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Abstract— Ectopic beats are early heart beats with remark-
able large amplitude that provoke serious disturbances in the
analysis of electrocardiograms (ECG). These beats are very
common in atrial fibrillation (AF) and are the source of impor-
tant residua when the QRST is intended to be removed. Given
that QRST cancellation is a binding step in the appropriate
analysis of atrial activity (AA) in AF, a method for ventricular
ectopic beats cancellation is proposed as a previous step to
the application of any QRST removal technique. First, the
method discriminates between normal and ectopic beats with
an accuracy higher than 99% through QRS morphological
characterization. Next, the most similar ectopic beats to the
one under cancellation are clustered and serve to get their
eigenvector matrix by principal component analysis. Finally, the
highest variance eigenvector is used as cancellation template.
The reduction ectopic rate (RER) has been defined to evaluate
the method’s performance by using templates generated with 5,
10, 20, 40 or 80 ectopics. Optimal results were reached with the
5 most similar complexes, yielding a RER higher than 5.5. In
addition, a decreasing RER trend was noticed as the number
of considered ectopics for cancellation increased. As conclusion,
given that ectopics presented a remarkable variability in their
morphology, the proposed cancellation approach is a robust
ectopic remover and can notably facilitate the later application
of any QRST cancellation technique to extract the AA in the
best conditions.

I. INTRODUCTION

HE appearance of ventricular ectopic beats in the
electrocardiogram (ECG) is a sign of disturbance in

the depolarization process, disorganizing the blood pumping
function of the ventricles and preceding, in many cases,
malignant cardiac arrhythmias [1]. Although this sign of
decreased heart function is helpful in the prediction of life-
threatening arrhythmias, such as ventricular fibrillation or
tachycardia [2], its presence makes difficult the study of other
cardiac diseases from the ECG. In this respect, the presence
of ectopic beats perturbs the impulse pattern initiated by the
sinoatrial node and implies that RR intervals, adjacent to an
ectopic beat, cannot be used for heart rate variability (HRV)
analysis [3], which is a tool commonly used in the evaluation
of the autonomic nervous system [4]. Similarly, ventricular
ectopic beats are a frequent and challenging problem in atrial
fibrillation (AF) long-time monitoring that still is unsolved.
AF is the supra-ventricular arrhythmia most commonly
diagnosed in clinical practice and affects up to 1% of the
general population and up to 15% of the population over 80
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years [5]. The atrial activity (AA) signal extraction under the
best conditions is crucial in the study of the electrophysio-
logical processes that underlie AF, such as refractory periods,
autonomic response, drug effects, etc. [6]. However, this
extraction requires nonlinear signal processing techniques
since the atrial and ventricular activity overlap spectrally and,
therefore, cannot be separated by linear filtering [6]. Average
beat subtraction (ABS) is the most widespread technique for
AA extraction, especially for long-time Holter recordings,
which routinely present no more than two or three leads. This
method relies on the assumption that the average beat can
represent approximately each individual beat [6]. However,
QRST morphology is often subject to minor changes caused
by respiration, patient movement, etc., and, therefore, QRST
residua are often present in the estimated AA [7]. In the same
way, the presence of ventricular ectopics, which exhibit a
very different morphology to the normal beats, provokes im-
portant residua in the AA signal. To overcome this problem,
some variants of ABS generate one cancellation template
for each particular beat morphology present in the ECG [8].
Other ABS modifications have generalized this approach by
creating one template for each beat, showing that optimal
cancellation of normal complexes is achieved when the
most similar 20 or 30 beats to those under cancellation are
used to generate its template [9]. However, none of these
techniques have paid a special attention dealing to ectopic
beats, which are originated by different mechanisms and
present different morphological characteristics than normal
beats. Additionally, no study has been developed yet about
the ideal number of ectopics allowing to provide a template
for optimized cancellation.

In this work, a method for ventricular ectopic beats can-
cellation in single-lead AF signals is proposed as a previous
step to the AA extraction with ABS or any of its variants. A
cancellation template for each individual ectopic is generated
by exploiting, through principal component analysis (PCA),
the mutual information available in the set of its most similar
beats. Given that this method requires discrimination be-
tween normal and ectopic beats, an algorithm based on QRS
morphological characterization is also proposed. Finally, a
study about the optimal number of ectopics to generate the
most accurate cancellation template is presented.

II. METHODS

A. Database and preprocessing

To validate the proposed detector and canceller of ectopic
beats, twenty 10 hours-length ECG segments with AF and a
considerably high density of ectopic beats were extracted
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from 24-h Holter recordings corresponding to 15 and 5
patients with paroxysmal and persistent AF, respectively. Al-
though three leads (II, aVF and V1) were recorded, only V1
was considered in the study. The recording was upsampled
to 1 kHz in order to improve the time alignment accuracy
between each ectopic and its cancellation template [4]. Ad-
ditionally, this lead was filtered to remove baseline wander,
high frequency noise and powerline interference.

B. Detection of ectopic beats

A morphological characterization of each ventricular beat
was developed for the detection of ectopic beats. Thus, QRS
complexes were firstly detected by using a method based on
the Phasor Transform (PT) [10]. This transform was used to
convert each instantaneous sample of the preprocessed ECG
(y(n)) into a phasor with magnitude M (n) and phase ¢(n),
such that PT{y(n)} = M(n)e/*(™. Given that maximum
instantaneous phase variation in the ECG was found for the
QRS complexes, these waves were located as the segments
exceeding a threshold. The R-peak of the ¢th beat (r;)
was marked as the maximum magnitude point within the
corresponding segment [10]. Thereafter, two points around
the R-peak, vi,ps_ and vi,ps,, were established. They
were defined as the closer points to the R-peak in which
amplitude was 30% of this peak amplitude, i.e. y(Vi,ps_ ) =
Y(Vigrsy) = 0.3 - y(ri), see Fig. 1. Next, a forward 15 ms
window relative to the R-peak was established to search
a local minimum, which was referred as rg. Around this
point, p;,,s_ and pj, .., were marked following the same
approach used for the 7;,,s_ and 7,5, establishment,
see Fig. 1. Finally, five descriptors to characterize the QRS
morphology of the beat were defined as:

o Area of the QRS complex (Ar;), i.e., the sum of
the preprocessed ECG samples between the identified
boundary points, i.e.: Ar; = ZfoS;S y(k).

o Number of samples between ;5 +Q and Viors— (Di)s

ie.: D7 = ’YiQRSJr — ’Y":QRS—'

o Number of samples between p;, s, and p;,,s_ (D),

ie: Di = pigrs, — Piors—-

o Amplitude of the R-peak, i.e. y(r;).

o Absolute value of the local minimum amplitude follow-

ing the R-peak, i.e. |y(r})|.

To classify a ventricular beat as normal or ectopic, its
descriptors were compared with those corresponding to the
average of its preceding five beats detected as normals. In this
way, slight progressive morphological variations in normal
beats were considered. A decision scheme based on a se-
quence of five rules was built such that, a beat was classified
as normal when none of the rules were satisfied, see Fig. 2.
In contrast, a beat was considered as ectopic when any of the
rules was fulfilled. These rules were experimentally obtained
and can be mathematically expressed as inequalities:

e Rule 1: Ar; > 1.8- Ar,
e Rule 2: D; >2-D,
e Rule 3: D, >2. D/,

e Rule 4: y(r;) > 2.5-y(r),

____________________________________________
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Fig. 1. Graphical representation of the defined descriptors to characterize
morphologically the ith QRS complex.
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Fig. 2. Decision scheme to classify beats as normal or ectopic based on a
sequence of rules.

o Rule 5: [y(r})] > 2.5 |y(r)

)

Ar, D, D', y(r) and |y(r’)| being the descriptors averaged
for the five normal beats preceding those under classification,
i.e., the ith beat. Obviously, this approach requires, as a
starting point, manual selection of five normal beats, in a
similar way to previously published techniques for heartbeat
classification [11]. After several experimental tests, this num-
ber of beats was obtained as a trade-off between classification
accuracy and computational burden.

C. Cancellation of ectopic beats

Graphical inspection of the ECG allows us to appreci-
ate that ventricular ectopic beats usually exhibit recurrent
patterns, although different QRST morphologies as well as
variations in their waveforms may occur. Therefore, ventricu-
lar ectopic beats show a high degree of temporal redundancy
which could be exploited for their cancellation making use
of PCA. In order to take advantage of this ergodicity, the
Q-wave onset and the T-wave offset for each ectopic were
localized making use of a PT-based delineator [10]. To
delimit all the ectopic beats with the same duration, the
median values of the QR (QR) and RT (RT) intervals
were obtained and the Q-wave onset and the T-wave offset
for the ith ectopic were defined as ¢;_ = r; — QR and
tir = 7+ RT, respectively. Hence, this beat was represented
by the column vector

y(tiv — 1) y(tiv) ]T
xi(L-1) x(L) ], (O

xi= [ ylgi-) yla-+1)

where L is the number of samples.

In order to generate the cancellation template of an ectopic
beat, only the N most similar complexes to it were chosen.
Similarity among ectopics was obtained in terms of the cross-
correlation index (x), which can be defined for the ¢th and
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jth beats as
Ex;X;
o = 2] @)
0i0;
where E[-] is the expectation operator and ¢; and o; are the
standard deviations of both beats. It is noteworthy that the
jth ectopic was adapted in amplitude to the ith beat for a
better comparison of morphologies, such that
< _ ylrd) —y(r)
X; = X;. 3)
Toy(ry) —y(h) ™
Temporal redundancy of this set of N complexes was
exploited by applying PCA. Thus, for the ¢th beat, these N
complexes were assembled in a matrix X; € RI*N | such

that
XN “4)

Note that all the beats were temporally aligned using their
R-peak timings. The principal components of this matrix
associated with PCA were obtained by singular value de-
composition (SVD) [12], such that

X; =U;S;V/, )

X = [xi1, X2, - -

where U; € REXY is a unitary matrix so that U; U] =1,
being I the identity matrix, S; € RY*Y is a diagonal
matrix, and V; € RV*N fulfills V;V] = 1. The matrix
U; = [w,...,u;n] contains the N normalized principal
components of X, their cross-correlation coefficients being
null. The eigenvalues, i.e. the amplitude coefficients cor-
responding to the principal components, corresponds with
the diagonal elements of S;. Given that the first principal
component u;1, i.e., the highest variance eigenvector, could
be considered as the mother representation of the ith beat [9],
[13], this vector was taken as ventricular cancellation tem-
plate. Thus, the subtraction of this ectopic was obtained as

Vi =X; — Wi, (6)

u;; being the vector u;; adapted in amplitude to the ith
beat in the way expressed in (3). Once all the ventricular
ectopic beats were cancelled out, AA could be extracted
from the signal gy(n) by using any of the QRST cancellation
techniques published to date.

D. Performance assessment

The performance of the proposed ectopics detector was
compared with two previously published techniques, such as
Krasteva & Jekova’s [11] and Acar et al.’s [14] methods.
Details on their implementation can be obtained in the
corresponding literature. Given that the used database did not
contain annotations, recordings were manually annotated by
expert cardiologists for distinguishing between normal and
ectopic beats. These annotations were used to evaluate the
reliability of the analyzed detectors. Thus, sensitivity (S.)
and positive predictivity (P1) were computed as

TP
%= TP FN 2
TP
+
- TP+ FP’ ©

TABLE I
PERFORMANCE OF THE ANALYZED ECTOPIC BEATS DETECTORS

Method TP FpP FN Se(%)  PT(%)
Proposed in this work 31848 696 446 98.62 97.86
Krasteva & Jekova [11] 30327 29714 1967 93.91 50.51
Acar et al. [14] 10153 8303 22141 31.44 55.01

TP being the number of true positives (i.e., ectopic beats
correctly classified), F'N the number of false negatives (i.e.,
ectopic beats incorrectly classified) and F'P the number of
false positives (i.e. normal beats incorrectly classified).

On the other hand, when real ECG recordings are ana-
lyzed, the only evidence for a successful cancellation of any
ectopic beat is the absence of its residua [9]. Unfortunately,
there is no parameter in the literature able to robustly
quantify the existence of QRST residua in the resulting signal
after cancellation. Thereby, a new parameter to estimate the
reduction rate of an ectopic beat after its cancellation is next
proposed. Thus, the reduction ectopic rate (RER) of the ith
beat was defined as

(€))

Fig. 3 shows visually how this parameter behaves. As can
be appreciated, the higher the ectopic beat residua, the lower
the RER values.

III. RESULTS

The ectopic beats detection in terms of sensitivity and
positive predictivity obtained by the proposed algorithm,
the Krasteva & Jekova’s method [11] and the Acar et al.’s
technique [14] are shown in Table I. A notably better
performance can be observed for the proposed algorithm than
for the two other methods. Thus, the proposed algorithm
classified correctly 99.88% of the analyzed beats, whereas
for the other methods the classification rate was significantly
more reduced. It should be noted that a total number of
997387 beats were analyzed, of which 32294 were identified
as ectopics by expert cardiologists.

On the other hand, each ectopic was cancelled out with
a template generated from its 5, 10, 20, 40 and 80 more
similar beats in order to obtain a first idea about the optimal
N value for the most accurate cancellation. The RER,
expressed as mean =+ standard deviation (std), for each
tested NV value is presented in Table II. As can be seen,
the best cancellation was obtained when the most 5 similar
complexes were selected, achieving a reduction of the ectopic
beats by a factor slightly higher than 5.5, in average. In
addition, a decreasing trend in the RER was observed when
N increased. As a graphical summary, Fig. 3 shows a ECG
segment after ectopic beats cancellation with N = 5, 20
and 80. In agreement with the obtained RER values, the
highest residua can be observed in the residual signal after
cancellation with N = 80.
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TABLE I
RER FOR ECTOPIC BEATS CANCELLATION WITH DIFFERENT N VALUES

N 5 10 20 40 80
mean 555 523 477 388 295
std 1.21 1.06 092 095 0.96
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Fig. 3. Original ECG (a) and residual signal after ectopic cancellation
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considering the most (b) 5, (c) 40 and (d) 80 similar complexes to those
under cancellation to generate the template. It can be seen that the RER,
indicated numerically, can reliably reflect the reduction of ectopic beats after
cancellation.
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IV. DISCUSSION AND CONCLUSIONS

The proposed method requires the previous identification
of ectopic beats. Although different techniques for discerning
between normal and ventricular ectopic beats can be found in
the literature, such as Krasteva & Jekova’s [11] and Acar et
al.’s [14] methods, they have not been specifically designed
for AF recordings. Indeed, for the classification of beats,
these two algorithms use descriptors based on the regularity
of RR and PQRST intervals, which are inappropriate for
AF signals, given their high ventricular irregularity [7]. In
addition, they were validated with MIT-BIH Arrhythmia
Database, in which only 9% of the recorded time corresponds
with AF episodes [15], and a subjects group without AF,
respectively. This fact could justify the high accuracy, greater
than 98%, shown for both methods from the databases with
which were originally validated and the poor sensitivity
and positive predictivity provided in this work. Overall,
a robust algorithm with a high ability of discriminating
between normal and ventricular ectopic beats, based only
on QRS morphological characterization, has been proposed
and validated with AF recordings.

A previous study on the selection of the normal beats
allowing to generate the most accurate QRST cancellation
template has shown that the highest quality AA extraction
is obtained when the most similar complexes to those under
cancellation are selected [9]. Thereby, in this work, for each
ectopic beat only its most N similar beats were considered
for the generation of the template. In disagreement with the
optimal number of normal beats found to generate the most
accurate QRST cancellation template, i.e. between 20 and
30 [9], the highest reduction rate of ectopic beats was reached

by using the 5 most similar complexes, the RER being
approximately of 5.5. Additionally, higher residua of ectopic
beats were noticed in the residual signal when a greater
number of complexes was considered for cancellation. As
a consequence, although more variability in morphologies
of ectopic than normal beats is appreciated, a successful
cancellation of ectopic beats is obtained by considering,
as ventricular template, the highest variance eigenvector
associated with the set of the most similar ectopics to those
under cancellation. Nonetheless, it should be remarked that
this work only presents preliminary results, which will be
completed with more detailed analyses.
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