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Abstract: Atrial fibrillation (AF) and congestive heart failure (CHF) are the most prevalent types of
cardiovascular disorders as the leading cause of death due to delayed diagnosis. Early diagnosis of
these cardiac conditions is possible by manually analyzing electrocardiogram (ECG) signals. However,
manual diagnosis is complex, owing to the various characteristics of ECG signals. An accurate
classification system for AF and CHF has the potential to save patient lives. Therefore, this study
proposed an ECG signal classification system for AF and CHF using a one-dimensional convolutional
neural network (1-D CNN) to provide a robust classification system performance. This study used
ECG signal recording of AF, CHF, and NSR, which can be accessed on the Physionet website. A total
of 5600 ECG signal segments were obtained from 56 subjects, divided into train sets from 42 subjects
(N = 4200 ECG segments), and test sets from 14 subjects (N = 1400). We applied for leave-one-out
cross-validation in training to select the best model. The proposed 1-D CNN algorithm successfully
classified raw data of ECG signals into normal sinus rhythm (NSR), AF, and CHF by providing the
highest classification accuracy of 99.643%, f1-score, recall, and precision of 0.996, respectively, with
an AUC score of 0.999. The results showed that the proposed method extracted the ECG signal
information directly without needing several preprocessing steps and feature extraction methods
that potentially reduce the information contained in the ECG signals. Furthermore, the proposed
method outperformed previous studies in classifying AF, CHF, and NSR. Therefore, this approach
can be considered as an adjunct for medical personnel to diagnose AF, CHF, and NSR.

Keywords: atrial fibrillation; congestive heart failure; normal sinus rhythm; convolutional neural
network

1. Introduction

Atrial fibrillation (AF) and congestive heart failure (CHF) are the most common cardiac
diseases and are potentially life-threatening [1]. In 2017, AF affected 37.574 million people
worldwide, and its frequency has risen by 33% in the last 20 years [2]. AF cases are expected
to increase by more than 60% in 2050 [2]. Similarly, the global prevalence of heart failure in
2017 was 64.34 million people [3]. The lifetime risk of developing CHF is over 20% after the
age of 40 years [3]. As cardiovascular disorders affect millions of people and potentially
lead to death, AF and CHF have become the main-concern public health issues all over the
world. Undiagnosed AF and CHF can endanger life [3]; therefore, prompt diagnosis is a
very critical issue.

Electrocardiogram (ECG) is a non-invasive method that records the heart’s electrical
activity, commonly measured and analyzed by researchers [4]. A single-lead ECG as basic
heart monitoring is widely used in a pre-clinical setting to detect abnormalities in the heart,
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such as cardiac arrhythmias or heart failure [5,6]. Atrial fibrillation is the most common
sustained cardiac arrhythmia and is characterized by atrial excitation at a high frequency,
resulting in desynchronized atrial contraction and erratic ventricular excitement [7,8]. In an
ECG complex, the P wave measures electrical activity in the atrium. A flat P wave is
associated with an increased rate of AF due to atrial muscle loss and prolonged conduction
time [9]. Meanwhile, CHF is a chronic cardiac disease due to a malfunction of the left
ventricle (LV), the main contractile chamber that pumps blood throughout the body. The
LV ejection fraction (EF), defined as the ratio of LV stroke and end-diastolic volumes,
is used to measure the LV’s systolic contractile performance, with a normal LVEF of 50% or
higher [10,11]. In terms of ECG signal morphology, the value of the QRS complex can be
used to assess the left ventricular ejection fraction, as proposed by ] Askenazi et al. [12].
Moreover, in patients with heart failure, QRS prolongation (>120 ms) is a strong predictor
of LV systolic dysfunction [13].

ECG signal is a vital bio-signal that cardiologists widely use to diagnose AF and
CHEF. However, analyzing ECG signals needs a medical expert; is time-consuming, and
typically involves subjectivity due to differing interpretations. Therefore, several studies
have proposed algorithms to classify AF and CHF based on machine-learning and deep-
learning approaches, which can reduce the subjectivity and provide the high accuracy of
computer-aided diagnosis as assisting tools for a cardiologist in diagnosing AF and CHF
conditions [10].

Rizal et al. analyzed ECG signals based on the Hjorth descriptor method parame-
ters such as activity, mobility, and complexity [14,15]. A study conducted in 2015 using
various classifier algorithms such as k-mean clustering, k-nearest-neighbor, and multi-
layer perceptron reported accuracy of 88.67%, 99.3%, and 99.3% respectively, to classify
AF, CHEF, and NSR. The same researchers reported an accuracy of 94% in a study con-
ducted in 2017 using the higher-order complexity and k-nearest-neighbor classifier [15].
Furthermore, Yingthawornsuk et al. used the primary datasets of AF, CHF, and NSR, con-
sisting of 90 recordings, and their findings indicated that the Hjorth descriptor is capable
of class separation among cardiac arrhythmia types, reporting accuracy rates of 84.89%,
88.22%, and 76% using least-squares, maximum likelihood, and support vector machine,
respectively [16].

The aforementioned studies [14-16], extracted the features of ECG signals using the
Hjorth descriptor method. However, owing to noise interference, some features did not per-
fectly represent the characteristics of ECG signals. Therefore, in our previous studies [17],
we proposed discrete wavelet transform (DWT) with five-level decomposition in the prepro-
cessing step, which decomposes the ECG signal into six sub-bands. The Hjorth descriptor
method and entropy-based features (Shannon entropy, sample entropy, permutation en-
tropy, dispersion entropy, bubble entropy, and slope entropy) were combined to extract the
information from each sub-band of the ECG signal in more detail. The extensive simulation
was conducted using several machines learning algorithms, including K-NN, SVM, ANN,
and random forest, to classify AF, CHF, and NSR conditions based on the extracted features
as input to the machine-learning algorithms. We have already obtained 100% accuracy
in our previous studies. However, our proposed method in the previous studies needs
preprocessing steps and feature extraction methods that manually extract the statistical
information from ECG signals that possibly still did not represent the complete information
in ECG signals.

Recently, convolutional neural networks (CNN) have been identified as potential
approaches for ECG classification. Kamaleswaran et al. proposed 13-convolutional layers
as a robust and rapid method of AF detection using single-lead ECG with variable lengths
of 9-61 s. However, they identified that 2.5 s of ECG segments are enough to obtain well
accuracy performance. Their study reported an average F1 score of 0.83 in classifying
normal, AF, and other rhythms [18]. Ping et al. used 5 s, 10 s, and 20 s segments of ECG
signals as input to the eight layers of CNN in the feature extraction layer and one LSTM
layer with a fully connected layer in the classification layer. Their study reported the
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highest f1-scores value of 89.55%, using the 10 s segment of ECG signals as input to CNN
and LSTM to classify AF and normal conditions [19]. Sidrah et al. proposed the ten layers
of CNN in the feature extraction layer and two LSTM layers with a fully connected layer
and a drop layer in the classification layers. Their study reported a classification accuracy of
86.5% using a CNN and long short-term memory to classify AF and normal conditions [20].
Similarly, Georgios et al. used a short segment of ECG signals with length data of 187
samples as input to the nine layers of CNN in the feature extraction layer and one LSTM
layer with a fully connected layer and a drop layer in the classification layer. Their study
reported a sensitivity of 97.87% and specificity of 99.29% using a CNN and long short-term
memory to classify AF and normal conditions [21].

Nurmaini et al. reported a classification accuracy of 99.17% using 9 s segment of
ECG signals as input to the ten layers of CNN with two fully connected layers to classify
three conditions, including normal, AF, and non-AF conditions [22]. Several studies have
developed automated systems for detecting AF. Meanwhile, Wang et al. used 500, 1000,
and 2000 samples of R-R Interval length as input to the four convolutional layers and one
max pooling layer in the feature extraction layers, which used global average pooling layer
to extract the features. Their study reported a classification accuracy of 99.85%, 99.41%,
and 99.17% for 500, 1000, and 2000 samples, respectively, using a long short-term memory-
convolutional neural network to classify CHF and normal conditions [23]. Ning et al.
reported a classification accuracy of 98.5% using 1 min segment of ECG signals and 99.3%
using 5 min segment of ECG signals as input to a recursive neural network to classify CHF
and normal conditions [24]. Meanwhile, Porumb et al. used three convolutional layers, then
max-pooling for each layer, and used two fully connected layers in the classification layer.
Their study reported an accuracy of 100% in classifying CHF and normal condition [25].

The aforementioned studies [19-25] developed the automatic system detection for AF
or CHF conditions separately. Furthermore, Padmavati et al. proposed a classification sys-
tem to identify four classes of cardiac disease, including atrial fibrillation (AF), myocardial
infarction (MI), congestive heart failure (CHF), and normal conditions [26]. Their study
reported a classification accuracy of 80.1% to classify CHF and normal, 85.9% accuracy to
classify MI and CHF, and 65.4% accuracy to classify MI and normal conditions. However,
the accuracy performance of their proposed model decreased by up to 63.5% and 31.2%
when extended to classify three classes (CHF, MI, and normal) and four classes (AF, CHF,
MI, and normal), respectively.

Performance results of certain previous studies on the classification of ECG signals
revealed that conventional machine-learning methods were sensitive to noise; therefore,
data cleaning was required. In contrast to the conventional approaches that require separate
dataset preprocessing, feature extraction, and classification processes, CNN can directly
extract features from raw input of ECG signal. The feature extraction layer in CNN model
consists of convolutional layers and commonly used discontinuous activation function such
as Rel-U (Rectified Linear Unit) activation function [27]. Discontinuous activation functions
in neural networks extract essential features that frequently appear in practice [28]. As
a result, in sufficient training samples, the features extracted by a CNN model would be
more detailed than those extracted manually.

According to the advantages of CNN, some limitations that previously existed in
conventional machine learning can be overcome with CNN. A one-dimensional (1-D)
CNN was proposed to design an optimal ECG classification system that can improve the
performance accuracy of the previous methods. Based on the previous related studies,
there are several essential parameters to classify AF and CHF based on a deep-learning
approach: the amount of length data as input to the CNN model and the architecture of the
CNN model. Therefore, this study aimed to investigate the performance of the 1-D CNN
using several length data as input to the CNN model to classify raw ECG signals of AF,
CHEF, and NSR.
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2. Materials and Methods

This study proposed an optimal ECG signal classification system using a 1-D CNN
that directly processes the raw ECG signal data and classifies them into AF, CHF, and NSR
conditions. The configuration of the proposed 1-D CNN model is shown in Figure 1.
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Figure 1. Proposed model of the one-dimensional convolutional neural network for NSR, AF, and
CHEF classification.

2.1. Dataset

ECG signal data were collected from the Physionet database, consisting of three cardiac
classes, namely, AF, CHF, and NSR. AF data were provided by MIT-BIH Atrial Fibrillation
database [29], CHF data were provided by BIDMC Congestive Heart Failure database [30],
and NSR data were provided by MIT-BIH Normal Sinus Rhythm database [31]. The AF
database consisted of 23 recordings of long-term ECG signals (mostly paroxysmal) with
10 hours (h) in each recording. Furthermore, the CHF dataset included long-term ECG
recordings (20 h in each recording) from 15 subjects (11 men, aged 22 to 71, and 4 women,
aged 54 to 63) with severe congestive heart failure (NYHA class 3—4). Meanwhile, for
NSR dataset includes 18 long-term ECG recordings of subjects (5 men, aged 26 to 45,
and 13 women, aged 20 to 50). This study divided the dataset into the training set and
testing set based on the patient identity. Therefore, both training and testing sets were
obtained from different subjects. Furthermore, we used 100 ECG segments for each sub-
ject. The training set consists of 18 subjects of AF conditions (N = 1800 ECG segments),
11 subjects of CHF conditions (N = 1100 ECG segments), and 13 subjects of NSR conditions
(N =1300 ECG segments). Meanwhile, the testing set consists of 5 subjects of AF condi-
tions (N = 500 ECG segments), 4 subjects of CHF conditions (N = 400 ECG segments),
and 5 subjects of NSR conditions (N = 500 ECG segments).

2.2. Feature Extraction Using 1-D CNN

In this study, we designed several architectures with varying depths of convolution
layers in order to know the influence of the number of convolutional layers on classification
performance. Architecture 1 consisted of three convolutional layers in the feature extraction
layers. Convolutional layers one through three had 8, 16, and 32 filters, respectively. Archi-
tecture 2 consisted of four convolutional layers with 8, 16, 32, and 64 filters. Architecture
3 consisted of five convolutional layers with 8, 16, 32, 64, and 128 filters. Architecture 4
consisted of six convolutional layers with 8, 16, 32, 64, 128, and 256 filters. We begin with
a small number of filters to identify low features that combine to produce more complex
shapes and increased the number of filters to help with class separation. The kernel size
of five with stride one in each convolutional layer was applied for all models to assemble
essential information on ECG signals in more detail.

Furthermore, rectified linear unit activation function was applied to each convolution
layer. Similarly, we applied max pooling to each layer following the convolutional layer.
Max-pooling layers are used to reduce the features map’s dimensions and select the maxi-
mum element of the features map that is covered by the filter. Subsequently, the feature
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maps were extracted from the convolutional and max-pooling layers containing the most
prominent features as inputs for the classification layers.

2.3. Classification Using 1-D CNN

The classification layer of the 1-D CNN is a fully connected layer responsible for
classifying the data. There is a flattening process before creating the fully connected layers,
consisting of one hidden layer with ten nodes (Figure 1). Finally, the SoftMax activation
function was applied to classify the signals into AF, CHF, and NSR.

This study used leave-one-out cross-validation to evaluate generalization ability of
deep neural networks in predicting the unknown dataset. In leave-one-out cross-validation,
the number of folds equals the number of instances in the dataset. Since the training set
consisted of 42 subjects, there were 42-folds. The learning algorithm was applied once for
each instance, using 41 subjects (N = 4100 ECG segments) as a training set and one subject
(N =100 ECG segments) as a validation set. Furthermore, 42 models were evaluated using
a test dataset consisting of 14 subjects (N = 1400 ECG segments).

Furthermore, we applied regularization techniques and an optimization algorithm
to improve model generalization ability. As for regularization techniques, we applied
a dropout layer and callback. We used a dropout layer by deactivating neurons with
probability 0.2 applied at the last feature extraction layer in the forward propagation and
weight update step. This more superficial neural network resulted in less complexity to
reduce overfitting. Moreover, we used a callback to monitor specific metrics, including
validation loss and accuracy. The model checkpoint was implemented to save the network
weights when the classification performance on the validation dataset improves. Therefore,
the model in a particular epoch in each fold was automatically saved. After that, we tried
the model from each fold in leave-one-out cross-validation to select the best model that
provided the highest accuracy for test data.

Meanwhile, to optimize the 1-D CNN algorithm, we tried several optimizer algo-
rithms (including Adam, Nadam, SGD, and RMSprop) and selected the optimal learning
rate (0.1 to 0.0001). The optimizer algorithms, including the learning rate value, were
applied while training the network. The optimizer algorithm minimizes the error related to
accuracy performance.

2.4. System Performance

A confusion matrix was used to obtain the accuracy, precision, recall, and f1-score when
evaluating the system performance. The following equations were used to calculate parame-
ters to measure the system’s effectiveness in diagnosing AF, CHF, and NSR conditions.

- (TP+TN)
A = TP+ P+ TN + FN) (1)
.. TP
Precision = m o
TP
Recall = m o
F1 score = 2- Recall- Precision “

Recall + Precision

In Equations (1)—(3), a true positive (TP) is a result in which the model predicts the
positive class correctly. A true negative (I'N), on the other hand, is a result in which the
model correctly predicts the negative class. A false positive (FP) is a result in which data is
negative but incorrectly classified as positive. Meanwhile, a false negative (FN) is a result
in which data is positive but incorrectly classified as negative [32].
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3. Results

A total of 1400 test data that consisted of 500 data of AF, 400 data of CHF, and 500 data
of NSR were used to evaluate the 42 models generated from the training process using
leave-one-out cross-validation. The highest performance result of the selected model (out of
42 models) on test data with 3 s, 5 s, and 8 s segments of ECG signals as input to architectures
1,2, 3, and 4 is represented in Table 1. The 8 s segment of ECG signals provided the highest
classification accuracy of 99.643%, f1-score, recall, and precision of 0.996, respectively, with
an AUC score of 0.999. The 5 s segment of ECG signals obtained a highest classification
accuracy of 99.286%, f1-score, recall, and precision of 0.993, respectively, with an AUC
score of 0.999. Meanwhile, the 3 s segment of ECG signals obtained a highest classification
accuracy of 97.428%, f1-score, recall, and precision of 0.974, respectively, with an AUC score
of 0.996.

Table 1. The highest classification performance of the proposed one-dimensional convolutional
neural network.

Length of Selected 1-D Test -

Duration CNN Model Accuracy F1-Score Recall Precision AUC Score

Architecture 1 97.428 0.974 0.974 0.974 0.996

3 Architecture 2 97.286 0.973 0.973 0.973 0.996

§ Architecture 3 97.286 0.973 0.973 0.973 0.996

Architecture 4 96.786 0.968 0.968 0.968 0.996

Architecture 1 97.857 0.979 0.979 0.979 0.997

5 Architecture 2 99.286 0.993 0.993 0.993 0.999

s Architecture 3 99.214 0.992 0.992 0.992 0.999

Architecture 4 99.143 0.991 0.991 0.991 0.999

Architecture 1 92.781 0.928 0.928 0.928 0.983

8 Architecture 2 98.357 0.983 0.983 0.983 0.998

s Architecture 3 99.143 0.991 0.991 0.991 0.999

Architecture 4 99.643 0.996 0.996 0.996 0.999

As shown in Table 1, the CNN model’s architecture and the ECG segment’s duration
influence the classification performance. In order to determine the best architecture and
the duration of the ECG signal segment, we presented a classification accuracy with a
95% confidence interval and used the ANOVA test for statistical analysis with statistical
significance at p < 0.05. The classification accuracy of train and test data with a 95% con-
fidence interval was obtained from the evaluation result of 42 models generated during
training using leave-one-out cross-validation. As shown in Table 2, using the 8 s segment
of ECG signal, architecture 4 obtained a classification train accuracy with a 95% confidence
interval of 96.19-99.10% and classification test accuracy with a 95% confidence interval of
96.37-98.52%. The classification of train and test accuracy provided a similar range value to
the classification accuracy performance. Therefore, the proposed model is not overfitting,
which means it not only successfully classified the training dataset but also has a good
generalization ability in classifying the unseen dataset. In contrast with architecture 4, the
other architectures are overfitting by providing quite a significant difference between train
and test accuracy. Furthermore, based on the ANOVA test, architecture 4 obtained the most
statistical significance with a p-value of 9.62 x 10~ (p < 0.05) compared with the other
architectures. Therefore, we selected architecture 4 as the best architecture to classify AF,
CHEF, and NSR conditions.
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Table 2.
each architecture.

Classification accuracy performance with 95% confidence interval and p-value for

Architecture Duration Train Accuracy Test Accuracy p-Value
3s 93.39-98.83% 91.13-93.79%

Architecture 1 5s 97.48-99.91% 94.21-95.44% 5.29 x 103
8s 97.11-99.26% 91.66-93.90%
3s 97.41-99.95% 94.51-95.79%

Architecture 2 5s 96.86-99.99% 93.75-96.48% 5.04 x 1071
8s 97.21-99.24% 94.92-96.88%
3s 96.83-99.46% 94.20-95.32%

Architecture 3 5s 94.10-98.56% 93.02-96.06% 5.62 x 1073
8s 95.32-98.94% 96.05-97.51%
3s 96.09-98.96% 92.95-94.49%

Architecture 4 5s 95.73-99.57% 95.03-96.80% 9.62 x 1077
8s 96.19-99.10% 96.37-98.52%

Figure 2 shows the confusion matrix of the proposed CNN architecture for the 3s, 5 s,
and 8 s ECG signal segment. As shown in Figure 2a,b, using 3 s and 5 s ECG segments,
several data of AF, CHF, and NSR conditions are not successfully classified according to
their class. Meanwhile, using the 8 s ECG segment as input to the CNN model, the test
data of the AF, CHF, and NSR are mainly classified to their class accordingly (Figure 2c).
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Figure 2. The proposed model performance. (a) The confusion matrix of test datasets for ECG signals

with duration 3 s using architecture 4; (b) the confusion matrix of test datasets for ECG signals

with duration 5 s using architecture 4; (c) the confusion matrix of test datasets for ECG signals with
duration 8 s using architecture 4; and (d) the ROC curve of the CNN model for ECG signals with
duration 8 s using architecture 4.

The receiver operating characteristic (ROC) curve showed the true positive rate (TPR)
in y-axis against the false positive rate (FPR) in x-axis as shown in Figure 2d. As a summary
of ROC curve, the area under curve (AUC) score showed the ability of the classifier to
distinguish between classes. The greater the AUC score, the better the model’s ability in
distinguishing between AF, CHF, and NSR conditions. As shown in Figure 2d, the AUC
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score was 0.999. Therefore, we can conclude that the proposed model can generalize the
test datasets well.

As shown in Table 3, the proposed CNN model successfully classified AF, CHF, and
NSR from raw data of ECG signals, in contrast with previous studies, which used hand-
crafted features extraction methods that potentially reduced the information contained in
the ECG signal and required extensive simulation to obtain the optimal performance [14-17].
The classification accuracy performance from the previous studies in classifying AF and
NSR are around 84.89-99.85% [19-22]. Furthermore, in classifying CHF and NSR, the afore-
mentioned studies exhibited high performance classification accuracy, around 99.3-100%.
However, the related previous studies that used CNN were binary classification studies
that classified between AF and NSR or CHF and NSR. Therefore, the proposed method in
this study successfully expanded the classification of heart disease based on ECG signals

with high classification accuracy performance.

Table 3. Performance comparison with previous studies.

References No of Classes Feature Extraction Classifier Algorithm Classification
Performance
. . 2-3 s ECG signals segment, K-mean clustering, K-NN,  Accuracy of 88.67%, 99.3%,
Rizal et al. (2015) [14] 3 classes (AF, CHF, NSR) Hjorth descriptor and MLP and 99.3%
Hadiyoso et al. (2017) [15] 3 classes (AF, CHF, NSR) 2}_13 s ECG signals segment, K-NN Accuracy of 94%
igher order complexity
Yingthawornsuk et al. 2-3 s ECG signals segment, Accuracy of 84.89%,
(2018) [16] 3 classes (AF, CHF, NSR) Hjorth descriptor LS, ML, SVM 88.22%, and 76.94%
2-3 s ECG signals segment,
Fuadah et al. (2022) [17] 3 classes (AF, CHF, NSR) Hjorth descriptor, Entropy ~ K-NN, SVM, RF, and ANN Accuracy of 100%

Kamaleswaran et al. (2018)
[18]

Ping et al. (2020) [19]

Sidrah et al. (2020) [20]

Georgios et al. (2020) [21]

Nurmaini et al. (2020) [22]

Wang et al. (2020) [23]

Ning et al. [24]

Porumb et al. (2020) [25]

Padmavathi et al. (2020)
[26]

Our Method

3 classes (normal, AF, and
other rhythms)

2 classes (AF and normal)

2 classes (AF and normal)

2 classes (AF
and normal)

3 classes (AF, non- AF,
normal)

2 classes (CHF and
normal)

2 classes (CHF and
normal)

2 classes (CHF and
normal)

2 classes (CHF, normal), 2
classes (CHF, MI), 2
classes (MI, normal), 3
classes (CHF, MI, normal),
and 4 classes (AF, CHF,
MI, normal)

3 classes (AF, CHF, NSR)

based features
9-61 s ECG signals
segment, the 13 layers of
CNN
5s,10s,and 20 s ECG
signals segment, 8 layers
of CNN

10 s ECG signals segment,
10 layers of CNN

1.3 s ECG signals segment
(187 sample length data), 9
layers of CNN
9 s ECG signals segment,
10 layers of CNN
500, 1000, 2000 sample
lengths, 4 convolutional
layers, and 1 max-pooling
layer

1-min and 5-min segment
of ECG signals

5-min segment of ECG
signals, 3 convolutional
layers

EMD, 3 convolutional
layers, and 3 max-pooling
layers of CNN

35,55, 8ssegment of ECG
signals, 6 convolutional
layers, 6 max-pooling
layers, and a drop layer

No fully connected layer

1 LSTM layer and 1 fully
connected layer

2 LSTM layers, 1 fully
connected layer and 1
dropout layer
1 LSTM layer, 1 fully
connected layer, and 1
dropout layer

2 fully connected layers

Global average pooling
layer

CNN and RNN

2 fully connected layers

1 fully connected layer

1 fully connected layer

Fl-score of 0.83

Fl-score of 84.89% (5 s),
89.55% (10 s), and 85.64%
(20 s)

Accuracy of 86.5%

Sensitivity of 97.87% and
specificity of 99.29%

Accuracy of 99.17%

Accuracy of 99.85%,
99.41%, and 99.17%,
respectively

Accuracy of 98.5% (1-min)

and 99.3% (5-min),
respectively

Accuracy of 100%

Accuracy of 80.1%, 85.9%,
65.4%, 63.5%, and 31.2%,
respectively

Accuracy of 96.786%,
99.143%, and 99.643%
respectively

4. Discussion

In this study, we proposed a new configuration of the 1-D CNN to classify AF, CHE,
and NSR conditions. While AF, CHF, and NSR classification using machine learning in the
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previous studies relied on handcrafted features to make classifiers capable of classifying AF,
CHE and NSR conditions, we significantly advanced the method by using raw ECG signals
as input for 1-D CNN. As a result, we improved the classification accuracy performance of
the aforementioned studies that used the same datasets. We claim this advantage due to
the ability of 1-D CNN to extract and learn the pattern of ECG signals rather than relying
on specific features that might not completely represent the characteristics of ECG signals.

While determining the configuration of the 1-D CNN model, the number of filters and
depth of the model must be considered. These parameters influence the feature maps as
well as the model complexity. If the model is too simple, it will not be able to extract the
unique features. On the other hand, if the model is too deep, it will increase the model
complexity and slow the training process. Therefore, we evaluated four architectures with
different depths of convolutional layers and different ECG segment duration as input.
Architectures 1-4 consist of 3, 4, 5, and 6 convolutional layers, respectively. We selected the
best architecture by evaluating the system’s performance and applied statistical analysis
using the ANOVA test with a statistical significance of p < 0.05. As shown in Table 2,
architecture 4 provided the highest classification test accuracy and obtained a p-value of
9.62 x 1077 (p < 0.05), which was the most statistically significant of the architectures
in classifying AF, CHF, and NSR. According to the results, we can conclude that the
number of convolutional layers significantly impacts classification performance related
to the feature maps generated from feature extraction layers. The optimal number of
convolutional layers has been selected through several simulations and evaluation of the
system’s classification performance.

As the most optimal architecture that successfully outperformed the other architecture,
architecture 4 consists of six convolutional layers with 8, 16, 32, 64, 128, and 256 filters for
layers one through six, respectively. A filter size of five was applied in each convolutional
layer, followed by a max-pooling layer after each convolutional layer. We used a small
filter size to assemble information on ECG signals in more detail. We started with a low
number of filters to identify low features that combined to generate more complex shapes
and increased the number of filters that aid in class separation. Furthermore, we set a
dropout of 0.2 in the feature extraction layer to decrease the complexity of the network and
reduce overfitting.

Moreover, in the classification layer, the output of the convolutional layer passes
through one hidden layer toward the output layer with a fully connected layer. A fully
connected layer will learn all features combined from the previous layer, leading to correct
classification. Furthermore, several hyper parameters including optimization algorithms
and learning rate were carefully selected after conducting extensive simulations to avoid
over-fitting and increase robustness with good generalization capability.

Even though the clinical approaches for diagnosing AF and CHF are accurate, they
still have some limitations, such as being time-consuming and differing ECG signal inter-
pretations among clinicians. As a result, computer-aided diagnosis tools based on machine
learning and deep learning are currently being considered for cardiac disease diagnosis.
This study demonstrated several experiments to classify AF, CHF, and NSR conditions
using a deep-learning concept on a single lead ECG signal with a short segment.

As a gold standard for diagnosing AF, CHF, and NSR conditions, ECG signal mor-
phology contains essential cardiac condition information. Therefore, the ECG signal is
used as input into the CNN model to classify AF, CHF, and NSR conditions. In ECG signal
morphology, AF is characterized by a flat P wave associated with an increased rate due to
atrial muscle loss and prolonged conduction time. Meanwhile, QRS prolongation (>120 ms)
strongly predicts diagnosing patients with CHFE. Based on the uniqueness of the ECG signal
morphology of AF and CHF, the proposed CNN architecture will learn the pattern and
extract the essential information from each condition.

Furthermore, we identified and evaluated the generated model from leave-one cross-
validation during training to classify the unseen data from different subjects to ensure the
generalization ability of the proposed CNN model. According to the best classification
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accuracy performance using the selected model out of 42 models, we obtained the highest
test accuracy, 99.643%, with an AUC score of 0.999. Moreover, after evaluation using
42 models, this study yielded a classification test accuracy with a 95% confidence interval
of 96.37-98.52%.

As a result, we believe that a deep-learning system might be used in computer-aided
diagnosis to analyze ECG signals to classify AF, CHF, and NSR successfully. Additionally,
this approach has the potential to be utilized as an assisting tool to help medical profession-
als perform more accurate diagnosis of AF and CHF conditions. However, to confirm the
clinical feasibility of our proposed approach, we must conduct further investigation using
a larger number of datasets.
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