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ARTICLE INFO ABSTRACT
Articlf history: The electrocardiogram (ECG) signal basically corresponds to the electrical activity of the heart. In the
Received 5 June 2017 literature, the ECG signal has been analyzed and utilized for various purposes, such as measuring the
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heartrate, examining the rhythm of heartbeats, diagnosing heart abnormalities, emotion recognition and
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biometric identification. ECG analysis (depending on the type of the analysis) can contain several steps,
such as preprocessing, feature extraction, feature selection, feature transformation and classification.

Il_%éwords" Performing each step is crucial for the sake of the related analysis. In addition, the employed success
Flectrocardiogram measures and appropriate constitution of the ECG signal database play important roles in the analysis
Classification as well. In this work, the literature on ECG analysis, mostly from the last decade, is comprehensively
Database reviewed based on all of the major aspects mentioned above. Each step in ECG analysis is briefly described,
QRS and the related studies are provided.

Feature extraction © 2018 Elsevier Ltd. All rights reserved.
Feature selection

Preprocessing

Contents

B PR U0 1 o Ta 1 ot (o o P

D & =) 0] (0 1ol 31 1 V=
7 B 31113 0 =
2.2.  Resampling, digitization and artifact TEMOVAl . ... ....ooiiiii ittt ettt ettt ettt
D2 T (o) 5 33 =Y 7= Y (o o 1
2.4. Others............

3. Feature extraction................
3.1. P-QRS-T complex features..
3.2.  Statistical features.......
3.3. Morphological features .
3.4. Wavelet features.......

3.5. Others............ .
L < L E b oY) =Tl (o) o
s 111
I L 0 10 Y R (oY) = 0] 0] 3
/S T ¥ T (0] 101 Pt BT 1] <) S
O © 11 1< -

LT T Lyl 0= 0 0] 5 00T 1 ) o
5.1, Principal component analysis (PCA) . ... ...iuue ettt et iee ettt e e et ee e ettt e e ae e et a e e et e e e e e e e e ae e e e e
5.2, Linear discriminant analySis (LDA) ... ...eeuuneetue et tte et ettt e tte et e ttaa e e e tae e et e e e taae e et e eeaaneeeeanneeeennneeeenareennnneenes
5.3. Independent component aNalySis (ICA) .. ...ttt ettt ettt ettt e ettt ee e et e e et ae e et a e e et e e et e e e et e

* Corresponding author.
E-mail address: selcankaplan@anadolu.edu.tr (S. Kaplan Berkaya).

https://doi.org/10.1016/j.bspc.2018.03.003
1746-8094/© 2018 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.bspc.2018.03.003
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2018.03.003&domain=pdf
mailto:selcankaplan@anadolu.edu.tr
https://doi.org/10.1016/j.bspc.2018.03.003

S. Kaplan Berkaya et al. / Biomedical Signal Processing and Control 43 (2018) 216-235 217

54, OtReIS ..ttt e
6. ClassSifiCation.........uieiiiii i e
6.1.  Artificial neural networks (ANN) .......coviiiiiiiiiineeiinnnn,
6.2. Linear discriminant analysis (LDA) ........c.covveiiiineeeinnnannn.
6.3. knearest neighbor (KNN).........cooiiiiiiiiiiiiiiii i

6.4. Support vector machine (SVM)
6.5. Decision tree (DT)

6.6.  BayeSiam........iiiiiii e
o3 R © 1 1 V<) -
7. Application fields.........cooviiiiiiiii e
7.1.  Disease classification...........uuuiiiieieeieiiiiiiiiiiinaaans
7.2.  Heartbeat type detection ............oevievieiiinieininneennnnnns
7.3. Biometric identification...............ooiiiiiiiiiiii i
7.4. EmOtion reCoOgnition ........couuvveiuiieieiineeeinneennnneeenn.

% T € 1 1 1 1<)

8. Databases . ...ttt e
8. 1. MIT-BIH ... e et
8.2. Others

0. SUCCESS IMEASUIES . . e vt ee ettt e teeteeneeneeteeeneenaeenneenaennns
L I8 PR e | - e
9.2.  Precision (or positive predictivity) .........ccooveiiiiiiiiinina..
9.3.  Recall (Or Sensitivity) ......oeeeiuiieeiiie it iiie i
L I S o 0 (<= 1] 1
9.5, SPeCHiCItY et
9.6. Matthews correlation coefficient (MCC).............ccevnenn...

9.7. Area under curve (AUC) (or receiver operating characteristic (ROC)) ... .uuuuuetitin et ttiie ettt iae et ia et iee e tia e e eaiaeeeannnaes

TO.  DISCUSSION ettt ettt et ettt et e e e e e e s
B O R € 5 Tl L E o) o -t
Acknowledgment. .........cooiiiiiiiiiiii i e
] ()3 o

1. Introduction

An electrocardiogram (ECG) is simply a recording of the elec-
trical activity generated by the heart [1]. Sample ECG signals
associated with a common cardiac cycle are illustrated in Fig. 1
[2,3]. The ECG is an effective non-invasive tool for various biomed-
ical applications such as measuring the heart rate, examining the
rhythm of heartbeats, diagnosing heart abnormalities, emotion
recognition and biometric identification.

One of the major fields in which ECG analysis is required is
the diagnosis of cardiovascular diseases. As reported by the World
Health Organization, cardiovascular diseases are the main reason
for deaths worldwide. Among the cardiovascular diseases, cardiac
arrhythmias are the most common, and as a result, their precise
classification has been of great interest in biomedical studies [4].
One of the most effective tools for identifying arrhythmias is ECG
signal exploration [5]. The investigation of individual ECG beat
characteristic shapes, morphological features, and spectral pos-
sessions can provide meaningfully correlated clinical information
for the automatic recognition of an ECG pattern. However, auto-
mated classification of ECG beats is a difficult problem because the
morphological and temporal features of the ECG signals include
noteworthy dissimilarities for different patients under different
physical circumstances [6]. The main problem for diagnosing heart
diseases with ECGs is that an ECG signal can vary for each person,
and sometimes different patients have separate ECG morpholo-
gies for the same disease. Moreover, two different diseases could
have approximately the same properties on an ECG signal. These
problems cause some difficulties for the problem of heart disease
diagnosis [5,7,8]. To detect abnormalities of the heartbeat, the elec-
trical signal of each heartbeat must be analyzed. Therefore, the
process of analyzing long-term ECG records, especially for bedside
monitoring or wearable online health care monitoring, can be very
troublesome for a person, and it is very time-consuming. Further-

more, some personal errors can occur throughout an ECG analysis
due to fatigue, [9] and the interpretation of the signal requires
deep knowledge [10]. Therefore, computer-assisted methods that
provide automatic ECG analysis are utilized.

The use of ECG analysis in fields other than the diagnosis
of cardiovascular diseases has also increased substantially. Many
researchers have used ECG signals for emotion recognition, espe-
cially for stress level detection in addition to many other signals
such as the electroencephalogram, skin temperature, blood pres-
sure, electromyogram, heart rate variability, cortisol levels, and
thermal imaging features. Researchers measure ECG signals at dif-
ferent critical moments (stress situations), such as during an oral
exam, after a holiday for students, in office environments for office
workers, and during a driving task for drivers. The results of these
studies reveal that ECG features are useful at distinguishing the
characteristics between different mental workloads and stress lev-
els as well [1].

In addition, ECGs are also being used in the field of biometric
identification. In biometric recognition, physiological characteris-
tics, such as face, fingerprints, hand geometry, DNA and iris, as
well as behavioral characteristics, such as voice, gait, signature and
keystroke dynamics, are used for identifying an individual. The
biometric systems provide security and restricted access to pro-
tected areas [11]. The mentioned characteristics and the features
to be used for this purpose must meet the criteria of universal-
ity, uniqueness, permanence and robustness to attacks [3,11,12].
Because ECG has features that are unique to an individual, it is being
used increasingly by many researchers in this area.

As seen in the examples above, an ECG signal is analyzed and
utilized for various purposes and applications. Depending on the
application, the analysis contains several steps, such as preprocess-
ing, feature extraction, feature selection, feature transformation
and classification. Additionally, the employed success measures
and appropriate constitution of the ECG databases play crucial roles
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