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Chapter 1

Abstract

Wearable devices are increasingly being used to monitor electrocardiogram (ECG) signals
in real time, enabling earlier diagnosis and more effective monitoring of heart health.
However, single-lead ECG signals captured by these devices are often contaminated with
noise and artifacts, which can degrade signal quality and compromise the accuracy of
subsequent diagnostic steps. To prevent this, it’s essential to assess the quality of ECG
signals before further processing. Manual evaluation of signal quality can be laborious and
prone to human error, especially in continuous monitoring contexts with large volumes of
data. As a result, developing a streamlined approach for classifying ECG signal quality is
critical to improve clinical workflows, reducing human error, and ensuring that diagnostic
algorithms receive high-quality input for accurate and timely health assessments. This
thesis focuses on developing a robust and efficient system for the automatic classification
of single-lead ECG signals based on their quality.

The datasets used in this work included publicly available single-lead ECG signals,
each pre-processed to ensure consistency across various data acquisition environments.
Pre-processing steps were applied separately to each dataset to ensure that data integrity
was preserved. Additionally, each trace was handled carefully to ensure that no data was
shared between the training, validation, and test sets, thereby maintaining the reliability
of the performance evaluation.

The primary goal of this study is to develop a system capable of accurately distin-
guishing between high-quality, borderline, and unacceptable ECG signals in single-lead
settings. To this end, the study employs a convolutional neural network (CNN) model for
initial quality classification, combined with a random forest (RaF) algorithm to refine the
classification of borderline signals. The CNN model was enhanced using Generative Ad-
versarial Network (GAN)-based data augmentation to balance the dataset and improve
generalization, with traditional data augmentation also evaluated.

The CNN model, when trained using GAN-based data augmentation, achieved an
accuracy of 90%, an Area under the curve (AUC) score of 96% and a Recall of 97% on
the test set. The RaF classifier, used to further enhance the classification of borderline
signals, demonstrated a validation accuracy of 86% and an AUC score of 94%. The
cascade of CNN and RaF models performance indicated robust results, particularly for
high-quality signals, where the model achieved a precision of 91%, recall of 86%, and
Fl-score of 88%, resulting in an overall accuracy of 89% with near-perfect recall (99.9%)
for unacceptable signals. In addition to classification performance, the computational
efficiency of the proposed method was evaluated. The total processing time for a single
5-second ECG signal was approximately 0.2458 seconds, requiring only 1.42 MMACs and
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2.89 MFLOPs.

This thesis aims to develop a 3-class classification system for the quality of the ECG
signal that is very energy efficient and therefore with the possibility of being applied
in real-time monitoring systems. Future work will focus on optimizing the model for
portable wearable systems, focusing on energy and computational efficiency.
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Chapter 2

Introduction

Cardiovascular diseases (CVDs) are the leading cause of mortality worldwide, resulting in
approximately 17.9 million deaths in 2019 [48]. Early detection and monitoring of heart-
related conditions are crucial in preventing fatal outcomes. Electrocardiograms (ECGs)
play a vital role in this context by providing non-invasive and continuous monitoring of
heart electrical activity. ECGs are widely used for diagnosing various cardiac abnormal-
ities, including arrhythmias, myocardial infarctions, and other heart-related conditions
[78].

However, the accuracy of ECG-based diagnostics heavily depends on the quality of
recorded signals. Poor-quality ECG signals, often contaminated by noise, motion arti-
facts, or improper electrode placement, can lead to incorrect diagnoses and ineffective
treatment plans [60]. In clinical and remote monitoring environments, ensuring high-
quality ECG signals is paramount, especially with the increasing use of wearable devices.

Traditionally, ECG signal quality assessment (ECG-SQA) was carried out by expe-
rienced clinicians who visually inspected the signal traces and classified them according
to their experience. Although this may be considered a reliable method, it is very time-
consuming and extremely subjective [69]. For this reason, interest in automated classi-
fication systems, capable of handling large amounts of data, has been growing in recent
years. These methods range from statistical approaches to machine learning and deep
learning approaches [38].

In recent years, deep learning has emerged as a powerful tool for analyzing complex
biomedical signals, including ECGs [26]. Deep learning models, particularly convolutional
neural networks (CNNs) and recurrent neural networks (RNNs), have demonstrated re-
markable success in automatically extracting features from ECG signals and classifying
them into different categories [51]. By leveraging large datasets and sophisticated ar-
chitectures, deep learning models can learn to distinguish between acceptable and unac-
ceptable ECG signals with high accuracy, thereby reducing the burden on clinicians and
improving the reliability of remote monitoring systems.

Although the results proposed so far are promising, many issues still need to be ad-
dressed, such as the high variability of ECG signals acquired with different systems or
the training of models that can be used in real-time applications where energy and com-
puting resources are limited [52]. Addressing these challenges requires the development
of robust deep learning systems as well as efficient data manipulation.
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2.1 Fundamental Properties of ECG Signals

2.1.1 Core Features of ECG Signal

The ECG is a non-invasive diagnostic tool that records the electrical activity of the heart
over time. The heart’s rhythmic contractions and relaxations are controlled by electri-
cal impulses generated in the sinoatrial (SA) node, which serves as the heart’s natural
pacemaker. These electrical signals propagate through the heart muscles, resulting in the
contraction of atria and ventricles, which pumps blood throughout the body [59]. The
ECG captures these signals using electrodes placed at specific locations on the patient’s
body, typically on the chest and limbs, providing a graphical representation of the heart’s
electrical activity over time [49)].

An ECG signal consists of several key components, including the P wave, QRS com-
plex, and T wave, each corresponding to specific phases of the cardiac cycle. The P wave
represents the depolarization of the atria, the QRS complex corresponds to the rapid de-
polarization of the ventricles, and the T wave signifies ventricular repolarization [25]. In
addition, various intervals and segments such as the P-R interval, S-T segment, and Q-T
interval provide critical diagnostic information for detecting and classifying arrhythmias
and other cardiovascular conditions, as shown in Figure 2.1.

QRS
Complex

ST
PR Segment T
P Segment

PR Interval Q
S

QT Interval

Figure 2.1: The morphological characteristics of the ECG signal, including the S-T seg-
ment, QRS complex, P-R and Q-T intervals. From [§]

The distinct components of the ECG signal are characterized by unique spectral signa-
tures. These frequency ranges are crucial for deciphering the various phases of the cardiac
cycle and identifying potential anomalies. The typical frequency ranges associated with
the P wave, QRS complex, and T wave, are presented in the Table 2.1 below.
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Table 2.1: Typical frequency ranges for different ECG wave components [64].

ECG Component | Frequency Range (Hz)
P wave 5 - 30
QRS complex 8- 50
T wave 0-10

2.1.2 Typical Artifacts in ECG Signals

While the ECG is a powerful diagnostic tool, it is susceptible to various types of noise and
artifacts, which can significantly distort the recorded signal and hinder accurate diagnosis
[10]. Understanding the characteristics and sources of these noise components is critical
for developing effective pre-processing techniques in ECG signal analysis.

Baseline Wander (BW)

Low-frequency noise in ECG signals, also known as baseline wander, can be attributed to
various factors. These include respiratory movements, bodily movements, poor electrode
contact, and changes in skin-electrode impedance [21]. In some cases, the drift in the
baseline can be substantial, reaching up to 15% of the full-scale deflection. This type of
noise typically occurs within a frequency range of 0.15-0.30 Hz [13]. An example of BW
is reported in Figure 2.2

amplitude (m¥)

Figure 2.2: Baseline wander in ECG signal. From [50].

Moreover, abnormal breathing rates and electrode movement can significantly exacer-
bate the problem, introducing additional motion artifacts that can further distort ECG
features such as the ST-segment. This can lead to misdiagnosis of various conditions,
including myocardial infarction, Brugada syndrome, and other ST-segment-related ab-
normalities [56].

Power Line Interference (PLI)

One of the primary sources of noise disturbance in ECG signals is the influence of elec-
tromagnetic fields emanating from power infrastructure. This type of interference can
be amplified by poor grounding of the recording device or the patient’s electrical envi-
ronment. The resulting distortion, as illustrated in Figure 2.3, appears as a repetitive
pattern at a frequency corresponding to the primary power grid frequency (typically 50
or 60 Hz). This disturbance can lead to compromised visibility of key ECG features, such
as P-waves, thereby increasing the risk of misinterpretation of atrial arrhythmias [13].
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Figure 2.3: Power line interference in ECG signal. From [50].

Muscle Artifact

Electrical signals emanating from skeletal muscle activity can contaminate ECG record-
ings, causing artifacts that are frequently mistaken for genuine ECG signals. These
artifacts arise when muscle electrical activity coincides with the recording process, typ-
ically during muscle movement or tensing, particularly in areas proximal to electrode
placement sites. The frequency spectrum of muscle artifacts often overlaps with that of
the ECG signal, making it intricate to distinguish between the two. As a consequence,
these artifacts can modify key ECG features leading to inaccurate interpretation of car-
diac electrical activity [13]. An example of such a muscle artifact is shown in Figure 2.4

amplitude (mY)
& = m o

Figure 2.4: Muscle artifact in ECG signal. From [50].

Electrode Motion Artifacts

Unstable electrode connections can introduce distortion into the ECG signal, often due
to issues with electrode attachment or the interaction between the skin and the electrode
[50]. As shown in Figure 2.5, this can lead to the distortion of characteristic peaks of the
P, Q, R, S, and T-waves, making it challenging to accurately interpret the ECG reading.

amplitude (m')

13
Eime [5)

Figure 2.5: Electrode Motion in ECG signal. From [50].

2.2 Thesis Objective and Organization

The primary objective of this thesis is to develop a robust and efficient system for classify-
ing ECG signals into three quality categories using deep learning and ML methods. The

12



Introduction

focus is on leveraging advanced ML techniques to improve the accuracy and reliability
of ECG-SQA in wearable devices. The study aims to address the challenges posed by
noisy and artifact-ridden ECG signals, which can lead to inefficient analyses, increased
power consumption, and potentially inaccurate diagnostics and features calculation. By
employing a CNN model enhanced with GAN-based data augmentation, and integrating
a RaF classifier, the thesis seeks to create a system that can accurately classify ECG
signals, ensuring that borderline-quality signals undergo more intensive processing for
further analysis, while high-quality signals are processed minimally, and unacceptable
signals are discarded. This not only enhances the reliability of ECG-based monitoring
systems but also conserves battery life in wearable devices and prevents false diagnostic
outcomes.
The structure of the work, divided into chapters, is as follows:

o Chapter 2: Background — This chapter reviews the existing methods for ECG-
SQA, with a focus on both traditional and advanced ML techniques. It discusses
the evolution of these methods and their applicability to real-time ECG analysis.

e Chapter 3: Materials and Methods — This chapter details the datasets used in
the study, the preprocessing techniques applied to the ECG signals, and the design
of the CNN and RaF models. It also explains the data augmentation strategies and
the process of model training and validation.

o Chapter 4: Results — This chapter presents the performance of the CNN and RaF
models, including the results of the final cascade model. It compares the effectiveness
of traditional and GAN-based data augmentation and discusses the computational
complexity of the proposed methods.

o Chapter 5: Discussion — This chapter analyzes the results, highlighting the
strengths and limitations of the models. It compares the findings with those of
previous studies and discusses the implications for real-world applications.

o Chapter 6: Conclusion and Future Work — This chapter summarizes the key
contributions of the thesis, identifies the limitations, and outlines directions for fu-
ture research, including the integration of additional datasets, exploration of ad-
vanced data augmentation techniques, and optimization of the models for deploy-
ment on wearable devices.
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Chapter 3
Background

Over the past few decades, significant progress has been made in the research of ECG
signal analysis, leading to improved accuracy and efficiency in cardiac diagnosis. This
chapter aims to review a wide range of studies related to ECG-SQA, tracing its evolution
and focusing on applications based on deep learning methods. Particular emphasis will
be placed on studies that have utilized deep learning algorithms, such as CNNs, possi-
bly supported by traditional data augmentation techniques and Generative Adversarial
Networks (GANs).

The chapter will first cover traditional approaches to ECG signal analysis and then
explore recent research introducing Artificial Intelligence (AI), highlighting a shift towards
more automated and objective techniques.

3.1 Traditional Methods of ECG-SQA

3.1.1 Manual Visual Analysis

Manual visual analysis is undoubtedly one of the most reliable techniques for assessing
the quality of an ECG signal. This method relies on the expertise of a specialist who,
through visual inspection of the ECG trace, can classify the signal as acceptable or
unacceptable. Although this method is highly reliable and robust, it has significant
limitations, such as being time-consuming and unsuitable for analyzing large volumes of
data. Additionally, signal interpretation can vary from one expert to another, introducing
a subjective component. For these reasons, research is moving towards the development
of automated solutions that, while not always reaching the reliability level of manual
analysis, offer significant advantages in terms of efficiency and objectivity in evaluations.

3.1.2 Statistical Signal Quality Indices

Statistical analysis is a cornerstone method for assessing the overall quality of the sig-
nal, with a particular focus on identifying the presence of noise or artifacts. Four key
indices commonly utilized for this purpose are the relative power of the QRS com-
plex (SQIp), skewness (SQIskew), signal-to-noise ratio (SQIsnr), and kurtosis
(SQIkur). These metrics enable a quantitative assessment of signal quality, allowing for
streamlined automation and efficient analysis.
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Kurtosis

The kurtosis coefficient is used to examine the disparities between datasets with centrally
clustered values and those with more anomalous values. This coefficient demonstrates
the degree of truncation or peakiness in a distribution. A higher kurtosis showcases the
presence of more prominent outliers, whereas a lower kurtosis denotes the absence of such
anomalies [31].

According to previous research by Zaho, the SQIkur metric can serve as a significant
ECG signal quality indicator. Signals exhibiting poor quality are characterised by low
kurtosis due to the corrupting influence of noise and artifacts, resulting in a more uniform
distribution with fewer distinct peaks. Conversely, high-quality ECG signals tend to
display higher kurtosis as they often feature prominent QRS complexes producing more
pronounced peaks in the distribution [77].

SQIkur can be calculated using the following formula:

SQlkur = ]bgj (x - £>4, (3.1)

i—1 o

where x denotes the ECG signal consisting of N sample points, x signifies the mean
value of the signal z, and o denotes the standard deviation of the signal z.

Signal-to-noise ratio

The SQI Signal-to-Noise-Ratio (SQIsnr) is a metric that quantifies the signal-to-noise

ratio by comparing the variability of the ECG signal to the variability of the noise present

in the signal. The signal diversity represents the variance of the absolute ECG signal

amplitude, whereas the noise diversity is defined as the variance of the signal itself [19].
The SQIsnr can be estimated using the following formula:

o2
SQIsnr = —-, (3.2)
Tyl

where y represents the ECG signal.

Skewness

In statistics, skewness examines the degree of asymmetry in a probability distribution.
A distribution is characterized as skew when its left and right halves do not possess
reflective symmetry. Distributions can exhibit three types of skewness: positive, neg-
ative, or neutral. A positively skewed distribution tends to have a longer tail on the
right side of its central tendency, whereas a negatively skewed distribution displays a
longer tail on the left side [67]. The concept of skewness can adapt to distinct patterns
in noise, demonstrating flexibility depending on the type of noise present. In specific
instances, high-frequency noise might generate a symmetrical distribution, accompanied
by a skewedness value that is relatively low. This observation highlights the limitations of
relying solely on skewness to characterize signals [77]. Given these limitations of skewness
in accurately assessing ECG signal quality, it is beneficial to consider a combined metric
that leverages the strengths of both skewness and kurtosis.
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Higher-Order-Statistics

Nardelli et al. [46] introduced an innovative method for assessing the quality of ECG sig-
nals, which they called Higher-Order-Statistics SQI (SQlhos). By combining the strengths
of two existing metrics, SQIhos offers a robust approach to evaluating signal quality .

The formula for SQIhos is a weighted combination of skewness and kurtosis. Specifi-
cally, it is defined as:

Ik
SQIhos = |SQIskew]| x SQ5 1 (3.3)
where SQIskew is denoted by:
1 N Z; - 3
Iskew = — : A4
SQlIskew N ;( . ) (3.4)

Relative power

The ECG signal is comprised of various components, including the P wave, QRS complex,
and T wave, among others. The QRS complex is the most significant component, ac-
counting for approximately 99% of the signal’s energy. It is characterized by a distinctive
frequency band centered at 10 Hz, with a bandwidth of 10 Hz [77].

Spectral analysis of the ECG signal enables the calculation of the power spectral
densities (PSDs) of the signal and its QRS complex. The ratio of these two PSDs,
denoted by SQIp, is a novel index that provides insights into the quality of the ECG
signal. The SQIp is calculated as the ratio of the energy contained in the QRS complex
frequency band to the total energy of the ECG signal (P(f)).

st P(f),df
SQIp = —55 ’
5,}iz P(f)v df

In the presence of electromyographic (EMG) interference, the high-frequency compo-
nent of the ECG signal increases, leading to a decrease in SQIp. Thus, this index can
be used as an effective criterion for identifying the presence of EMG interference in ECG
signals [77].

(3.5)

Applications

Rahman et al. (2022) [50] investigated the quality of ECG signals by examining the
performance of various metrics and different segmentation lengths in seconds (1 , 2, 5,
10). In addition, the authors developed a graphical user interface (GUI) for manually
labelling the segments. They extracted a range of features from pre-processed ECG
signals, including the relative power of the QRS complex, kurtosis, signal-to-noise ratio,
and skewness. A statistical analysis was employed to compare these metrics.

The proposed method was tested on a diverse set of six datasets, namely the MIT-
BIH, ECG-ID, Tele ECG, BIDMC, PhysioNet/CinC Challenge 2011 (CINC 2011), and
PhysioNet/CinC Challenge 2014 (CINC 2014) datasets, using pre-specified window sizes.
The results showed that the overall accuracy for each SSQI changes extremely across
the datasets as shown in Table 3.1. This indicates that the effectiveness of each SSQI is
highly dependent on the specific characteristics of the dataset being analyzed.
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Table 3.1: Maximum accuracy of SQIkur, SQIp, SQIsnr and SQlhos for dataset ECG-ID, Tele
ECG, BIDMC, MIT/BIH arrhythmia, CINC 2011 and CINC 2014.

QI window size/Acc. dataset
ECG-ID | Tele ECG | BIDMC | MIT/BIH | CINC 2011 | CINC 2014

SQlkur window size (Sec.) 1 1 10 2 2 5
Acc. (%) 77.96 57.48 83.95 89.58 72.33 81.23

SQIp window size (Sec.) 2 10 10 10 2 5
Acc. (%) 66.25 59.58 60.85 52.91 62.55 70.14

SQlsnr window size (Sec.) 1 5 5 2 1 1
Ace. (%) 66.73 73.40 84.43 97.51 57.01 80.89

window size (Sec.) 2 1 2 2 1 10
SQlhos Acc. (%) 7481 56.81 81.00 84.64 772 76.38

Zhao and Zhang (2018) [77] developed an effective system for assessing the quality
of ECG signals using a combination of simple heuristic fusion and fuzzy comprehensive
evaluation of signal quality indices (SQIs). The authors aimed to develop a robust system
for ECG quality assessment that combines simple heuristic fusion and fuzzy comprehen-
sive evaluation. Six SQIs were extracted and quantified based on noise characteristics
and ECG waveform features: R peak detection match (qSQI), QRS wave power spectrum
distribution (pSQI), Kurtosis (kSQI), Baseline relative power (basSQI), Variability in the
R-R interval, and Skewness.

To evaluate the SQIs, the researchers employed a fuzzy comprehensive method that
incorporated Cauchy, rectangular, and trapezoidal distributions to calculate the member-
ship functions. A fuzzy vector was established, and the bounded operator was utilized
for fuzzy synthesis, with weighted membership functions used for assessment and classi-
fication.

The study used two datasets: PhysioNet/CinC Single-lead Challenge 2017 (PCCC
2017, D1) and PhysioNet/CinC Challenge 2011 (PCCC 2011, D2). From the latter, only
lead IT was extracted. To ensure the reliability and accuracy of the results, a 10-fold cross-
validation method was employed, demonstrating high sensitivity, accuracy, and specificity
in ECG-SQA. A summary of the performance metrics for both datasets is provided in
Table 3.2.

Table 3.2: Single-lead classification using individual SQIs best performing SQI indicator is
shown in bold and underlined

qSQI pSQI cSQI kSQI basSQI
Database D1
Acc 80.33 80.00 76.00 79.67 78.67
Se 95.33 95.00 63.67 84.33 80.67
Sp 88.33 80.33 56.33 &83.00 72.33
Database D2
Acc 86.33 77.00 74.33 82.33 83.00
Se 93.67 84.33 66.33 &85.00 86.00
Sp 80.67 69.67 47.67 80.67 79.67

Liu et al. (2011) [39] proposed a novel approach to ECG-SQA using the PCCC
2011 dataset.

The dataset, consisting of standard twelve-lead ECGs recorded for ten seconds, was
divided into a training set to design and test the algorithm. The dataset included 773
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acceptable ECGs and 225 unacceptable ECGs. The authors introduced four "flags" to
identify specific issues that degrade ECG signal quality (Table 3.3). These flags were then
combined to calculate an Index of Signal Quality for each ECG lead and an Integrative
Signal Quality Index for the twelve-lead ECGs.

Table 3.3: Meanings of the four “flags”

Flags | Meaning for the ECG Values

Flagl | Straight line or not? Yes (1) / No (0)
Flag2 | Includes a large impulse? Yes (1) / No (0)
Flag3 | Gaussian noise present? Yes (1) / No (0)
Flag4 | Detector error in R-wave peak detection? | Yes (1) / No (0)

The validity of the proposed method was evaluated using two indices: sensitivity and
specificity, which were found to be 90.67% and 89.78%, respectively. This demonstrates
the effectiveness of the proposed method in assessing ECG signal quality. The main
results are summarized in Table 3.4.

Table 3.4: Confusion matrix summarizing classification results

Predicted Acceptable | Predicted Unacceptable

Actual Acceptable (773) 694 (N1) 79 (N2)

Actual Unacceptable (225) 21 (A1) 204 (A2)

Nardelli et al. (2020) [46] developed a novel real-time SQI called SQlhos for eval-
uating the quality of ECG recordings. The developed SQI, is designed to enhance the
performance of existing SQIs by introducing two new indices, SQIkur and SQIskew. The
authors validated SQIhos using a dataset of 1000 human twelve-lead ECGs from the
PCCC 2011 Challenge dataset and demonstrated its superiority over four existing SQIs,
achieving an accuracy of 90.38% in human signal quality discrimination.

Furthermore, the study applied SQlhos to investigate the quality of ECG signals ac-
quired using two different electrode systems, traditional red-dot electrodes and textile
electrodes, during submaximal treadmill tests in horses. The analysis revealed that textile
electrodes provided significantly better signal quality than red-dot electrodes, particularly
in high-motion conditions such as galloping. To distinguish between three activity condi-
tions (walk, trot, and gallop) based on the SQIs, a real-time pattern recognition algorithm
using a C-SVM classification model was implemented. The results showed that SQIhos
was the most discriminant feature, achieving an accuracy of 84.91% in distinguishing
between walking and galloping.

Here is a summary of the classification results in horse activity recognition using textile
electrodes (Table 3.5):

Table 3.5: Confusion matrix summarizing classification results in horse activity recognition
using textile electrodes.

Activity Predicted Walk | Predicted Trot | Predicted Gallop
Actual Walk 65.71% 27.18% 7.12%
Actual Trot 28.24% 47.29% 24.47%

Actual Gallop 12.35% 12.47% 75.18%
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3.2 Advanced Methods for ECG-SQA

3.2.1 Machine Learning Signal Quality Indices

Machine Learning (ML) is a branch of Al that focuses on the development of algo-
rithms that enable computers to learn from and make decisions based on data [11]. Unlike
traditional programming, where explicit instructions are given, ML algorithms identify
patterns within data and use these patterns to make predictions or decisions. This ability
to learn and adapt makes ML particularly useful for applications where the relationship
between input data and output results is complex or not well understood.

In the context of ECG-SQA, ML models are capable of analyzing large amounts of
data and identifying patterns characterized by artifacts. By training the ML model with
labeled data, it is able to predict new signals that have never been explored before. This
overcomes the problems of the previously mentioned statistical threshold methods, which
are characterized by poor generalizability.

The most commonly used ML classifiers for signal quality assessment in ECG include:

o Support Vector Machines (SVM): A supervised learning algorithm that finds
the hyperplane that best separates data into classes [41].

o Linear Discriminant Analysis (LDA): a method for identifying a linear combi-
nation of features that classifies or distinguishes two or more classes of objects or
events [2].

o Multilayer Perceptron (MLP): A type of neural network that consists of multiple
fully-connected layers of neurons, capable of modeling complex relationships in data

[41].

« Naive Bayes (NB): A probabilistic classifier based on Bayes’ theorem, assuming
independence between the features [1].

« Random Forest (RaF): RaF is a sophisticated supervised learning algorithm that
combines multiple decision trees to generate more accurate and robust predictions
[12]. By repeatedly sampling the training data and features, RaF mitigates the risk
of overfitting and enhances the model’s ability to generalize to new, unseen data

128].

Each individual decision tree in RaF makes a prediction, and the final outcome is
calculated by aggregating the predictions. The algorithm’s ability to reduce corre-
lation between trees, achieved through random sampling, is a crucial factor in its
success. This property enables RaF to outperform a single decision tree in many
applications [12]. An example of RaF structure could be seen in Figure 3.1
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Random Forest Simplified
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Figure 3.1: Random Forest Simplified: An example of how multiple decision trees work
together in a random forest to classify an instance through majority voting [33].

The RaF offers many advantages that make it an excellent candidate for adoption.
It can learn non-linear relationships between variables and more importantly it is
versatile in the ways it can be used with different types of data. In addition, the
Random Forest provides information on the importance of each variable, offering
valuable support in the interpretation of decisions made by the model [6].

While helpful in many ways, RaF does have certain drawbacks. This is a computa-
tionally expensive process in general, especially for larger datasets. Moreover, since
it is very sensitive to noisy data, it often runs the risk of increasing the probability
of overfitting [6].

The RaF algorithm is built on the foundation of decision trees. Each decision tree
asks a series of yes/no questions about the data, gradually narrowing down the
possible outcomes until a final prediction is made. For instance, when forecasting
tomorrow’s maximum temperature, a decision tree might first inquire about the
season. If it’s winter, the tree might then refine its prediction by asking additional
questions, such as the historical average temperature for that date [33].

RaF takes this concept a step further by generating a large number of decision trees,
each trained on a random subset of the data and features. This randomness intro-
duces diversity among the trees, leading to more robust and accurate predictions.
By aggregating the predictions from all the trees (in regression tasks) or taking a
majority vote (in classification tasks), RaF can outperform individual decision trees,
which may be prone to overfitting or biased by specific subsets of the data [33].

The "Random Forest' name reflects the algorithm’s reliance on randomness in the
selection of data subsets and features for each tree. This randomness ensures that
each tree has a unique perspective on the data, contributing to the overall robustness
of the model [33]. When the trees are combined, they form a model that is more
accurate and generalizable than any single tree could be on its own.
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Applications

Clifford et al. 2012 [16] investigated the application of ML techniques for evaluating
signal quality in ECG signals. The researchers extracted six SQIs from PCCC 2011
dataset:

o Integrative Signal Quality Index (iSQI): measures the percentage of beats detected
on each lead that were also detected on all leads.

bSQI: assesses the percentage of beats detected by two common QRS complex de-
tectors, eplimited and waqrs.

Frequency Signal Quality Index (fSQI): calculates the ratio of power in the frequency
band 5-20 Hz to the total power. The fSQI can be calculated using the following
formula:

P(5Hz — 20Hz)

B = 50w, = foHz)

where P(f) represents the power in the frequency band f, and f, is the Nyquist
frequency.

e s5QI

. kSQL

* pSQL

The ECG data was downsampled to 125 Hz for each channel using an anti-aliasing filter.
The authors employed cross-validation and evaluation metrics such as accuracy, sensi-
tivity, and specificity to assess the performance of the classifiers. The results showed
that SVM and MLP neural networks demonstrated exceptional performance, achieving
accuracy rates of up to 99% and 95%, respectively, as showed in Table 3.6. The study
highlighted the potential of ML to enhance ECG-SQA in noisy environments, which can
have significant implications for the field of cardiology.
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Table 3.6: Classifier accuracy. Note that for voting, the results are simply from the majority
vote of the SVM, MLP and LDA classifiers. I indicates balanced data. f indicates updated
annotations. Best results are underlined.

Method | Train Test PNet Train Test PNet
Set-a Set-b Score Set-b Set-a Score
SVM 1.000 0.950 0.904 1.000 0.934 0.926
SVMi 0.986 0.932 0.862 1.000 0.885 0.926
MLP 0.990 0.954 0.892 0.992 0.935 0.922
MLP{ 0.996 0.954 0.888 1.000 0.930 0.926
MLP4 0.978 0.918 0.890 0.992 0.880 0.940
MLP14 0.993 0.928 0.890 1.000 0.876 0.936
NB 0.911 0.936 0.890 0.942 0.907 0.880
NB1 0.911 0.936 0.890 0.940 0.909 0.894
LDA 0.949 0.942 0.900 0.960 0.921 0.890
LDAZ 0.928 0.910 0.880 0.902 0.897 0.876
VOTE 0.994 0.948 0.902 0.996 0.934 0.922
VOTEZ 0.994 0.942 0.876 1.000 0.933 0.926

Zhang et al. (2019) [76] explored the performance of various ML algorithms for ECG
quality assessment. The focus of the study was on both iterative and non-iterative classifi-
cation models. The researchers evaluated the effectiveness of four classifiers: Kernel-SVM
(KSVM), RaF, Least Squares-SVM (LS-SVM), and multi-surface proximal SVM based
oblique-RaF (ORaF). These algorithms were tested using seven feature schemes derived
from a combination of 27 linear and nonlinear features, including novel features such as
Encoding Lempel-Ziv Complexity, Permutation Entropy, and Approximate Entropy.

The dataset utilized in the study was PCCC2011 and consisted of 1,500 mobile ECG
recordings collected using smartphones, with 1,000 recordings designated as training data
and 500 as test data. These recordings were annotated by clinical experts as either
"acceptable" or "unacceptable". Prior to classification, the feature vectors were normalized
to a zero-mean standardization.

The results revealed that the inclusion of nonlinear features, particularly Permutation
Entropy and Encoding Lempel-Ziv Complexity, together with power spectral features,
significantly improved classification performance. Among the classifiers, LS-SVM demon-
strated superior accuracy, achieving a classification accuracy of 92.20% on the test dataset
when using the sixth feature scheme, which included all features except Approximate
Entropy. While RaF showed strong performance on the training data, its generalization
ability was found to be limited, as reflected by its lower accuracy on the test data. ORaF
performed better in generalization than RaF, but did not surpass LS-SVM.

Table 3.7: Highest Accuracy Achieved by Each Classifier on Test Data

Classifier Accuracy (%) Feature Scheme

LS-SVM 92.20 Scheme 6 (Waveform + Frequency + PE + ELZC)
KSVM 92.00 Scheme 6

RaF 91.40 Scheme 6

ORaF 92.00 Scheme 6

Kuzilek et al. (2011) [34] developed an innovative algorithm for assessing the quality
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of ECG signals obtained using mobile phones, as a response to the PCCC 2011. Their
method seamlessly integrates straightforward rules to eliminate low-quality recordings
(e.g., high-amplitude noise, detached electrodes) with a sophisticated SVM classification
for more complex cases.

The algorithm consists of three stages: (1) application of simple rules to detect common
errors like electrode detachment or high-amplitude bursts; (2) SVM classification using
time-lagged covariance matrix elements as features; and (3) combination of scores from
the first two stages to make the final decision. The simple rules provide a rapid and
efficient means of identifying most noisy ECG segments, whereas the SVM classifier
refines the classification by addressing borderline cases.

The method attained a score of 0.999 on the training dataset and 0.836 on the test
dataset, demonstrating its effectiveness in filtering out low-quality ECG recordings and
ensuring that only trustworthy data is sent to experts for further analysis. This approach
not only saves valuable time for healthcare professionals but also improves the reliability
of ECG monitoring using mobile devices.

Behar et al. (2013) [9] developed an automated algorithm to evaluate ECG signal
quality during normal and arrhythmic conditions. The algorithm aimed to reduce false
arrhythmia alarms in intensive care unit (ICU) monitors by extracting signal quality
indices (SQIs) from ECG segments and employing an SVM classifier. The SQIs used in
this study included kSQI, sSQI, pSQI, basSQI, bSQI, rSQI, and pcaSQI.

The proposed method was tested on three datasets: the PCCC 2011 (DB1), the MIT-
BIH arrhythmia database (DB2), and the MIMIC II database (DB3). The ECG signals
were manually annotated into two classes: good (A-B) and bad quality (D-E), while
class C (borderline quality) was excluded to avoid confusion during model training. The
distribution of signal quality across the databases was as follows: the ECG signals were
manually examined and labeled by skilled cardiologists according to established clinical
criteria. Only two primary categories were considered: optimal (A-B) and suboptimal
(D-E). Segments that fell into the intermediate category (C) were intentionally excluded
to minimize the likelihood of annotation discrepancies, thereby reducing the potential for
confusion during the training process. The ecg signal were downsampled to 125Hz and
QRS detection was performed using eplimited and wqrs algorithms.

The study achieved high classification accuracies, with accuracy rates reaching up to
99% for normal rhythms and 95% for arrhythmias. However, the performance varied
across different types of rhythms. The study demonstrated that signal quality indices
should be rhythm-specific, and classifiers should be trained for each rhythm independently
to achieve optimal results, which requires a substantial amount of labeled data.

The performance of the SVM classifier is summarized in Table 3.8, which presents the
results of training the classifier on datasets DB1-DB2 and testing it on dataset DB3:
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Table 3.8: Performance Metrics for ECG Signal Quality Classification.

Arrhythmia | Bad | Good | Total | Ac Se Sp

AFIB 24 1261 1285 | 0.967 | 0.958 | 0.968
SVTA 0 12 12 1.000 | 0.000 | 1.000
AFL 3 81 84 0.833 | 1.000 | 0.827
SBR 1 333 334 | 0.961 | 1.000 | 0.961
VT 1 11 12 0.833 | 1.000 | 0.818
VFL 1 14 15 0.467 | 1.000 | 0.429
A 55 1453 1508 | 0.972 | 0.927 | 0.974
\% 269 | 5603 | 5787 | 0.936 | 0.826 | 0.974
Overall 269 | 8768 | 9037 | 0.946 | 0.863 | 0.948

Abbreviations: AFIB - atrial fibrillation, SVTA - supraventricular tachyarrhythmia, AFL -
atrial flutter, SBR - sinus bradycardia, VT - ventricular tachycardia, VFL - ventricular flutter,
A - atrial premature beat, V - premature ventricular contraction.

3.2.2 Deep Learning Methods

Deep Learning is a subfield of ML that has revolutionized the field of Al, enabling com-
puters to learn from large quantities of data and perform complex tasks with minimal
human intervention. In contrast to traditional ML models, which often rely on manually
engineered features, Deep Learning models learn automatic representations of the data,
making them particularly useful for tasks that involve unstructured data such as images,
audio, and biomedical signals [22].

The core of Deep Learning is the artificial neural network, particularly deep neural
networks (DNNs), composed of multiple layers of nodes or neurons. These networks
are able to model complex and non-linear relationships in the data by stacking multiple
layers of transformation, each of which captures increasingly abstract features of the input
data. The success of Deep Learning in various domains, from image recognition to natural
language processing, is attributed to its ability to automatically extract relevant features
from raw data, reducing the need for domain-specific expertise in feature engineering [36].

In the context of biomedical signal processing, particularly ECG analysis, Deep Learn-
ing has demonstrated extraordinary potential. Traditional methods for analyzing ECG
signals often require extensive preprocessing and manual extraction of features to achieve
accurate classification. Deep Learning models, on the other hand, can operate directly on
raw ECG signals, learning to distinguish between normal and abnormal patterns without
the need for extensive preprocessing. This capability has led to significant advances in
automated diagnosis of various cardiac conditions, including arrhythmias and myocardial
infarctions [26].

Furthermore, the development of Deep Learning architectures specialized for specific
tasks, such as CNNs and recurrent neural networks (RNNs), has further improved the
ability of these models to handle temporal and spatial dependencies inherent in ECG
signals. CNNs are particularly effective in capturing local patterns in time-series data,
while RNNs are well-suited for modeling sequential dependencies, making them ideal for
analyzing the continuous nature of ECG signals [5].

Convolutional neural networks

CNNs are a specialized type of artificial neural network designed to process data with
a grid-like topology, such as images. Unlike traditional neural networks, CNNs take
advantage of the spatial structure of data, making them highly efficient and accurate for
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tasks involving visual and spatial information. A typical CNN is composed of multiple
layers that work together to extract and interpret features from raw data. These layers
can be broadly categorized into three groups: convolutional layers, pooling layers, and
fully connected layers and they are all represented in Figure 3.2.
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Figure 3.2: 1D-CNN model with two convolutional and max pooling layers feeding a
dense fully connected layer [74].

The core component of a CNN is the convolutional layer, which relies on a filter
or kernel to identify distinctive features within an input image. This process initiates
by scanning the kernel across the image’s width and height, covering the entire image
multiple times. As a result, the input image is transformed into a set of feature maps or
convolved features, each representing the presence and magnitude of a particular feature
at various locations within the image. CNNs frequently incorporate numerous layers of
convolutional processing, allowing the network to increasingly decipher the visual data
present in the raw image. In the initial stages, the CNN identifies fundamental features
such as boundaries, textures, or hues. As the layers progress, the CNN is able to extract
more intricate patterns from the input data, capitalizing on the insights gleaned from the
preceding layers.

The pooling layer complements the convolutional layer by condensing the input
data, preserving essential information while simplifying the data set. This is accomplished
through downsampling, which decreases the number of points in the input data, frequently
achieved by reducing the number of pixels representing the image. Max pooling and
average pooling are prevalent techniques used for downsampling.

The downsampling process significantly reduces the overall computational load and
parameter count, resulting in improved efficiencies and generalization capabilities. By
focusing on higher-level features, less complex models are less susceptible to overfitting, a
common issue where the model becomes overly specialized to the training data, resulting
in a significant decline in performance when faced with new, unseen information.

In the final stage of a CNN, the fully connected layer serves a critical function in
image classification. This layer is distinguished by its intricate connections, where every
neuron in one layer is connected to every neuron in the subsequent layer. By integrating
the features extracted by convolutional and pooling layers, the fully connected layer
enables the CNN to connect these features to specific outcomes or classes, as shown in
Figure 3.2.
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As a result, the CNN can take into account all features simultaneously when making
a classification decision [17, 3].

Applications

Mondal et al. (2024) [44] designed a novel CNN for real-time and automatic ECG-
SQA in wearable health monitoring devices with limited computational resources. The
proposed CNN architecture consisted of a unique combination of convolutional layers and
dense layers, optimized for efficient signal processing.

During the preparation of the ECG signal dataset, a series of pre-processing steps were
implemented to refine data quality and optimize classification accuracy. Specifically,
the ECG signals were divided into 5-second segments to exclude lengthy periods with
brief noise disturbances. Subsequently, a two-stage filtering process was applied to each
signal. Initially, a second-order high-pass Chebyshev filter with a cutoff frequency of
0.8 Hz was employed to eliminate baseline wandering artifacts. This was followed by
a fourth-order low-pass Chebyshev filter with a cutoff frequency of 40 Hz to suppress
high-frequency noise, including power line interference. To address amplitude variations
between subjects, the ECG signals were magnitude-normalized before being presented
to the CNN model. This rigorous pre-processing pipeline helped ensure that the CNN
received high-quality input data for training and testing.

To achieve high performance, a thorough exploration of different activation functions
and layer configurations was conducted. The selected architecture featured four convolu-
tional layers, five dense layers, and utilized the exponential linear unit (ELU) activation
function. The model was extensively trained and tested on a diverse set of ECG databases,
including the PCCC 2011, PCCC 2017, and the St. Petersburg Institute of Cardiological
Technics 12-lead arrhythmia database.

The study demonstrated excellent performance in classifying ECG signals as noisy or
clean, with sensitivity rates of 92.88%, 82.09%, and 99.64%, and specificity rates of
75%, 75.3%, and 73.97% for the respective databases. Moreover, the model’s efficiency
was showcased through its compact size (5633 kB), rapid testing time (121.00 £ 39.77 ms),
and low energy consumption (1851.3 + 608.48 mJ) when implemented on a Raspberry
Pi.

Zhang et al. (2019) [75] developed a cascaded CNN to tackle the complex issue
of dynamic ECG-SQA, which is often compromised by artifacts and noise. In contrast
to traditional binary classification methods, this study aimed to develop a more nu-
anced five-class classification system to cater to specific clinical needs. The dynamic
ECG signals were categorized into three levels: low-interference, mild-interference, and
severe-interference categories, each representing distinct types and severities of noise and
artifacts.

The study employed a 12-lead Holter monitor to collect a dataset of 2,100 24-hour
recordings from 2,100 subjects. The ECG signals were digitized at 128 samples per
second and subsequently processed using a second-order Butterworth filter to remove
high-frequency noise and baseline drift. The data were then divided into 4-second non-
overlapping segments and labeled according to their corresponding interference types and
severities.

The proposed cascaded CNN architecture consisted of two stages. The first stage
utilized two subnetworks to distinguish between the types of signal interference (low-
interference, myoelectrical noise, and motion artifacts). The second stage employed two
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additional subnetworks to categorize the signals into mild or severe interference levels.
This architecture leveraged both time-frequency spectrums and raw ECG signals for
feature extraction, followed by classification using fully connected layers.

The trained model was validated on both a private dataset and the publicly available
MIT-BIH Arrhythmia Database. The cascaded CNN achieved an overall recognition
accuracy of 92.7% on the private dataset and 91.8% on the public dataset.

Huerta et al. (2020) [27] examined the performance of various CNN architectures
for ECG quality assessment. The researchers employed transfer learning to evaluate the
classification capabilities of five pre-trained CNN models, including AlexNet, VGG16,
GoogLeNet, ResNet18, and InceptionV3.

The investigation utilized a subset of the PCCC 2017 database, comprising 5-second
ECG intervals that were transformed into scalograms using Continuous Wavelet Trans-
form (CWT). The primary objectives of the study were to assess the classification per-
formance and computational efficiency of the various models.

The results indicated that all CNN models achieved high classification accuracy, rang-
ing from 88.5% to 91.5%. Specifically, ResNet18 and InceptionV3 demonstrated the best
performance, with accuracies of 91.10% and 91.25%, respectively. However, notable dif-
ferences in computational load were observed. Despite its slightly lower accuracy, AlexNet
emerged as the most efficient model in terms of CPU usage, memory requirements, and
classification time (12.76 s).

Zhou et al. (2021) [79] focused on developing an automatic ECG quality assess-
ment system that combines deep learning and conditional generative adversarial networks
(CGANSs) to enhance the efficiency of ECG signal filtering for clinical interpretation.
The proposed system aims to reduce the workload for technicians and cardiologists by
automating the process of identifying ECG signals of acceptable quality.

The system consists of two stages: a data enhancement stage and a quality evaluation
stage. The first stage consists of a CGAN trained to generate segments of ECG signals,
which are subsequently used to perform data augmentation of the training set in order
to overcome dataset imbalance problems.

The quality evaluation model was initially trained using a combination of real and
simulated ECG data and then fine-tuned using real ECG data. The model’s performance
was validated on three different datasets:

The dataset used in this research consisted of the following: the PCCC2017 Database,
which was segmented into 10-second intervals, resulting in 555 unacceptable and 2618 ac-
ceptable ECG segments. The TELE ECG Database was combined with the PCCC2017
Database to form the COMD Dataset. Additionally, the Recreated Dataset (RECD)
was created by introducing various types of noise (baseline wander, muscle artifacts,
and electrode motion artifacts) into clean ECG recordings from the MIT-BIH arrhyth-
mia database and the MIT-BIH Normal Sinus Rhythm database. The RECD dataset
consisted of 7557 unacceptable and 20114 acceptable ECG segments.

The proposed system demonstrated high accuracy in ECG quality assessment, achiev-
ing 97.1% and 96.4% accuracy on the COMD and RECD datasets, respectively. In terms
of specificity, the model achieved 96.4% on the COMD dataset and 95.0% on the RECD
dataset. The sensitivity was equally impressive, with values of 98.6% for the COMD
dataset and 99.1% for the RECD dataset. The study highlights the potential of CGANs
in generating realistic ECG segments, which enhances the model’s ability to generalize
across different datasets.
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Ma et al. (2023) [42] have developed innovative deep learning models for ECG-
SQA in wearable devices, enhancing arrhythmia screening and diagnosis. The team
proposed three models built upon the xResNet34 architecture, designed to handle noisy
ECG signals collected during long-term wearable monitoring. The models were trained
and evaluated using Brno University of Technology ECG Quality Database (BUT QDB)
database, which categorizes signals into three classes: Good (all PQRST waves visible),
Fair (only QRS complexes visible), and Poor (unsuitable for analysis).

Preprocessing involved normalizing signals to a range of 0 to 1 and downsampling to
200 Hz to reduce computational complexity. The models utilized signal quality indicators
(SQIs) to assess the visibility of PQRST waves and QRS complexes, optimized using
cross-entropy loss and stochastic gradient descent (SGD).

To verify the performance of these models, a 5 cross-validation technique was employed.
The first model focused on arrhythmia screening, distinguishing between Good/Fair and
Poor signals, achieving an average accuracy of 99.69%, sensitivity of 99.87%, and speci-
ficity of 98.83%. The second model targeted arrhythmia diagnosis, detecting Good signals
with an accuracy of 96.40%, sensitivity of 97.15%, and specificity of 95.95%. The third
model classified signals into three categories: Good, Fair, or Poor, reporting accuracies of
96.04% for overall classification, with Good signals achieving 96.62%, Fair signals 93.66%,
and Poor signals 98.97%.

Huerta et al. (2021) [29] in 2021 emphasize the importance of ECG quality assess-
ment in preventing misdiagnosis of cardiac disorders caused by noisy ECG signals, which
are common in recordings obtained in real-world conditions.

In the study, the researchers compared the performance of a pre-trained CNN model,
AlexNet, in classifying high- and low-quality ECG segments across two datasets. The first
dataset consisted of 2,000 5-second ECG segments, equally divided between high-quality
and low-quality signals, extracted from the PCCC 2017 database. The second dataset
was generated through the application of data augmentation techniques, including time
stretching, pitch shifting, noise addition, and amplitude modification, to the low-quality
ECG segments. This process resulted in 1,000 additional low-quality intervals. To adapt
AlexNet for this task, the ECG intervals were initially converted into 2D matrices utilizing
a CWT. This technique converted the ECG signals into wavelet scalograms, which served
as input for the CNN. By representing the ECG data as images, the CW'T process enabled
the use of AlexNet for this specific task, despite its primary design focus on 2D image
data.

The researchers fine-tuned and tested the CNN model on both the original and aug-
mented datasets and analyzed the results using a McNemar test. The statistical analysis
showed no significant differences in classification accuracy, sensitivity, and specificity be-
tween the two datasets, suggesting that the synthesized noisy signals could be reliably
used to train CNN-based ECG quality indices.

The study reported consistent performance metrics, with approximately 90% accu-
racy, sensitivity, and specificity across both datasets, indicating the effectiveness of
the data augmentation approach used.

Tan et al. (2022) [62] developed a real-time quality assessment system for wearable
multi-lead ECG data on mobile devices. To address the limitations of existing CNN mod-
els, which are often computationally expensive for mobile devices, the authors employed
a resource-efficient neural architecture search algorithm, leveraging a modified version
of ProxylessNAS, a neural architecture search algorithm capable of identifying efficient
network architectures for subsequent deployment on mobile devices.
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Prior to feeding the ECG data into the model, the researchers implemented a compre-
hensive preprocessing step to optimize signal quality and reliability. Initially, they utilized
a band-pass filter with a frequency range of 0.5 Hz to 35 Hz to eliminate power frequency
interference and baseline drift. This was followed by the application of a wavelet filter
(Bior2.6) to further denoise the signals, thereby minimizing the impact of artifacts and
ensuring that the input data was of high quality for the neural network.The system was
evaluated on two datasets using 5-fold cross validation: a private wearable ECG dataset
and the public PCCC 2011 dataset.

The experimental results demonstrated the system’s excellent performance, with high
accuracy and sensitivity across both datasets. Specifically, the system achieved an AUC
of 98.32%, sensitivity of 85.68%, specificity of 97.02%, and an F1 score of 94.36% on
the wearable dataset, and an AUC of 97.64%, sensitivity of 88.46%, specificity of
95.27%, and an F1 score of 93.52% on the PCCC dataset.

Moreover, the system demonstrated low latency, with an inference time of 78 ms on
an Android emulator, making it suitable for practical use in mobile health applications.

Jin et al. (2023) [30] have introduced a novel deep learning model, DAC-LSTM
(Dual Attentional Convolutional Long Short-Term Memory), aimed at enhancing the
accuracy and interpretability of ECG quality assessment. This model addresses the chal-
lenge of reducing false alarms in automatic cardiovascular diagnoses and alleviating clin-
icians’ workloads by assessing the quality of 12-lead ECG signals.

The DAC-LSTM model combines CNNs and bidirectional long short-term memory
(BiLSTM) networks, along with a dual-layer attention mechanism that focuses on
both channel-based and time-based attention. CNNs extract short-term features, while
BiLLSTM networks capture long-term dependencies. The attention mechanism enhances
interpretability by highlighting the leads (channel-based) and time periods (time-based)
that the model focuses on during the ECG quality assessment, making the model more
clinically useful.

The study uses the PCCC 2011 dataset. The authors do not apply traditional prepro-
cessing techniques such as noise filtering or signal denoising, opting to retain the original
signal information, simplifying the process and minimizing time consumption while pre-
serving the complexity of the ECG signals for the model to learn from directly.

The DAC-LSTM model outperforms existing methods, achieving a sensitivity of
97.59%, specificity of 76.47%, and accuracy of 94.0%, showing an average improvement
of 3.35% in accuracy and 4.27% in sensitivity over other methods, with an inference time
of 3.45 ms to predict each single ECG recording.

Below, in Table 3.9, are summarized the related works discussed previously, including
preprocessing techniques, model architectures, and activation functions utilized. Addi-
tionally, the table highlights important performance metrics such as sensitivity, specificity,
and accuracy, alongside the datasets used for evaluating each method.
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Table 3.9: Summary of Deep Learning Related Works with Preprocessing and Model Details.

Ref | Preprocessing Model Activation Function Layers Se (%) Sp (%) Acc (%) Dataset CT (s)
ReLU 3 CL, 3DL 89.09/99.26 | 66.48/61.34 | 86.28/80.30 PCCC2011/
[44] | DS, BP, AN, SG 1D-CNN Leaky ReLU 3CL,3DL | 81.75/95.00 | 57.60/48.50 | 78.76/71.80 | | "=
ELU 4 CL, 5 DL 02.88/99.64 | 75.00/73.97 | 90.66/86.80 )
- ., 1D-CNN, 92.7 In-house
[75] | BP, STFT, DS 2D-CNN ReLU NR NR NR 91.8 MIT-BIH
Loaky ReLU : )
1D-CNN - 4CL, 1DL 98.6 96.4 97.1 COMD
7 sAL , US ! J j
[79] | DA (CGAN), BP, US, SG LSTM I}_eL[ . and 2LSTM 99.1 95.0 96.4 RECD
Sigmoid
R— X 97.02 85.68 94.55 In-house 78 ms x 12
[62] | BP, WF, SG ID-CNN ReLU NR 95.27 88.46 93.50 PCCC2011 | NR
[30] | sG DAC-LSTM ReLU ;%ELZ“TIM 97.6 76.4 94.0 PCCC2011 | 3.45 ms
3 CL
[42] | AN, DS, SG xResNet34 ReLU 4 Stages with RB 99.87 98.83 99.69 BUT QDB
AlexNet NR 5 CL 88.9 92.5 90.7 12.76 £ 0.21
VGG16 NR 13 CL, 3DL 85.6 93.7 89.7 78.84 + 0.57
[27] | CWT GoogLeNet NR 22 Layers 88.8 92.7 90.8 PCCC2017 | 25.33 £ 0.45
ResNet18 NR 18 CL 88.4 93.8 91.1 21.07 £ 0.36
InceptionV3 NR 3 CL 89.0 93.5 91.3 76.86 £ 0.25
[29] | CWT, DA (TS, PS, NA, AM) | AlexNet ReLU 5 CL 90.0 90.0 90.0 PCCC2017 -

Abbreviations: 1D-CNN - One dimensional Convolutional Neural Network, 2D-CNN - Two
dimensional Convolutional Neural Network, DS - Downsampling, BP - Bandpass Filtering, CL -
Convolution Layers, CT - Computational Time, DL - Deep Layers, ELU - Exponential Linear Unit, SG
- Segmentation, AN - Amplitude Normalization, AM - Amplitude Modification, DA - Data
Augmentation, CWT - Continuous Wavelet Transform, CGAN - Conditional Generative Adversarial
Network, FC - Fully Connected, NA - Noise Addition, PS - Pitch Shifting, STFT - Short time Fourier
Transform, TS - Time Shifting, US - Upsampling, WF - Wavelet Filtering, LeakyReL.U - Leaky
Rectified Linear Unit, ReLU - Rectified Linear Unit, RB - Residual Blocks.

3.2.3 Introduction to GANs

As observed in Table 3.9, many authors employed data augmentation techniques to ad-
dress class imbalance, particularly by increasing the examples of the less represented
class. Data augmentation is essential when working with datasets that have an uneven
distribution of class labels, as it helps in creating more balanced datasets, ultimately
leading to improved model performance. Traditional data augmentation techniques, such
as stretching, scaling and noise addition have been commonly used to artificially expand
datasets, but they often fail to introduce sufficient variability in the signals, offering the
network examples that are only slightly different from the original data [14].

Current studies indicate, data augmentation with GAN has multiple advantages com-
pared to traditional methods. GANs successfully learn intrinsic data distributions, there-
fore generating synthetic data that not only looks realistic but also diverse [14]. For
example, [20] showed that the classification accuracy of medical images was better based
on GAN-augmented than those from traditional augmented data. Because GANs are free
to generate varied complex data, they seem to be a promising solution for studying class
imbalance under difficult conditions, like in ECG signal classification.

Furthermore, it has been observed that GAN-based data augmentation not only in-
creases the quantity of training and classification accuracy data but also enhances the
diversity of the data, leading to more robust models that can generalize better to unseen
examples [18]. This capability is particularly beneficial when dealing with borderline
and rare classes, where traditional augmentation methods may fail to capture the subtle
differences between classes.

GANs

GANSs are an advanced type of ML model that consists of two distinct neural networks,
often referred to as the Generator and the Discriminator. These networks work to-
gether through an adversarial process in which the Generator creates synthetic data, and
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the Discriminator evaluates it in comparison to real data. The Generator’s goal is to
produce data that is nearly indistinguishable from actual data, while the Discriminator
aims to accurately classify the generated data as synthetic [23]. GANs are classified into
three primary elements:

o Generative: Refers to the process of generating data based on a learned distribu-
tion.

o Adversarial: Denotes the competitive nature of the training, with two networks
working in opposition.

o Networks: Describes the deep learning framework used to build both the Generator
and Discriminator.

The Generator typically operates as a CNN, generating new data instances by trans-
forming random inputs into outputs that resemble the real data set. The Discriminator,
functioning as a deconvolutional neural network, attempts to differentiate between the
real data and the synthetic data created by the Generator.

This adversarial training forms a feedback loop: the Generator is penalized when
the Discriminator successfully identifies its outputs as fake. Over time, as the training
progresses, the Generator becomes increasingly adept at producing realistic outputs, and
the Discriminator refines its ability to detect fake data. The ultimate goal is to reach
a point where the Discriminator can no longer reliably distinguish between real and
synthetic data [73].

The process of training GANs can be broken down into a few key steps:

1. The Generator produces an initial set of synthetic data.

2. The Discriminator evaluates both the synthetic data and real data, assigning prob-
abilities based on the likelihood of each being real.

3. The Discriminator provides feedback to the Generator, which adjusts its approach
to better mimic real data.

4. This cycle repeats until the synthetic data becomes sufficiently realistic, confusing
the Discriminator.

GANs have proven to be useful in a variety of applications, from generating high-
quality images to creating synthetic datasets for training other ML models. For instance,
they have been used in image enhancement tasks such as super-resolution, where low-
resolution images are upscaled to higher resolutions. GANs are also employed in areas
such as data augmentation, where they generate new examples from existing data [58].
Below in Figure 3.3, the schematic representation of the functioning of a GAN is il-
lustrated. The diagram shows the interaction between the Generator and Discriminator,
where the Generator produces fake data and the Discriminator evaluates it in comparison
to real data, creating an adversarial training loop.
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The structure of a GAN

,  Discriminator

Real images
loss

Discriminator

Generator

Random input » Generator » Fake images =

Figure 3.3: The structure of a GAN [73]

While GANs have demonstrated impressive capabilities in generating realistic syn-
thetic data, they come with certain limitations.

One of the most prominent challenge with GANSs is instability during training. Insta-
bility often leads to problems such as mode collapse [65] in which the generator starts
to produce output with almost no variability instead of exploring the entire signal dis-
tribution. Another significant problem is the setting of hyperparameters for adversarial
training process which if not done properly can lead to unreliable convergence. Further-
more, to date there are only a few quantitative indicators to analyze the quality of the
results produced. Unfortunately, however, qualitative analysis still takes the lead [57].

These limitations can be summarized as:

e« Mode collapse: The Generator converges to a state where it only produces a few
types of outputs, failing to cover the full diversity of the data distribution.

o Training instability: Due to the adversarial nature of GANSs, training can oscillate
or diverge if not properly managed, which makes GANs difficult to optimize.

e No clear evaluation metric: outcome assessment is still done qualitatively. Al-
though quantitative metrics have been developed, they have not yet completely
replaced visual analysis.

In traditional GANs, the training is based on a min-max game between the Gen-
erator and Discriminator. The goal of the Generator is to minimize the probability
of the Discriminator successfully identifying its outputs as fake, while the Discriminator
maximizes its accuracy in differentiating real from fake data. The standard GAN loss
function, called min-max loss [71], is based on the Jensen-Shannon (JS) divergence and
it is given as:

minmax V (D, G) = By log D(x)] + Eoopolog(1 — D)) (3.7)
Where:
o ( represents the Generator network,
e D represents the Discriminator network,
* Daata(2) is the real data distribution,

e p.(2) is the noise distribution used as input to the Generator.
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However, GANs using this approach often suffer from issues such as mode collapse
and instability during training. To address these challenges, WGAN was introduced by
Arjovsky et al. [7]

WGANSs

WGAN replaces the JS divergence with the Wasserstein (Earth Mover’s) distance,
which provides smoother gradients and more stable training. The WGAN loss function
is given as:

min Max By, (@) [D(2)] = Bz () [D(G(2))] (3.8)

In this formulation, D; represents the set of 1-Lipschitz functions, ensuring that the
Discriminator remains constrained within this class of functions.

By imposing a strict limit on the magnitude of the Discriminator’s weights, the
Weight Clipping technique ensures that the model adheres to the 1-Lipschitz con-
dition. This methodology has its own set of drawbacks, though. The implementation of
Weight Clipping within WGAN is hindered by issues such as unstable training, low con-
vergence when the clipping window is excessively broad, and the loss of gradients when
the clipping window is too narrow [5].

WGAN with Gradient Penalty (WGAN-GP)

To address the limitations of weight clipping in WGAN, Gulrajani et al. [24] introduced
WGAN-GP, which replaces weight clipping with a more effective method: gradient
penalty. In WGAN-GP, the 1-Lipschitz constraint is enforced by penalizing the norm
of the gradient of the Discriminator with respect to its input, ensuring that the gradient
norm stays close to 1. The WGAN-GP loss function is given as:

L = Espyu[D(D)] = Eamp oy [D(G(2))] + ABay, [(IV2D(@)2 — 1] (3.9)
Where:

o T represents samples drawn uniformly along straight lines between pairs of points
from the real data and generated data distributions (pgata and py),

e \is a penalty coefficient that controls the strength of the gradient penalty term.

The gradient penalty term ensures that the Discriminator’s gradient norm remains
close to 1, thereby satisfying the Lipschitz condition without resorting to weight clipping.
As shown in Figure 3.4, it could be observed the issues that arise when using weight clip-
ping in WGANs. The gradient norms either explode or vanish, which leads to instability
during training. On the right, weight clipping forces the weights toward extreme values,
resulting in poor gradient behavior. In contrast, the gradient penalty method maintains
a more stable gradient norm and distributes the weights more evenly.
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Figure 3.4: Comparison of Gradient Norms and Weights for Weight Clipping and Gradient
Penalty. This shows the behavior of gradient norms across discriminator layers using
weight clipping with different clipping values and gradient penalty. From [55].

3.3 Limitations of Prior Research and Study Ratio-
nale

The pursuit of advanced ECG signal quality evaluation has prompted a burst of innovative
solutions, combining traditional and novel approaches. Although significant progress has
been made, there remain gaps in understanding that warrant further exploration and
creative problem-solving. Statistical methods based on SQIs provide a robust platform for
automated ECG signal assessment, yet face challenges when applied to diverse datasets.
These methods often require labor-intensive manual data processing, which can be time-
consuming and may not fully capture the intricacies of the signal.

Notably, most of the works in the literature focus on the use of only one or at most two
datasets, limiting their ability to generalize across diverse patient populations and varying
ECG conditions. This narrow focus reduces the robustness of the models, particularly
when applied to real-world data, which may differ substantially from the training datasets.

Moreover, very few studies have explicitly evaluated the applicability of these methods
in real-life scenarios, where ECG signals are often noisy and irregular due to external
factors, such as body movement or sensor placement in wearable devices. The models
utilized in prior research, such as those in [29] and [42], tend to be computationally heavy.
These models often require substantial computational resources and are not well-suited
for battery-operated devices with limited computational power, such as smartwatches,
holter monitors, and other wearable sensors.

Additionally, in many cases, k-fold cross-validation was used as a method to balance
class distributions. While this technique can help mitigate class imbalance within the
folds, it often results in over-representation of certain samples, leading to overfitting.
As a consequence, the model may perform well on the training dataset but struggle to
generalize in real-world deployments, where the data is more varied and complex, and
class imbalances are more pronounced. Additionally, this approach fails to simulate real-
world signal variations, thus overestimating the model’s ability to handle unseen data in
practical applications.
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Another critical limitation of earlier work is the lack of focus on the classification
of borderline signals. These signals, often falling between high-quality and poor-quality
categories, are frequently misclassified or overlooked. The accurate identification of bor-
derline signals plays a critical role in reducing false alarms and missed diagnoses, both
of which are prevalent in real-time monitoring systems. This is particularly important
in high-risk environments, such as intensive care units (ICUs), and in remote monitoring
scenarios via wearable devices. By improving the detection and classification of these
borderline signals, the study also enhances downstream tasks such as arrhythmia detec-
tion, heart rate variability analysis, and QT interval assessment, all of which are vital for
the early detection of potential cardiac events.

To address these limitations, this study introduces several key innovations designed to
enhance the robustness, efficiency, and real-world applicability of ECG signal classification
systems:

o The integration of multiple datasets to ensure that the model can generalize
effectively across diverse populations and a wide range of ECG signal conditions.
This approach reduces the risk of overfitting to a specific dataset and enhances the
model’s adaptability to real-world scenarios, where data variability is much more
pronounced.

e The development of a dual-classifier system in a cascaded structure, which
refines decision-making for borderline signals that are often unregarded or misclas-
sified by conventional methods. This cascaded approach allows for a more granular
classification process, improving overall accuracy and reliability.

« The application of Generative Adversarial Networks (GANs) for data augmen-
tation to overcome the issue of data scarcity. By generating synthetic yet realistic
ECG signals, the dataset is balanced, improving the model’s ability to learn from
a more diverse set of examples and enhancing its performance in both training and
testing phases.

e The implementation of a real-time algorithm specifically optimized for processing
signals acquired from wearable sensors. This ensures that the system is compat-
ible with resource-constrained devices such as smartwatches, holter monitors, and
other wearable technologies, where real-time processing and energy efficiency are
critical. The algorithm is designed to conserve battery life by applying computa-
tionally intensive preprocessing only to signals that require it.

o A thorough analysis of computational complexity, ensuring that the proposed
method is both efficient and feasible for deployment in environments with limited
computational power. This analysis guarantees that the system is not only accurate
but also scalable and practical for real-time ECG monitoring applications, whether
in clinical settings or through consumer health technologies.

The proposed methodology employs a hybrid approach, combining the strengths
of deep learning for automatic feature extraction with machine learning classifiers for
the precise categorization of borderline cases. This integration enables the system to
maintain high performance even when confronted with noisy, complex, and real-world
data, thereby improving its robustness and applicability across both clinical and consumer
health applications.
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Chapter 4

Materials and Methods

4.1 Dataset

In order to develop a reliable and effective classification model, it’s crucial to work with
multiple datasets. Each dataset offers a distinct set of characteristics, such as varying
sampling rates, noise levels, and recording settings. By combining these datasets, we
can gain a more detailed understanding of the model’s ability to accurately classify ECG
signals in real-world situations.

Developing a strong classification model needs a varied collection of ECG recordings.
In the ensemble of datasets, not only high-quality signals were included but also also those
with varying levels of noise and artifacts. Choosing a variety of datasets, for different
scenarios, improves the capability of the model in classyfing ECG signals from real-life
environment correctly.

By incorporating datasets with different signal qualities, such as high-quality signals
and noisy signals with artifacts, the study aims to create a robust system capable of
distinguishing acceptable from unacceptable ECG signals. Additionally, using datasets
like the PhysioNet/Computing in Cardiology Challenge and the Brno University of Tech-
nology ECG Quality Dataset allows for comparison with previous studies, which helps
validate the results of this study.

A key criterion for dataset selection was the focus on single-lead ECG signals, as the
goal of this work is to develop a classification algorithm specifically designed for single-
lead ECG monitoring. Single-lead ECGs are commonly used in wearable devices and
mobile health applications, where simplicity and low power consumption are essential.
By limiting the dataset to single-lead signals, the developed algorithm is intended to be
practical for real-world use in such environments.

« Brno University of Technology ECG Quality Dataset (QDB): QDB [47] was
created by researchers at the Department of Biomedical Engineering, Brno Univer-
sity of Technology, in collaboration with the cardiology team. This dataset comprises
long-term, single-lead ECG recordings and 3-axis accelerometer data collected from
15 participants, aged 21 to 83, over a period of 24 hours. The recordings were taken
in the subjects’ everyday environments, with the exception of swimming and bathing
activities. The data was sampled at 1,000 Hz for ECG and 100 Hz for accelerometer
data using a Bittium Faros 180 device.

The dataset includes 18 ECG recordings, each with a minimum duration of 24 hours.
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Three recordings are fully annotated for ECG quality, and the remaining 15 record-
ings have two 20-minute segments annotated for good signal quality, as well as five
additional segments marked for poor signal quality. Signal quality is classified into
four categories, with labelling performed on a sample-by-sample basis for each signal
trace:

— Class 1: High-quality signals where waveforms (P wave, T wave, and QRS
complex) are clearly visible and reliably detectable.

— Class 2: Signals with increased noise levels and unreliable detection of signifi-
cant points. These signals are still readable but require additional processing.

— Class 3: Signals with unreliable detection of QRS complexes, making them
unsuitable for further analysis.

— Class 0: Unlabelled samples where annotators did not provide a quality classi-
fication.

The PhysioNet/Computing in Cardiology Challenge 2017 (PCCC2017):
The PCCC 2017 [15] focuses on the classification of atrial fibrillation (AF) from
brief, single-lead ECG recordings.

The challenge encouraged the development of algorithms capable of categorizing
ECG signals into four classes: normal sinus rhythm, atrial fibrillation, other rhythms,
and too noisy to classify.

The dataset consists of 8,528 single-lead ECG recordings for training, with durations
ranging from 9 seconds to over 1 minute. The data were collected using the AliveCor
device, with a sampling rate of 300 Hz.

The MIT-BIH Noise Stress Test Dataset (NST): The NST Database [45]
comprises 15 half-hour ECG recordings with 12 half-hour recordings of clean ECG
signals from the MIT-BIH Arrhythmia Database, alongside three half-hour record-
ings of common noise types found in ambulatory ECGs.

The noise recordings were generated using a combination of physical activity and
standard ECG equipment, with electrodes positioned on limbs that do not capture
the subjects’ ECG signals. The noise types include baseline wander, muscle artifact,
and electrode motion artifact.

The noise records were then carefully blended with the clean ECG recordings from
the MIT-BIH Arrhythmia Database (records 118 and 119) to create new ECG signals
with varying SNRs. The noise levels were introduced in two-minute increments,
alternating with two-minute clean segments.

The resulting noisy ECG recordings span a range of SNRs from +24 dB to -6 dB.

TELE-ECG Dataset: The TELE database [32] comprises 250 ECG lead-I sig-
nals collected from patients in a telehealth setting using the TeleMedCare Health
Monitor. Following an initial set of 300 signals, 50 were discarded due to inconsis-
tencies in artifact annotation, resulting in a final dataset of 250 usable records. Each
ECG signal was digitized at 500 Hz using dry metal Ag/AgCl electrodes held in the
patients’ hands. Annotations for artifacts and QRS complexes were independently
provided by three experts.
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Table 4.1: Summary of Datasets Used in the Study

Dataset | Records Duration Leads | Sampling Freq. (Hz) Acquisition
QDB 18 >24h 1 1000 Daily Environment
PCCC 2017 8528 30s - 1min 1 300 Laboratory
NST 15 30min 2 360 Hospital
TELE 250 Not Reported 1 500 Daily Environment

4.2 Pre-Processing

4.2.1 Summary of Preprocessing Steps

In this study, the various datasets come from different sources, each having distinct char-
acteristics such as sampling frequencies, units of measurement, electrode placements, and
recording environments. Therefore, a comprehensive preprocessing pipeline was essential
to standardize these differences and ensure compatibility between the datasets.

The preprocessing steps included min-max scaling, downsampling, band-pass filtering,
segmentation, and dataset-specific adjustments, such as annotator processing for QDB.

Min-max scaling normalized the signal amplitudes across all datasets, ensuring that
values fell within the same range.

Downsampling reduced the computational load and unified the sampling frequency
to 100 Hz across datasets, striking a balance between computational efficiency and the
preservation of essential signal features.

Segmentation into 5-second windows was applied to allow the model to process uniform-
length signal samples. Special care was taken to ensure that segmented windows from
the same original trace were not mixed between training, validation, and test sets, pre-
venting data leakage and ensuring that the model could generalize effectively. Finally,
dataset-specific steps like annotator processing for the QDB dataset further ensured the
integrity of labels and signal processing.

This preprocessing pipeline, as shown in Figure 4.1, aimed to make the signal data
uniform in quality and format, allowing models to focus on meaningful features rather
than discrepancies caused by variations in acquisition methods.

ONLY FOR QDB

INPUT l

DATASETS

MIN-MAX SCALING DOWNSAMPLING SEGMENTATION ANNOTATORS
(-1.1) TO 100 Hz INTO 55 SEGMENTS PROCESSING —‘
BANDPASS
L DATASET DATA
CONSTRUCTION AUGMENTATION FILTERING

0.5-40 Hz

Figure 4.1: Overview of the ECG signal preprocessing steps. The green boxes represent
steps common to all datasets, while the yellow box indicates a step exclusive to the QDB
dataset.

4.2.2 Datasets handling

In the preprocessing phase, the first step was to handle datasets that were not initially
combined. Each dataset was kept separate to ensure the integrity of the different sources
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and their respective data characteristics. This approach was adopted to avoid mixing
the signals, keeping track of individual signal traces and build a more reliable and robust
model.

4.2.3 Scaling

As described in Subsection 4.2.2, the datasets were handled separately, and consequently,
the normalization process was also applied individually to each dataset. Each dataset
was processed one trace at a time, ensuring that the min-max scaling was performed
independently on each dataset before subsequent preprocessing steps were applied. This
approach preserved the integrity of the data sources and avoided introducing cross-dataset
dependencies, ensuring uniform preprocessing within each dataset.

Min-max scaling was applied to normalize the dataset values within the range of -1
to 1. This normalization helps to standardize the input data, making it more suitable
for ML models, particularly those that are sensitive to feature scaling. By scaling all the
data uniformly, the model training becomes more stable and can converge more effectively.
Additionally, min-max scaling helps to prevent large amplitude peaks in the ECG signals,
such as QRS complexes, from disproportionately influencing the learning process.

This approach also ensures consistency across different datasets and recording devices,
as ECG signals can vary significantly depending on the equipment used. Min-max scaling
standardizes these variations, allowing the model to focus on the relevant signal features
[54].

The formula for min-max scaling is as follows:

_ o (_X[p]-min(X) \
Yin] =2 (maX(X) — min(X)) ! (41)

Where:
« Y[n] is the scaled value of the signal at time step n,
o X|[n] is the original signal value at time step n,

e min(X) and max(X) are the minimum and maximum values of the original signal,
respectively.

This formula rescales the input data such that all values lie within the range of -1 to 1,
which is particularly useful, improving both model performance and training stability by
making the data more homogeneous, reducing the likelihood of extreme values causing
instability during the optimization process.

4.2.4 Downsampling

The original datasets were downsampled to 100 Hz to reduce computational load and
align the datasets to a common frequency. However, this step introduces potential risks
of subsampling errors, as downsampling can result in the loss of information, particularly
in high-frequency components critical for ECG signal analysis. To evaluate the impact
of subsampling, Mean Squared Error (MSE) and Mean Absolute Error (MAE)
were calculated for downsampling at 100 Hz and compared with downsampling at 200
Hz. These metrics help quantify the deviation between the original and downsampled
signals, providing insight into the accuracy of the resampling process.
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Before the error calculation, a Min-Max scaling transformation was applied to each
trace, ensuring that the signal values were scaled to a uniform range of [-1, 1]. This
scaling step helps normalize the signal amplitudes across all traces, which is particularly
useful when comparing the downsampled signals to their original versions.

For each trace, MSE and MAE were calculated by comparing the original signal with
its downsampled and subsequently resampled counterpart (restored to the original fre-
quency). The errors were then averaged across all traces to provide an overall assessment
of the downsampling impact on the dataset.

The formulas for MSE and MAE are defined as follows:

Calculation of Mean Squared Error (MSE):

1 & 2

MSE = - ; (x; — &) (4.2)
Where:
e n is the total number of data points in the signal.
e x; is the original signal at sample 1.
e I, is the reconstructed signal at sample 1.
Calculation of Mean Absolute Error (MAE):
MAE = :LG: |x; — 24 (4.3)
i=1

Where:
e n is the total number of data points in the signal.
o x; is the original signal at sample 1.
e I, is the reconstructed signal at sample 1.

The errors were computed individually for each trace, and then averaged to provide
the final MSE and MAE metrics shown in Table 4.2. This approach ensures that the
variability across different traces is considered in the final error estimations.

Table 4.2: Downsampling Error Comparison (100Hz vs 200Hz) in Percentages

Dataset Metric | 100Hz (%) | 200Hz (%) | Error Difference (%)
QDB MSE 0.478% 0.116% 0.362%

MAE 4.989% 2.591% 2.398%
PCCC2017 MSE 0.00118% 0.000205% 0.000975%

MAE 0.138% 0.047% 0.091%
TELE-ECG | MSE 0.129% 0.0087% 0.1203%

MAE 1.207% 0.127% 1.080%
NST MSE 0.00968% 0.00316% 0.00652%

MAE 0.486% 0.273% 0.213%

The analysis shows that downsampling to 100 Hz captures the peaks of interest in the
ECG signals within the frequency range of 0.5-40Hz. This satisfies the Nyquist criterion
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and avoids aliasing while maintaining computational efficiency. Given the small increase
in error metrics and the significant reduction in data size, downsampling to 100 Hz is a
practical choice for efficient analysis and processing. Further downsampling might lead
to excessive loss of signal quality, hence, 100 Hz serves as an optimal balance between
accuracy and computational cost.

4.2.5 Segmentation

Following the approach established in the literature, segmentation of the ECG signals
into 5-second windows was applied. Specifically, Rahman et al. [50] evaluated different
window durations and identified that a 5-second window provides the optimal balance
between capturing relevant features in the ECG signals and ensuring efficient data pro-
cessing. This segmentation was performed without overlap, with each 5-second window
treated as an independent sample for subsequent processing steps.

In addition, the relevant labels were segmented along with the signals during segmen-
tation so that each windows retain its correct annotation. Furthermore, the originating
trace code for each window was carefully tracked across all datasets to guarantee that
when the dataset is split in training, validation and test sets , windows came from the
same initial trace will not be present in multiple datasets. This setup was necessary to
avoid any form data leakage and to make sure that models do not see the same or very
similar data during both training and evaluation. The above approach helps in creating
a final model with less biased performance that generalizes well to unseen data.

4.2.6 Annotator Processing

The QDB dataset contains annotations for each sample of the ECG signal, provided
by four independent annotators. Following the segmentation of the ECG signals and
corresponding annotations into 5-second windows, an analysis of the annotations within
each segment was conducted. For each 5-second window, the most frequent label among
the four annotators was assigned as the final label for that segment through the ma-
jority voting method. This process ensures that the label assigned to each segment
reflects the consensus among the annotators, thereby enhancing the dataset’s reliability
for subsequent model training.

During this process, any segments where the annotations consisted of only zeros (in-
dicating that the annotators did not label these samples) were excluded from further
analysis. This step was necessary to ensure that the dataset contained meaningful infor-
mation. Only segments with at least one non-zero annotation were retained.

To evaluate the reliability and agreement among the four annotators, Fleiss’” Kappa
score was calculated. Fleiss’” Kappa is a statistical measure used to assess the level of
inter-rater agreement beyond chance and is particularly suitable for scenarios with more
than two raters and categorical data [61]. The formula for Fleiss” Kappa (k) is defined
as:

(4.4)
Where:
o P represents the observed proportion of agreement among the raters.

e P, represents the expected proportion of agreement due to chance alone.
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Fleiss” Kappa ranges from -1 to 1, with the following interpretations:
o k=1 indicates perfect agreement among the annotators.

e k=0 indicates agreement equivalent to chance.

e 1k < 0 indicates less agreement than expected by chance.

In this study, a Fleiss’” Kappa score of k = 0.733 was obtained, indicating a good
strength of agreement according to the classification by Landis and Koch (1977) [35]:

e Kk < 0.20: Poor agreement

e 0.21 < k <£0.40: Fair agreement

e 0.41 < k <0.60: Moderate agreement
e 0.61 < k <0.80: Good agreement

e 0.81 < k <1.00: Very good agreement

The Fleiss” Kappa score of 0.733 reflects good agreement, supporting the reliability of
the annotations used for training machine and deep learning models.

4.2.7 Dataset Construction

The construction of datasets for ECG signal classification is a crucial step in developing
effective models. Both CNN and RaF models have distinct objectives, which require
tailored datasets to ensure successful model training and evaluation.

As for CNN model, the binary classification requires to whether the given signal meets
clinical quality standards or not. The dataset includes a diversity of signals both good
for clinical analysis and not, to ensure overfitting is avoided and that generalization is
robust on unseen data.

In contrast, the RaF model aims to classify signals into two categories: excellent quality
and borderline quality. This approach helps streamline the signal processing workflow by
identifying signals that require little to no further processing and those that may benefit
from additional filtering or processing. The RaF dataset includes only signals that fall
into these two quality categories, excluding non-acceptable signals from the analysis.

In summary, the CNN model focuses on distinguishing usable from non-usable signals,
while the RaF model refines this classification further by identifying the level of processing
required for usable signals. This structured approach to dataset construction ensures that
both models can meet their specific objectives efficiently and effectively.

Dataset Preparation for CNN

For the CNN model, the dataset was constructed by combining multiple datasets, each
prepared in accordance with specific criteria for acceptable and unacceptable signals.

For the QDB dataset signal belonging to Classes, 1 and 2 were considered as accept-
able signals as opposed to Class 3 signals which were considered as unacceptable. Class
2 signals has been considered as acceptable because they could potentially be used for
heartbeat detection or further filtered to extract relevant features.

For the PCCC2017 dataset, signals labeled as "normal sinus rhythm," "atrial fib-
rillation," and "other rhythms" were categorized as acceptable, while signals labeled as
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"too noisy" were deemed unacceptable. Since this dataset includes traces with altered
rhythms, the algorithm is being strengthened so that it focuses on signal quality rather
than confusing pathological signals with signals that are qualitatively not good.

The NST dataset contains alternating segments of acceptable and corrupted signals
(every 2 minutes). The first 5 minutes of clean signal were excluded from analysis, and
to increase the number of unacceptable signals, segments with an SNR of -6 dB and 0 dB
were used, constructed from clean signals from the MIT-BIH Arrhythmia dataset (traces
118 and 119). These were categorized as unacceptable.

Finally, in the TELE-ECG dataset, labels provided by Rahman et al. [50] were
used. Only the poor-quality signals were included in the analysis, while the good-quality
signals were excluded due to difficulties in categorization after visual inspection. The label
distribution for acceptable and unacceptable signals in each dataset is shown in Table
4.3. For the CNN model, signals were classified as 0 (acceptable) or 1 (unacceptable)
across all datasets.

Table 4.3: Distribution of Signals Across Datasets for Each Label (CNN)

Dataset Acceptable Signals (Class 0) | Unacceptable Signals (Class 1)
PCCC2017 55000 1491

TELE-ECG 0 001

NST 0 1504

QDB 60691 10880

The datasets were split as follows: The PCCC2017 dataset was divided into training
and validation sets with a 60%-40% split. The Tele-ECG dataset was used exclusively
for training, while the NST dataset was used solely for validation. The QDB dataset was
reserved for testing purposes. The division of the sets adhered to the criteria outlined
earlier, ensuring that the data was split by subject, with careful attention to balancing
the labels. This approach was taken to prevent any potential data leakage between the

training, validation, and testing sets. Table 4.4 summarizes the final sets used for the
CNN.

Set Label 0 | Label 1
Training 32990 1444
Validation | 22010 2052
Test 60691 10880

Table 4.4: Final label distribution in Training, Validation, and Test sets.

Dataset Preparation for RaF

In the case of the RaF model, we utilize only labels 1 and 2 from the QDB dataset, which
represent:

o Label 1: High-quality signals.
o Label 2: Borderline signals.
For the RaF model, these labels are reclassified as:

o Label 1 is relabeled as 0, representing high-quality signals.
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o Label 2 remains as 1, representing borderline signals.

Signals labeled as 3, which correspond to unacceptable quality in the CNN model, are
excluded from this analysis. Therefore, only high-quality (label 0) and borderline (label
1) signals are used in training and evaluation. The total number of high-quality and
borderline signals across all subjects is summarized in Table 4.5.

Table 4.5: Total Distribution of High-Quality and Borderline Signals in QDB Dataset for Ran-
dom Forest Model

Signal Type Total Count | Percentage (%)
High-Quality Signals (0) 36,954 60.89%
Borderline Signals (1) 23,737 39.11%
Total 60,691 100%

Subsequently, signals from Table 4.5 were divided into two sets: training and valida-
tion, based on the trace codes. This division ensures that signals from the same trace
do not appear in multiple sets, preventing data leakage and ensuring that the model’s
performance evaluation remains unbiased. It is important to note that the division was
performed by keeping the entire traces intact, meaning that no trace was split between
the training and validation sets. This approach further reduces the risk of data leakage
and ensures the generalizability of the model’s performance.

The following table summarizes the number of high-quality signals (labeled as 0) and
borderline signals (labeled as 1) for each set:

Table 4.6: Distribution of High-Quality and Borderline Signals in Training and Validation Sets

Set High-Quality Signals (0) | Borderline Signals (1)
Training 25267 17065
Validation 11687 6672

As shown in Table 4.6, the training set consists of 25267 high-quality signals and 17065
borderline signals. The validation set includes 11687 high-quality signals and 6672 bor-
derline signals. These splits were designed to balance the number of signals in each class,
ensuring a fair evaluation of the model’s performance across different quality levels.

4.2.8 Data Augmentation

Data augmentation is a crucial technique employed to artificially increase the diversity
and size of a dataset, particularly in the training of ML models like the CNN. It helps
improve the model’s generalization by creating variations of the existing data, such as
adding noise, shifting, or stretching signals. This process is especially important when
dealing with imbalanced datasets, as it reduces overfitting by exposing the model to a
broader range of data points, ensuring it doesn’t learn to rely on specific features from a
limited set of examples [4].

In this context, two methods of data augmentation were used: traditional augmenta-
tion techniques and WGAN-GP (Wasserstein GAN with Gradient Penalty). Both meth-
ods incorporated signals of type White Gaussian Noise (WGN) with varying amplitude
between 0.2 and 0.8. For the WGAN, 5000 synthetic signals were generated, while in
the case of traditional data augmentation, only 2000 WGN signals were used. This was
done to ensure that the augmented dataset for label 1 was not predominantly composed
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of WGN examples. These techniques were applied exclusively to the underrepresented
class (label 1) as part of the training set augmentation process, helping to balance the
dataset and mitigate the issues associated with dataset imbalance and overfitting.

4.2.9 Traditional Data Augmentation

In this work, traditional data augmentation was performed by combining two main ap-
proaches to enhance the dataset’s variability and size. Firstly, a 50% overlap was applied
to the signals of each training dataset in the underrepresented class (label 1) to increase
the amount of available data. Subsequently, to further enrich the dataset, each signal
was subjected to various transformations with a 50% probability. These transformations
included techniques such as time stretching, pitch shifting, noise addition, and amplitude
modification, as highlighted in the study by Huerta et al. (2021) [29].

Additionally, as mentioned in Subsection 4.2.8 , 2000 white Gaussian noise (WGN)
signals were added to the dataset. These WGN signals, however, were not subjected to
any further transformations.

For the transformations applied, the following ranges of values were used:

o Time Stretching: The rate was selected from a uniform distribution between 0.2
and 2.0.

o Pitch Shifting: The number of pitch steps was randomly chosen between -3 and 3.

« Noise Addition: Noise was added with a signal-to-noise ratio (SNR) randomly
selected between 0 and 2 dB.

o Amplitude Modification: The signal’s amplitude was modified by a random fac-
tor within the range of -1 to 1 dB.

Figure 4.2 illustrates an example of a raw ECG signal and its corresponding transfor-
mations. The transformations show how time stretching, pitch shifting, noise addition,
and amplitude modification introduce variability into the dataset, which is crucial for
improving model generalization.
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Figure 4.2: Example of transformations applied during data augmentation. The original
ECG signal (top) undergoes time stretching, pitch shifting, noise addition, and amplitude
modification.

The final dataset used for training , validation is represented in Table 4.7. This table
shows the distribution of labels for the training, validation and test sets after applying
data augmentation and preprocessing techniques.

Set Label 0 | Label 1
Training 32990 9136
Validation | 22010 2052
Test 60691 10880

Table 4.7: Final label distribution in Training, Validation and Test sets.

4.2.10 WGAN-GP Data Augmentation

The implemented WGAN-GP (Wasserstein GAN with Gradient Penalty) model is com-
posed of two primary neural networks: the generator and the discriminator (or critic).
The architecture of both networks is designed to handle one-dimensional time-series data,
specifically ECG signals of length 500. To match the input shape required by the model,
the ECG signals were first reshaped by adding an extra dimension. The model architec-
ture and training process were inspired by Keras WGAN-GP example [63]. The details
of the networks are as follows:

Discriminator (Critic)

The discriminator, or critic, is built using multiple convolutional layers to extract mean-
ingful features from the input ECG signals. The network is presented in Figure 4.3 and
it includes the following components:

e Input Layer: The input to the discriminator is a signal of shape (500, 1), repre-
senting 5 seconds of ECG data sampled at 100 Hz.
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o Convolutional Layers: Four convolutional layers are used with progressively in-
creasing filters (64, 128, 256, 512) to capture various levels of abstraction in the
ECG signals. Leaky ReLU activations are applied to introduce non-linearity, and
dropout layers are added to prevent overfitting.

e Output Layer: The final output is a dense layer with a single neuron, which
outputs a scalar value indicating whether the input signal is real or generated.

%- |

7] inputtayer(500, 1) M ConviD(T250, 647) I LeakyReLU 250,547 [ ConviDI[125, 1253 LeakyReLU([125', 126 Dropout([125, 2] ConviD(63, 256 ~:255) Il Dropou 63, 2567) [ ConviD([32,512]) [ LeakyReLUL'S2, '5121)
I Fiaten('163847 [ Dropout[16384)  [] Dense('17)

Figure 4.3: Critic Network Architecture.

Generator

The generator is responsible for transforming random noise vectors into realistic ECG
signals. The architecture of the generator is presented in Figure 4.4 and it is composed
as follows:

o Input Layer: The generator receives a random noise vector of size 128.

o Dense Layer: A fully connected dense layer reshapes the input noise into a suitable
format for further upsampling. This dense layer is followed by batch normalization
and a Leaky ReLLU activation function.

o Upsampling Layers: The generator employs two upsampling layers with convo-
lutional layers that progressively increase the length of the signal while refining the
features. These layers ensure that the output has the desired shape and quality.

e Output Layer: The final output is passed through a convolutional layer with a
tanh activation function, producing an ECG signal of length 500 and one channel.
The tanh activation ensures that the generated values are normalized between -1
and 1, matching the scale of the real ECG signals.

S B

[] InputLayer(1287) [l Dense('4000]) [ BatchNomalization([4000]) [l LeakyReLU('40007) [l Reshape([125,'32]) [] UpSampling1D((250°,'32])  [] Conv1D([250, 1287 Ml BatchNormalization([250", '1281)
W LeakyReLU('250,128]) [ ] UpSampling1D('500","128]) [ Conv1D([’500, '647) Ml BatchNormalization(i’500", '647) [l LeakyReLU('500",'64)  [] ConviD([500,"17) [ Activation('500', "1')

Figure 4.4: Generator Network Architecture.
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4.2.11 Training Process

The training of the WGAN-GP was performed with the following setup and hyperparam-
eters :

o Input shape: The input signals to the discriminator have a shape of 500 samples
with 1 channel, corresponding to 5 seconds of ECG data sampled at 100 Hz.

o Noise Dimension: The generator takes random input noise vectors of size 128.
« Batch Size: The model was trained with a batch size of 512.

o Optimizer: The Adam optimizer was used for both the generator and discriminator,
with different learning rates:

— Generator: learning rate = 0.0002, 5; = 0.5, 55 = 0.9.

— Discriminator: learning rate = 0.0003, 5, = 0.5, f2 = 0.9.
e Loss Functions:

— Discriminator Loss: The loss was computed as the difference between the
mean of the real data scores and the mean of the generated data scores.

— Generator Loss: The generator’s loss was the negative of the mean of the fake
data scores, encouraging the generator to fool the discriminator.

o Gradient Penalty: A gradient penalty with a weight of 10.0 was applied to en-
force the Lipschitz constraint on the discriminator, replacing the traditional weight
clipping method.

e Discriminator Extra Steps: For every generator update, six discriminator up-
dates were performed to enhance training stability.

o Epochs: The training was conducted for a total of 250 epochs, with the model and
generated signals being saved every 30 epochs for monitoring purposes.

To monitor the progress, the model generated synthetic signals at the end of each
epoch. These signals were saved as images for visual inspection. Additionally, the gen-
erator was saved at regular intervals during training to facilitate recovery and further
analysis.

Figure 4.5 compares real ECG signals and synthetic signals generated by the WGAN
model. The synthetic signals were generated after the training process and are compared
to real ECG signals to assess the quality of the generated data.
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Figure 4.5: Comparison of Real and Generated ECG Signals. The top row shows the real

ECG signals, while the bottom row shows the corresponding generated signals from the
WGAN model.

In the end, 20,000 synthetic signals generated by WGAN-GP model were added to
the training set for a more balanced dataset. In addition, as explained in Subsection
4.2.8, 5,000 WGN signals has been included in the training set. It resulted in 25000 new
signals altogether which served the purpose of reducing this class imbalance and helped
in generalization for both classes.

Table 4.8 summarizes the final label distribution in the Training, Validation, and Test
sets, including the additional synthetic signals generated by the WGAN and WGN.

Set Label 0 | Label 1
Training 32990 26444
Validation | 22010 2052
Test 60691 10880
Table 4.8: Final label distribution in Training, Validation, and Test sets. The Training set
includes an additional 20,000 synthetic signals generated by the WGAN model and 5,000 WGN
signals to balance the dataset.

4.2.12 Band-Pass Filtering

A band-pass filter was applied to the ECG signals, retaining frequencies between 0.8 Hz
and 40 Hz. This filtering step was implemented for both CNN model and RaF model,
prior to classification, following the approach used by Mondal et al. [44]. The filter
employed was a Chebyshev Type I filter of order 5, chosen for its ripple characteristics
in the passband, which provides stable and effective filtering. The primary goal of this
filtering was to remove high-frequency noise, including network interference at 50-60 Hz,
and baseline wanders, whose typical frequencies have been discussed in Subsection 2.1.2.

This range is also based on the established ECG frequency components, where the
frequencies of interest for accurate peak detection, such as the QRS complex, typically
do not exceed 50 Hz as discussed in Subsection 2.1.1 with a dominant frequency power
from 10 to 40 Hz [66]. Thus, by filtering out unwanted noise and focusing on the cru-
cial signal components, this step ensures that the algorithm receives clean and relevant
data, improving the accuracy of feature extraction and classification. In Figure 4.6, the
frequency response of the Chebyshev Type I bandpass filter used in this work is shown.
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Figure 4.6: Frequency response of the Chebyshev Type I bandpass filter of order 5 used
in preprocessing the ECG signals. The filter passes frequencies between 0.8 Hz and 40
Hz, removing high-frequency noise and low-frequency baseline wander.
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Figure 4.7: Flowchart depicting the classification algorithm. The ECG signals are prepro-
cessed and passed through a CNN model and a RaF model in sequence, leading to a final
classification into three labels (0, 1, 2). Each classifier is trained on different datasets, as
shown.

As illustrated in Figure 4.7, the CNN model was trained with the PCCC2017 and TELE-
ECG datasets, while NST was used for the validation set together with a PCCC2017
parcentage. It performs an initial binary classification. When the CNN predicts label 1,
the signal is assigned label 2 directl

y. If the CNN predicts label 0, the signal is passed to the RaF model, which is trained
with the QDB dataset and performs a secondary binary classification between label 0
and label 1. This cascade approach aims to create a final classification into three labels.
Moreover, it should be noted that the CNN model did not learn QDB dataset features.

4.3.1 CNN

The CNN used in this work has been inspired by Mondal et al. [43] and it is presented
in Figure 4.8. It is designed to process 1D ECG signals with a length of 500 samples. The
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architecture consists of multiple 1D convolutional layers followed by pooling and dropout
layers, which help prevent overfitting. LeakyReLLU was used as the activation function
after each convolutional layer to add non-linearity while mitigating the vanishing gradient
problem.

[] InputLayer('500,'1]) [l ConviD([500','87) [l LeakyReLU('500",'87]) [l MaxPooling1D((249','87) [l Dropout([249','8]) [l ConviD((249,'16]) [l LeakyReLU(['249', '16")

M MaxPooling1D(1124','167) [l Dropout('124',167)  [M Conv1D([124''32])) [l LeakyReLU(124','32]) [l MaxPooling1D([61','32]) Ml Dropout(t61’,'327) [l ConviD([61' '647)

[ LeakyReLU('61','647) [l MaxPooling1D([30', '64)) [l Dropout((30', '647)  [Ml ConviD([30",'1281]) [l LeakyReLU('30','128])) [l MaxPooling1D([14','128])  [Hll Dropout([14', '1287)

[[] Fatten(r17927)  [[] Dense('8]) M LeakyReLU('8]) [l Dropout([8]) [] Dense((167]) [ LeakyReLU('167) [ Dropout((167) [I] Dense(32]) [l LeakyReLU('32]) [ Dropout([32])
[] Dense(I'1])

Figure 4.8: Architecture of the CNN model used for ECG signal classification. The
network comprises five 1D convolutional layers with increasing filters, followed by pooling,
dropout, and dense layers. LeakyReLU activations are applied after each convolutional
and dense layer.

The architecture is summarized as follows:

o Input: The input layer receives ECG signals of shape (500, 1), where 500 represents
the number of samples and 1 is the number of channels.

« Convolutional Layers: Five 1D convolutional layers with an increasing number
of filters (8, 16, 32, 64, and 128) and a kernel size of 3. Each convolutional layer is
followed by a LeakyReLU activation function with o = 0.2 and max-pooling layers
with a pool size of 3 and a stride of 2. Additionally, L2 regularization is applied in
every convolutional layer to reduce overfitting.

e Dropout: After each pooling layer, a dropout layer with a dropout rate of 0.5 was
applied to prevent overfitting.

e Fully Connected Layers: The output of the convolutional layers is flattened
and passed through three fully connected dense layers with units of 8, 16, and 32,
respectively. Each dense layer is followed by a LeakyReLU activation and dropout.

e Output Layer: The final output layer is a dense layer with a single unit and a
sigmoid activation function, designed for binary classification tasks.

The total number of parameters in this model is 47,977, all of which are trainable.
The model has no non-trainable parameters.

4.3.2 Random Forest (RaF) Classifier

In addition to the CNN, a RaF classifier was used in the cascade. RaF is a powerful
ensemble learning technique that constructs multiple decision trees during training and
outputs the mode of the classes for classification tasks. It is particularly useful in handling
high-dimensional data and reducing the risk of overfitting.

For this work, the RaF classifier was implemented with the following parameters:

e Number of Estimators: 100 decision trees were trained in the ensemble, each
independently learning a portion of the data.
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o Criterion: Gini impurity was used to measure the quality of splits during tree
construction. This criterion chooses the split that maximizes the homogeneity of
the nodes.

The Random Forest model was chosen for its robustness, interpretability, and capa-
bility of handling diverse feature sets effectively. The ensemble of decision trees allows
for more stable predictions and is less prone to overfitting compared to a single decision
tree. Each decision tree in the RaF was trained on a bootstrap sample of the training
data, and a random subset of features was considered for splitting at each node. This
randomness helps create diverse trees that can generalize well to unseen data. The RaF
classifier was trained on features extracted from the ECG signals:

« Power Spectral Quality Index (PSQI): Measures the proportion of signal power
in the 5-15 Hz band relative to the broader 5-40 Hz band [50].

» Signal-to-Noise Ratio (SNR): Quantifies the ratio of the variance of the signal
to the variance of noise [50].

» Template Matching Quality Index (tmSQI): The Template Matching Quality
Index (tmSQI) was employed to evaluate the quality of the ECG signals based
on their structural consistency. The tmSQI is calculated by first detecting the R-
peaks within the ECG signal, which correspond to the prominent upward deflections
representing the electrical depolarization of the heart’s ventricles.

Once the R-peaks are identified, individual heartbeats are extracted from the signal
by creating a window around each R-peak. These windows typically capture the
segment of the ECG surrounding the R-peak, encompassing the QRS complex, which
contains crucial information about the heart’s electrical activity.

After extracting the individual heartbeats, a template is created by averaging the
waveforms of these beats. This template serves as an ideal representation of a typical
heartbeat for that specific signal. Each heartbeat is then compared to this template
using a correlation coefficient, which measures the similarity between the individual
heartbeat and the template.

The tmSQI is derived as the average correlation across all beats within the signal.
High tmSQI values indicate that the beats closely resemble the template, suggesting
a consistent and high-quality signal, while lower values suggest increased variability
and potential signal degradation.

o Sample Entropy (SampEn): SampEn is a commonly used measure to quantify
the complexity and irregularity of physiological time-series signals, such as ECG
signals. SampEn is particularly useful for identifying differences in signal quality, as
it assesses the likelihood that similar patterns of data remain similar over increasing
lengths.

The formula for Sample Entropy [68] is given by:

H(z,m,r) = —log <C(m+17“)>

C(m,r)
where:
— m is the embedding dimension (the length of the compared sequences),
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— r is the radius of the neighborhood, typically set as r = 0.2 x std(x),

— C(m+1,r) is the number of embedded vectors of length m + 1 having a Cheby-
shev distance smaller than r,

— C(m,r) is the number of embedded vectors of length m having a Chebyshev
distance smaller than 7.

Sample Entropy (SampEn) is an improvement over Approximate Entropy (ApEn),
as it removes self-matches and therefore provides a more accurate and unbiased
analysis of short data sets. Thus, SampEn is especially useful in clinical applications
of assessing the complexity/regularity of ECG signals since clinical data are often
with limited samples and lots of noise. In the present context, a lower SampEn
value is representative of more regularity and self-similarity in the signal which are
typically manifested by high-quality ECG signals. In contrast, an increased SampEn
value usually indicates more randomness and disturbances, which is a quality of low-
quality signals [53].

Figure 4.9 illustrates the distribution of key SQI across both the training and validation
sets, comparing high-quality signals with borderline signals. The metrics included in the
figure are as follows:

In both sets, high-quality signals (blue) exhibit distinct distributions compared to bor-
derline signals (red), highlighting the variations in signal quality. These graphs demon-
strate how different SQI characteristics can be used to distinguish between high-quality
signals and signals that may have degradation or artifacts.
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Figure 4.9: Comparison of SQI metrics for high-quality (blue) and borderline signals
(red), for both training and validation sets.

4.3.3 CNN Training and validation

The CNN was tuned using a set of hyperparameters and callback mechanisms to enhance
performance and mitigate overfitting:

o Optimizer: The Adam optimizer was used with an initial learning rate of 107%. A
key benefit of using Adam over more traditional optimizers like SGD is its ability
to converge faster, as it dynamically adapts the learning rate during training. This
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allows for more efficient training, often leading to quicker convergence to optimal
solutions [70].

Early Stopping: The training process employed an early stopping mechanism that
monitored the validation loss. If the validation loss did not improve for 23 consecu-
tive epochs, training was terminated early, and the model weights were restored to
those from the epoch with the lowest validation loss.

Learning Rate Adjustment: In addition to the adaptive nature of Adam, the
ReduceLROnPlateau callback was implemented. It reduced the learning rate by a
factor of 0.1 when no improvement in validation loss was observed over 18 epochs.
This dynamic adjustment facilitated convergence during training.

Model Checkpointing: Model checkpointing was utilized to save the model with
the best performance based on validation loss. This ensured that the most optimal
version of the model was retained for further evaluation and testing.

Batch Size and Epochs: The CNN was trained with a batch size of 512 and al-
lowed to run for up to 100 epochs. However, the early stopping mechanism prevented
excessive epochs by halting training once no further improvements in validation loss
were detected.

Class Weight Balancing: To address the imbalance between signal types, espe-
cially given the relatively scarce number of type 1 signals compared to type 0 signals,
class weights were computed and applied during training. This adjustment ensured
that the CNN model did not become biased towards the majority class, which is
particularly important when traditional data augmentation techniques were used to
balance the dataset. By setting class weights dynamically based on the distribution
of classes, the training process was better equipped to handle imbalances, leading
to a more robust and fair model. However, in the case of data augmentation us-
ing WGAN, the need for class weight balancing had a reduced impact because the
dataset was already more balanced due to the effective generation of synthetic data.
This balancing allowed the model to focus more on learning the intricate features of
the signals rather than compensating for class distribution disparities.

These hyperparameters were selected based on a tuning and validation process aimed

at maximizing generalization performance on unseen data. The analyses were performed
on a machine equipped with an Intel64 Family 6 Model 170 Stepping 4, Genuinelntel
CPU, which features 16 cores and 22 threads. The system also had 31.4 GB of RAM
and was supported by an NVIDIA GeForce RTX 4070 Laptop GPU with 8188.0 MB of
memory. .

4.3.4 Performance Evaluation

The performance of both the CNN and RaF models is evaluated using various metrics,
including Accuracy, Recall, Specificity, Precision, F-Score, AUC, and ROC curves. For
the CNN model, the loss curves and their moving averages for both the training and
validation sets are shown below in Figure 4.10.
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Figure 4.10: Training Loss vs Validation Loss during training with smoothed moving
averages. The smoothed curves help visualize the trend and stability of loss over epochs.

The evaluation metrics used in this analysis are defined as follows. Note that in this
case, is being referred to positive instances as good signals (labeled as 0) and negative
instances as bad signals (labeled as 1):

e Accuracy is the ratio of correctly predicted observations to the total observations.
It is calculated using the formula:
TP+TN
TP+TN+ FP+ FN

where T'P and T'N are true positives and true negatives, respectively, and F'P and
F'N are false positives and false negatives.

Accuracy =

» Recall (Sensitivity or True Positive Rate) measures the ability of the model
to correctly identify positive instances. The formula is:

TP
TP+ FN

where T'P represents the true positives and F'N the false negatives.

Recall =

» Specificity (True Negative Rate) evaluates how well the model identifies nega-
tive cases:

TN
TN + FP
where T'N represents the true negatives and F'P the false positives.

Specificity =

o Precision (Positive Predictive Value) quantifies how many predicted positives

are actually correct:
TP

TP+ FP
where T'P represents the true positives and F'P the false positives.

Precision =

e F-Score is the harmonic mean of Precision and Recall, providing a balance between

the two: ..
Precision x Recall

F- =2
Score % Precision + Recall

B1)
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o Area Under the Curve (AUC) is a single scalar value that represents the model’s
ability to distinguish between positive and negative classes across different decision
thresholds. The ROC curve plots the true positive rate against the false positive
rate.

4.3.5 Algorithm Complexity Analysis

The computational time required for each phase of the algorithm was calculated to ensure
that the processing times are suitable for real-time implementation. Specifically, the
computational time was computed separately for the preprocessing phase, which includes
signal segmentation and band-pass filtering, the CNN prediction phase, where the deep
learning model processes the signal to classify it, and the RaF prediction phase, which
performs further classification based on the extracted features.

In addition to the time measurements, the computational complexity of the CNN
model has been assessed by calculating the FLOPS (Floating Point Operations Per Sec-
ond) and MACs (Multiply-Accumulate Operations).

FLOPS represent the total number of floating-point operations required by the CNN
during inference, which gives an estimate of the computational workload needed to process
each input. MACs, on the other hand, quantify the number of multiply-accumulate
operations, which are essential in convolutional layers, where input features are convolved
with learned filters to produce the output feature maps [37].
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Chapter 5

Results

5.1 CNN Results

The performance of the CNN model was evaluated on the training, validation, and test
sets using the two different data augmentation techniques discussed in Subsection 4.2.10
and Subsection 4.2.9. It is also recalled that the datasets were divided as previously dis-
cussed in Subsection 4.2.7: The PCCC2017 dataset was split into training and validation
sets with a 60%-40% split. The Tele dataset was used exclusively for training, while the
NST dataset was used solely for validation. The QDB dataset was reserved for testing
purposes. Below are the ROC curves for each dataset and data augmentation strategy,
followed by a summary table of evaluation metrics.

5.1.1 Traditional Data Augmentation Results

The ROC curves for the training, validation, and test sets with traditional data aug-
mentation are shown in Figure 5.1.As observed, the training and validation ROC curves
are almost completely overlapping, indicating that the model performs very similarly on
both sets. However, the test set curve shows a noticeable difference, highlighting that
the model struggles with generalization when evaluated on unseen data.

ROC Curves for Training, Validation, and Test Sets
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00 02 0.4 0.6 08 10
False Positive Rate

Figure 5.1: ROC Curves for Training, Validation, and Test Sets with Traditional Data
Augmentation
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This is reflected in the performance metrics outlined in Table 5.1, where the test
metrics significantly drops compared to the validation set.

Metric Training (Traditional) | Validation (Traditional) | Test (Traditional)
Accuracy 0.9528 0.9642 0.5229
F'1 Score 0.8917 0.8086 0.3879
AUC Score 0.9864 0.9806 0.9855
Recall 0.8965 0.8874 0.9947
Precision 0.8869 0.7427 0.2410
Specificity 0.9684 0.9713 0.4383

Table 5.1: Evaluation Metrics for CNN Model with Traditional Data Augmentation

5.1.2 GAN-Based Data Augmentation Results

The ROC curves for the training, validation, and test sets with GAN-based data aug-
mentation are presented in Figure 5.2. Compared to the traditional data augmentation,
the model shows better generalization on the test set, with the ROC curves being more
closely aligned between the training, validation, and test sets.
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Figure 5.2: ROC Curves for Training, Validation, and Test Sets with GAN-Based Data
Augmentation

This is further corroborated by the higher accuracy, F1 score, and AUC scores in
Table 5.2, suggesting that GAN-based augmentation was more effective at improving
model generalization.

Metric Training (GAN-Based) | Validation (GAN-Based) | Test (GAN-Based)
Accuracy 0.9532 0.9225 0.8991
F1 Score 0.9493 0.6608 0.7461
AUC Score 0.9902 0.9666 0.9650
Recall 0.9846 0.8850 0.9756
Precision 0.9163 0.5273 0.6040
Specificity 0.9279 0.9260 0.8853

Table 5.2: Evaluation Metrics for CNN Model with GAN-Based Data Augmentation

58



Results

From the results, it is evident that the traditional data augmentation approach led to
poor generalization, as reflected in the steep decline in test accuracy and F1 scores com-
pared to the validation set. This suggests that the model overfitted the training data and
struggled to adapt to new, unseen data. On the other hand, GAN-based augmentation
provided more balanced results, with comparable metrics across the training, validation,
and test sets. This indicates that GAN-based data augmentation was more effective in
mitigating overfitting and enhancing the model’s generalization ability. While the test
set performance with GAN-based augmentation was not perfect, it remained significantly
better than the traditional approach, as indicated by the higher test accuracy and F1
scores.

5.2 RaF Results

The performance of the RaF model was evaluated using the QDB dataset, divided into
training and validation sets, as described in Subsection 4.2.7. This division ensures that
the model was trained and validated on separate portions of the data, thereby preventing
overfitting and enabling an accurate evaluation of its generalization performance.

Figure 5.3 shows the confusion matrix of the training set, demonstrating the RaF
model’s near-perfect classification performance, with only minimal misclassifications. The
model achieves an almost perfect recall and precision, as indicated by the minimal number
of incorrect predictions.

Tue labels

Predicted labels

Figure 5.3: Training Set Confusion Matrix for Random Forest

In contrast, Figure 5.4 presents the confusion matrix for the validation set. Although
the validation set performance is lower compared to the training set, the RaF model
still manages to correctly classify the majority of the samples, achieving an accuracy of
85.83%. The confusion matrix shows a larger number of misclassified samples, especially
in Class 1.
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Validation Set Confusion Matrix
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Figure 5.4: Validation Set Confusion Matrix for Random Forest

As shown in Table 5.3, the RaF model demonstrates strong performance on both the
training and validation sets. While the training set achieved near-perfect results with an
accuracy and F1 score of 99.99%, the model also performed robustly on the validation
set, with an accuracy of 85.83%. This indicates that the model generalizes well to unseen
data. The recall of 85.99% and the AUC score of 93.73% on the validation set further
underscore the model’s effectiveness in distinguishing between high-quality and borderline
signals, showcasing its capability to maintain reliable classification across different data
sets.

Metric Training Set | Validation Set
Accuracy 0.9999 0.8583
F1 Score 0.9999 0.8151
AUC Score 1.0000 0.9373
Recall 0.9998 0.8599
Precision 1.0000 0.7749
Specificity 1.0000 0.8573

Table 5.3: RaF Model Evaluation Metrics on Training and Validation Sets

5.3 Final Cascade Model Results

The final cascade model, which integrates the CNN and RakF classifiers, demonstrates a
balanced performance across all classes. The confusion matrix in Figure 5.5 visualizes the
classification results on the validation set, highlighting how well the cascade model dis-
tinguishes between high-quality (Class 0), borderline (Class 1), and unacceptable (Class
2) signals. This validation set was specifically chosen as it was not used during training
for either the CNN or RaF models, ensuring unbiased evaluation.

From the confusion matrix, it can be observed that the cascade model achieved strong
classification accuracy, especially for Class 2 (unacceptable signals), where almost no
misclassifications occurred. There was some overlap between Class 0 (high-quality) and
Class 1 (borderline) signals, as evidenced by the misclassification of some Class 0 signals
as Class 1 and vice versa.
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Figure 5.5: Confusion Matrix of the Final Cascade Model on the Validation Set

This overlap is further reflected in the performance metrics in Table 5.4. While the
precision and recall scores for Class 2 were near perfect, the performance for Class 1 was

slightly lower.

As summarized in Table 5.4, the overall accuracy of the cascade model stands at
89.28%. Despite the drop in precision and recall for Class 1, the model still performs
well across all categories, making it a reliable system for differentiating between signal
qualities. The model’s high recall and specificity values for Class 2 further emphasize
its robustness in identifying unacceptable signals, a critical requirement for real-time

monitoring systems.

Class | Precision | Recall | F1-Score | AUC | Specificity
0 0.9147 0.8574 0.8851 0.9740 0.9421
1 0.7625 0.8031 0.7822 0.9228 0.9211
2 0.9614 0.9998 0.9802 0.9895 0.9793
Overall Accuracy 0.8928

5.4 Algorithm Complexity Results

Table 5.4: Class-wise Metrics and Overall Accuracy

The computational time required for each phase of the algorithm has been measured and
reported in Table 5.5:

Phase Time (seconds)
Preprocessing 0.0010
CNN Prediction 0.2292
RF Prediction 0.0156
Total Time 0.2458

Table 5.5: Computational time for each phase of the data processing pipeline.

As shown in Table 5.5, the overall processing time for a single 5-second ECG signal
amounts to approximately 0.2458 seconds, which is relatively small. The most time-
consuming step is the CNN prediction, which takes about 0.2292 seconds.
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The preprocessing phase, which includes signal segmentation, downsampling, normal-
ization through min-max scaling, and filtering using a Chebyshev band-pass filter, takes
only 1 ms. This phase is illustrated in Figure 4.7, where the entire algorithm pipeline is
shown in detail.

In addition to computational time, the complexity of the CNN model has been an-
alyzed in terms of FLOPS and MACs. For the implemented CNN, the results are as
follows:

¢« MACs: 1.42 MMACs
« FLOPS: 2.89 MFLOPS

These values suggest that the implemented CNN is computationally efficient and suit-
able for real-time applications. When compared to other 1-dimensional CNN architec-
tures used in lightweight signal processing tasks, the obtained FLOPS and MACs are
relatively low. For instance, the 1D-CNN architecture described in [62], which was de-
signed for mobile devices, required approximately 36.44 MFLOPs, indicating that this
CNN has an even lower computational load.

This comparison highlights that the CNN model is well-optimized, effectively balancing
processing speed and computational efficiency, which is essential for maintaining real-time
performance without compromising accuracy. The fact that the architecture in [62] was
intended for mobile devices further underscores the efficiency of the CNN developed in
this work.
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Chapter 6

Discussion

6.1 CNN Performance

The CNN model exhibited high performance on both the training and validation sets,
achieving accuracy rates of 95.32% and 92.25%, respectively, when employing GAN-based
data augmentation. The model’s performance on the test set demonstrated robustness,
with an accuracy of 89.91%. This is a key strength of the model, as the performance on
the test set closely matches that of the validation set, despite the differences in traces
and datasets used. This similarity in performance across diverse datasets highlights the
model’s generalization capability, ensuring consistent results even when exposed to new,
unseen data.

Compared to traditional data augmentation methods, which produced noticeably lower
test accuracy of 52.29%;, this suggests that the GAN-based augmentation improved gener-
alization.The enhancement of performance metrics, like F'1 score and AUC score, provides
additional evidence of the efficacy of GAN-based augmentation in producing more varied
and representative datasets for training models.

However, it is important to note that the Precision and F1 Score are relatively lower
compared to other metrics, particularly on the test set. This discrepancy can be largely
attributed to the imbalance present in the test dataset. In highly imbalanced datasets,
where one class significantly outnumbers the other, metrics like Precision and F1 Score
can suffer. These metrics are highly sensitive to the correct classification of the minority
class (in this case, the "1" labels representing unacceptable signals).

Since Precision depends on the number of True Positives (TP) relative to the sum of
TP and False Positives (FP), and F1 Score is the harmonic mean of Precision and Recall,
any misclassification of the majority class as the minority class (e.g., classifying "0" signals
as "1") can significantly affect these metrics. Given the imbalance, even a small number
of incorrect classifications (i.e., signals that were actually "0" but were classified as "1")
can disproportionately impact Precision and F1 Score. As a result, while the model may
perform well overall, the Precision and F1 Score appear lower because the test dataset
contains far fewer "1" labels, making these metrics more sensitive to errors in this class.

6.1.1 Comparison of Deep Learning-Based ECG Classification
Methods

This section provides a comparative analysis of various studies that utilized Deep Learn-
ing models for ECG signal quality classification, focusing on their respective architectures,
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datasets, and key performance metrics. The studies are summarized in Table 6.1, which
highlights differences in sensitivity (Se), specificity (Sp), accuracy (Acc), and computa-
tional time (CT).

Table 6.1: Summary of Deep Learning Related Works with Preprocessing and Model Details.

Ref Preprocessing Model Activation Function Layers Se (%) Sp (%) Acc (%) Dataset CT (s)
ReLU 3CL3DL | 9.09/99.2 | 66.48/CL3T [ S6I8/80.30 | 1ooooqyy
[44] DS, BP, AN, SG 1D-CNN Leaky ReLU 3CL,3DL | 8L75/95.00 | 57.69/48.50 | 78.76/7L.80 | | ===
ELU 4CL, 5DL | 92.88/99.64 | 75.00/73.97 | 90.66/86.80 i
(73] BP, STFT, DS ;g%m ReLU NR NR NR gf; I\Ihl;’;“H
Leaky ReL.U
. . e 1D-CNN, 4CL, 1 DL 98.6 96.4 97.1 COMD
(7] DA (CGAN), BP. US, 8G | [ gy ReLU and 2 LSTM 99.1 95.0 96.4 RECD
Sigmoid
o e
30] el DAC-LSTM ReLU 5 CL and 97.6 76.4 94.0 PCCC2011 | 345 ms
2 BILSTM
[42] AN, DS, SG xResNet34 ReLU _31 ;tt‘ges withmp | 9087 98.83 99.69 BUT QDB
AlexNet NR 5CL 889 925 90.7 12.76 + 0.21
VGG16 NR 13 CL, 3DL 85.6 93.7 89.7 78.84 + 0.57
[27] CWT GoogLeNet NR 22 Layers 88.8 92.7 90.8 PCCC2017 | 25.33 & 0.45
ResNet18 NR 18 CL 88.4 93.8 91.1 21.07 £ 0.36
InceptionV3 NR 3CL 89.0 93.5 91.3 76.86 £ 0.25
[29] CWT, DA (TS, PS, NA, AM) | AlexNet ReLU 5 CL 90.0 90.0 90.0 PCCC2017 -
This Work | AN, DS, SG, BF, DA ID-CNN Leaky ReLU 5 CL, 3 DL 97.6 885 89.9 QDB 22.0 ms

Abbreviations: 1D-CNN - One dimensional Convolutional Neural Network, 2D-CNN - Two
dimensional Convolutional Neural Network, DS - Downsampling, BP - Bandpass Filtering, CL -
Convolution Layers, CT - Computational Time, DL - Deep Layers, ELU - Exponential Linear Unit, SG
- Segmentation, AN - Amplitude Normalization, AM - Amplitude Modification, DA - Data
Augmentation, CWT - Continuous Wavelet Transform, CGAN - Conditional Generative Adversarial
Network, FC - Fully Connected, NA - Noise Addition, PS - Pitch Shifting, STFT - Short time Fourier
Transform, TS - Time Shifting, US - Upsampling, WF - Wavelet Filtering, LeakyReLU - Leaky
Rectified Linear Unit, ReLLU - Rectified Linear Unit, RB - Residual Blocks.

In reviewing the performance and methodologies reported in the studies summarized
in Table 6.1, it becomes evident that a variety of deep learning architectures have been
employed for ECG quality classification tasks, each yielding different levels of accuracy
(Acc), sensitivity (Se), specificity (Sp), and computational time (CT). While the process-
ing techniques used in these studies, such as those by [79], have shown strong performance
in terms of Acc, Sp, and Se, a potential concern arises regarding the generalization capa-
bility of these models. Specifically, if the model is overfitted to the specific characteristics
of the training datasets, such as COMD and RECD, it might perform exceptionally well
on these datasets but struggle with different data sources. This overfitting could result
in high reported metrics that reflect the model’s ability to memorize the training data
rather than its ability to generalize effectively to new, unseen data, which is a critical
consideration for deploying these models in real-world clinical settings.

One critical observation is that many of the reported results, such as those by [42] and
[62], were obtained using k-fold cross-validation techniques. While k-fold cross-validation
is a widely-used method for assessing model performance, it has inherent limitations
that can introduce biases, especially when the dataset is not representative of the full
range of real-world data. The primary concern with k-fold cross-validation is that it can
lead to over-optimistic performance estimates. This occurs because the same dataset is
partitioned into both training and validation sets multiple times, potentially leading the
model to learn specific patterns or noise present in the data rather than generalizing to
unseen data. As a result, the model might perform exceptionally well within the cross-
validation framework but struggle to maintain this performance when exposed to entirely
new and diverse datasets, which is a critical challenge for real-world applications.

Furthermore, in the case of [42], the study does not specify how the dataset was divided
for k-fold cross-validation. If a random split was used, this could introduce an additional
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bias, particularly if similar data points were present in both training and validation sets.
This could artificially inflate the model’s performance, making it seem more robust than
it actually is when applied to different or more diverse datasets.

In the study by [62], there are similar concerns regarding the use of data for train-
ing, validation, and testing. The study utilized a particular dataset for the validation
phase that was not independent of the training data. This lack of a clear separation be-
tween training and validation datasets can lead to the model inadvertently learning from
the validation data during the training process, which would result in overly optimistic
performance metrics. Such practices could result in a model that appears to perform
well during the development phase but fails to generalize effectively when applied to en-
tirely new datasets or in real-world scenarios, where the data characteristics may differ
significantly.

In contrast, the results obtained in this work demonstrate a rigorous evaluation ap-
proach that emphasizes generalization to new and unseen data. This study took extra
care in ensuring that signals from the same subject were not divided across the training,
validation, and test sets. Each subject’s data was fully allocated to one set, either train-
ing, validation, or testing, preventing any potential data leakage that could arise from
traces of the same subject appearing in different sets. This methodology strengthens
the validity of the results, as in many previous studies, this careful separation may not
have been applied, leading to more optimistic performance estimates. Specifically, the
QDB dataset was exclusively reserved for testing and was not utilized during any phase
of training or model development. This approach mitigates the risk of overfitting and
provides a more accurate representation of how the model would perform in real-world
clinical scenarios where it encounters data with different characteristics than those seen
during training.

Furthermore, by not relying on k-fold cross-validation and instead using a strict not
randomized training-validation-test split, this study avoids the potential biases that can
arise from reusing the same data across different phases of model evaluation. This careful
methodology underscores the robustness of the reported performance metrics, particularly
in terms of accuracy, sensitivity, and specificity, and suggests that the model developed in
this work is more likely to maintain its performance across diverse and unseen datasets.
The results show that the model achieved a sensitivity of 97.6%, specificity of 88.5%,
and accuracy of 89.9%, which are competitive with the best-performing models listed in
Table 6.1, despite the lack of data overlap between training and evaluation phases.

Moreover, the computational time of 22.9 ms for this work’s model is particularly
noteworthy when compared to models like AlexNet in [27], which required significantly
more time (12.76 seconds) due to the complexity of processing 2D image-like data. This
highlights the efficiency of 1D-CNN architectures in handling ECG data, making them
suitable for real-time monitoring applications where low latency is critical.

In comparison to previous studies, the performance of the model in this work high-
lights several key strengths. First, the use of a 1D CNN architecture, as opposed to
more complex 2D or hybrid architectures seen in studies like [27] and [79], allows for
lower computational costs while still achieving competitive performance. Specifically,
the model achieved a sensitivity of 97.6% and a specificity of 88.5%, which are on par
with the highest-performing models in the field, but with significantly reduced compu-
tational demands. This makes it well-suited for real-time applications, particularly in
resource-constrained environments such as wearable devices.

Another strength of this model is its robust generalization to unseen data, which was
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achieved by ensuring a strict separation between training, validation, and test datasets, a
step not always rigorously implemented in prior studies. This careful handling of the data,
particularly the decision to allocate entire traces from individual subjects to one dataset,
minimized the risk of data leakage and contributed to the model’s strong generalization
capabilities. Previous works, such as those by [42] and [62], may have overestimated their
model’s performance due to the reuse of the same data across different sets, potentially
leading to overfitting.

Nonetheless, despite these strengths, this study has some limitations which are ob-
served especially in precision. the reason is to be found in the imbalance of classes in
the dataset, a common problem when it comes to ECG quality classification, were some
classes are under-represented. While GAN-based augmentation was helpful in dealing
with this issue, generating more diverse data, there remains room for improvement in
addressing this imbalance. In contrast, some other studies, such as [79], used more so-
phisticated ensemble methods which might be better equipped for dealing with class
imbalances but at the cost of higher model complexity and computational cost.

6.2 RaF Performance

The RakF classifier exhibited strong performance in the validation set, achieving an accu-
racy of 85.83%. This result highlights the model’s ability to generalize, albeit with room
for improvement in comparison to training performance. The slight gap between valida-
tion and training performance suggests the possibility of overfitting, which may need to
be addressed through further tuning and validation on more diverse datasets. Despite
this, the RaF classifier still demonstrated reliable performance across key metrics such as
recall and specificity, making it a valuable component of the cascade approach.

It is notably worth mentioning that the validation set utilized was an ECG recording
from the QDB dataset, which is entirely different in characteristics compared to the
training set. This difference in data characteristics underscores the good reliability of
the results obtained, as the model was tested on data that was not seen during training,
highlighting its ability to generalize to different signal characteristics. Moreover, these
signals are particularly challenging to classify as they are borderline cases, which adds
another layer of complexity to the validation process.

This difficulty is evident in the plotted false positives and false negatives shown in
Figure 6.1, where the false negatives are those instances where the model predicted a
class of 0, but the true label was 1, and the false positives are those instances where the
model predicted a class of 1, but the true label was 0. As seen in the figures, even a
trained human eye would find it challenging to classify these signals accurately, which
explains why the model might struggle with these borderline cases.
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Figure 6.1: Examples of False Negatives and False Positives in ECG Signal Classification.

These figures highlight the inherent challenges in correctly classifying ECG signals
that are ambiguous, even for human experts.

6.3 Cascade Model Performance

The cascade model, which combines the CNN and RakF classifiers, showed substantial im-
provement in classifying ECG signals, particularly borderline cases. The cascade’s overall
accuracy of 89.28% on the RaF validation set, demonstrates its capacity to effectively
integrate the strengths of both individual models. The class-wise metrics indicate that
the cascade model performed particularly well in distinguishing between high-quality and
low-quality signals, as evidenced by the precision and recall values for each class.

However, it is particularly with borderline signals that the problem of classification
becomes most apparent. Misclassifications are notably more frequent between signal
types 0 and 1, where the overlap between these categories introduces ambiguity in the
decision-making process of the classifiers. For signal type 2, the recall is almost perfect,
indicating that the model is likely very effective at detecting type 2 signals. However, the
misclassification between types 0 and 1 remains an issue. This behavior highlights the
intrinsic complexity of borderline signals, making them the most difficult for the cascade
model to handle.

Nevertheless, this is not a significant issue since even if a signal is misclassified from 0
to 1 and viceversa, it would not be discarded entirely. Instead, the signal would simply
undergo varying levels of processing, such as different degrees of filtering, before extracting
critical features from the trace. Thus, the impact of these misclassifications is mitigated
by subsequent processing steps, ensuring that the signal is still useful for downstream
analysis despite its initial categorization.
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6.4 Algorithm Complexity

The computational efficiency of the proposed method is critical for its deployment in
real-time monitoring systems. The overall processing time for a single 5-second ECG
signal was approximately 0.2458 seconds. The CNN prediction phase accounted for the
majority of this time (0.2292 seconds), while the RaF prediction required significantly less
processing time (0.0156 seconds). These results confirm that the model is computationally
feasible for real-time applications.

Similar studies underscore the importance of efficiency in ECG classification. For
instance, Liu et al. (2020) [40] implemented an ECG classification system based on
Discrete Wavelet Transform (DWT) and SVM, achieving a heartbeat classification time
of 0.28 ms on an optimized hardware platform. Likewise, Xitong et al. [72] optimized
their real-time ECG classification system, enabling classification within 43.68 ms per
heartbeat using SVM.

The computational cost reported is in line with the values observed in other studies,
as summarized in Table 3.9. Notably, the processing times are lower than those seen in
models such as AlexNet, VGG16, and ResNet18, which use image-based inputs, making
their processes inherently more computationally intensive. For example, the processing
time for AlexNet is reported as 12.76 + 0.21 seconds, significantly higher than those
models that operate directly on ECG signals. The use of images in those models requires
the handling of more complex inputs, which increases computational demand, whereas
working directly with ECG signals allows for more efficient processing suitable for real-
time applications.

Nevertheless, it is notable that the processing times and computational costs presented
in this study were calculated on a PC with an Intel64 Family 6 Model 170 CPU
running at 16 cores and 22 threads with powered by 31.4 GB of RAM making use of
many more resources than those offered by current wearable devices. Since these wearable
platforms usually come with RAM and Flash similar to the market smartwatches, or
only slightly more, and they may have a less powerful processor, this model must be
well optimized for the deployment on resource-constrained devices which needs to be
addressed by future studies. Additionally, energy consumption will become a critical
factor in these environments, as the algorithm must be designed to conserve battery life,
a challenge not faced when running on a PC.

6.5 Limitations

Despite the promising results, several limitations were identified in this study. The test
accuracy of the CNN model, although relatively high, could potentially be further en-
hanced by incorporating additional, diverse datasets, particularly by augmenting the
number of low-quality ECG signals. This approach would help in better balancing the
datasets, reducing dependence on GANSs, or alternatively increasing their efficiency in
generating synthetic data. Moreover, the training process of the CNN does not excel in
repeatability due to the random initialization of weights, which can lead to variations in
performance across different training runs. Additionally, challenges were encountered in
minimizing overfitting to the training signals, and although efforts were made to maxi-
mize the variability of the training data, this remains an area where further improvement
is needed. The computational complexity of the models, while manageable, poses
a potential limitation, especially in environments with limited computational resources,
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such as wearable devices or remote healthcare systems, where further optimization for
efficiency could be crucial. Lastly, the interpretability of the deep learning models,
particularly in understanding the decision-making process, remains limited, which could
hinder the broader adoption of these techniques in clinical settings where model trans-
parency is often required.

The good performance of the RaF classifier in its own training set also suggests fur-
ther tuning and wider validation to improve its generalization strengths. Unfortunately,
ML models are prone to overfitting, especially when trained on limited or unrepresen-
tative datasets. Although the SQIs used in this study were designed to perform well on
the QDB dataset, it is likely that the selected SQIs will not perform as well on other
datasets with different characteristics. To the best of our knowledge, we lack datasets
that clearly distinguish optimal signals from borderline signals, which prevents us from
conducting a more thorough test and validating robustness in all diversity situations. Fi-
nally, the lack of transparency in the decision-making process of the RaF classifier can
be a challenge, as it may reduce the trust and adoption of the model in clinical settings,
where interpretability is key.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

This study presented a comprehensive approach to ECG signal classification using a com-
bination of deep learning (CNN) and ML (RaF) techniques. The CNN model, enhanced
with GAN-based data augmentation, exhibited a high level of accuracy and generaliza-
tion, particularly when distinguishing between high and low-quality ECG signals.

The GAN approach leads to notable improvement in data augmentation over the stan-
dard practices, especially for low-quality signals. The method not only helped increase
the robustness of the model and its ability to be generalized to unseen data but also solved
a critical flaw in other studies models in which models often overfit to specific datasets
due to the lack of diverse training data. It highlights the importance of having genuinely
independent test datasets to measure more precisely how a model might actually work
in real-world use, as opposed to reliance on k-fold cross-validation that has been heavily
used in some prior works and can introduce its own biases.

The RakF classifier further complements the deep learning approach by effectively man-
aging imbalanced datasets, a common issue in ECG classification tasks. This dual ap-
proach leverages the strengths of both deep learning and traditional ML, offering a bal-
anced framework for ECG analysis. The methodology developed in this study is promis-
ing: while the classification performed by the individual models is binary, the overall
system employs a ternary classification approach, distinguishing between signals of ex-
cellent quality, borderline signals, and unacceptable signals. This approach develops a
classification system that is both accurate and computationally efficient, enabling the
classification of ECG signals into multiple quality levels. This capability distinguishes
this work from previous studies, which typically do not achieve such granularity in signal
quality assessment.

In summary, this work contributes valuable insights into the application of machine-
deep learning in healthcare, particularly in the robust classification of ECG signals. By
addressing the limitations found in other studies, such as overfitting and lack of data
diversity, this study presents a promising path forward for the development of more
reliable and generalizable ECG analysis systems.

7.2 Future Work

Future work should begin with the exploration of preprocessing techniques that can en-
hance the ability of both the CNN and RaF models to better distinguish the features
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of ECG signals. For the CNN model, further efforts should focus on streamlining the
architecture to reduce its complexity while maintaining, or even improving, its accuracy.
This could involve experimenting with techniques such as pruning, quantization, or the
development of more efficient convolutional blocks. Additionally, applying novel regu-
larization methods or novel adaptive learning rates could help mitigate overfitting and
improve the model’s ability to generalize.

Furthermore, there is a need to continue optimizing the algorithm to reduce its com-
putational cost, making it more suitable for deployment on portable devices. A potential
avenue is to implement a multi-level filtering and processing approach for non-discarded
signals, identifying extractable features based on the signal quality. This strategy would
help ensure that long-term calculations, such as averaging heart rate or variability met-
rics, are not compromised by misclassified signals.

As for the RaF classifier, identifictaion and integration of novel SQIs that widely
distinguish different signal-classes should be in a focus point of future works. If we are
able to make these features more discriminative, then the generability of RaF model
should be greatly improved and it may provide better performance over a wider range of
datasets.

Moreover, the integration of additional datasets, particularly from different patient
populations and sensor configurations, could help to further validate and generalize the
models. Advanced data augmentation techniques and ensemble learning strategies may
also be explored to offer further improvements in model accuracy and robustness.

Finally, the implementation of transfer learning strategies involving pre-trained mod-
els that are fine-tuned for specific subjects could be a promising approach to minimize
classification errors. By adapting the models to the individual’s unique signal character-
istics, the overall reliability and accuracy of the system could be significantly enhanced,
making it more effective in real-world healthcare applications.

Addressing these areas will be essential to advancing the practical application of ECG
classification models in real-world healthcare settings.
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