flutter wave can-
cellation, and during sinus rhythm (after catheter ablation,
when available) since QTc is used by clinicians to identify
abnormal conditions. Patients are ordered according to their
ratio between T-wave amplitude and flutter wave amplitude
measured on the VCG magnitude signal. In raw ECG sig-
nals, T waves appear prolonged or shortened due to the
superposition of flutter waves (Fig. 2A). Increased robustness
to this perturbation is achieved by measuring QT interval

T wave

U wave

Fig. 3. T waves extracted from the ECG (lead X) recorded during flutter
in a patient with a pacemaker (fixed pacing rate). The R peak is located at
t = 50 ms (not shown). Thick black line: average beat computed without
flutter wave cancellation; Thin gray lines: 800 R-wave aligned beats after
flutter wave cancellation.
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TABLE II
CORRECTED QT INTERVALS (QTC) IN PATIENTS MEASURED ON RAW ECG SIGNALS DURING FLUTTER, ECGS AFTER FLUTTER WAVE CANCELLATION,

AND ECGS DURING SINUS RHYTHM.

QTc (raw data) QTc (after cancellation) QTc (sinus rhythm)
patient # beats T/F mean±SD [ms] range [ms] mean±SD [ms] range [ms] mean±SD [ms] range [ms]

1 67805 5.8 421 ± 21 [397, 463] 409 ± 14 [388, 435] 399 ± 9 [385, 415]
2 85780 4.4 437 ± 20 [410, 471] 431 ± 16 [409, 460] N/A
3 3157 3.8 450 ± 11 [419, 465] 432 ± 15 [413, 455] 438 ± 15 [416, 453]
4 102128 3.5 391 ± 30 [357, 442] 373 ± 23 [345, 412] 369 ± 14 [352, 397]
5 10405 2.4 454 ± 18 [435, 491] 448 ± 11 [434, 463] 429 ± 14 [411, 451]
6 17223 2.3 386 ± 18 [362, 422] 372 ± 10 [359, 389] N/A
7 15071 2.3 414 ± 31 [378, 475] 409 ± 19 [380, 444] N/A
8 7541 1.9 463 ± 34 [401, 508] 392 ± 22 [360, 426] N/A
9 6886 1.8 414 ± 30 [379, 477] 401 ± 12 [386, 423] 391 ± 7 [381, 401]

10 8204 0.8 422 ± 22 [385, 453] 447 ± 23 [413, 489] 440 ± 13 [425, 461]

# beats: number of beats analyzed; T/F: ratio between the amplitude of T wave and that of the flutter wave; SD: standard deviation; range: interval from the
5th to the 95th percentile; N/A: not available.

TABLE III
RMS VALUE OF BEAT-TO-BEAT VARIATIONS MEASURED IN RAW SIGNALS AND AFTER FLUTTER WAVE CANCELLATION

RMS ∆QTc [ms] RMS ∆TpTe [ms] RMS ∆VMTmax [µV]
patient # beats T/F raw corrected ratio raw corrected ratio raw corrected ratio

1 67805 5.8 16.6 13.9 0.84 5.1 4.4 0.86 144.0 105.7 0.73
2 85780 4.4 18.0 13.9 0.77 15.3 4.8 0.32 81.3 57.7 0.71
3 3157 3.8 16.2 20.4 1.26 16.2 6.2 0.38 163.8 43.8 0.27
4 102128 3.5 21.5 14.9 0.69 16.7 10.3 0.62 46.8 46.5 0.99
5 10405 2.4 21.9 12.4 0.57 21.7 11.0 0.51 55.9 46.6 0.83
6 17223 2.3 20.3 9.6 0.48 14.3 8.0 0.56 97.1 32.0 0.33
7 15071 2.3 39.8 20.1 0.51 35.7 16.8 0.47 78.1 56.4 0.72
8 7541 1.9 44.3 30.9 0.70 35.5 12.6 0.36 180.0 132.7 0.74
9 6886 1.8 39.8 11.3 0.28 27.5 7.2 0.26 101.6 44.0 0.43

10 8204 0.8 17.6 30.0 1.70 19.1 19.9 1.04 109.7 62.5 0.57

# beats: number of beats analyzed; raw: measured before flutter wave cancellation; corrected: measured after flutter wave cancellation; T/F: ratio between the
amplitude of T wave and that of the flutter wave;

duration on the VCG. Measures of QTc statistical dispersion
are generally reduced by flutter wave cancellation to values
closer to those obtained during sinus rhythm. In particular, the
95th percentile of QTc is often decreased by about 30 ms. An
exception is patient 10. Because T-wave amplitude is smaller
than flutter waves, the fiducial point detector is confused unless
flutter waves are suppressed (values are consistently smaller by
25 ms). The values of QTc intervals before and after ablation
(flutter vs sinus rhythm) are in agreement with each other.
This provides an evidence of the validity of the method for
clinical data, although repolarization (and consequently, QTc)
is not expected to necessarily stay the same after ablation due
to possible changes in physiological conditions (autonomic
nervous system, inflammation).

The interference caused by flutter waves is expected to af-
fect beat-to-beat variations in T-wave morphology parameters
when measured directly in raw signals. To quantify this effect,
the RMS value of beat-to-beat differences in each parameter
was computed before and after flutter wave cancellation.
Table III shows that the flutter wave cancellation algorithm
significantly reduced beat-to-beat variations in QTc, TpTe and
VMTmax. Beat-to-beat fluctuations in QTc measured in raw
signals were smaller when T-wave amplitude was larger as
compared to flutter wave amplitude (Table III, 4th column).
The remaining variations may be associated with rapid changes
in heart rhythm (due to a different degree of atrio-ventricular
block). Two exceptions were observed in patient data. Patient

3 had a pacemaker; larger beat-to-beat variations in QT
intervals were caused by inaccurate identification of Qon due
to pacemaker impulse artifacts (TpTe and VMTmax were not
affected though). Patient 10 had very small T-wave amplitude
on all leads; in the absence of flutter wave cancellation, the end
of a flutter wave was consistently (and incorrectly) identified
as Toff, so measured QTc beat-to-beat variations were smaller
than expected.

IV. DISCUSSION

An algorithm for the suppression of atrial flutter waves
in the ECG was designed and validated. In contrast with
QRST cancellation techniques developed for atrial fibrillation
signals, our approach concentrates on the quality of the ex-
tracted ventricular component rather than on the elimination
of artifacts in the extracted atrial signal. It also enables the
integration of a priori spectral information about the atrial
component. By design, the content in the atrial component was
kept to the minimum: noise, baseline variations, artifacts were
considered as part of the ventricular component and processed
at a later stage. A crucial point for the success of flutter
wave cancellation was to avoid overfitting the data in the TQ
interval. Significant baseline drift within the beat, a U-wave or
small artifacts could lead to incorrect interpolation of missing
atrial data in the QRST complex. Figure 3 shows the ability
of the proposed method to retain ventricular contributions
(such as the U wave) within the TQ interval. The parameter
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Fig. 4. Examples of ventricular activity extraction in patients with regular heart rhythm during flutter. Upper signal: original ECG; middle signal: ECG
after flutter-wave cancellation; lower signal: flutter waves; corresponding spectra are shown on the right; RR indicates average heart rate and f0 is the flutter
basic frequency. (A) 4:1 atrioventricular block, lead Y; (B) 3:1 atrioventricular block, lead Z. In case (B), some peak amplitudes are larger in the ventricular
component than in the original signal because the atrial and the ventricular components are negatively correlated.

∆f constraining the spectral content of the atrial component
controls the trade-off between an accurate reproduction of the
TQ interval and a reasonable and robust interpolation in the
QT interval. Two other parameters are involved in the CLEAN
algorithm. The signal-to-noise ratio parameter (tolc) ensures
that the background noise is not included in the atrial signal.
The gain factor (g) makes it possible to handle interferences
between spectral peaks through the Fourier transform of the
gap function. In our application, results were found to be
insensitive to g in the range 0.5 to 0.9.

Fiducial point detection is an important element of the
algorithm. An initial estimate of Qon and Toff has to be
computed based on the ECG contaminated by flutter waves.
The use of VCG magnitude for marker identification addresses
the problem of small amplitude T waves on some leads. To
ensure convergence of the iterative QT interval identification
process, marker localization needs to be robust to noise.
Baseline correction was also found to be critical. This is why
Qon was defined based on the R peak height and width (instead
of the minimum preceding the R wave) when constructing the
gap function G. Once atrial wave suppression is performed,
any measure of QT interval can be used.

A limitation shared with many QRST cancellation tech-
niques is the necessity to have sufficient information in the TQ

intervals over a segment (1 minute), which may not be the case
when heart rate is very high (for instance, most cases of stable
2:1 atrioventricular block). Note, however, that our approach
still applies if premature contraction, ventricular arrhythmia
or transient 2:1 atrioventricular block (see 3rd beat in Fig. 2)
occur for a limited time or if the RR time series shows an
alternation of short (almost no TQ interval) and long intervals.
When signal-to-noise ratio is low (small T-wave amplitude,
like patient 10 in Table II and III, accuracy is reduced but no
analysis would be reliable in this case in the absence of flutter
wave cancellation. If a stable 2:1 block is present for more
than one minute, in each ventricular beat the first F wave is
masked by the QRS complex and the second is hidden in the T
wave. A priori knowledge about atrial or ventricular activity
or spatial information from many leads might be needed to
perform their separation. In the absence of such information,
T wave parameters may be extracted directly from the lead
with smallest F wave amplitude.

Another limitation is the assumption that atrial cycle length
and flutter wave morphology are relatively stable within each
one-minute segment. Our approach is able to track both
slow variations (time scale of several minutes) and respiratory
modulations in atrial cycle length (time scale of 3 to 10
ventricular beats; see II-A). However, ventricular contraction
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may modulate the morphology of the atrial contribution to the
ECG [24] by moving or constraining atrial geometry and by
affecting blood pressure. Ravelli et al. demonstrated that this
effect can cause fluctuations in atrial cycle length within a ven-
tricular beat [25], [26]. It remains a major challenge to account
for this effect hidden in the T wave. In the worst case, this
local time shift creates a short-duration artifact proportional
to the time derivative of the F wave. Although these artifacts
may affect the separation of atrial and ventricular activity, they
have a limited impact on QT interval measurement.

The flutter wave cancellation algorithm opens the way
for the analysis of QT–RR relationship during atrial flutter,
extending similar analysis performed in sinus rhythm [27].
The relevance of this application is supported by QTc values
extracted during flutter being consistent with those measured
during sinus rhythm (Table II) and by the reduction in beat-to-
beat variations after flutter wave cancellation (Table III). The
performance of the algorithm on synthetic signals (Table I) and
the comparison with average beat subtraction (Fig. 3) indicate
that other parameters describing T-wave morphology could be
investigated as well.

V. CONCLUSION

We developed and validated a new method for flutter wave
cancellation in the ECG in order to facilitate the analysis of
T wave during atrial flutter. This method assumes that flutter
wave cycle length and morphology is stable over one-minute
windows and that ventricular rate is not too high to enable
data extraction from TQ intervals. This will provide clinicians
with a convenient tool to monitor, diagnose and investigate the
dynamics of ventricular repolarization in patients with atrial
flutter.
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research program is in the cardiovascular domain. It involves signal processing
and mathematical modeling in both ischemic process and cardiovascular
control.

Marcio Sturmer received his medical degree at the
UFRGS in Brazil, 1994. He became a cardiologist
at the Heart Institute in Porto Alegre, Brazil. From
2000 to 2004, he had his training in Cardiac Electro-
physiology at the Heart Institute (Montreal Univer-
sity) in Montreal, Canada, and a training in Atrial
Fibrillation ablation at the San Raphaele Hospital,
in Milan, Italy. Since 2004 he has been Cardiac
Electrophysiologist at the Sacré-Coeur Hospital of
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cardiologist-electrophysiologist.

Teresa Kus received the Ph.D. degree in Phar-
macology in 1978 and the M.D. degree in 1979
from McGill University, Montreal, Canada. She was
trained in Internal Medicine, Cardiology with a
subspecialty in cardiac electrophysiology and is cur-
rently director of the arrhythmia service at Hôpital
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